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I n  r e c e n t  y e a r s ,  a number of numer ica l  s i m u l a t o r s  f o r  

geothermal  r e s e r v o i r s  have been developed.  

t h e s e  is  t o  a i d  r e s e r v o i r  e n g i n e e r s  i n  ( i )  de te rmin ing  c h a r a c t e r i s t i c  

pa ramete r s  of r e s e r v o i r s  (most impor tan t  among t h o s e  b e i n g  t h e  reserves 

o f  f l u i d  and h e a t ) ,  and ( i i )  s i m u l a t i n g  t h e  performance o f  r e s e r v o i r s  

upon p r o d u c t i o n  and i n j e c t i o n .  

The g e n e r a l  purpose  of 

The v a r i o u s  s i m u l a t o r s  d i f f e r  i n  t h e  approximat ions  made 

i n  t h e  u n d e r l y i n g  p h y s i c a l  model ( e . g . ,  dependence of rock  and f l u i d  

p r o p e r t i e s  upon thermodynamic v a r i a b l e s )  , i n  t h e  geomet r ica l  def  i n i t i o n  

of t h e  r e s e r v o i r  (one-, two-, o r  th ree- dimens iona l ,  r e g u l a r  o r  

i r r e g u l a r  shape), i n  t h e  c h o i c e  of thermodynamic v a r i a b l e s ,  and i n  

t h e  mathenia t ica l  t e c h n i q u e s  used f o r  s o l v i n g  t h e  coupled mass and 

energy t r a n s p o r t  e q u a t i o n s ,  

Criteria f o r  d e s i r a b l e  performance o f  numerical  s i m u l a t o r s  

depend i n  p a r t  upon t h e  p a r t i c u l a r  problems t o  b e  i n v e s t i g a t e d .  

D i f f e r e n t  problems w i l l  o f t e n  d i f f e r  i n  t h e  r e q u i r e d  l eve l  of d e t a i l  

t o  be r e s o l v e d ,  and i n  t h e  optimum b a l a n c e  o f  speed and accuracy  

of computat ion.  

media from model s t u d i e s  f o r  i d e a l i z e d  systems.  

performed w i t h  less-than-three-dimensional models, and a l g o r i t h m s  

which are  based on r e g u l a r  g r i d  s p a c i n g s  w i l l  b e  p e r f e c t l y  a c c e p t a b l e .  

For modeling n a t u r a l  geothermal  r e s e r v o i r s ,  on t h e  o t h e r  hand, i t  i s  

impor tan t  t h a t  i r r e g u l  ar  th ree- dimens iona l  geomet r ies  may be hancllcd 

e a s i l y .  

Much can b e  l e a r n e d  abou t  two-phase flow i n  porous  

Such s t u d i e s  can b e  

I n  comparison w i t h  o t h e r  two-phase s i m u l a t o r s  which have 

been d i s c u s s e d  i n  t h e  l i t e r a t u r e ;  t h e  main d i s t i n c t i v e  f e a t u r e  of 

SHAFT78 i s  t h a t  it u s e s  a n  i n t e g r a t e d  f i n i t e  d i f f e r e n c e  method (IFD).  

We s o l v e  f i n i t e  d i f f e r e n c e  e q u a t i o n s  t h a t  are  o b t a i n e d  by i n t e g r a t i n g  

t h e  b a s i c  p a r t i a l  d i f f e r e n t i a l  e q u a t i o n s  f o r  mass and energy flow o v e r  
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d i s c r e t e  s u r f a c e  and volume elements. 

a p p l i c a b l e  t o  i r r e g u l a r  geomet r ies  of a c t u a l  r e s e r v o i r s  as i t  i s  t o  

i d e a l i z e d ,  r e g u l a r  geomet r ies ;  y e t  t h e  r e l a t i ve  s i m p l i c i t y  o f  t h e  

f i n i t e  d i f f e r e n c e  method is  r e t a i n e d  i n  t h e  t h e o r y  and a l g o r i t h m s .  

