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INTRODUCTION 

This r e p o r t  desc r ibes  a computer program f o r  p r e d i c t i n g  t r a n s i e n t  

behavior  of two-phase b o i l i n g  flow i n  a porous medium. 

the  necessary  flow equat ions  and a b r i e f  d i scuss ion  of t h e  f i n i t e -  

d i f f e r ence  numerical method used has been previous ly  descr ibed i n  

r e p o r t  SGP-TR-1 (Kruger and Ramey, 1974). Th i s  r e p o r t  desc r ibes  t h e  

program i n  g r e a t e r  d e t a i l ,  and i n  a d d i t i o n  inc ludes  a source l i s t i n g  

of t h e  code, information on inpu t  and output  parameters,  and a sample 

run. 

s tanding  t h e  d iscuss ion  here ,  i t  w i l l  be  h e l p f u l  t o  have i t  f o r  r e f-  

erence  purposes. 

Derivat ion of 

Although an  understanding of SGP-TR-1 i s  n o t  e s s e n t i a l  t o  under- 

The two-phase flow f i n i t e  d i f f e r ence  s imu la to r  w a s  developed 

a t  S tanford  Univers i ty  during t h e  per iod  June 1973 t o  September 1974 

f o r  t he  purpose of i n v e s t i g a t i n g  two-phase b o i l i n g  flow experimental 

d a t a  such as t h a t  of Arihara (1974, pages 196-206), and Cady, B i l h a r t z ,  

and Ramey (1974). 

of Arihara were p a r t l y  succes s fu l ,  and were r epor t ed  i n  SGP-TR-1. 
Attempts t o  approximately s imulate the  development of a superheated 

steam region  i n  t he  experiments of Cady e t  a l .  were unsuccessful .  Ap- 

p a r e n t l y  t h i s  was because t h e  experimental d a t a  were inf luenced appre- 

c i a b l y  by c a p i l l a r y  f o r c e s  of t h e  porous medium, which were no t  accounted 

f o r  i n  t h e  numerical model. 

Attempts t o  match t h e  two-phase t r a n s i e n t  flow d a t a  

-- 

The equat ions  desc r ib ing  two-phase b o i l i n g  flow i n  a l i n e a r  

porous medium were der ived  i n  SGP-TR-1, and were presented  as equat ions 

51 and 52 i n  t h a t  r e p o r t .  

t o  : 

For h o r i z o n t a l  flow t h e s e  equat ions  reduce 

and 
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where pressure ,  p,  and volumetr ic  l i q u i d  s a t u r a t i o n ,  S are t h e  depend- 

e n t  va r i ab l e s ,  d i s t ance ,  x, and t i m e ,  t ,  are t h e  independent v a r i a b l e s ,  

These func- and the  func t ions  y 
t i o n s  are a l s o  presented  i n  Appendix C of  SGP-TR-1, bu t  w i th  d i f f e r e n t  

subsc r ip t s .  

make them c o n s i s t e n t  w i th  usage i n  t h e  program l i s t i n g .  

(Donaldson, 1968; Mercer e t  AI.., 1974; Toronyi, 1974; Brownell e t  a1 

1975; and Lasseter e t  a l . ,  197'5) have repor ted  e s s e n t i a l l y  t h e s e  same 

equat ions ,  a l though n o t  always i n  terms of t h e  same dependent v a r i a b l e s .  

L 

* 1 1 1 1  

are def ined  i n  Appendix A. j, and Qlor;s 

The s u b s c r i p t s  have been changed i n  t h i s  r e p o r t  s o  as t o  

Other workers 

- -- - -.' 

This computer model c a n  only desc r ibe  t h e  flow of s a t u r a t e d  

f l u i d s .  

of p re s su re  and volumetr ic  l i q u i d  s a t u r a t i o n  as dependent v a r i a b l e s .  

The use of o t h e r  formulat ions (e.g., as by Garg e t  al . ,  1975; Mercer 

and Faust ,  1975) may f a c i l i t a t e  t h e  simultaneous d e s c r i p t i o n  of both 

s ingle-  and two-phase flow. 

t h e  l i q u i d  must be a t  t h e  bubble po in t ;  and i f  SL = 0.0, then the  gas 

must be a t  t h e  dew poin t .  

This  is a consequence of t h e  p a r t i c u l a r  formulat ion i n  tenus 

TZlus, i n  t h i s  model, i f  SL = 1.0,  then  

The program w i l l  accept  a r b i t r a r y  i n i t i a l  condi t ions  wi th in  t h e  

equat ion of s ta te  c o n s t r a i n t s ,  b u t  i t  is  l i m i t e d  t o  t h e  s p e c i f i c  

boundary condi t ions  of no flow a t  t h e  lef t- hand end, and s p e c i f i e d  

p re s su re  a t  t h e  right-hand end. Thus: 

and 

a t  x = L, p ( t )  = f ( t ) ,  

(3)  

( 4 )  

J 

J 

J 

J 

J 

J 

J 

J 

./ 

.J 

where f (t) is known. 
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One p o t e n t i a l  a p p l i c a t i o n  of a program such as t h a t  des- 

c r ibed  i n  t h i s  r e p o r t  woulld be t h e  development of p re s su re  drawdown 

and build-up behavior  f o r  the r a d i a l  two-phase b o i l i n g  flow t o  a 

C. 

C. 

c 

c 

s i n g l e  w e l l  i n  a t h i n  geothermal aqu i f e r .  

from l i n e a r  t o  r a d i a l  space coord ina tes  would r e q u i r e  only a change 

i n  var ious  d i f f e r e n c i n g  c o e f f i c i e n t s ,  and no change i n  t he  program 

s t r u c t u r e ,  A s p e c i f i e d  f lowra te  boundary condi t ion  a t  t h e  w e l l  i s  

of more p r a c t i c a l  i n t e r e s t  than t h e  s p e c i f i e d  p re s su re  condi t ion  

used here .  Even though such a s p e c i f i e d  f l u x  type of boundary con- 

d i t i o n  would be nonl inear  f o r  two-phase flow, t h i s  program could be 

modified t o  account f o r  such a boundary condi t ion  by simply changing 

t h e  s t r u c t u r e  of t h e  d i f f e r e n c e  equat ions  i n  an appropr i a t e  manner. 

Converting t h e  program 

The remainder of  t h i s  r epo r t  d i scusses  d e t a i l s  of  both t h e  

f i n i t e  d i f f e r e n c e  method anid t h e  l o g i c a l  s t r u c t u r e  of t he  program. 

Appendix B conta ins  a source l i s t i n g  of  t h e  For t ran  code. 

C desc r ibes  t h e  subrout ines  used i n  the  code, and i n  a d d i t i o n  inc ludes  

a flow diagram dep ic t ing  t h e  l o g i c a l  s t r u c t u r e  of t h e  program. 

and output  corresponding t o  a p a r t i c u l a r  numerical s imula t ion  of t h e  

dep le t ion  experiments of Arihara are presented  i n  Appendix D. 

Appendix 

Input  

NOMENCLATURE AND NOTATION 

1) Variable  names used i n  t h e  computer program are wr-t ten 

i n  t h i s  r e p o r t  w i th  c a p i t a l  let ters,  e.g., DELTIM. Array v a r i a b l e s  

are s i m i l a r l y  w r i t t e n  i n  c a p i t a l  le t ters  followed by t h e  a r r a y  dimen- 

s i o n s  i n  parentheses ,  e .g . ,  POLD(20) . 
2) Subscr ip ts  on pressure ,  p ,  and volumetr ic  l i q u i d  sa tu ra-  

t i o n ,  S i n d i c a t e  d i s c r e t i z e d  va lues  a t  t h e  given subscr ip ted  node. 

For n o t a t i o n a l  b r e v i t y  t h e  s u b s c r i p t  "L" of "S" has been dropped. 

Thus, p re s su re  and l i q u i d  s a t u r a t i o n  a t  t h e  i t h  node are ind ica t ed  

L' 

by P i '  and S i '  

3) Line numbers i n  t h e  source code are r e f e r r e d  t o  wi th  a ''V1; 
e.g., " l i n e  823" o r  "l ines #240/242." 
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4 )  
n 

t i m e  l e v e l ,  and p 

Supe r sc r ip t s  i n d i c a t e  t h e  t i m e  level of d i s c r e t i z a t i o n .  

i s  t h e  p re s su re  a t  t h e  i t h  node a t  t h e  n t h  (o ld  and known Thus, Pi 
i s  a t  t h e  (n+l ) th  (new and unknown) time level. i 

IMPLICIT FINITE DIFFERENCE PROCEDURE 

A two time-level i m p l i c i t  d i f f e r e n c i n g  scheme wi th  (el) 
equa l ly  spaced g r i d  nodes w a s  used. The Crank-Nicholson i m p l i c i t  

scheme w a s  chosen because it i s  uncondi t iona l ly  s t a b l e  f o r  l i n e a r  

systems, and of order  ( ( A t )  2 + (Ax) 2 ) accura te .  However, t h e  backwards 

d i f f e r e n c e  f u l l y  i m p l i c i t  d i f f e r e n c i n g  scheme probably would have been 

b e t t e r  s i n c e  i t  appears  t o  have b e t t e r  s t a b i l i t y  p r o p e r t i e s  f o r  mult i-  

phase f low problems (Al-Hussainy, 1974). 

scheme was used by Toronyi (1974). 

