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Karsten Pruess and Ron C. Schroeder 

Introduct ion 

SHAFT79 (S-imultaneous geat &d F lu id  Transport)  is an in tegra ted  

f i n i t e  d i f fe rence  program for computing two-phase non-isothermal flow i n  

porous media. 

i n  geothermal r e se rvo i r  s imulat ion 

an earlger vers ion,  c a l l e d  SHAFT78 

t i c a l  and numerical methods. 

and SHAFT79 is  discussed i n  Pruess et al., 1979 a ,  b. 

processor programs used with S 

SHAFT78 user's manual (Pruess et al., 1979a). 

manual gives a br ie f  account of equations and numerical methods and then 

descr ibes  i n  d e t a i l  how 

The app l i ca t io  

The p r inc ipa l  appl ica t ion  for which SHAFT79 is designed is 

the same equations as 

Some pre- and post- 

The present  SHAFT79 user 's  

input  decks f o r  running*the program. 

SHAFT79 so lves  

following form: 



2 

Here @ is porosi ty  (void f r ac t ion ) ,  P is f lu id  densi ty ,  E is mass 

f lux ,  q is a source term f o r  mass generation, U is  the volumetric internal  

energy of the rock/fluid mixture, G i s  energy f lux ,  and Q is  an energy 

source term. 

Mass f lux  is given by Darcy's Law: 

~- . .  

where k, k, are absolute  and r e l a t i v e  permeabili ty,  respec t ive ly ,  Pa 

is  v i s c o s i t y ,  p is pressure and g is g r a v i t a t i o n a l  acceleration. 

Energy f lux contains  conductive and convective terms: 

". 

C - - KVT + h, F, N a N 

? . .  . .  (4) 



, 

- where K i s  thermal conduct ivi ty  of the  rock/f luid mixture, T i s  temper- 

a t u r e ,  and h is s p e c i f i c  enthalpy of vapor (a - v)  o r  l iqu id  (a = a) .  
U 

The volumetric i n t e r n a l  energy is: 

u = +UP + (1 - $1 PRCRT 

3 

with u the  s p e c i f i c  i n t e r n a l  energy of the (two-phase) f l u i d ,  pR the  rock 

dens i ty ,  and CR the  s p e c i f i c  hea t  of the  rock. 

The main assumptions made i n  the  above formulation are a s  follows: 

The physical  systems described by SHAFT79 are approximated as systems (1) 

of porous rock sa tura ted  with one-component f l u i d  i n  l i qu id  and vapor 

fom. 

a t u r e  a l l  o the r  rock properties---density,  s p e c i f i c  hea t ,  thermal con- 

duc t i v i  t y  , absolu te  permea b i l i  ty--are independent of temperature, 

p ressure ,  o r  vapor sa tura t ion .  

i n  l o c a l  thermodynamic equilibrium, Le., a t  the  same temperature and 

pressure ,  a t  a l l  times. (4) Capi l la ry  pressure  is  neglected. 

(2) Except f o r  poros i ty  which can vary with pressure and temper- 

(3) *Liquid, vapor,  and rock matrix are 

2. Ek4 ua t ion  of S t a t e  . 

The governing equations above, need t o  be complemented with a 

desc r ip t ion  of the  equi l ibr ium thermodynamic proper t ies  of the  f l u i d  

f i l l i n g  the  void space. SHAFT79 t h i s  desc r ip t ion  cons i s t s  of a "f luid 

table," which g ives  a l l  required quantities---temperature T, p ressure  P, 

vapor s a t u r a t i o n  S and vapor v i s c o s i t i e s  p a ,  pv, 

d e n s i t i e s  pQ, p , s p e c i f i c  i n t e r n a l  energies  u R ,  u V ,---as funct ions of the  v 
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two p r inc ipa l  dependent v a r i a b l e s ,  which are f l u i d  dens i ty  P and 

f l u i d  s p e c i f i c  i n t e r n a l  energy U. A l l  thermodynamic information, 

including a l l  de r iva t ives ,  is obtained by means of b iva r i a t e  

i n t e rpo la t ion  from the f l u i d  table. Such a t a b l e  can be specif ied 

f o r  any one-component f l u i d ,  and hence SHAFT79 is capable of 

modeling the flow of any one-component f l u i d  i n  porous rock. 

W e  have applied SHAFT79 only f o r  systems of water and rock. 

For water, the  f l u i d  t ab le  is  generated by executing two FORTRAN- 

programs, cal led WATER and PROPER. WATER computes and tabulates  

t he  steam table equations as given by the  In t e rna t iona l  Formulation 

Committee (IFC, 1967). PROPER numerically i n v e r t s  these t ab le s  i n t o  

funct ions of (u ,  P) and appends parameters other  than T, p, S. The 

tabulat ion is done i n  such a way t h a t  i n t e rpo la t ion  does no t  occur 

across  the  sa tu ra t ion  l i n e ,  where de r iva t ives  change i n  discontin- 

uous fashion. 

