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Systems, Science and Software 

I n  t h i s  paper one aspect o f  an ongoing research program w i l l  be 
descr ibed.  The o v e r a l l  o b j e c t i v e  i s  t o  develop r e l i a b l e  computer s imula tors  
whereby f i e l d  i n fo rma t ion  f o r  a s p e c i f i c  l i q u i d -  o r  vapor-dominated geo- 
thermal system can be used t o  p r e d i c t  r e s e r v o i r  performance and, i n  a d d i t i o n ,  
subsurface environmental e f f e c t s .  These l a t t e r  e f f e c t s  inc lude land sur face 
subsidence, induced seismic a c t i v i t y ,  and p o l l u t i o n  o f  f r e s h  water a q u i f e r s  
by geothermal b r i nes .  The approach is t o  develop la rge- sca le  computer pro-  
grams and t o  v a l i d a t e  them us ing  both  l abo ra to ry  measurements and f i e l d  data. 

So f a r ,  separate codes have been developed f o r  desc r ib ing  the  
mul t id imens iona l  mul t iphase unsteady f l o w  o f  steam and water and of  heat 
i n  a heterogeneous geo log i c  s e t t i n g  i n  t he  absence o f  rock deformation, 
and f o r  c a l c u i a t i n g  t h e  response o f  a mul t id imens iona l  rock  m a t r i x  t o  
p resc r ibed  pore pressure changes w i thou t  s p e c i f i c  cons ide ra t i on  o f  f l u i d  
f l ow .  These codes a r e  p r e s e n t l y  being combined t o  produce a s i n g l e  f u l  y- 

n i n t e r a c t i v e  f l u i d  f low/ rock  deformat ion s imu la to r .  The separate codes 
themselves may be of some i n t e r e s t ,  however; S.  K. Garg discussed the  
f i n i t e - e l e m e n t  rock-deformation s imu la to r  i n  another p resen ta t i on  a t  t h  
workshop. Here, t h e  f l u i d - f l o w  s imu la to r  w i l l  be discussed. 

S 

Mathematical Formulat ion 

Brownel 1 -- e t  a1 . (1975) have presented elsewhere the  equations govern- 
ing the  f l o w  o f  water and steam i n  a non-deforming rock ma t r i x .  These may be 
summarized as f o l l o w s :  

Fluid Mass Conservation: 

Eneryy Conservation: 

+ K  VTJ 
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uid internal energy per unit fluid rolurne. 
heat of vaporization per unit fluid volume. 
nternal energy per unit total volume. 
uid density. 

Vapor phase density = pQ/S .  

Liquid phase density = p ( 1 - Q ) / ( l - S ) .  

Steam quality. 
Steam saturation. 
Bulk fluid ( 1  iquid; vapor phase) viscosity. 
Relative vapor (liquid) permeability. 
Absolute solid permeability. 
M i x tu re ( rock- 1 i qu i d-va por ) hea t conduct i v i ty . 
Poros i ty . 
Pressure. 
Fluid temperature. 
Sol id temperature. 
Acceleration of gravity. 
Local fluid mass source/sink rate. 
Local heat source/sink rate. 
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These balance laws a r e  t o  be solved sub jec t  t o  app rop r ia te  i n i t i a l  
and boundary cond i t i ons .  Furthermore, c o n s t i t u t i v e  r e l a t i o n s  must be 
prescr ibed both  f o r  t he  rock  m a t r i x  and f o r  t he  i n s t i t i a l  f l u i d .  For t i l e  
rock,  t he  dens i t y ,  p o r o s i t y ,  d i r e c t i o n a l  abso lu te  pe remeab i l i t i es ,  r e l a t i v e  
pe rmeab i l i t y  f unc t i ons ,  heat  capac i t y  and thermal c o n d u c t i v i t y  must be sup- 
p l i e d  a t  each p o i n t  i n  t h e  system. For the  f l u i d ,  a l a rge  number of  
p r o p e r t i e s  must be known as func t i ons  
energy ( E ) .  
vapor s a t u r a t i o n  (S)? l a t e n t  heat o f  v a p o r i z a t i o n  (Evap ) ,  and separate 
v i s c o s i t i e s  (LI 
vapor. For t h i s  purposey a r a t h e r  e labo ra te  system o f  subrout ines was 
developed which uses l a r g e  data  tab les  and var ious  i n t e r p o l a t i o n  schemes 
Val i d  up t o  u l  t r a - h i g h  pressures (several  megabars) and temperatures t o  
3 O O O " C .  

o f  water dens i t y  ( p )  and i n t e r n a l  
These i nc lude  pressure ( P ) ,  temperature ( T ) ,  steam q u a l i t y  ( Q ) y  

vv)  and thermal c o n d u c t i v i t i e s  ( K ~ ,  K ~ )  f o r  l i q u i d  and 8, 