Th is  method is as e a s i l y  

The purpose  of  t h i s  paper  i s  t o  g i v e  a b r i e f  review of  

t h e  b a s i c  concep t s  a s s o c i a t e d  w i t h  SHAFT78 and t h e  IFD approach,  and 

t o  p r e s e n t  comparisons of SHAFT78 c a l c u l a t i o n s  w i t h  some a n a l y t i c a l  

s o l u t i o n s .  The comparisons i n c l u d e  b o t h  s ing le- phase  and two-phase 

water problems and demons t ra te  t h e  accuracy  and c a l c u l a t i o n a l  

s t a b i l i t y  o f  t h e  a l g o r i t h m .  

The governing e q u a t i o n s  f o r  mass and energy t r a n s p o r t  i n  

porous  media when b o t h  rock  and f l u i d  are i n  l o c a l  thermodynamic 

e q u i l i b r i u m  can  b e  w r i t t e n  

( l a )  (Mass) 

A A 2, 
V [FRHk+ FvHv- KVT] - -  aUvol  - -  a t  

FR 

pv pR 
-t + -1 VP + d i s s i p a t i v e )  + Q ( l b )  (Energy) 

Under s u i t a b l e  assumpt ions ,  w e  g e t  t h e  i n t e g r a t e d  form of 

e q u a t i o n s  (1) 

d A &  2 dt .fV QpdV = xA F*nda + .f qdV (n t h e  inward normal) (3a )  V 

The s o l u t i o n  t o  e q u a t i o n s  (3)  i s  computed on a p o l y h e d r a l  

p a r t i t i o n i n g  of t h e  r e s e r v 0 j . r  whose connected components s h a r e  a common 
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polygonal  i n t e r f a c e .  

s t a n d a r d  f i n i t e  d i f f e r e n c e  t e c h n i q u e s .  

o b t a i n e d  by b i l i n e a r  i n t e r p o l a t i o n  ( t r i a n g u l a r  i n t e r p o l a t i o n  n e a r  t h e  

s a t u r a t i o n  l i n e  and i n  t h e  l i q u i d  r e g i o n )  

1967 ASPE S t eam Tab les .  

Volu-rr,e and i n t e r f a c e  averages  are  computed u s i n g  

The f l u i d  pa ramete r s  a r e  

1 
u s i n g  an  i n v e r t e d  form of t h e  

It i s  c l e a r  on examinat ion t h a t  e q u a t i o n s  ( 3 )  are n o n l i n e a r  

and coupled.  

approximat ion a t  each t i m e  s t e p .  

o n l y  s m a l l  v a r i a t i o n s  i n  a l l  pa ramete r s  over  a g iven  t i m e  s t e p .  

energy e q u a t i o n  i s  s o l v e d  f i r s t  u s i n g  d e n s i t y  changes p r e d i c t e d  by 

t h e  behav ior  o f  t h e  sys tem i n  t h e  p r e v i o u s  time s t e p .  

e s t i m a t e  f o r  t h e  expected change o f  f l u i d  energy over  t h e  energy t i m e  

s t e p  can b e  made, which i s  subsequen t ly  c o r r e c t e d  d u r i n g  t h e  d e n s i t y  

t i m e  s t e p s .  

c o n t r o l s  e n s u r e  h i g h  a c c u r a c y  o f  t h e  c a l c u l a t i o n  even when phase  

These are s o l v e d  by r e d u c t i o n  t o  an  a p p r o p r i a t e  l i n e a r  

Accuracy c o n t r o l s  a r e  s e t  t o  a l low 

The 

Thus, a good 

S p e c i a l  i n t e r p o l -a t i o n  p rocedures  and au tomat ic  t ime- step 

t r a n s i t i o n s  occur  (e lements  c r o s s i n g  t h e  s a t u r a t i o n  l i n e ) .  L 

An i t e r a t i v e  s t r a t e g y  i s  employed i n  s o l v i n g  t h e  d i s c r e t i z e d  

v e r s i o n  o f  e q u a t i o n s  ( 3 )  a f t e r  t h e  f i r s t - o r d e r  e x p l i c i t  s o l u t i o n  h a s  

been genera ted  i n  each t i m e  s t e p .  

( d e n s i t y )  o r  E!? 