Such a backwards d i f f e r enc ing  

The d i f f e r e n c e  equat ions  are of t h e  form: 

(5) 

f o r  i = 1, 2, 3, ..., m, and t h e  express ions  are i n  terms of t h e  f i n i t e  

d i f f e r e n c e  opera tors :  

4 ui+1/2 - ui-1/2 . 
(Ax) A,  c e n t r a l  d i f f e r e n c e  opera tor  i n  space, hi - 9 

t h e  express ion  d[aAuIL] is  

A [ a*ui] 4 - ai+1/2 [%+Pi I - ai-1/2 [u i -u i - l l  

(Ax) 

n+l n 

(At) 
u -u 

and 6 i s  t h e  forward d i f f e r e n c e  ope ra to r  i n  time, sun = 

J 

-4 

J 

3 

J 

J 

J 

J 

d 

d 

J 
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Note t h a t  (At) i s  t h e  t i m e  s t e p  s i z e ,  and (Ax) is t h e  uniform g r i d  

spacing. 

eva lua t e  t h e  q 

s ion .  Thus, a 

and s a t u r a t i o n  between the i t h  and ( i + l ) t h  nodes: 

Midstream Weighting of pressure  and s a t u r a t i o n  was used t o  

func t ions  i n  t h e  se l f- ad jo in t  expres-  i + 1 / 2  and a i-:1/ 2 
was eva:luated a t  t h e  average value of p re s su re  i+1/2 

C. 

... 

as (ai + ai+1)/2 Apart from t h e  observa t ion  t h a t  t he  eva lua t ion  of a 

would have a smaller t runca t ion  e r r o r  than t h e  method used, i t  should 

be noted t h a t  some s o r t  of upstream weighting would probably have given 

b e t t e r  r e s u l t s  (Aziz, 1971; Lasseter and Witherspoon, 1974, pp. 86-87; 

Blair  e t  a l . ,  1974). 

appears  t o  be gene ra l ly  used (Todd e t  a l . ,  1972),  o the r  weight ing 

schemes have been proposed (e.g. ,  by Toronyi and Farouq A l i ,  1974). It 

is common t o  weight s a t u r a t i o n  dependent func t ions  a t  an  upstream level, 

while  a t  t h e  same t i m e  eva lua t ing  t h e  pressure  dependent phys i ca l  prop- 

erties a t  midstream condi t ions  (e.g., see Weinstein e t  a l . ,  1974, 

Coats e t  a l . ,  1974; and Toronyi, 1974). 

i+l / 2 

While f u l l  weighting a t  a s i n g l e  upstream node 

The d i f f e r e n c e  equat:ions f o r  t h e  l e f t  and right- hand nodes must 

be modified t o  account f o r  t:he boundary condi t ions .  

w e  approximate ?I! = 0 w i t h  t.he central d i f f e r e n c e  approximation: 

A t  t he  f irst  node 

ax  

where po is  a " f i c t i t i o u s  node." 

Using a symmetry argument, w e  deduce t h a t  So = S2, where the  

The right-hand s u b s c r i p t  "0" aga in  r e f e r s  t o  t h e  " f i c t i t i o u s  node." 

boundary cond i t i on  s p e c i f i e s  t h e  p re s su re  a t  t h e  (ntt1)th node. 

when t h e  equat ions  are d i f f e renced  about t h e  mth node 

PBn, and p becomes PB , where t h e  PBs are spec i f i ed .  Unfortunately,  

Thus, 
n becomes ' P&l n+1 n+l 

mtl 
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t h e r e  i s  an ambiguity w i t h  r e s p e c t  t o  the va lue  of s a t u r a t i o n  a t  t h e  

right-hand boundary if anything o t h e r  than  f u l l  upstream weighting i s  

used. 

is no t  spec i f i ed .  

mated S mt-1 
( l i n e s  8108, 132).  

weight ing i s  used, because i n  t h i s  case a va lue  of S 

quired.  

This  occurs  because t h e  value of s a t u r a t i o n  a t  t h e  (mt1)th node 

The computer program being descr ibed he re  esti- 

and S 

This ambiguity does n o t  occur i f  f u l l  upstream 

is  no t  re- 

m-2' 'm-1' m by us ing  quadra t i c  e x t r a p o l a t i o n  from S 

&-1 

The f u l l y  d i s c r e t i z e d  equat ions  desc r ib ing  the  behavior  of t h e  

mt-1 nodes form a nonl inear  nonalgebraic  system of 2m equat ions:  

F(x) = 0 , ..,... - (7) 

where F i s  a vec to r  of 2m func t ions ,  and x i s  t h e  combined unknown 

p res su re  and s a t u r a t i o n  vectors. F is  given by (F1, F2, ..., F2m) , 
and x by (xl, x2, . . . 9  x 
p l i c i t l y  presented in Appendix E. 

... .., t - 
t 

) . The system of equat ions  (7) are ex- ... 2m 

and energy balance equa- F2i-l  , The nonl inear  mass balance,  

t i o n s ,  F2i, (i = 1, ..., m), were solved s imultaneously us ing  Newton- 

Raphson i t e r a t i o n .  

sect ion. 

This  s o l u t i o n  technique i s  discussed i n  t h e  next  

SOLUTION-OF THE DISCmTIZED NONLINEAR EQUATIONS USING NEWTON-RAPHSON 

ITERATION 

Newton-Raphson i t e r a t i o n  is a w e l l  known method f o r  so lv ing  

systems of equat ions  of t h e  form $(IS) =i (Isaacson and Keller, 1966; 

Carnahan, Luther,  and Wilkes, 1969). I n  t h i s  method one success ive ly  

so lves  t he  system: 

J 

4 

J 

.i 
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X (01 = i n i t i a l  t r i a l  s o l u t i o n ,  - 
aFi 

where: [CP] i s  t h e  Jacobian mat r ix  [fij] 9 f i j  4 - - ax , 
h U 

j 

t he  s u p e r s c r i p t  i n  parentheses  i n d i c a t e s  t h e  i t e r a t i o n  number; and 

5 i s  t h e  co r r ec t ion  vec to r  a f t e r  each i t e r a t i o n .  -. 

The matrix CP corresponding t o  t h e  d i s c r e t i z e d  equat ions  is  b i t r i d i a g o n a l ,  

and i s  presented  i n  Fig. 1 as p a r t  of t h e  system @E = -F, 

f 
The elements 

rr., ... ... 
of 5 are presented  e x p l i c i t l y  i n  Appendix E. 

i j 

For 5") known, t he  co r r ec t ion  equat ion (9) i s  l i n e a r  and 

a lgeb ra i c .  

The b i t r i d i a g o n a l  s t r u c t u r e  of Q means t h a t  i t  has a narrow bandwidth, 

and hence can be solved r a p i d l y  and e f f i c i e n t l y .  

an a lgor i thm which accomplishes t h i s .  

Hence i t  can be  solved d i r e c t l y  using Gaussian e l imina t ion .  

2s 
Appendix F p re sen t s  

Subroutine ITSOLV ( l i n e s  #81/272) executes  t h e  Newton-Raphson 

algorithm. Subrout ine SOLV13T ( l i n e s  #453/512) executes  t he  Gaussian 

e l imina t ion  algori thm, and is c a l l e d  by ITSOLV. ITSOLV continues i tera-  

t i o n  loops u n t i l  e i t h e r :  (1) t h e  convergence c r i t e r i o n  is reached, i .e . ,  

u n t i l  t he  r e s i d u a l s  Fi , i=l ,  ..., 2m, a t  every node are less than t h e  

convergence c r i t e r i o n ,  DELTA; o r  (2) t h e  number of i t e r a t i o n s  exceeds 

W U E I ,  i n  which case execut ion s tops .  

It can be shown t h a t  Newton-Raphson i t e r a t i o n  w i l l  converge i f  

t h e  i n i t i a l  t r i a l  s o l u t i o n  (10) is  "close" enough t o  the  c o r r e c t  

answer (e .g. ,  Isaacson and Keller, 1966; Carnahan e t  a1 1969). For 
t h e  d i s c r e t i z e d  equat ions  F(x) = 0, i t  w a s  u sua l ly  adequate t o  use  t h e  

p re s su res  and s a t u r a t i o n s  a t  t h e  o l d  t i m e  l e v e l  as t he  i n i t i a l  t r i a l  

so lu t ion .  

e x t r a p o l a t i o n  forward i n  time w a s  employed, us ing  va lues  a t  t h e  two 

- _. 9 

- . -u  .., 

I n  o rde r  t o  speed up convergence, however, a weighted l i n e a r  
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most recent t i m e  levels. Thus: 

n-1 xi-xi + (WF) ( A t  ) xi = new 
n f l ( o )  n 

(Atnew) ' 

where(At 

the t i m e  s t e p  s i z e  between x 

) i s  t h e  t i m e  s t e p  s i z e  between xn - '  and xi n , (Atnew) is  
n o ld  

and x n+l, and (WF) i s  a weight f a c t o r  
i i 

parameter. This is  accomplished i n  l i n e s  # 6 3 / 6 4  of  t he  code. 

VERIFICATION OF THE NUMERICAL SOLUTION USING A MATERIAL AND ENERGY 

BALANCE CHECK 

c 

c 

Numerical s o l u t i o n s  t o  nonl inear  p a r t i a l  d i f f e r e n t i a l  equat ions  

cannot be accepted as being v a l i d  without  c a r e f u l  s c r u t i n y  and exami- 

nat ion .  

mental d a t a  f o r  t h e  phys i ca l  system being descr ibed by t h e  equat ions.  

This  is  p a r t i c u l a r l y  t r u e  when there is  an absence of experi-  

One i n d i c a t i o n  of numerical accuracy is  t h e  va lue  of  t h e  re- 

s i d u a l s ,  F.(x), a t  each p o i n t ,  i-1, ..., m. As t h e  numerical s o l u t i o n  

approaches t h e  t r u e  s o l u t i o n  t o  t h e  d i s c r e t i z e d  equat ions ,  t he  r e s i d u a l s  

should become small, and hence, i f  s u f f i c i e n t  i t e r a t i o n s  are used, they 

are an i n d i c a t i o n  of only t 'he  e f f e c t s  of round-off e r r o r  i n  t h e  machine. 