Numerical methods used i n  WATER and PROPER and the preparation 

of input  decks f o r  these programs are described i n  the SHAFT78 

user's manual (Pruess e t  al., 1979a). 

A f l u i d  t ab le  ca l led  FLUTAB3, which covers most of the 

equation of s ta te  of water substance i n  the temperature range 

So C G T 400' C and the pressure range 0 . 5  bar p G 220 bar,  

is ava i l ab le  as p a r t  of the SHAFT79 program package. FLUTAB3 

should provide adequate range and accuracy f o r  most any geothermal 

pro b l  em. 



3. Numerical Methods 

. 
Space d i s c r e t i z a t i o n  of equations (I), (2) i s  achieveh with the' 

in tegrated f i n i t e  d i f f e rence  method. 

geometric descr  t ion ,  because it does not  d i s t i ngu i sh  between one-, two-, 

o r  three-dimensional regular  o r regular  geometries. Time is  d iscre t ized  

f u l l y  i m p l i c i t l y  as 'a f i r s t -order  f i n i t e  d i f fe rence ,  r e su l t i ng  i n  the 

This method allows a very f l e x i b l e  

following f i n i t e  d i f f e rence  equations: 
. :? * 

k+l k+l k+l. k k k 
) f 9n Pn un - qn% E, I B  k+l 

2 e m  with N ele 

- 
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is the  ,mas,s flow from element 

over a d i s t a n c e  d 

Grim* 
is constant. Different  weighting procedures can be se lec ted  f o r  the 

var ious " in te r face  quan t i t i e s  ," labeled with subsc r ip t  (nm) (harmonic 

weighting, s p a t i a l  i n t e rpo la t ion ,  upstream weighting). 

i n t o  element n,  with in t e r f ace  area Anm , 
a ,  

An analogous d e f i n i t i o n  holds f o r  the energy flow nm* 

klhereas f can vary with t i m e , ,  the  apparent rock dens i ty  ( ~ - $ J ~ ) P ~  

The non-linear f i n i t e  d i f f e rence  equations,  above, are solved with the  

Newton/Raphson method. 

s t e p  is  solved with an e f f i c i e n t  d i r e c t  so lver ,  employing sparse  s to rage  

techniques (Duff, 1977). 

The set  of l i n e a r  equations a r i s i n g  a t  each i t e r a t i o n  

~ 4. Overview of Program Execution 

Figure 1 summarizes the computational procedure as executed by SHAFT79. 

The program is i n i t i a l i z e d  i n  a f l e x i b l e  user-oriented way. Most of the . -  
d a t a  required f o r  a s imulat ion a r e  supplied from d i s k  f i l e s ,  which can be 

e i t h e r  d i r e c t l y  provided by the  user ,  o r  which w i l l  be generated by SHAFT79 

from da ta  cards  provided as p a r t  of the  input  deck. The i n i t i a l i z a t i o n  s t age  

can generate  simple regular  geometric g r i d s  i n  one, two, o r , t h r e e  dimensions. 

1 

n 

Also, i n i t i - a 1  condi t ions can be converted from the user-oriented va r i ab le s  

temperature, pressure,  and vapor sa tu ra t ion  t o  the  i n t e r n a l  program va r i ab le s  

energy and dens i ty .  

energy-balances and averages w i l l  be computed f o r  the  var ious r e se rvo i r  

A t  the  beginning of a s imulat ion,  volume-, mass-, and 
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- domains (subroutine BALLA). The program then proceeds t o  compute ,/ 

the  f i r s t  t i m e  step. The i terat€ve sequence f o r  a t i m e  s t e p  begins 

with computing s inks  and sources (subroutine QQQ),*then proceeds t o  

flow terms, transductances (i. e. , der tva t ives  of flow terms) , and 

accumulation t e r m s  (subroutine TRANS). Then the  "residuals  ,I' i. e. , 
the  l e f t  hand s ides ,  of equations ( 6 )  and (7 )  are computed f o r  the  

la tes t  i t e r a t e d  values  of ( u , ~ ) .  Convergence ocurs i f  the maximum 

res idua l  is less than some value spec i f ied  by ' t he  user. 

convergence has been achieved y e t ,  the  l i n e a r  equations f o r  Newton/ 

Raphson i t e r a t i o n ,  derived from equations (6)  and (7),  w i l l  be 

solved (subrout ihe SIMMA). A l l  parameters are updated f o r  the  

la tes t  (u,p),  and. the next  i t e r a t i o n  is s ta r ted .  

wrong---failure i n  

computing the 

If  no 

If  anything goes 

lv ing  the  l inear equations , f a i l u r e  i n  

odynamic parameters , f a i l u r e  t o  converge within 

a given number of i terat ions---  

t i m e  increment c u t  i n  half .  