"'lie t ime- averaged f l u x  terms F 

F H + FVHV- F Uave (energy)  are  w r i t t e n  a s  

( 4  1 aF F = F ( t  + @At) = F + O A t  - a t  
- 

and an  i t e r a t i o n  i s  performed over  t h e  whole mesh t o  minimize t h e  

r e s i d u a l  term. 1 9 8  

SAPPLE PROBLEMS 

I n  o r d e r  t o  e v a l u a t e  t h e  SHAFT78 program, c a l c u l a t e d  r e s u l t s  

were compared t o  n u m e r i c a l  c a l c u l a t i o n s  r e p o r t e d  i n  t h e  l i t e r a t u r e  

( e . g . ,  Toronyi  and Garg ) ,  and t o  a n a S y t i c  s o l u t i o n s .  The remainder 

of t h i s  paper  i s  devoted t o  a comparison of t h e  computed s o l u t i o n s  

w i t h  t h e  a n a l y t i c  r e s u l t s .  

7 5 

SINGLE-PHASE VAPOR 
3 

I n  1957 R.E.  Kidder p r e s e n t e d  t o  t h e  ASIIE t h e  s o l u t i o n  t o  

t h e  problem of  i s o t h e r m a l  f low of  a gas  (obeying D a r c y ' s  and B o y l e ' s  

laws)  i n  t h e  s e m i - i n f i n i t e  homogenous porous s o l i d .  
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S p e c i f i c a l l y ,  t h e  problem s o l v e d  w a s  

w i t h  i n i t i a l  c o n d i t i o n s  

P(x,O) = P 0 0 < x < ( 6 )  

and boundary c o n d i t i o n s  

P ( 0 , t )  = P1 < P 0 .  O < t < w  (7) 

SHAFT78 w a s  r u n  on a 30-element l i n e a r  mesh w i t h  i n t e r n o d e  

d i s t a n c e s  of . 2 m ,  and l a r g e  nodes a t  t h e  boundar ies  o f  t h e  g r i d  w i t h  t h e  

a p p r o p r i a t e  boundary c o n d i t i o n s .  I n i t i a l  c o n d i t i o n s  were 

P = 5MPa 

T = 300 OC 

0 

0 

w i t h  rock  p r o p e r t i e s  

- - = 10 7 J / k g  0 C ,  prock= 2200 kg/m 3 , 4 =  .2 -12 2 
’ Krock ‘rock 

k = 10 

Three boundary c o n d i t i o n s  on t h e  l e f t  of t h e  g r i d  

PI = 4EPa 

P = 2MPa 

P = lMPa 
1 

1 

were chosen and t h e  r e s u l t s  are compared w i t h  t h e  a n a l y t i c  s o l u t i o n  

f o r  each case i.n F i g u r e  1. 

The computed s o l u t i o n  shows a s l i g h t l y  lower p r e s s u r e  drop 

t h a n  t h e  a n a l y t i c  s o l u t i o n ;  

i n t r o d u c e d  i n  t h e  boundary approx imat ions .  

Th i s  is  probably  due  t o  i n a c c u r a c i e s  

-31 1- 



SINGLE-PHASE LIQUID 

To evaluate t h e  performance of SHAFT78 i n  t h e  l i q u i d  r e g i o n ,  
4 t h e  "Theis problem" w a s  r u n  on a 15-element mesh w i t h  a l a r g e  e lement  

a t  t h e  o u t e r  boundary t o  s i m u l a t e  t h e  r e s e r v o i r  c o n d i t i o n s  a t  i n f i n i t y .  