S m a l l  r e s i d u a l s  a t  each nodle, however, are no t  n e c e s s a r i l y  an  ind i-  

c a t i o n  of phys i ca l  v a l i d i t y  of a numerical s o l u t i o n ,  s i n c e  t h e r e  is  

s t i l l  a t runca t ion  e r r o r  a s soc i a t ed  wi th  t h e  d i s c r e t i z a t i o n .  

t h i s  should decrease as (Ax) and (At) are decreased. 

1 

I n  theory 

An important i n d i c a t i o n  of t h e  phys i ca l  v a l i d i t y  of t h e  numeri- 

ca l  s o l u t i o n  is  an o v e r a l l  material and energy balance.  

v ious  t h a t  th is  check should be  a s u f f i c i e n t  condi t ion  f o r  phys ica l  

v a l i d i t y ,  bu t  i t  i s  c l e a r l y  a necessary one. Furthermore, i t  is  inde- 

pendent of t h e  p a r t i c u l a r  n imer i ca l  scheme being used. 

simply checks t o  see i f  t h e  numerical s o l u t i o n  i s  s a t i s f y i n g  o v e r a l l  

mass and energy balances.  

and energy e f f l u x e s  over t i m e ,  and i n  add i t i on  computes t h e  mass and 

energy remaining i n  t:he system a t  va r ious  t i m e s .  I f  o v e r a l l  mass 

It i s  n o t  ob- 

The procedure 

:Ct uses  t h e  computed s o l u t i o n  t o  eva lua t e  mass 
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and energy balances are t o  be s a t i s f i e d ,  then t h e  sum of cumulative 

mass o r  energy e f f l u x  up t o  a given t i m e ,  and t h e  mass o r  energy re- 

maining i n  t h e  system a t  t h a t  t i m e ,  should be constant  and equal  t o  

the  i n i t i a l  mass o r  energy. 't'hus, a t  any t i m e :  

To ta l  Mass o r  Energy E f f l u x  4- Total Remaining Mass or Energy = 1. 
I n i t i a l  Mass 017 Energy i n  t h e  System 

I n  t h e  f i n i t e  d i f f e r e n c e  program being descr ibed he re ,  material 

and energy balances  were evaluated  a f t e r  every t i m e  s t e p  by Subroutine 

MEBAL ( l i n e s  8361/429). Simpson's i n t e g r a t i o n  r u l e  was used t o  evalu-  

a t e  the  spa t ia l  i n t e g r a l s  f o r  mass and energy remaining i n  t h e  system, 

and hence t h e  t o t a l  number of g r i d  nodes had t o  be even. Trapezoidal  

i n t e g r a t i o n  was used t o  evalua.te t h e  t i m e  i n t e g r a l s  f o r  t o t a l  mass o r  

energy e f f l u x .  

During eva lua t ion ,  t h e  material balance check, MBAL, was  evalu-  

a t e d  by sunning t h e  t o t a l  mass e f f l u x  and mass remaining a t  any given 

t i m e ,  and then d iv id ing  by t h e  i n i t i a l  mass i n  t h e  system. 

balance check, EBAL, w a s  evaluated  i n  a similar fashion.  During most 

runs MAL f e l l  f a i r l y  r a p i d l y  t o  about 0.98, and then remained essen-  

t i a l l y  cons tan t  a t  t h a t  value.  

reaching va lues  of as high a s  1.5 dur ing t h e  longes t  runs. 

s u l t  i s  u n s a t i s f a c t o r y ,  and i t  is  no t  c l e a r  what i t s  cause is. 

p o s s i b i l i t y  is  t h a t  a value  of s a t u r a t i o n  is  required  a t  t h e  (ntt1)th 

node i n  o rde r  t o  eva lua te  t h e  inass e f f l u x  rate, and t h i s  va lue  was 

obta ined by e x t r a p o l a t i n g  from i n t e r n a l  nodes. 

hav io r  of t h e  mass balance  check suggests ,  however, t h a t  t h i s  explana- 

t i o n  is  probably i n c o r r e c t .  

The energy 

However, EBAL r o s e  slowly with t i m e ,  

This re- 
One 

The s a t i s f a c t o r y  be- 

Lasseter et al. (1974, p .  107; 1975, p. 24) have observed t h a t  -- 
an e r r o r  i n  t h e  o v e r a l l  h e a t  ba lance  w i l l  occur i f  t h e  same g r i d  system 

is used f o r  both  t h e  mass and energy balance d i f f e r e n t i a l  equations.  

However, t h i s  observat ion  i s  in c o n f l i c t  wi th  t h e  experience of 

Toronyi (1974, p .  108), who evaluated  very s m a l l  mass and energy 

J 
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balance e r r o r s  (less than lo-’> us ing  a mathematical and numerical 

formulat ion s imilar  t o  t h a t  being descr ibed  i n  t h i s  r e p o r t .  It i s  

thus  no t  apparent  t h a t  t h e  use of the same g r i d  system f o r  t h e  mass 

and energy balance d i f f e r e n t i a l  equat ions  w i l l  n e c e s s a r i l y  l ead  t o  

s i g n i f i c a n t  mass and energy balance e r r o r s .  

energy balance check inc reases  slowly whi le  t h e  mass balance check 

remains e s s e n t i a l l y  cons tan t  sugges ts  that t h e r e  may be  an e r r o r  

i n  t h e  c a l c u l a t i o n s  which e f f e c t i v e l y  acts as a h e a t  source. 

The f a c t  t h a t  t he  

PROGRAM PARAMETERS 

INPUT 

With one except ion,  a l l  input  parameters are read i n  by c a l l i n g  

Subroutine I O  ( l i n e s  #273/360) a t  l i n e  #19 i n  t h e  main program. 

parameters and t h e i r  format t ing  requirements are presented  i n  Appendix 

G. 

va lues  of t h e  p re s su re  h i s t o r y  a t  t h e  right-hand boundary condi t ion .  

These va lues  are s p e c i f i e d  i n  t h e  DATA s tatement  ( l i n e s  #438 /439)  i n  

Subroutine NUSTEP. 

p s i a  corresponding t o  t h e  times PT( i ) ,  i n  seconds. 

o f  t he  system being s imulated is  no t  read i n .  

s p e c i f i e d  g r i d  spacing (DELTXH) and t h e  t o t a l  number of nodes (NODES), 

which is  equal  t o  (mtl) i n  t h e  n o t a t i o n  of t h e  previous sec t ions .  

The 

The only set of parameters t h a t  are no t  read i n  are t h e  d i s c r e t i z e d  

PB(i) are the  d i s c r e t i z e d  boundary pressures  i n  

The t o t a l  l eng th  

It i s  f i x e d  by the  

OUTPUT 

The complete s o l u t i o n  i s  p r i n t e d  a t  every n t h  t i m e  s t e p ,  where 

n is  t h e  r a t i o  of t h e  inpu t  parameter PRNTDL t o  t h e  i n i t i a l  t i m e  s t e p  

s i z e  DELTTK. Output c o n s i s t s  of t he  complete p re s su re  and s a t u r a t i o n  

vec to r s ,  PNUKl (NODES) and SNUKl(N0DES) . 
information is  a l s o  given. In a d d i t i o n ,  a f t e r  each i t e r a t i o n  the  

maximum mass and energy r e s i d u a l s ,  RMMAX and R E M ,  and m a x i m u m  rela- 

t ive changes i n  t h e  s o l u t i o n  vec to r s ,  DELPMAX and DELSMAX, are a l s o  

Material and energy balance 
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p r i n t e d .  

a p a r t i c u l a r  s imula t ion  of t h e  r e s u l t s  of Arihara (1974). 

Appendix D presen t s  t h e  inpu t  and output  corresponding t o  

SF, If execut ion  of t h e  program s t o p s  normally t h e  pi n , 
v e c t o r s  are w r i t t e n  t o  UNIT 8 (see l i n e s  #76/ n+l(v), and Si n+l (v) 

P i  
78).  

and SNUK(20). 

of  t he  program a t  t h e  time of s topping,  TIME. 

i f  

These are t h e  program v a r i a b l e s  POLD(20), SOLD(20), PNUK(20), 

The purpose of doing t h i s  is t o  f a c i l i t a t e  r e s t a r t i n g  

Output t o  UNIT 8 occurs  

1) TIME exceeds t h e  h p u t  parameter TMAX; 

2) t h e  material o r  energy balance e r r o r s  become too  l a r g e ,  

i .e . ,  

[ (MBAL o r  EBAL) - 1 1  - > BALDEL; o r  

3) t h e r e  are too  many Newton-Rahpson i t e r a t i o n s  i n  Subrout ine 

ITSOLV ( input  parameter MAXNUM is  the  maximum number of allowed itera- 

t i o n s ) .  

J 

J 

3 

Sample output  t o  UNIT 8 is  a l s o  presented  i n  Appendix D. 

SAMPLE VALUES OF PARAMETERS 

This  subsec t ion  desc r ibes  t h e  numerical va lues  o f  program 

parameters used i n  t h e  s imula t ion  runs repor ted  i n  SGP-TR-1. 

n i t i o n s  of t h e  parameters are ldescribed i n  Appendix G. 

g r i d  nodes (NODESb21) were used i n  most of t h e s e  runs ,  wi th  an i n i t i a l  

t i m e  s t e p  s i z e  of  DELTTK = 0.5 sec. 

c r i t e r i o n ,  DTMSCR, was initia1:Ly set a t  0.008 o r  0.01, b u t  had t o  be  

decreased down t o  0.005 o r  0.002 as t h e  t i m e  s t e p  s i z e  increased  a t  

longer  t i m e s .  Thus, e.g., i n  t h e  run presented  i n  Appendix D, a 

va lue  of DTMSCR = 0.01 and i n i t i a l  DELTTK = 0.5 see allowed t h e  program 

t o  reach a s imulated t i m e  of 30 see be fo re  a doubling of t h e  t i m e  s t e p  

s i z e  t o  4.0 see caused t h e  Newton-Raphson i t e r a t i o n s  t o  f a i l  t o  converge 

The de f i-  

A t o t a l  of 21 

The value of t h e  t i m e  s t e p  c o n t r o l  

J 

4 

J 
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t o  t h e  des i r ed  Cr i t e r ion .  