The s imulat ion proceeds u n t i l  i t  terminates f o r  one of s eve ra l  

termination cri teria inurn 

ina t ibn ,  a d i s k  f i l e  ca l l ed  SAVE i s  writ ten which 
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i n  Table 1. The input  of SHAFT79 ' is 'organized i n  "blocks," each of 

which corresponds t o  one of the  d a t a  groups .as given i n  Table 1. In 

addi t ion  there  is a da ta  block with computation parameters. 

no spec ia l  da t a  block f o r  boundary condi t ions;  these  have t o  be 

spec i f ied  through appropr ia te ly  chosen elements, i n t e r f aces ,  i n i t i a l  

There is 

condi t ions,  and sinks/sources. An overview of the  most general  input  

s t r u c t u r e  is given i n  Table 2. 

requi res  an equation of state i n  tabular  form t o  be provided through 

a d i s k  f i l e  ca l led  TABLE. 

In  addi t ion  t o  the  d a t a  blocks, SHAFT79 

The f i r s t  d a t a  card must be the TITLE-card. The l a s t  d a t a  card 

must be the  ENDCY-card, with ENDCY punched i n  columns 1-5. However, i f  

only f i l e  processing is  des i r ed ,  t he  ENDCY-card is t o  be replaced by 

ENDFI. The d a t a  blocks between TITLE and ENDCY can be provided i n  

a r b i t r a r y  order ,  except t h a t  block ELEME must precede block CONNE. 

The blocks ELEME and CONNE m u s t  e i t h e r  be both provided through d a t a  

cards ,  o r  both through a d i s k  f i l e  ca l led  MESH. The block GENER w i l l  

be omitted i f  there  are no s inks  o r  sources i n  the problem. If  block 

START is present ,  cons is t ing  of one d a t a  card with START punched i n  

columns 1-5, the  block INCON can be incomplete, with elements i n  

a r b i t r a r y  order ,  o r  i t  can be absent  a l together .  Elements f o r  &ich 

no i n i t i a l  condi t ions are spec i f ied  i n  INCON w i l l  then be assigned 

d e f a u l t  i n i t i a l  condi t ions as given i n  block PARAM, and d e f a u l t  

poros i ty  as given i n  block ROCKS. I f  START i s  not  present ,  INCON 

must have information f o r  a l l  elements, i n  exac t ly  the  same order  as 

they are given i n  block ELEME. 

no t  been defined i n  ELIME may appear i n  CONNE, GEWER, and INCON. 

However, element names which have 

. 



r 

A t  the completion of he  r e s u l t s  needed f o r  a subsequent 

continua t i o n  

ided f o r  a subsequent 

* 

ind ices  are - 
I 
l 

e START-option f o r  f l ex i -  

11 want t o  run only a 

I 

9 

The format f o r  d a t a  bloc E, GENER, and INCON i s  the 

as p a r t  of the input  

card. Also, 

During i n i t i a l i z a t i o n ,  SHAFT79 writes the  following d i s k  f i l e s  

from information 

blocks ELEME and CONNE; 

- a f i l e ,  GE the block GENER; 
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few t i m e  s t eps  i n i t i a l l y ,  examine the r e s u l t s  and then continue on 

with t i m e  s t e p s  chosen so as t o  give an optimum compromise between 

accuracy and efficiency. It is recommended t h a t  the user save the 

f i l e s  MESH and GENER, and provide them as d i s k  f i l e s  r a t h e r  than as 

p a r t  of the input deck f o r  r e s t a r t i n g  the problem. The f i l e  SAVE 

of a completed run must be provided as f i l e  INCON f o r  a continuation 

run. It is a l s o  possible  to  merge MESH, GENER and SAVE (as INCON) 

i n t o  an input deck and use t h a t  f o r  r e s t a r t i ng .  This w i l l  r equ i r e  

somewhat more computing time fo; i n i t i a l i z a t i o n .  

60 SHAFT79 - Input  Formats 

The input d a t a  t o  be provided f o r  a SHAFT79-simulation is 

summarized i n  Figure 2. The blocks ROCKS, ELDIE, CONNE, CENFR, 

and INCON can have a v a r i a b l e  number of cards ,  depending upon how 

many items the user  wishes to  specify. The end of these variable- 

length blocks is indicated with a blank card. (For CONNE, GENER, 

and INCON i t  is possible  t o  have, instead of the blank card,  a 

card with "+tt-" punched i n  columns 1-3, followed by some element 

and source cross-referencing information i n  the case of CONME and 

GENER, and followed by restart-information i n  the case of INCON; 

see below.) 

tk s h a l l  now explain the  cards  and va r i ab le s  i n  d e t a i l .  

Clar i fying examples w i l l  be given i n  Section 8. 

A l l  input  and output of SHAFT79 is i n  standard metric units.  