Reservo i r  c o n d i t i o n s  were 

Thickness  = 100 m 

I n i t i a l  p r e s s u r e  = 20.37 MPa 

I n i t i a l  t e m p e r a t u r e  = 180 OC 

Rock p o r o s i t y  = .2 

P e r m e a b i l i t y  = 10  in 

Rate o f  f l u i d  wi thdrawal  = 18 kgls-m 

-13 2 

The results are compared i n  F i g u r e  2 t o  t h e  a n a l y t i c  s o l u t i o n  

o f  t h e  l i n e  s o u r c e  problem ( t  vs P on a log- log s c a l e )  D D 

& E  
k ar V2P = 

P ( r , o )  = P 
0 

i n i t i a l  c o n d i t i o n s  

Lim P ( r , t )  = P 
r" (Constant  f l u x  

[ boundary c o n d i t i o n s  w i t h  Darcy 

w i t h  s o l u t i o n  g iven  by t h e  -e x p o n e n t i a l  i n t e g r a l  

assumption)  

(10) 

Agreement i s  c l o s e  n e a r  t h e  s i n k  ( t o  t h e  r i g h t  of t h e  p l o t )  w i t h  

d e v i a t i o n s  i n c r e a s i n g  t o  t h e  l e f t .  The scat ter  of computed p o i n t s  

around t h e  a n a l y t i c  s o l u t i o n  seems t o  r e f l e c t  a d e v i a t i o n  from t h e  

-31 2- 
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s o l u t i o n  a t  l a t e  times and l a r g e  r a d i u s  when t h e  boundary approximat ion 

becomes less a c c u r a t e .  

"0-PHASE RESERVOIR 

Garg d e r i v e s  a n  approximate  d i f  f u s i v i t y  equa t ion5  f o r  

p r e s s u r e  i n  a two-phase r e s e r v o i r  i n i t i a l l y  a t  e q u i l i b r i u m  p r e s s u r e  

po , which i s  va1.i.d n e a r  t h e  w e l l b o r e .  

2 
[V PI = 0 (12)  ap 

a t  +PCT 
- -  

Here w e  have i n t r o d u c e d  t h e  t o t a l  k i n e m a t i c  m o b i l i t y  

For a l i n e  s o u r c e ,  w e  have t h e  boundary c o n d i t i o n s  a t  t h e  w e l l  

and a t  i n f i n i t y  

L i m  P ( r , t )  = P 
r* 0 

The s o l u t i o n  ( a f t e r  Carslaw and J a e g e r )  t o  the  above e q u a t i o n  is  

For s u f f i c i e n t l y  l a r g e  t (argument of the e x p o n e n t i a l  i n t e g r a l  
-2 5 less t h a n  10 ) we have f o r  t h e  wel3.bore p r e s s u r e  



This  i m p l i e s  t h a t  a p l o t  of P v s .  l o g  t should  be a s t r a i g h t  l i n e ,  
W 

T' w i t h  s lope  e q u a l  t o  1.15q/21~(k/v)  

SHAFT78 w a s  used t o  s i m u l a t e  t h e  problem of a mass wi thdrawal  
5 of  . 1 4  kg/s*m 

w i t h  

on a r a d i a l  g r i d  i d e n t i c a l  t o  t h a t  r e p o r t e d  by Garg 

A r  = A r  = ... A r  = l m  
1 2 11 

A r  = 1.2Ar 11, ... , Ar50 = 1.2Arqg 1 2  

us ing  rock  p r o p e r t i e s  

3 3 
= 2.65 x 10  kg/m 'rock 

4 = .2 
= IO00 J / k g .  0 C 

C r o  clc 

0 
= 5.25 W/m. C Kro  ck 

-13 2 P e r m e a b i l i t y  (k) = l o  m (100 m i l l i d a r c y )  

6 Thc r e l a t i v e  p e r m e a b i l i t y  cu rves  used f o r  t h e  s i m u l a t i o n  a r e  shown 

i n  F igure  6A. 

R e s u l t s  o f  our  s i m u l a t i o n s  f o r  t h r e e  d i f f e r e n t  i n i t i a l  

c o n d i t i o n s  are given i n  Table 1 and F i g u r e s  3-5. P i s  s e e n  t o  b e  a 

l i n e a r  f u n c t i o n  of l o g  t ,  t h e  s l o p e  o f  which g i v e s  a good e s t i m a t e  

of  t h e  t o t a l  k inemat i c  m o b i l i t y  (k/v) W e  have a l s o  p l o t t e d  
2 

P v s  l o g ( t / r  ) f o r  t h e  same s i m u l a t i o n s ,  b u t  i n c l u d i n g  a l l  e l ement s ,  

n o t  j u s t  the w e l l b l o c k  ( F i g u r e s  3B, 4 B ,  5 B ) .  Again a s t r a i g h t  l i n e  

r e s u l t s ,  w i t h  s l o p e  a lmost  i d e n t i c a l  t o  t h a t  of  t h e  P v s .  l o g  t p l o t s .  