DELTTK = 2.0 sec, and DTMSCli = 0.002, and i t  then ran  u n t i l  a s imulated 

t i m e  of 600 sec, w i t h  a f i n a l  time s t e p  s i z e  of 16  sec. 

'We program was  then r e s t a r t e d  wi th  a 

The i t e r a t i o n  convergence c r i t e r i o n ,  DELTA, w a s  commonly se t  

So lu t ions  obtained us ing  t h i s  va lue  agreed t o  w i th in  a t  t o  

least f o u r  s i g n i f i c a n t  f i g u r e s  wi th  those  obta ined  us ing  a va lue  of 

DELTA = l O - l o .  The Newton-F,aphson a lgor i thm sometimes requi red  as 
many as 15 i t e r a t i o n s  t o  converge t o  t h e  DELTA c r i t e r i o n  of 10 -3 , 
and hence a va lue  of  MAXMJM = 19 w a s  comonly used. 

f o u r  o r  f ive i t e r a t i o n s  were .  requi red  t o  reach t h i s  convergence cri- 

te r ion .  

s i z e  had been doubled. 

Normally only 

Extra i t e r a t i o n s  were only necessary a f t e r  t h e  t i m e  s t e p  

The weight ing f a c t o r ,  WF, f o r  e x t r a p o l a t i n g  p re s su res  and 

s a t u r a t i o n s  t o  t h e  i n i t i a l  guess a t  a new t i m e  level w a s  commonly 

set a t  0.9. The material and energy balance c r i t e r i o n ,  BALDEL, w a s  

u sua l ly  set t o  t h e  excess ive ly  l a r g e  va lue  of 0.9, s i n c e  t h e  energy 

balance w a s  u sua l ly  somewhat i n  e r r o r ,  and i t  w a s  inconvenient f o r  

t h i s  t o  cause program execut ion t o  s top .  

FUNCTIONAL EVALUATION 

The necessary physici31 p r o p e r t i e s  of sa tura teG water and steam 

were represented  i n  terms of cubic  s p l i n e s  ( l i n e s  #1000/1106). The 

s p l i n e s  were generated using 1967 ASME Steam Table d a t a  (Meyer e t  a l . ,  

1968). 

accu ra t e  r ep re sen ta t ion  of phys i ca l  da ta .  I n  add i t i on ,  they can a l s o  

be  used t o  o b t a i n  smooth f i r s t  d e r i v a t i v e s ,  a c h a r a c t e r i s t i c  which i s  

e s s e n t i a l  t o  t h e  succes s fu l  execut ion of the Newton-Raphson algorithm. 

However, eva lua t ing  s p l i n e s  can r e q u i r e  a r e l a t i v e l y  l a r g e  amount of 

computing t i m e .  

as this  is spent  eva lua t ing  t.he nonl inear  func t ions ,  t h i s  can c l e a r l y  

be a disadvantage. 

The use of s p l i n e s  has  t he  advantage t h a t  they g ive  a very 

Since most of t h e  computing t i m e  i n  a program such 



There are a number of ways i n  which t h i s  execut ion t i m e  prob- 

l e m  can be reduced. 

equal ly  spaced base-point s p l i n e s  wi th  e x p l i c i t  For t ran  FUNCTION 

s ta tements  can inc rease  t h e  execut ion  speed without  s a c r i f i c i n g  t h e  

inhe ren t  accuracy of t h e  s p l i n e s .  

be spent  during execut ion  time i n  a l o g i c a l  search  f o r  t h e  app ropr i a t e  

base  po in t s ,  and i n  a d d i t i o n  tlne e x t r a  CPU t i m e  spent  i n  c a l l i n g  a 

SUBPROGRAM is avoided. 

simpler r ep re sen ta t ion  of physfca l  p r o p e r t i e s ,  and a l s o  by evalua- 

terms e x p l i c i t l y  a t  t h e  va lues  of t h e  n th  t i n g  t h e  y1 and y 

t i m e  level r a t h e r  i m p l i c i t l y  a t  the (n+ l ) th  t i m e  level. Coats -- e t  al .  

(1974) used both l i n e a r  i n t e r p o l a t i o n  of phys ica l  p r o p e r t i e s  and ex- 

p l i c i t  eva lua t ion  of the  y1 n+l  and y3  n+l terms. This  i s  one reason 
why t h e i r  program r e q u i r e s  only 0.04 equiva len t  I B M  360/67 sec pe r  

t i m e  step-node execut ion t i m e  as compared t o  t h e  0 .1  sec/time s tep-  

node r equ i r ed  f o r  t h i s  program. 

Weinstein (1974) has  suggested t h a t  t h e  use  of 

By doing t h i s ,  no t i m e  needs t o  

Execution time can be  reduced by us ing  a 

3 

CONCLUDING COMMENTS 

This  r e p o r t  has  d iscussed  i n  some d e t a i l  a f i n i t e- d i f f e r e n c e  

program f o r  desc r ib ing  t h e  b o i l i n g  two-phase flow of  water i n  a l i n e a r  

h o r i z o n t a l  porous medium. Although t h e  b a s i c  approach used appears  t o  

be sound, t h e  program d i d  n o t  perform i n  an  e n t i r e l y  s a t i s f a c t o r y  manner. 

Reasons f o r  t h i s  are discussed throughout t h e  r e p o r t .  

The formulat ion of t h e  inumerical s o l u t i o n  descr ibed  i n  t h i s  

r e p o r t  is l i m i t e d  t o  t h e  two-phase f l o w  regime. 

t h i s  p a r t i c u l a r  formulat ion t o  ithe s o l u t i o n  of t h e  problem which in-  

cludes  s i n g l e  phase flow of compressed l i q u i d  o r  dry steam i s  n o t  

simple. 

a completely d i f f e r e n t  second flow regime. 

Genera l iza t ion  of  

It r e q u i r e s  the inco rpora t ion  of both  a moving boundary and 

While t h e  formulat ion of  the numerical s o l u t i o n  i n  terms of 

t he  nwo-phase flow regime only nlay be adequate  f o r  some s i t u a t i o n s ,  
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t h i s  w i l l  n o t  always be t r u e .  There may be important cases where the  

i n i t i a l  e f f e c t  of t h e  t r a n s i t i o n  from single- phase t o  two-phase flow 

w i l l  be  important .  This appears  t o  be t h e  case, f o r  example, i n  one 

of t h e  two-phase dep le t ion  experiments of Arihara (1974, pp. 196-206). 

In  t h e s e  experiments,  t h e  l i q u i d  i n  t h e  core  w a s  i n i t i a l l y  compressed 

and a t  u n i f o m  pressure .  

E-5, E-7, w d  E-9) t h e  i n i t i a l  temperature i n  t h e  system was uniform, 

t h e  experiment presented  i n  Fig.  E-3 began wi th  a temperature a t  t h e  

closed end of t h e  core  t h a t  was more than  15 Fahrenhei t  degrees h igher  

than  a t  tbe producing end of  t h e  core.  Chen (1975) has  de tec ted  

i n i t i a l  b o i l i n g  a t  t he  c losed  end of t h e  core  during similar experi-  

ments us ing  a capac i tance  l i q u i d  s a t u r a t i o n  d e t e c t o r  (Ramey and London, 

1975).  

explained,  i t  has s i n c e  become clear t h a t  i n  t h e  presence of an i n i t i a l  

temperature g rad ien t  (c losed  end h o t t e r  than open end) ,  i n i t i a l  b o i l i n g  

might be expected a t  t h e  c losed  end of t h e  co re  as w e l l  as a t  t h e  pro- 

ducing end. This i s  a d i r e c t  consequence of t h e  f a c t  t h a t  t h e  c losed  

end i s  a t  a h igher  temperature than t h e  open end, and i f  p re s su re  

g rad ien t s  i n  t h e  co re  are no t  severe, then  t h e  c losed  end w i l l  reach 

the vapor p re s su re  curve be fo re  t he  open end. 

s imula tor  t h a t  has  been descr ibed i n  t h i s  r e p o r t  cannot desc r ibe  such 

behavior ,  alternate formulat ions of t h e  problem can. I n  f a c t ,  t h e  

model of Garg e t  a l .  (1975) pred ic ted  i n i t i a l  b o i l i n g  a t  t h e  c losed  

end of t h e  core  i n  t he  experiment corresponding t o  F ig .  E-3 of A r i -  

hara .  However, t he  mechanism producing t h i s  unexpected behavior  w a s  

unexplained, and t h e s e  r e s u l t s  were i n i t i a l l y  considered ques t ionable .  

While i n  most of t h e  experiments (Figs .  

Although t h i s  determinat ion w a s  i n i t i a l l y  unexpected and un- 

While t h e  numerical 

-- 

It i s  reasonable t o  hypothesize t h a t  a s i n g l e  regime model 

f o r  two-phase flow w i l l  be  adequate t o  desc r ibe  t h e  behavior of com- 

pressed  l i q u i d  systems t h a t  a r e  i n i t i a l l y  a t  a uniform temperature.  