TITLE is the f i r s t  card of the deck, containing a header of up 

to  80 cha rac t e r s ,  t o  be printed on every page of output. 

This can be used t o  i d e n t i f y  a problem. If  no header is 

desired,  leave t h i s  card blank. 
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introduces mater ia l  "parameters fo r  the var ious  reservoi r  

domains. 
. .  , .  
/ 

Card ROCKS.1 

Format (A5, I 5  # . \  

MAT, NAD, IM, (11, IF € 9 3 1 ,  CH 

MAT material name (rock type). 

NAD i f  zero or blank, poros i ty  w i l l  remain constant ;  
otherwise w i l l  read another da t a  card with compress- 
i b i l i t y  and expansivity. 

3 IM rock dens i ty  (kg/m ) *  

W R  d e f a u l t  poros i ty  (void f r ac t ion )  f o r  a l l  elements 
belonging to, domain "MAT" f o r  which no other  poros i ty  
has been spec i f ied  i n  block INCON. 

P E R ( I ) ,  I = 1 ,3  . s o l u t e  permeabi l t t i es  along the three  
p r inc ipa l  axes,  as spec i f ied  by ISOT i n  block CONNE. 

CM rock hea t  conduct ivi ty  (W/ 

CH rockospecif i c  hea t  /k9°C). Domains with CH > lo4 
J/kg C w i l l  no t  be cluded i n  material lances. Flows 
enter ing or leaving domains with CH > 10pJ/kgoC w i l l  
always be 100% upstream weighted. 
useful  f o r  boundary nodes, which are given very l a r g e  
volumes so t h a t  t h e i r  T ,  p, S remain constant. 

. 

This provision is 

Card ROCKS.l . l  

Format (2E10.4) 
Caz, EXPAN 

compressibi l i ty  '(m 

p a n s i v i t l  ( I /OC) 
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Repeat cards  1 and 1.1 f o r  up t o  seven reservoi r  domains. 

Card ROCKS.2 A blank card c loses  the  ROCKS d a t a  block. 

/A; (op t iona l )  

A card with START punched i n  columns 1-5, allows a more 
f l e x i b l e  assignment of i n i t i a l  conditions. As explained 
i n  Section 5, t h i s  opt ion w i l l  usua l ly  be convenient t o  
in i t ia te  a new simulation problem. 

introduces computation parameters. 

Card PAW. 1 

Format (212 ,  314, 1411, 5x12, 13, 4E10.4) 

NOITE, KPATA, MCYC, MSEC, MCYPR, (MOP(I), I = 1, 14), 
MODE, IREL, (P.EL(I), I = 1,4) 

NOITE s p e c i f i e s  the  maximum number of i t e r a t i o n s  per  time 
s t e p  (de fau l t  va lue  is  8). 

KDATA s p e c i f i e s  amount of p r in tou t  (de fau l t  - 1). 

0: p r i n t  only dependent va r i ab le s  and some parameters f o r  
each element. 

1: p r i n t  a l s o  fluxes. 

2: p r i n t  a l s o  transduc tances. 

3: f u l l  pr intout .  

I f  the  above values  f o r  KDATA a r e  increased by 10, pr in tou t  
w i l l  occur a f t e r  each i t e r a t i o n  (not  j u s t  a f t e r  convergence). 

MCYC maximum number of time s t e p s  t o  be performed. 

MSEC m a x i m u m  dura t ion ,  i n  machine seconds, of the  s imulat ion 
(defaul t  is i n f i n i t e )  . 

MCYPR p r in tou t  w i l l  occur f o r  every mul t ip le  of MCYPP. s t e p s  
(de fau l t  is 1). 

MOP(1) , allows choice of var ious  opt ions 
I = 1,14 . 
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MOP(1) i f  unequal 0 ,  shor t  p r in tou t  f o r  non-convergent i t e r a t i o n s  
w i l l  be suppressed. 

MOP(2) through MOP(6) generate addi t iona l  pr in tout  i n  var ious 
subroutines,  i f  set  0. The amount of pr in tout  increases  
with MOP(1). 

MOP(2) CYCIT (main subroutine). 

MOP(3) .  TRANS (flow- and accumulation- terms). 

MOP (9) 

QQQ (sinks/sources).  

GETEM (equation of state). 

SIMMA ( l i n e a r  equations). 

Calculat ional  ch 

determines the  compos'ition of produced f luid.  
amounts.of l iqu id  and vapor are determined: 

0:  

1: source f 
element. 

The r e l a t i v e  

according t o  r e l a t i v e  mobi l i t i es  i n  the source element. 

has the same steam qua l i ty  as  the  producing 

2: only vapor is produced. 

3: only l i qu id  is produced. 

MOP(11) determines evaluat ion of mob i l i t i e s  a t  interfaces .  