Computer Code and A p p l i c a t i o n s  

The system o f  balance equat ions i s  solved by a f i n i t e  d i f f e r e n c e  
technique which has been descr ibed elsewhere ( P r i t c h e t t  -- e t  a l . ,  1975) .  
E s s e n t i a l l y ,  an imp1 i c i  t - t ime ,  f i r s t - o r d e r  (upstream) space rep resen ta t i on  
of the  equat ions i s  employed; the  i t e r a t i v e  Alternating-Direction-Implicit 
(ADI) technique i s  used t o  reduce a s i n g l e  mul t id imens iona l  problem t o  
equ iva len t  sequence o f  one-dimensional problems. These one-dimensiona 
problems a re ,  o f  course, non l inear  i n  themselves--these n o n l i n e a r i t i e s  
are  removed by i t e r a t i o n  w i t h i n  the  one-dimensional "module." 

The numerical scheme has been incorpora ted i n t o  a s imu la to r  wh 
possesses cons iderab le  f l e x i b i l i t y .  Several qeometr ies can be conside 

an 

ch 
ed : - 

(1) 1- D s lab ,  (2)  1- D cy1 i n d r i c a l  , ( 3 )  l - D  spher i ca l ,  (4 )  2-D p lanar  o r  
a rea l ,  ( 5 )  2-D axisymmetr ic ,  o r  (6) 3- D  Cartes ian.  Each computat ional 
zone may con ta in  a d i f f e r e n t  rock  type,  and any face o f  any zone may be 
a boundary. P r o v i s i o n  i s  made f o r  a l l  p r a c t i c a l  boundary c o n d i t i o n  op t i ons :  
(1) impermeable, insu la ted ,  (2 )  impermeable, p rescr ibed heat f l u x ,  (3 )  imper- 
meable, p rescr ibed temperature, (4 )  p rescr ibed mass f l u x ,  i nsu la ted ,  
(5 )  p resc r ibed  mass and heat f l u x ,  (6 )  p rescr ibed mass f l u x  and temperature, 
and (7)  p rescr ibed pressure and f l u i d  heat content .  Boundary c o n d i t i o n  
parameters may be f u n c t i o n s  o f  t ime. 

The s imu la to r  has been e x t e n s i v e l y  tes ted,  us ing  both  s i m p l i f i e d  
a n a l y t i c  problems w i t h  known s o l u t i o n s  and bench-scale experimental 
r e s u l t s .  Work i s  c u r r e n t l y  i n  progress t o  s imu la te  the  f i e l d  product ion  
h i s t o r y  a t  t h e  Wairakei f i e l d  i n  New Zealand. Garg, e t  a l .  (1975) presented 
some o f  the  t e s t  r e s u l t s  aga ins t  l a b o r a t o r y  da ta  a t  t he  Un i ted  Nations Con- 
ference i n  San Franc isco l a s t  May. B r i e f l y ,  one-dimensional s imula t ions  
were performed o f  l abo ra to ry  experiments c a r r i e d  o u t  by Kruger and Ramey 
(1974) and A r iha ra  (1974) a t  Stanford.  These experiments involved f low i n  
a narrow 60 cm long tube packed w i t h  sandstone. I n  these experiments, non- 
isothermal and mul t iphase f l o w  occurred.  Resu l ts  computed by the  s imu la to r  
inc luded pressure and temperature d i s t r i b u t i o n s  w i t h i n  the  tube as func- 
t i o n s  of time--agreement was g e n e r a l l y  w i t h i n  exper imental  s c a t t e r  f o r  a l l  
cases considered. 
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This  numerical  r e s e r v o i r  s imu la to r  i s  t h e r e f o r e  considered opera- 
t iona l  and possesses severa l  d e s i r a b l e  f ea tu res .  Mass and energy a re  
conserved exac t l y ,  s i nce  t he  numerical  scheme i s  based square ly  upon dens i t y  
and i n t e r n a l  energy r a t h e r  than o t h e r  a u x i l i a r y  q u a n t i t i e s .  Proper t r e a t -  
ment o f  f l ow- type  ( i . e . ,  prescr ibed- pressure)  boundaries e l im ina tes  a r t i f i c i a l  
computat ional  "energy sources" a t  these boundaries, even under cond i t i ons  o f  
f l o w  reve rsa l .  
presses the  computat ional  " j i t t e r "  produced by many o the r  s imu la to rs- -  
a r t i f i c i a l  o s c i l l a t i o n s  o f  t h i s  s o r t  occas iona l l y  cause computat ional  catas-  
trophes i n  s ingle-phase reg ions near the  s a t u r a t i o n  l i n e .  