The b a s i s  f o r  such an  hypothesis  is  t h e  observa t ion  t h a t  p re s su re  

t r a n s i e n t s  move through the  isothermal  compressed l i q u i d  regime a t  

a much f a s t e r  rate  than through t h e  two-phase flow regime. 

one would expect  t h e  o v e r a l l  system behavior t o  be dominated by flow 

c h a r a c t e r i s t i c s  i n  t h e  two-phase regime. This would no t  n e c e s s a r i l y  

Hence 
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be t h e  case i f  t h e  i n i t i a l  condi t ion  of t h e  system were a compressed 

l i q u i d  of vary ing  temperature.  

regime model desc r ib ing  two-phase b o i l i n g  flow a lone  i s  t h a t  i t  could 

be expected t o  be  less complicated and more e f f i c i e n t  than models 

which desc r ibe  m u l t i p l e  flow regimes involv ing  both  s ing le-  and two- 

phase flow. 

ca t ion  of two-phase b o i l i n g  flow models t o  phys i ca l  systems which 

begin i n  t h e  single- phase flow regime. 

much less compelling i f  f a s t ,  e f f i c i e n t ,  and accu ra t e  s imula tors  

t h a t  desc r ibe  multi- region behavior  can be developed. 

The apparent  advantage of a s i n g l e  

This is  t h e  b a s i s  :Eor an i n c e n t i v e  t o  j u s t i f y  t h e  app l i-  

This i ncen t ive  w i l l  become 

As a f i n a l  comment, i t  is worth remarking t h a t  extreme care 

i s  requi red  i n  both the formulat ion and implementation of a numeri- 

cal scheme such as t h a t  descr ibed  i n  th is  r e p o r t .  E f f o r t s  should b e  

made t o  explore  t h e  experiences t h a t  o t h e r  workers have had wi th  t h e  

va r ious  a l t e r n a t e  s o l u t i o n  techniques a v a i l a b l e .  

l i t t l e  b a s i s  f o r  making a choice:, t h e  experiences of o t h e r  workers 

can o f t e n  f ac i l i t a t e  t h e  choice  between a l t e r n a t e  methods. While 

such experience i s  o f t e n  contained wi th in  t h e  publ ished l i t e r a t u r e ,  

personal  communication wi th  knowledgeable workers i n  t h e  f i e l d  is 

inva luable .  

While t h e r e  i s  o f t e n  



-17- 

c 

c 

c 

REFERENCES 

Al-Hussainy, R., personal communication, Stanford University, May 1974. 

Arihara, N., A Study of Nonisothermal Single and Two-Phase Flow 
through Consolidated Sandstones, SGP-TR-2, NSF Grant No. 
GI-34925, Stanford 'University, November 1974. 

Aziz, K., Course Notes from Seminar on Reservoir Simulation, Course 
No. 273, Department of Petroleum Engineering, Stanford Uni- 
versity, Spring 197.1. 

Blair, P.M., Peaceman, D.W., and Stone, H.W., Discussion of "Use of 
Irregular Grid in Cylindrical Coordinates," by A. Settari, 
K. Aziz, SOC. Petr. Engr. J., August 1974, pp. 396-412. 

Brownell, D.H., Jr., Garg, S.K.,  and Pritchett, J.W., "Computer Simu- 
lation of Geothermal Reservoirs," SPE 5381, presented at the 
45th Annual California Regional Meeting of the Society of 
Petroleum Engineers,, Ventura, California, April 2-4, 1975. 

Cady, G.V., Bilhartz, H.L. ,  and Ramey, H.J., Jr., "Model Studies of 
Geothermal Steam Production," AIChE Symposium Series "Water," 
1972. 

Carnahan, B., Luther, H.A., and Wilkes, J.O., Applied Numerical 
Methods, John Wiley ti Sons, Inc., 1969. 

Chen, H.K., personal communication, Stanford University, November 20, 
1975. 

Coats, K.H., George, W.D., Chu, C., and Marcum, B.E., "Three-Dimensional 
Simulation of Steamf'looding," SOC, Petr. Engr. J., December 
1974, pp. 573-592. 

Donaldson, I.G., "The Flow of Steam/Water Mixtures through Permeable 
Beds: A Simple Simulation of a Natural Undisturbed Hydrothermal 
Region," New Zealand J. Science, 11, No. 1 (1968), pp. 3-23. - 

Faust, C.R., and Mercer, J.W., "Mathematical Modeling of Geothermal 
Systems," presented at the Second United Nations Symposium on 
the Development and Use of Geothermal Resources, May 19-29, 
1975, San Francisco, California. 

Garg, S.K., Pritchett, J.W., and Brownell, D.H.,  Jr., "Transport of Mass 
and Energy in Porous Media," presented at the Second United 
Nations Symposium on the Development and Use of Geothermal 
Resources, May 19-29, 1975, San Francisco, California. 



-18- J 

lsaacson, E., and Keller, H.B,,, Analysis of Numerical Methods, John 
Wiley & Sons, New York, 1966. 

Kruger, P., and Ramey, H.J., Jr., Stimulation and Reservoir Engineer- 
ing of Geothermal Resources, Progress Report No. 3,  SGP-TR-1, 
NSF Grant No. GI-34925, Stanford University, June 1974. 

Lasseter, T.J., and Witherspoon, P.A., "Underground Storage of Lique- 
fied Natural Gas in Cavities Created by Nuclear Explosives," 
Dept. of Civil Engineering, Institute of Transportation and 
Traffic Engineering Publication No. 74-1 (1974), University 
of California, Berkeley. 

Lasseter, T. J., Witherspoon, P.A., and Lippmann, M.J.,  "The Numerical 
Simulation of Heat and Mass Transfer in Multi-Dimensional Two- 
Phase Geothermal Reservoirs," presented at the Second United 
Nations Symposium on t:he Development and Use of Geothermal 
Resources, May 19-29, 1975, San Francisco, California. 

Mercer, J.W., Faust, C., and P'inder, G.F., "Geothermal Reservoir 
Simulation," Proceedings of National Science Foundation Con- 
ference on Research for the Development of Geothermal Energy 
Resources, Pasadena, California, 1974, pp. 256-267. 

Meyer, C.A., McClintock, R.B., Silvestri, G.J., and Spencer, R.C., 
Jr., 1967 ASME Steam S'ables -' Am.-Soc. Mech. Engrs., 2nd ed., 
New York, N.Y., 1968. 

Ramey, H.J., Jr., and London, A . L . ,  Stimulation and Reservoir Engi- 
neering of Geothermal Resources, Progress Report No. 4, 
SGP-TR-8, NSF Grant No. AER72-03490-A03 (Previous Grant No. 
GI-34925), Stanford University, August 1975. 

von Rosenberg, D.A., Methods for the Numerical Solution of Partial 
Differential Equations., Elsevier, 1969. 

Todd, M.R., O'Dell, P.M., and Hirasaki, G.J., "Methods for Increased 
Accuracy in Numerical Reservoir Simulators," SOC. Petr. Engr 
J., April 1972, pp. 515-530. 

Toronyi, R.M., "Two-Phase, Two-Dimensional Simulation of a Geothermal 
Resenroir and the Wellbore System," Ph.D. Dissertation, Penn- 
sylvania State University, November 1974. 

Toronyi, R.M., and Farouq Ali, S.M., "Determining Interblock Trans- 
missibility in Reservoir Simulators," JPT Forum, J. Petr. 
-* Techn ' January 1974, p. 77. 

Weinstein, H.G., personal communication, October 3,  1974. 

Weinstein, H . G . ,  Wheeler, J.A., and Woods, E.G., "Numerical Model for 
Steam Stimulation," SPE 4759, presented at Improved Oil Re- 
covery Symposium of SPE, Tulsa, Oklahoma, April 22-24, 1974. 



1 ,  

-19- 

APPENDIX A 

THE GOVERNING FLOW EQUATIONS FOR L I N W  TWO-PHASE BOILING FLOW 

I N  A HORSZONTAL POROUS MEDIUM 

The differential equations are: 

L 

c 

The dependent variables are: 
I. 

p = pressure, psia; 

SL = volumetric liquid saturation, volume of liquid in pore 
space per total volume of pore space 

The independent variables are: 

x = distance, ft; 

t = time, sec. 
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The s p e c i f i e d  f u n c t i o n a l  relations f o r  t h e  two-phase Darcy rate 

equat ions  are t h e  Corey equat ions (Corey et  a l . ,  "Three Phase Relative 

Permeabil i ty ,"  Trans. AIME 207 (1956), p. 349): 

* 2  (T) (1-SL *2 ) (l-SL) , Kg = Kabs (A-7) 

(A-8 1 

where: 

= r e s i d u a l  l i q u i d  s a t u r a t i o n ,  a l i n e a r  func t ion  of tempera- 
SLr t u r e ,  l i q u i d  volcye i n  pore space per  t o t a l  volume of 

S 

pore  space; 

gas  volume i n  pore  space per  t o t a l  volume of pore space; and 
= c r i t i c a l  gas s a t u r a t i o n ,  a l i n e a r  func t ion  of temperature,  

gr 

Kabs(T) = abso lu t e  permeabil i ty ,  l i n e a r  func t ion  of temperature,  
Darcys. 

Note t h a t  f o r  s a t u r a t i o n  condi t ions  temperature i s  a func t ion  of pressure ,  

and hence t h e  dependence of phase pe rmeab i l i t i e s  on temperature,  

K (S ,T) and z(S ,T), i s  a l s o  a dependence on pressure :  K (S ,p) and 
g L  L g L  

KL(SL'P) 

The phys i ca l  p r o p e r t i e s  of water are incorpora ted  i n t o  t h e  func t ions  

a .  and B 
f i n e d  : 

These are s i n g l e  valued func t ions  of p re s su re ,  and are de- 
J j' 

m l b  

(A-10) 

(A-11) 
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m l b  - 11 a -  
3 %' f t 3  ' 

l b  

f t  

b m 
( X 4  = PR-Pg' 3 , 

A 'RhR Btu = -  - 
' 3 '  

Btu 

B 4 = ~ h - p h  b - Btu 
R R g R' f t 3  ' 

A - Tabsvf& OR f t 3  . 
h ' Btu ' 

' f g  
85 - 

where: p = d e n s i t y ,  1bm/ft";  

p = v i s c o s i t y ,  c.P.; 
h = s p e c i f i c  enthalpy,  BTU/lbm 0 F; 

Tabs = a b s o l u t e  temperature,  0 F; 

v = s p e c i f i c  volume, f t  3 / l b  

T = temperature,  0 F; and m 

Subscr ip t s :  R = l i q u i d  phase 

g = gas  phase 

f g  = change i n  going from l i q u i d  t o  gas  

o = base value.  