0: mobi l i t i es  a r e  upstream weighted with IJUP (defaul t  is 
WUP = 1.). 

1: mobi l i t i es  
elements. 

more accurate  equation of state i n  the  l i q u  

MODE 0 :  equation of s t a t e  t ab le  is read from binary tape. 

1: equation of state t ab le  is read from formatted tape. - . 
IREL 0:  r e l a t i v e  p b i l i t i e s  are assumed t o  be included i n  

equation of s t a t e  table. 

1: telat ies are comp from Corey's equation. 

2: r e l a t i v e  permeabi l i t i es  are interpolated from ar ray  REL2, 
specif ied i n  subroutine RELP. 

r e l a t i v e  permeabi l i t i es  are l i n e a r  functions of vapor sa tura t ion .  3: 

- 



REL(1) 

Card PARAM.2 

TSTART 

TIMAX 

DELTEN 

SCALE 

ELST 

14 

res idua l  immobile water sa tu ra t ion ,  corresponding t o  a steam 
sa tu ra t ion  of 1-REL(1). (IREL = 1 o r  3 only). 

res idua l  immobile steam saturat ion.  (IREL = 1 o r  3 only). 

pe r f ec t ly  mobile steam sa tu ra t ion  (de fau l t  is 1; IREL = 3 only). 

Format (4E10.4, A5) 
TSTART, TIMAX, DELTEN, SCALE, ELST 

s t a r t i n g  t i m e  of simulation i n  seconds. 

t i m e  i n  seconds a t  which simulation should s top  (de fau l t  
is i n f i n i t e ) .  

length of t i m e  s t eps  i n  seconds. If DELTEN is  a negative 
in teger ,  DELTEN - -NDLT, th8 program w i l l  proceed t o  read 
NDLT cards k i t h  t i m e  s t e p  information., 

s ca l e  f ac to r  t o  change the s i z e  of the mesh (de fau l t  = 1.0). 

set equal t o  the  name of one element t o  obtain a sho r t  
p r in tou t  a f t e r  each t i m e  step. 

Card PARAM. 2.1, 2.2, etc. 

Format (8E10.4) 
(DLT(I), I = 1, 100) 

DLT(1) length ( i n  seconds) of t i m e  s t ep  I. 

This set of cards  is  opt iona l  f o r  DELTEN = -NDLT, a negat ive in teger :  
Up to  13 cards can be read, each containing 8 t i m e  s t e p  s izes .  
number of simulated t i m e  s t eps  exceeds the number of DLT(I), the  
simulation w i l l  continue with t i m e  s t eps  equal t o  the l a s t  non-zero 
DLT(1) encountered. 

If  the 

Card PARAM. 3 

Format (8E10.4) 
RESIN, RESCM, FOR, WP, WNR, DELE, DELD 

RESIN 

RESm 

convergence c r i t e r i o n  f o r  energy equations (de fau l t  = 1.). 

convergence c r i t e r i o n  f o r  dens i ty  equations (de fau l t  is LE-4). 



FOR 

WUP 

WNR 

DELE 

DELD 

Card PARAM.4 

EOME 

DONE 

GF 

1 Card ELIME. 1 

EL, NE 

NSEQ 

weighting fac tor .  .for ' t i m e  d i f fe renc ing  (use only d e f a u l t  
value l . I i .e . ,  f u l l y  impl ic i t ) .  

upstream weighting f a c t o r  f o r  mobi l i t i es  and en tha lp ies  a t  
in t e r f aces  (de fau l t  = 1.0). 

weighting f a c t o r  f o r  increments i n  Newton/Raphson - i t e r a t i o n  
(de fau l t  = 1.0). 

energy increment f o r  computing de r iva t ives  (de fau l t  = 1. E-2). 

dens i ty  increment f o r  computing de r iva t ives  (de fau l t  = 1. E-6). 

- .  

/ 

Format ( 2 E 1 0 . 4 ,  lox, E 1 0 . 4 )  
EONE, DONE, GF 

with opt ion "START" only; . 
f l u i d  s p e c i f i c  i n t e r n a l  energy (J/kg) t o  be used as i n i t i a l  
value a t  any element f o r  which no o ther  value is spec i f ied  
i n  deck "INCON." 
temperature TX ( i n  

with opt ion "START" only; 
f l u i d  dens i ty  (kg/m ) t o  be used as i n i t i a l  value a t  any 
element f o r  which no o ther  value is specif ied i n  deck 
"IITCON." I f  EONE 1000, meaning temper$ture, DONE is taken 
t o  mean pressure PX f o r  DONE > 1 ( in  N/m , one-phase case); 
it is taken t o  mean volumetric vapor sa tu ra t ion  SX f o r  
DONE G 1 (two-phase'case). 

magnitude (m/sec ) of the g r a v i t a t i o n a l  acce lera t ion  vector.  
Blank o r  zero gives  "no gravi ty"  calculat ion.  