The use o f  the  i m p l i c i t  upstream d i f f e r e n c e  technique sup- 

A recent  paper by Coats e t  a l .  (1973) descr ibes a ser ious computa- 
t i o n a l  d i f f i c u l t y  they encountered when per forming a 2-D area l  s imu la t i on  
o f  a f i v e - s p o t  steamflood o f  an o i l f i e l d .  The ' ' f i ve - spo t "  p a t t e r n  i s  a 
checkerboard- l ike system w i t h  a l t e r n a t i n g  i n j e c t i o n  and p roduc t ion  w e l l s .  
Coats found t h a t  i f  he t r ea ted  t h i s  problem w i t h  a g r i d  o r i e n t e d  such t h a t  
a l i n e  connect ing ad jacen t  p roduc t ion  and i n j e c t i o n  w e l l s  l i e s  a t  45" w i t h  
respect  t o  the  axes t he  computed water  i n t e r f a c e  expands outward i n  a 
roughly  c i r c u l a r  manner, whereas i f  the  g r i d  i s  o r i e n t e d  w i t h  coord ina te  
1 ines connect ing ad jacent  p roduc t ion  and i n j e c t i o n  we1 I s ,  t h i n  " f i nge rs t '  
o f  i n j e c t e d  f l u i d  pene t ra te  outward r a p i d l y .  Times o f  water breakthrough 
a t  t he  p roduc t ion  w e l l  d i f f e r e d  by a f a c t o r  o f  t h r e e  f o r  these c a l c u l a t i o n s .  
To i n v e s t i g a t e  t h i s  problem, our  geothermal r e s e r v o i r  s imu la to r  was used t o  
c a l c u l a t e  a f i ve- spo t  c o l d  water i n j e c t i o n  i n t o  a producing hot-water f i e l d ,  
us ing  both g r i d  o r i e n t a t i o n s .  Times o f  c o l d  water breakthrough computed i n  
these two c a l c u l a t i o n s  agreed w i t h i n  a few percent ,  which i s  less  than t he  
r e s o l u t i o n  of t he  f i n i t e - d i f f e r e n c e  g r i d  employed. Therefore,  i t  i s  be- 
l i e v e d  t h a t  t h e  present  method i s  no t  sub jec t  t o  t h i s  d i f f i c u l t y ,  a t  l e a s t  
f o r  problems o f  geothermal i n t e r e s t .  

-- 

Several app l i ed  c a l c u l a t i o n s  have been performed so f a r  us ing  t he  
s imu la to r .  One s e r i e s  o f  computations repor ted  a t  the  Un i ted  Nat ions Sym- 
posium by Garg e t  a l .  (1975) show t h a t ,  i n  a bounded geothermal r e s e r v o i r  
w i t h  no i n t e r n a l  o r  ex te rna l  heat o r  mass sources, r e i n j e c t i o n  of waste 
water w i l l  s u b s t a n t i a l l y  augment t he  producing l i f e  and the t o t a l  energy 
d e l i v e r a b i l i t y  of  the system. 
a s e r i e s  of  c a l c u l a t i o n s  a r e  underway which i l l u s t r a t e  the  e f f e c t  of i n -  
format ion f l ash ing  upon wel lhead pressure h i s t o r i e s  du r i ng  drawdown and 
shu t - i n  w e l l  t e s t i n g  (Rice, 1975). As mentioned e a r l i e r ,  a s imu la t i on  o f  
the  Wairakei system i s  now being undertaken. 

I- 

A t  present ,  under a p a r a l l e l  in-house p r o j e c t ,  

Coupling o f  the  s imu la to r  w i t h  t he  rock- response f i n i t e- e lemen t  code 
i s  now i n  progress. Completion o f  t h i s  task  w i l l  pe rm i t  more accurate se i s-  
mic and subsidence p r e d i c t i o n s ,  and w i l l  a l s o  a i d  i n  extending our c a p a b i l i t y  
t o  inc lude  cases wherein rock  composit ion produces a s i g n i f i c a n t  f r a c t i o n  of  
t he  r e s e r v o i r  d r i v e  (such a s  t he  geopressured systems of t he  Gulf  Coast) .  
A lso  i n  progress i s  t h e  ex tens ion  of  t he  water equa t ion  o f  s t a t e  t o  cons ider  
b r ines ,  and t he  a d d i t i o n  o f  a so lu te- conserva t ion  equat ion t o  t he  s imu la to r .  
These features a r e  d e s i r a b l e  when cons ider ing  very  s a l i n e  systems such as 
the  Sa l ton  Sea geothermal f i e l d .  
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