(A-12) 

(A-13) 

(A-14) 

(A-15) 

(A-16) 

(A-17) 

(A-18) 
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The constants in the flow equations are: 

volume pore space . 
bulk volume of medium ’ 4 = fractional porosity, 

Btu . 
hr ft “F ’ K = effective thermal conductivity, 

(C p ) = specific heat content of matrix rock on a volume 
Btu Pr r 

basis. 
a ft’ OF - 

The function accounting for heat losses to the environment is: 

* t t r  
(x,t) = local heat loss  rate from sides of the core per 

unit length of core and exposed surface area of’ 
core 

‘Iloss 

(A-19) 

where h = steady state convective heat loss coefficient, BTU 
hr ft2 OF ’ 

(P/A) = ratio of perimeter exposed to heat losses to the cross- 
sectional area to fluid flow. 

In order to make the units given above dimensionally consistent in the 

governing flow equations, it is necessary to make the following con- 
versions : 

a) convert permeability, k (darcies) to (cp ft 2 /sec psia) by 
multiplying by 1/(1.3656 x 10 4 ); 

BTU 
’ sec ft2 OR 

to BTU 
hr ft OR 

b) convert thermal conductivity, K 

1 by multiplying by - 3600 

3 

J 

J 

J 

J 

J 

J 

J 

J 

J 
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APPENDIX B 

SOURCE LISTIllJG OF THE COMPUTER PROGRAM 



1. 
1.1 
2. 
2.1 
3. 
4. 
5 .  
6 .  
7. 

. a. 
s. 

10. 
11. 
11.1 
12. 
12.1 
130 
14 . 
15. 
16. 
16, I 
17.  
17- 1 
18. 
18.1 
18.2 
l e .  3 
18.4 
1s. 
19.1 
20. 
20.1 
20.2 
i L. 
22. 
230 
24. 
25,  
26.  
27, 
27, L 
280 
2 6 . 1  
2 5. 
3 0 .  
3 1- 
32. 
32.1 
33 . 
33. l. 
3 4 .  
35. 
2 t .  
36.1 
3 7. 
37 .  I 
38. 
?9. 
3s. 1 
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c 

c 

C 
C 
C 
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t a .  2 
t 8 . 3  
t 8 . 4  
69. 
70. 
70. 1 
70.2 
70.3 
71. 
72. 
7 3 .  
i 4 .  
74. 1 
74.2 
i 4 .  3 
75. 
74.  
77. 
78. 
79. 
80 . 
80. 1 
8C.2 
80.3 
E 1. 
82. 
€2 .1  
03-  
E4. 
E 50 
€6.  
€7. 
€7. 1 
88. 

SO. 
s 1. 
52. 
53. 
54. 
s 5 0  
560 
s70 
5 8. 
99. 

100. 
101. 
1c2. 
1030 
IC30 I 
104 .  
109. 

as. 

l C 6 c  

1CB. 
109. 
110. 
I l l .  
1120 
113. 

r a 7 .  
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114. 
115. 
1 16. 
117. 
118. 
119. 
120. 
12 1. 
122. 
li 3- 
124- 
12 5 ,  
126. 
126.1 
127- 
128- 
125. 
130. 
131. 
1320 
133. 
134-  
125. 
136- 
131- 
138. 
135. 
140- 
I 4 1 0  
142- 
143. 
144. 
145- 
1460 
14 1- 
148- 
145. 
150. 
151. 
152. 
153. 
154, 
155- 
156. 
157. 
150- 
155. 
1to. 
I t  1. 
I t  10 1 
162. 
162. 1 
l t 3 .  
163.1 
164. 
I t s .  
166- 
167. 
lee. 
Itso 
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223. 1 
2 2 4 .  
2 2 4 . 1  
2 2 5 .  
2 2 6 ,  
227.  
i i 8 .  
2 2 9 .  
230. 
2310  
232. 
233. 
2 34 .  
23 5.  
236. 
2 3 7 0  
238. 
239.  
240.  
2410 
2 4 2 .  
2 4 3 0  
244.  
2 4 5 .  
246-  
247.  
2 4 7 . 1  
2 4 8 .  
249.  
i 5C. 
250.  1 
2 5 1 .  
2 5 2 0  
i 53. 
i54, 
2.550 
2 5 6 .  
2 5 7 .  
258. 
2 5 %  
260. 
z t  1, 
262 .  
2630 
264. 
26 5. 
2cc. 
267. 
2680 
i65. 
2 7 0 -  
231.  
272-  
272.  I 
2 7 2 . 2  
2 7 2 . 2  
i 73. 
2 7 3 . 1  
273 .2  
i73.3 
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2 7 4 .  
275. 
276,  
2 7 7 .  
2 78. 
i 7 S e  
2 8 0 .  
i81- 

i 8 3 :  
ie4. 
2 E 4 - 1  
2 8 5 .  
286 .  
2 0 6 . 1  
i E 7 .  
2 e 7 . 1  

2E9- 
2 S O .  
25  1 ,  
292. 
z s 3 .  
is30 1 
253- 2 
2s3.3  
i s3 .  4 
2540 
2s5, 
ZFE. 
257, 

2 5 5 .  
3co. 
301, 

303. 
204. 
2c5 ,  
306, 
3 C i -  
2C8, 
3c9, 
3 10, 
310.1 
311, 
il1,l 
2 12- 
3 13. 
314. 
315. 
3 16. 
317. 
218.  
315. 
320, 
3210 
2 2 2 ,  
323, 
224. 

2 8 2 .  

;Ea. 

298. 

302. 

J 



L 

.. 

.. 

... 

325. 
326, 
327. 
2 2 8 ,  
229. 
3 3 0 ,  
33 1, 
332, 
'33. 
334 .  
3 3 5 .  
3 3 6 ,  
237.  
338.  
13s. 
340. 
34 10 
342, 
3 4 3 .  
244. 
345, * 

3 4 6 .  
367. 
34d,  
34s. 
3 4 9 . 1  
349.2 
249.3 
3 5 0 ,  
2 5 1 0  
3 52,  
353. 
3-54. 
355. 
356, 
3 5  I ,  

355.  
360. 
? t o m  1 
3 t o . z  
360-  3 
3c 1. 
3 C  1, 1 
2 C l e Z  
3 t 1 . 3  
3c2, 
3c3. 
3 c 4 .  
36 50 
3 t b .  
3c 7, 

3 t 9 .  
370, 
270.1 
371. 
372, 
272. L 
1 7 3 .  

3 5 8 .  

36a. 

I - 
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374. 
3 7 5 .  
2 76. 
3 7 7 .  
370. 
3 7 5 .  
360. 
! E O .  I 
281, 
3621 
?E20 1 
163.  
3 6 4 .  
3 e5. 
386,  
362. 
? E a ,  
389. 
3 E S .  1 
330.  
3SC. 1 
2 5 1 ,  
?52. 
!S 3. 
3 S 4 .  
355, 
3 5 6 .  
397, 
35 9. 
358 .1  
344. 
?S5.1 
430. 
4 C  1. 
432.  
4 0 3 .  
406. 
405 .  
466. 
4 c  7. 
4 C 8 .  
4 C C .  
4c9.1 
f 10. 
'11. 
611.1 
4 12. 
f 13- 
4 14- 
414.1 ' 15. 
4 1 5 .  i 
4 IC. 
f 17, 
' l e .  
41'3. 
4 2 3 .  
4 2  1- 
ri2. 
f . 2 3 .  
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4 2 4 .  
4 2 4 . 1  
4 2 5 .  
425 .  I 
1260 
4 2 7 -  
4 2  E o  

429 .  
4 2 9 -  1 
4 2 9 . 2  
4 2 9 . 3  
430.  
430 .  1 
4 3 0 .  2 
4 3 0 . 3  
4 3 1 .  
4 3 2 .  
433 .  
4 3 4 ,  
435.  
4 3 6 .  
4 3 7 ,  
43 8. 
4 3 9 .  
4 4 0 -  
4410  
4420 
443.  
4 4 6 .  
445 .  
4 4 6 ,  
4 4 7 .  
446 .  
445 .  
450 .  
4 5  1. 
4 5 2 0  
4 5 2 . 1  
432.2  
4 5 2 . 3  
453.  
4 5 3 . 1  
4 5 3 . 2  
4 5 3 . 3  
454 .  
L 5 4 . L  
4 5 5 .  
4 5 5 . 1  
456.  
4 5 7 .  
4 5 7 . 1  
4 5 2 ,  

4 5 5 .  
4 0 3 .  
46 I. 
4 t  1 . 1  
4 t 2 .  
4 c 2 . 1  
46 3. 

458. L 
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464.  
46 5 m  
466 .  
4 6  7. 
4 t 8 0  
464- 
4 6 S m  I 'I 70. 
470.1 

' 4 7  1. 
4 7 2 -  
413 .  
474. 
4 7 5 0  
4 76. 
4 7 7 .  
4 7 8 .  
4 7 E . 1  
4 7 9 .  
47s. 1 
4 8 0 .  
4 8 1 .  
482.  
4 8 3 ,  
484. 
985. 
466.  
4E7m 

4E5. 
450.  
4s 1. 
'92m 
'9 3. 
454, 
4'35, 

4ea .  