1: EONE G 1000, EONE i s  taken to mean 
C) r a the r  than energy. 

3 

2 

introduces element information. 

5 ,  A3,  A2,  E 1 0 . 4 )  
A l ,  MA2; VOLX 

charac te rs  are a r b i t r a r y ,  the  l a s t  two charac te rs  must be 
numbers. 

number of add i t iona l  elements having the same volume and 
belonging to  the same rese rvo i r  domain. 
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NADD increment between the  code numbers of two successive 
elements. (Note: the maximum permissible code number 
NE + NSEQ * NADD i s  C 99.) 

MA1, MA2 a f i v e  character  material i d e n t i f i e r  corresponding 
t o  one of the  r e se rvo i r  domains a s  specif ied i n  block 
ROCFS. If the f i r s t  th ree  characters  are blanks, t he  
l a s t  two characters  must be numbers and then i n d i c a t e  
the sequence numer of the domain as entered i n  ROCKS. 

3 170 Lx element volume ( m  ). 

Repeat card ELFME. 1 f o r  up t o  501 elements. 

Card ELINE.2 A blank card closes  the  ELIME d a t a  block. 

COFITE introduces information f o r  the connections ( in t e r f aces )  
between elements. 

Card CONNE. 1 

Format ( A 3 ,  12 ,  A3,  12 ,  415, 4E10.4) 
EL1, NE1, EL2, ME2, MSEQ, N A D l ,  NAD2, ISOT, D 1 ,  D2, 
AREAX, RETAX 

EL1. NE1 code name of the  f i r s t  element. 

EL2, NE2 code name of the second element. 

NSEQ number of add i t iona l  connections i n  the  sequence. 

NADl increment of the code number of the  f i r s t  element 
between two successive connections. 

NAD2 increment of the code number of the second element 
between two successive connections. 

I SOT se t  equal t o  1, 2 ,  o r  3; s p e c i f i e s  absolute  
permeabili ty t o  be PEP(IS0T) f o r  the  materials i n  
elements (EL1, NE1) and (EL2, NE2), where PER i s  
read i n  block ROCKS. This allows assignment of 
d i f f e r e n t  permeabi l i t ies ,  e.g. , i n  the  horizontal  
and v e r t i c a l  direct ion.  

d i s t ance  (m) from center  of f i r s t  and second element, 
D2 respect ively,  t o  t h e i r  common in te r face .  

c 
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2 AREAX interface area (m ) 

BETAX cosine of the angle between the gravitational acceleration 
vector and the line between the two elements. 
(<O) corresponds to dirst element being above (below) the 
second element. 

GF x BETAX > 0 

Repeat card CONNE.1 for up to 1501 connections. 

Card CONNE.2 a blank card closes the CONNE data block. (For an alternative, 
see note at the end of Chapter 6). 

introduces sinks and/or sources. 

Card GENER.1 

Format (A3, 12, A3, 12, 415, 5XA4, 1X2E10.4) 
EL, NE, SL, NS, NSEQ, NADD, NADs, LTAB, TYPE, GX, 
Ex 

EL ,NE 

SL ,NS code name of the sink/source. The first three 

code name of the element containing the sink/source. 

characters are arbitrary, the last two characters 
must be numbers. 

NSEQ number of additional sinks/source with the same 
inject ion/product ion rat e. 

NADD increAent between the code numbers of two successive 
elements with identical sink/source. 

NADs increment between the code numbers of two successive 
sinks/sources. 

number of points in table of generation rate versus 
time (must not exceed 300). 
generation rate. 

LTAB 
Set 0 or 1 for constant 

TYPE s sink/source, - HEXT - heat sink/source. 
default (blank) is HEAT, 

GX on rate; positive for injection, 
uction;'GX is mass (kg/sec) for a 

MASS sink/source, and energy (J/kg) for a HEAT sink/ 
source. 

EX fixed specific enthalpy (J/kg) of the fluid for mass 
injection (GX>O). 
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Card GENER.1.1 (optional, LTAB>1 only) 

Format (4E14.7) 
Fl(L) ,L = 1, LTAB 

F1 generation times 

Card GENER.1.2 (optional, LTAB>1 only) 

Format (4E14.7) 
F2(L), L=l, LTAB 

F2 

Card Gener.2 

EL ,NE 

NSEQ 

NADD 

EX 

DX 

PDRX 

Card INCON.2 

generation rates 

Repeat cards GENER.1, 1.1, 1.2 for up to 20 sinks/ 
sources . 
a blank card closes the GENER data block. (For an 
alternative, see note at the end of Chapter 6.) 

introduces initial conditions. 