This  r e s u l t ,  which i s  o u t s i d e  t h e  scope  of Garg ' s  t h e o r y ,  seems t o  

i n d i c a t e  t h a t  t o t a l  k inemat i c  m o b i l i t i e s  could a l s o  b e  o b t a i n e d  

from o b s c r v n t j o n  we1 1 d a t a  r a t h e r  tliaii j u s t  from f lowing w2l lbore  

d a t a .  

T '  

2 

A s  can b e  s e e n  i n  F i g u r e  7, 

A t  a p o s i t i o n  

In a d d i t i o n ,  s a t u r a t i o n  v s  l o g  ( t / r  ) was p l o t t e d  f o r  3 t imes  

f o r  each of t h e  t h r e e  c a s e s  just: d i s c u s s e d .  
2 

s a t u r a t i o n  a p p e a r s  t o  b e  a f u n c t i o n  of  t / r  

p r o p o r t i o n a l  t o  & t h e r e  a p p e a r s  a broad s a t u r a t i o n  f r o n t ,  which 

becomes more d i f f u s e  as vapor  s a t u r a t i o n  i n c r e a s e s .  

r e l a t i v e  p e r m e a b i l i t y  cu rves  (F igure  6B) h a s  o n l y  a s l i g h t  e f f e c t  on 

t h e  s a t u r a t i o n  p r o f i l e s .  

o n l y .  

Changing t h e  

We are s t i l l  i n v e s t i g a t i n g  t h e s e  r e s u l t s .  

-31 5- 
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Program SHAFT78 w a s  a l s o  r u n  t o  s i m u l a t e  a drawdown from a 

l i q u i d  r e s e r v o i r  w i t h  i n i t i a l  c o n d i t i o n s  

T = 300 OC 

P = 9.0 MPa 

k = l O  m 

0 

0 

-14 2 

and t h e  r e s u l t s  are  compared w i t h  Garg 's  r e p o r t e d  r e s u l t s  i n  F i g u r e  8. 

For t h i s  comparison,  t h e  Corey e q u a t i o n  w a s  used t o  g e n e r a t e  

t h e  re la t ive  p e r m e a b i l i t y  c u r v e s  w i t h  t h e  pa ramete r s  

s = . 3  
W 

S '  = .05 
g 

From t h e  s l o p e  o f  t h e  s t r a i g h t  l i n e  p o r t i o n  o f  t h e  curve  w e  compute 

a 

from 1 .4E-8  t o  1.9E-8. 

numer ica l  s i m u l a t i o n  are  d e c r e a s i n g  w i t h  i n c r e a s i n g  t i m e ,  w h i l e  t h e  

s t r a i g h t  l i n e  p o r t i o n  of t h e  curve appears  t o  be  f l a t t e n i n g  o u t  as 

t i m e  p r o g r e s s e s .  Thus,  i t  a p p e a r s  t h a t  t h e  computed (k /v )T  v a l u e s  

are converging t o  t h e  n u m e r i c a l l y  genera ted  v a l u e s  as t h e  f l a s h  f r o n t  

p a s s e s  through t h e  g r i d  b l o c k s .  

CONCLUSION 

( k / v ) T  v a l u e  o f  .86E-8 as compared t o  numerical  v a l u e s  r a n g i n g  

However, (k /v )T  v a l u e s  computed from t h e  

The s i m u l a t o r  SHAFT78 h a s  been v e r i f i e d  f o r  a number o f  

one- and two-phase f low problems i n v o l v i n g  subcooled water, water/steam 

m i x t u r e s ,  and s u p e r h e a t e d  steam. The f low of water and steam i n  porous  

media,  b o i l i n g  and c o n d e n s a t i o n ,  and h e a t  exchange between rock  and 

f l u i d  a re  a l l  d e s c r i b e d  p r o p e r l y .  

c r o s s i n g  t h e  s a t u r a t i o n  l i n e  (phase  t r a n s i t i o n s ) .  