4500 
456.1 
657. 
457ml  
45 E m  

4SY.  
5COm 
50 l m  
502- 
5C 3m 
SOGm 
5CSm 
5C6 
507. 
5 C  E m  
509, 
5 L O O  

? l i e  

5 I L m  
!12m 1 
512.2 
512.3 
5 13, 
5 L ? m  1 
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t C 2 . 1  
to.?. 2 
tC2.3 

lCC0. 
1 C G O .  1 
1 coo. 2 
lG00.3 
L C C L o  
1002. 
1CC3. 
1CC4r  
100 5,. 
lC06, 
l C C 7 .  
1008. 
1cc9. 
1010. 
1011. 
1012. 
lC13. 
1014. 
1015m 
1016. 
1017. 
1018. 
l C L 9 .  
1czo. 
1021. 
1022. 
1023. - 1024. 
1025,  
1026. 
1C27, 
1028. 
1Ci9, 
1930. 
Ai3 1. 
1C32, 
1033. 
1934- 
1035. 
1036. - 1C37m 
1C38- 
1 G3 9. 
1 0 4 0 ,  
1041, 
lC42e 
1 0 4 3 .  
1044 . 
1040. 
i047m 
1c4a. 
I C 4  Fm - 1 C I O .  
105 1. 
1052. 
1053.  

- 

I 

1045. 
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1054, 
1C55- 
lCC6. 
1057, 
lC58. 
1059. 
1060, 
1O.b 1. 
1062. 
1C63- 
10640 
1 C65. 
1 C66. 
1C67. 
1008. 
lC6G. 
1 C70. 
L C 7 1 .  
1 C72. 
IC730 
1 C  74. 
IC750 
1 C 7 6 ,  
1 c77. 
1078, 
10'19. 
ICEO. 
1081. 
1Ck2. 
1CP,3. 
1Ct.4, 
ICES,  
l G & 6 .  
1CE7. 
1086, 
1 C69e 
1CSOm 
lC01. 
1 cs2. 
10s3, 

10S5. 
1cscD 

1CS6. 
lC57, 
1058. 
lCS3, 
1100, 
110 1, 
1102. 
1103. 
i1Cb. 

I L C 4 .  
L IC00 I 
1 IC6.2 
1 lC6.3 
l l C 7 e  
1 1 C L  1 
1 IC70  2 
A IC70 3 

1105. 

J 

J 

J 

J 

J 

4 

J 

WJ 

d 

J 
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1 lad. 
1109. 
1110. 
1111.  
1112. 
11130 
1114. 
11150 
11160 
1117- 
ilia, 
1 ire. 1 

iiia.3 
1118.2 

11 19. 
1119.1 
1119.2 
1115s 3 
11200 
1121. 
1122. 
11230 
1124. 
1125. 
1126. 
11270 
11280 
11290 
11300 
1130- 1 
1 130- 2 
11xl-3 
1131. 
11310 1 
1131.2 
1131.3 
1132. 
11.330 
1134. 
1135. 
1136- 
1137s 
11380 
1139- 
11400 
1141. 
1 lG20 
1142.1 
1 1 4 2 0  2 
11420 3 
1143. 
1 1 4 3 .  1 
1143.2 
1143.3 
1144. 
1145. 
1146. 
1147. 
1148. 
L 149. 



1150. 
1151. 
1152. 
1153. 
1154. 
:1 154. 1 
11% 2 
11540 3 
1155. 
1 1 5 2 . 1  
1155.2  
1155.3  
1156.  
1157, 
115do 
1155. 
1160. 
1 l t l .  
1 
1163- 
11c4. 
1165. 
1166- 
1 1C7.  
-1 167.1 
I L67.2 
1161. 3 
116110 
I lee. 1 
1168.2 
1 16e. 3 
1 i69. 
1170- 
1171. 
1172. 
1173. 
11740  
1 L75. 
l l l b m  
1177- 
1178. 
11190 
1 iao. 
11EO. 1 
118002  
1 l e00  3 
1 l E 1 .  
1. I E L .  1 
1 1 6 1 o 2  
11910 3 
1102. 
1183. 
1184. 
11E5. 
1156. 
1181. 
1188. 
11€50 
1190- 
1191. 

d 

4 

J 

4 

J 

J 

J 

J 

J 

4 



L 

c 

L. 

.. 

11s2,  
I JS2.1 
1IF2.2 
1152.  3 

1 1 5 3 .  1 
1 193.2 
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1 IS40 
11350 
1 IS60 

--. 1193, 

1157. 
1 1Sdo 
1155. 
1;oo. 
1201. 
1 i c 2 ,  
1203. 
lCC4-  
1204ol 
1201.2 
1 i C 4 . 3  
12C5- 
1205- 1 
14c5. 2 
1705-3 
lrC6. 
I 7c  7. 
1 ~ 0 8 0  
12cci. 
1 i 10- 
l i i l .  
li 12, 
1213, 
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1215. 
l i  16. 
li I C 0  1 
1il6.2 
li16.3 
l i  170 
12 17.1 
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1217.3 
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APPENDIX C 

DESCRIPTION OF PROGRAM SUBROUTINES AND LOGICAL STRUCTURE 

This appendix contains a flow diagram (Fig. C-1) showing the 
various components of the logical structure of the program, and an 
extended table giving information on the numerous subroutines in the 
program. 

L 

c 

The extended table comprising the remainder of this appendix 
contains information on subroutine contents, functions, dummy argu- 
ments, and 1-ocations in the source listing. 
left-hand column is specified in order to ease reference to this appendix 
from COMMENT cards in the program source listing. 

The MARKER NUMBER in the 
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FIGURE C-1. FLOW DIAGRAM OF THE COMPUTER PROGRAM 
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APPENDIX D 

SAMP:LE INPUT AND OUTPUT 

The run  p resen ted  i n  t h i s  appendix corresponds t o  a p a r t i c u l a r  

s imula t ion  of t h e  two--phase b o i l i n g  f low experiments of Arihara  (1974) 

as descr ibed by Kruger and Ramey (1974).  The f i r s t  page of t h i s  appen- 

d i x  con ta ins  t h e  input: d a t a  ca rds  ( f o r  UNIT 5) a t  t h e  top,  and t h e  out-  

pu t  t o  UNIT 8 a t  t h e  bottom. This  output  occurred a t  terminat ion of 

t h e  program due t o  t o o  many i t e r a t i o n s  i n  SUBROUTINE ITSOLV. The re- 

mainder of t h e  appendjix cons: ls ts  of output  t o  t h e  l i n e  p r i n t e r  (UNIT 6 ) .  

The run w a s  l a te r  r e s t a r t e d  us ing t h e  d a t a  on UNIT 8 as i n i t i a l  con- 

d i t i o n s ,  and w i t h  a smaller .time s t e p  s i z e  c o n t r o l  parameter,  DTMSCR, 

of 0.002. 
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y 5 , i  A 

where t h e  T are s a t u r a t i o n  temperatures corresponding t o  t h e  p re s su res  i 

pi , 
c. 

(E-9) 

c 

U = o v e r a l l  s teady  state h e a t  t r a n s f e r  c o e f f i c i e n t  from t h e  core 
t o  t h e  environment, [BTU/hr f t  2 OF)], 

A = c ros s- sec t iona l  area t o  f l u i d  flow, [ f t  2 1 ,  

4 = p o r o s i t y  of t h e  porous medium, [ f t 3 / f t  3 3 ,  

P = t h e  perimeter  of t he  system corresponding t o  U [ f t ] ,  

T, = temperature of t h e  environment, [OF], 

c = s p e c i f i c  hea t  of t h e  rock matrix, [BTU/lbm OF], 
3 P r  

pr = dens i ty  of t h e  rock matrix, [ l b m / f t  I .  

For t h e  i n t e r n a l  nodes, t h e  equat ions  are: 

n+l-pin+l 3 n+l-P;+l] + Y l , i  *n+l [PiF1 
F2 i-1 

(E-10) 

(E-11) 
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At t h e  mth node next  t o  the right-hand boundary w e  have: 

(E-12) 

"'I *n+1 pBn+I-pm 
+ Y3,m 

where PBn i s  t h e  s p e c i f i e d  p re s su re  a t  t h e  right-hand node a t  t h e  n th  

(o ld)  t i m e  level, and PBn+l i s  a t  t h e  (n+ l ) th  (new) t i m e  level. 

When t h e  right-hand node has a cons t an t  s p e c i f i e d  p re s su re ,  then 
PBn = PBn+'. 

when i t  was  converted t o  t h e  vary ing  p re s su re  case I fo rgo t  t o  d is-  

t i n g u i s h  between PBn i n  l i n e  #112 and PBn+' i n  l i n e  8134. 
clear how much e f f e c t  t h i s  mistake w i l l  have on the  ca l cu la t ions .  

The program was i n i t i a l l y  w r i t t e n  f o r  t h i s  case, and 

It is not  

I n  de r iv ing  t h e  func t ions  f of t h e  matrix [$(x)], i t  is  
i j = : -  

h e l p f u l  t o  remetnber t h a t  t h e  unknown vec to r  x c o n s i s t s  of p and S 

va lues  a t  t h e  (n+ l ) th  t i m e  level. Hence, d e r i v a t i v e s  of t h e  po r t ions  

o f  F(x) which depend only on t h e  va lues  of pn and Sn are a l l  zero. 
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The f functions are presented below: 
ij 

L. 

For F1(x) .., : 

f13 * 1 [P2-P1] + 211,111 9 (E-16) 

a * 
f14 = (HR) as (yl,l rp2-p11 (E-17) 

fl, j = 0 f o r  j > 4 .  (E-18) 

(E-21) 
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f = O f o r j > 4 .  
2 j  

For F,2i l (x) ,  i = 2, 3, ..., m: ... - 

= 0 fo:r j < 21-4 and j > 2i+3 . - f2 i -1 ,  j - 

(E-22) 

4 

(E-23) 

J 

= (HR) . ap (yl,i * p i + l - P i ~  - Y l , i  * f21-1,21-1 i1 a 

(E-26) 

J 

J 
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. 

For FZi(x), i = 2 ,  3 ,  . .., 'm: ... 