Format (A3,12,215,5X2GlO. 4, E20.14) 
EL,NE, NSEQ, NADD, EX, DX, PORX 

code name of element 

number of additional elements with same inicial 
conditions. 

increment between the code numbers of two successive 
elements with identical initial conditions. 

fluid internal energy (J/kg) 

fluid density (kg/m ) 3 

porosity (void fraction); if zero or blank, porosity 
will be taken as specified in block ROCKS if option 
START is used. 

Note: (EX,DX) can be (T,p) or (T,S) , as explained in 
connection with default initial conditions (card 
PARAM. 4) . 

A blank card closes the INCON data block. (For an 
alternative, see note at the end of Chapter 6.) 
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ENDCY closes the SHAFT79 data deck and initiates the / 
' simulation. 

If ENDCY is replaced by ENDFI, only file processing will occur. 
SHAFT79 will write the files MESH (blocks ELEME and CONNE), 
GENER (block GENER), and INCON (block INCON), and will then 
terminate. 

Note on closure of blocks CONNE, GENER, and INCON. 

The "ordinary" way to indicate the end of any of the above data 
blocks is by means of a blank card. 
available if the user makes up an input deck from the files 
MESH, GENER, or SAVE, which have been generated by a previous 
SHAFT79 run. 
specifications of data blocks ELEME and CONNE (file MESH), 
GENER (file GENER), and INCON (file SAVE), except that the 
blocks CONNE, GENER, 
"-I-"' in columns 1-3 
information. SHAFT79 will accept this type of inputs ar?,g In 
this case there is no blank card at the end of the indicated 
data blocks. Providing the cross-refsencing information 
'explicitly will save some caputing time during initialization. 

There is an alternative 

These files are written exactly according to the 

terminate with a card with 
by some cross-referencing 

ose variables which are not 
self-explanatory. . -  

TOTAL TIME simulation time in seconds. 

KCYC total number of time steps. 

ITER iteration number for current time step. 

ITERC cummulative number of iterations for all previous 

ICON convergence flag (1 - no convergence, 2 - co 
DDMM maximum density change. 

DEMAX ximum internal energy change 

RESD max%mum residual for 
v 

RESE maximum residual for energy 

DELTEX 

NEXT DELTEX next time step. 

current time step in seconds. 

ELEM code name of element 
I- 

-- 



INDEX 

E 

D 

DE 

DD 

DDE 

DDD 

T 

P 

S 

BOIL 

ELEMl 

ELEM2 

INDEX 

FLOH 

FLOF 

FLOL 

FLOV 

CUMF 

CUMH 

ENTHALPY 

TRANl-TRAN8 

Z1PE192 ZIPDl,2 1 
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i n t e r n a l  indexing number of element. 

s p e c i f i c  i n t e r n a l  energy, J/kg. 

f l u i d  dens i ty ,  kg/m . 
change i n  s p e c i f i c  i n t e r n a l  energy. 

change i n  f l u i d  density.  

rate of energy change, DE/DELTEX. 

rate of dens i ty  change, DD/DELTEX. 

3 

0 temperature, C. 

2 pressure,  N/m . 
vapor sa tu ra t ion ,  volume f rac t ion .  

rate30f bo i l ing  (BOIL>O) o r  condensation (BOIL<O), 
kg/m sec. 

code name of f i r s t  element 

code name of second element. 

i n t e r n a l  indexing number of connection. 

convective p a r t  of hea t  flow, W. 

f l u i d  flow, kg/sec. 
flows are pos i t i ve  
when d i rec ted  from 
second element of a 
connection i n t o  the  
f i r s t  element 1 liqu id  flow. 

vapor flow. 

cumulative f l u i d  flow across  i n t e r f a c e  s ince  start 
of run, kg. 

cumulative convective hea t  flow across  i n t e r f a c e  
s ince  start of run,J. 

s p e c i f i c  enthalpy of f l u i d  crossing i n t e r f a c e ,  J/kg. 

de r iva t ives  of mass flow (F) and hea t  flow (GI, with 
respec t  t o  d e n s i t i e s  (P 1 2  
of connected elements. 

,P ) and energies (ul, u2) - 
The sequence is : aF/aPl, aF/aP2, 

aF/aul, aF/aU2, aG/ap l ,  a G / a P 2 ,  w a u l ,  aG/au2 .  3 

cumulated de r iva t ives  f o r  ne t  mass flow and n e t  
energy flow with respect  t o  energy and density.  
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2 B l i qu id  mobil i ty ,  k2/v2 , i n  m 

z VB 

SOURCE code name of sink/source 

vapor mobil i ty ,  kv/vv, i n  m /Nsec 

INDEX in te rna l . indexing  number of sink/source 

GENERATION RATE 

ENTHALPY 

kg/sec f o r  mass sink/source,  W f o r  hea t  sink/source. 

s p e c i f i c  enthalpy (J/kg) f o r  produced o r  i n j ec t ed  
f l u i d  (mass gene ra t i  

3 DENSITY dens i ty  (kg/m ) of generated f l u i d  (mass generation 
only )I. 

SATURATION vapor s a t u r a t i o n  (volume f r ac t ion )  of generated f l u i d  (mass 
generation only). 