No d i f f i c u l t i e s  are encountered i n  

Our s i m u l a t i o n  r e s u l t s  conf i rm Garg ' s  method of  deducing 

t o t a l  k i n e m a t i c  m o b i l i t i e s  i n  two-phase r e s e r v o i r s  from produc t ion  

w e l l  p r e s s u r e  decline. It is  sugges ted  t h a t  t o t a l  k inemat ic  m o b i l i t i e s  

can a l s o  b e  i n f e r r e d  from o b s e r v a t i o n  w e l l  d a t a .  For uniform i n i t i a l  

c o n d i t i o n s  w e  o b s e r v e  a s imple  dependence of  vapor s a t u r a t i o n  upon 

p r o d u c t i o n  time and upon d i s t a n c e  from the producing w e l l .  

y e t  unexplained phenomenon i n d i c a t e s  an  under ly ing  s i m p l i c i t y  o f  

two-phase porous f l o w ,  

This as 
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Apart  from i d e a l i z e d  model s t u d i e s ,  SHAFT78 is a l s o  b e i n g  

used f o r  i r r e g u l a r  th ree- dimens iona l  sys tems.  A s i m u l a t i o n  of p r o d u c t i o n  

and r e c h a r g e  i n  t h e  K r a f l a  geothermal  f i e l d  ( I c e l a n d )  is  r e p o r t e d  

e l sewhere .  

and i n j e c t i o n  i n  t h e  h i g h l y  i r r e g u l a r  shaped f i e l d  o f  Serrazzano 

9 A t  p r e s e n t ,  w e  a re  deve lop ing  a h i s t o r y  match f o r  p r o d u c t i o n  

10 
( I t a l y ) .  
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NOMENCLATURE 

L a t i n  - Upper Case 

CT = t o t a l  c o m p r e s s i b i l i t y  

F = mass f l u x  p e r  u n i t  area, kg/m s 

H = e n t h a l p y  p e r  u n i t  mass, J / k g  

K = r o c k  h e a t  c o n d u c t i v i t y ,  J / m s  C 

P = p r e s s u r e ,  Pa = N/m 

PD = d imens ion le s s  p r e s s u r e  

P = w e l l b o r e  p r e s s u r e ,  N/m 
2 P = i n i t i a l  p r e s s u r e ,  M/m 

Q = energy  s o u r c e  t e r m ,  J / m  s 

T = t empera tu re ,  C 

U = energy  p e r  u n i t  mass ( s p e c i f i c  e n e r g y ) ,  J/kg 

U = energy  p e r  u n i t  volume, J / m  

S = v o l u m e t r i c  vapor  s a t u r a t i o n  

2 

0 

2 

2 
W 

0 3 

0 

3 
vo 1 

L a t i n  - Lower Case 

C 

k = absolute  p e r m e a b i l i t y ,  m 
(k/\l)T = t o t a l  k inema t i c  m o b i l i t y ,  s 

q = mass s o u r c e  term, kg/m s 

r wclibore r a d i u s ,  1;1 

= r o c k  s p e c i f i c  hea t ,  J / O C  kg 
2 

3 
- 

W 

t = t i m e ,  s 

Greek 

0 = t i m e  ave rag ing  f a c t o r  (d imens ionless )  
n 
3 P = d e n s i t y ,  kg/m 

0 = r o c k  p o r o s i t y ,  d imens ion le s s  

p = dynamic v i s c o s i t y ,  N s / m  

V = k inema t i c  v i s c o s i t y ,  Nsm/kg 

2 

S u b s c r i p t s  

ave 

R = l i q u i d  component 

r o c k  = r e f e r r i n g  t o  r o c k  

V = vapor  component 

v o l  = v o l u m e t r i c  measurement of  t h e  v a r i a b l e  

= a v e r a g e  (over  volume o r  s u r f a c e  element)  

( e .  g . ,  U = Energy/uni t  volume). vo l  
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