= 0 f o r  j < 2i-4 and j > 2i+3 , (E-30) f 2 i , j  - - 

i a  * 
+ ap (y3, i -1  r ~ ~ - ~ - ~ ~ ]  - y3,J  

(E-32) 

(E-33) 

* a rpi-l-pi 13 - ('4,i) , (E-34) 
a 

4- as (y 3 , i - 1  
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1 a * 
f 2 i , 2 i + 2  = - 2 (]!IN as ( Y 3 , i  1 [Pi+l-Pi j  . (E-36) 

Note t h a t  a l l  eva lua t ions  of t h e  func t ions  f 

a t  t h e  (n+ l ) th  tine level, and hence f o r  n o t a t i o n a l  b r e v i t y  t h e  (n+l) 

s u p e r s c r i p t s  have been dropped i n  p resen t ing  t h e  f ij 's. 

occur a t  values of p and S 
i j  

J' 

J 

J 



c 

APPENDIX F 

GAUSSIAN ELIMINATION ALGORITHM FOR THE SOLUTION 

OF A BITRIDIAGONAL !SYSTEM OF LINEAR ALGEBRAIC EQUATIONS 

(from D. A. von Rosenburg, Methods for the Numerical Solution of 
Partial Differential. Equations -7 Elsevier, 1969, Appendix C) 

The equations are of the form: 

a i,l wi-l + “i,2 vi-l + bi,l ui + bi,2 vi 

- + c: i,l i+l + ‘i,2 vi+l - di,l 7 

a i,3 ui-l + aLi,4 vi-l + bi,3 ui + bi,4 vi 

+ ci,3 ui+l + ‘i,4 vi+l - - di,2 7 

f o r  i = 1, ..., m; 

where in the application of interest: 

a = C = 0, for j = 1, ..., 4 . 
l,.j m7j 

This system is written in matrix form in Fig. F-1. 
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The algorithm is: 

Compute : 

',,:I bi,l - a  i,l 'i-1,1 - a  i,2 Ai-1,3 9 

- a  i,2 i,.2 i,l i-1,2 i,2 'i-1,4 ' $ = b  - a  X 

'i,3 = b  i,3 - a  i,3 X i-1,l - a  i,4 'i-1,3 ' 

- a  X - a  X 'i,4 = 'i,4\ i,3 i-1,2 i,4 1-1,4 ' 

.. 
with f3, = b for j = 1, 2, 3, 4 ; 

,j L j  

and : 

and : 

- a  i,l i,l i,l i-1,l i,2 Yi-1,~ 3 
6 = d  - a  y 

- a  Y - a  i,2 i,2 i , 3  i-1,1 i,4 Yi-1,~ 9 
6 = d  

with  6 = d and 61,2 = d1,2 ; 1,l 1,l 
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6 
i,j’ i,j’ and Pi are evaluated t o  a i d  t h e  computation The B 

of what follows. They do not need t o  be s t o r e d  a f t e r  computation of:  
d 

J 

- 
Ai,2 - %,4 c i , 2  - %,2 ‘i,4)’% ’ 

- 
x i , 3  - %,1 c i , 3  - %,3 ‘ i , l ) / P i  ’ 

and : 

Y i , l  = @ i , 4  %,1 - e,,, 6 i , 2 )% ’ 

y i , 2  = @i,l 6 i , 2  - %,3 %,l% 

J 

Values of A and y j = 1, 2, 3, 4, must be s to red ,  s i n c e  
5, j U’ 

they are used i n  t h e  back sub , s t i t u t ion :  

v =  m Ym,2  9 

and : 

- 
ui - Y i , l  - x i , 1  ui+l - l i , 2  vi+l ’ 



f o r  :I = m-1, m-2, ..., 1 . 

c This algori-thm i s  contained i n  subroutine SOLVBT ( l i n e s  #453 /512 ) .  
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APPENDIX G 
DESCRIPTION OF INPUT PARAl5TERS AND THEIR FORMATTING REQUIREMENTS 

Information is given in the order: Format Requirement, Variable 
Name, and Description. 

FORMAT VARIABLE NAME 

CARD 1 - Physical Data for Core - 
F5.2 POR 
F5.2 KAPPA 

F10.3 U 

F10.3 PA 

F10.3 CPROCK 

F10.3 RHOROK 

DESCRIPTION 

Porosity, ft 3 pore volume/ft 3 bulk 

Axial Thermal Conductivity, BTU/ 
(hr ft OF) 
Steady state heat loss coefficient to 
environment, BTU/ (hr f t 2 OF) 

Ratio of perimeter over which heat 
losses are occurring to cross sectional 

area to flow, ft-l 
Specific heat of the rock matrix, 
BTU/ (lb, OF) 
Density of the rock matrix, ft 3 /lbm. 

CARD 2 - Relative Permeability Information 
The relative permeability relationships are given by the Corey 

equations as defined by Eqs. A-7, 8, and 9 in Appendix A. 

Two values of the absolute permeability, K and the residual gas abs' 
and liquid saturations, S and S respectively, are read in. These 

values correspond to the two temperatures, Tfl and Tf2. 

polation between the two values of K 
tures different from T fl and Tf2. 

rg rL 
Linear inter- 

S and SrL is used for tempera- abs ' rg' 
Thus we have the input parameters: 

J 

J 

J 

i 

WJ 

F5.1 TF(1) Temperature levels for interpolation, 
F5.1 TF(2) OF; 
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w 

FORMAT VARIABLE NAME DESCRIPTION 
F10.4 W S F (  1) Absolute permeability at the two 

F10.4 KABSF(2) temperature levels, OF 

F5.2 SWRF (1) Residual liquid saturations at the 

F5.2 SWRF(2) two temperature levels; 

F5.2 SORF(I) Residual gas saturations at the two 
F5.2 SORF(2) temperature levels. 

CARD 3 - Parameters f o r  the Numerical Solution 
F8.3 DELTTK Initial time step size, sec; 

F7.3 DELTXH Uniform mesh size, ft; 
D10.2 DELTA Convergence criterion applied to the 

F5.2 

I4 

14 

F5.2 

F8.4 

WF 

NODES 

MAxNlTM 

BALDEX, 

PRNTDI, 

mass and energy equation residuals at 
each node; 
Weighting factor used at each node 
for linear estimation of the zeroth 
iteration level vector at a new time 
step, based on the results of the 

last two time steps; 
Total number of mesh nodes used, in- 

cluding the endpoints. 
and less than or equal to 21; 
Maximum number of iterations allowed 
in the Newton-Raphson solution of 

the nonlinear system of discretized 
equations; 

Maximum allowed error in both the mass 
(CHECKM) and energy (CHECKE) balance 
check. Execution stops if 

Must be odd 

CHECKM or 
CHECKE : Il-xl - > BALDEL, where x = 

Parameter for controlling output, whereby 
the solution is printed every nth time 

step, where n = (PRNTDL)/(DELTTK); 
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FORMAT VARIABLE NAME DESCRIPTION 
F8.4 HP Parameters used in Subprogram FUNCTION 
F8.4 HS DIFF (lines #553/564) to evaluate 

dertvatives of Y, or Y3 using the 
centered difference approximation to 
the first derivative: 

f(xo+h) - f(xo-h) 
h 

31 = 
9 

X 
ax 

0 

F10.2 

F10.2 

TEXTER 

PBOUND 

where h = HP for derivatives with res- 
pect to P, and h = HS for derivatives 
with respect to S. 

CARD 4 - Various System and Run-Time Parameters 
F10.2 PINIT Initial pressure and saturation of 
F10.2 SINIT system. These values appear in the 

main heading, but are not used any- 
where in the current version of the 
program. 
Temperature of the environment sur- 
rounding the core system, 0 F. 

Current value df the specified pres- 
sure at x = L. 
pears in the main heading, but is not 
used anywhere in the program. 
variable itself is used in the pro- 
gram, but its value changes. 

The input value ap- 

The 

F10.2 TIME The time corresponding to the initial 

F10.2 TMAX Maximum running time, sec. 
conditions on card 6/13 below, sec; 

CARD 5 - Step Size Control Parameter 
PDOWN Dunmny input. Appears in the main 

heading, but is not used in the 
current version of the program; 

J 

J 

J 

J 

d 

J 

.J 

4 

J 

d' 



FORMAT VARIABLE NAME DESCRIPTION 

DTMS CR C r i t e r i o n  used t o  i nc rease  t h e  time 

s t e p  size. For 

ISNUKl(i) - SOLD(i) I max over 
= a l l  nodes 

The t i m e  s t e p  s i z e  i s  doubled i f  

DTMS < DTMSCR. - 

CARDS 6/9 - I n i t i a l  Pressure  Dis t r ibu tdon i n  t h e  System 

5F10.5 on each card ,  POLD(l), POLD(2), ..., POLD(20), i n  ps i a ;  

CARDS 10/13 - I n i t i a l  Volumetric Liquid Sa tu ra t ion  i n  t h e  System 

5F10.5 on each card ,  SQLD(1) , SOLD(2) , . . . , SOLD(20) dimensionless;  

CARDS 14 /17  - E s t i m a t e  of t h e  Pressure  Solu t ion  a t  t h e  Second T i m e  Level 

5F10.5 on each card,  P"K(1) ,  PNvK(2), . . . , PNUK)20) i n  p s i a ;  

CARDS 18/21 - Estimate of t h e  Sa tu ra t ion  Solu t ion  a t  t h e  Second T i m e  Level 

5F10.5 on each card,  SNUK(l), SNUK(2) . . . , SNUK(20) dimensionless.  

Note t h a t  even though t h e  21 mesh node capac i ty  might no t  be  used, 

dummy p res su re  and s a t u r a t i o n  information must be suppl ied  a t  t h e  nodes 

no t  being used such t h a t  t he  above format s p e c i f i c a t i o n s  are s a t i s f i e d .  
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