DNDQ r a t i o  of ne t  low i n t o  element and produced mass (mass 
generation on For a s teady flow, DNDQ = -1. 

If ELST is spec i f i ed  (card PARAM.2) a sho r t  p r in tou t  w i l l  occur 

LST, followed by e,_ giving the  element name 

(KCYC, ITER). Then follow ST Z TOTAL TIME, and DT Z DELTEX. 

The p r in tou t  generated by BALM (volume, mass, and energy balances) 

is self-explanatory.  

per ta in ing  t o  t h e  l i q u i d  phase are obtained as d i f fe rences  between " 

This may generate  spurious non-zero numbers i f ' n o  

The user  should be cautioned t h a t  the q u a n t i t i e s  . 
apot. 

l i q u i h  is present ,  b 

by the  computer. 

er of d i g i t s  provided 

as t he  maximum res idua l s  
* 

ed t h e  conv teria spec i f i ed  i 

There are a'number of d iagnos t ic  p r in tou t s  i f  any p a r t  of t he  

computation f a i l s .  Examples f o r  these  are given i n  sec t ton  9,  Figure 12. 
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Sample Problems 

Table 3 gives  an overview of the types of systems and processes which 

have been modeled with SHAFT79. As an introduct ion i n t o  using SHAFT79, 

we s h a l l  now d i scuss  i n  d e t a i l  input  decks f o r  th ree  typ ica l  simulation 

problems. 

8. 

, 

Depletion of Two-Phase Reservoir: Res t a r t i ng  

WE use t h i s  simple example t o  i l l u s t r a t e  the  typ ica l  f i l e  handling f o r  

r e s t a r t i n g  a problem. The r e se rvo i r  is  a cube with 1 km s i d e  length,  

divided by 9 in t e r f aces  i n t o  10 equal sized elements. 

can be read from the  input  deck, Figure 3. 

The input  parameters 

Although rock proper t ies  are 

constant  throughout the  r e se rvo i r ,  we have divided the  system i n t o  an 

"UPPER" and a "LOWER" domain, t o  make the  volume, mass, and energy 

balances a l i t t l e  more in te res t ing .  

a t  a rate of 50 kg/s. 

The reservoi r  is  produced a t  the  top 

Gravity has been neglected,  and a l l  boundaries are 

"no flow". 

The f i l e s  used f o r  running the  problem are the tabular  equation of 

s ta te  ("DIABLO, FLUTAB3") and a compiled vers ion  of the SHAFT79 program 

("DIABLO, CYG") . 
The problem is s t a r t e d  with j u s t  two time s teps .  & save the  f i l e s  

MESH, GENER, and SAVE which are wr i t t en  by SHAFT79, by copying them 

(de le t ing  end-of-record marks) onto BMESH, BGENER, and BSAVE, respec t ive ly ,  

and dec lar ing  the  lat ter f i l e s  "CWON".  

OUTPUT, and are shown i n  Figures 4a-c. 

These f i l e s  are a l s o  copied t o  

File MESH as wr i t t en  by SHAFT79 has one card image per  i t e m  (element 
. .  

o r  connection; see Figure 4a). Note t h a t  f o r  the elements the  material 

i den t i f  iel: as supplied i n  the input-deck ("UPPER", %OWER") has been 

replaced with a number, which is the  index number of the  material as 
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given i n  the  block ROCKS (1 ' f o r  UPPER, 2 f o r  LOPER). Block CONNE has a 

card with '%+" a f t e r  a l l  connections, which ind ica t e s  t ha t  subsequently 

the  cross-reference ind ices  w i l l  follow. The elements F1, F2 etc.  a r e  

i n t e r n a l l y  numbered 1 ,2 ,  'etc. ; hence connection F1/F2 corresponds to  

ind ices  (1,2) etc. The cross-reference ind ices  simply provide these 

i n t e r n a l  numbers--one p a i r  per connection-in the  order of the connections. 

The user  never needs t o  provide t h i s  information as input ,  because 

SHAFT79 w i l l  generate  i t  i f  i t  is not supplied. 

as shown i n  Figure 4a can be used as is as input fo r  blocks ELEME and 

However, the  f i l e  MESH 

COIE-TE. 

F i l e  GENER (Figure 4b) has a similar feature.  The number(s) pr inted 

a f t e r  the  "+I+" card g ive  the  i n t e r n a l  indexing number(s) of the  element(s) 

i n  which the  s inks/sources  reside.  Note t h a t  LTAB has been changed from 

+1 t o  -1, which is the  i n t e r n a l  way of represent ing 'a MASS - sink/source 

i n  SHAFT79. 

F i l e  SAVE (Figure 4c) is  wr i t t en  according t o  the spec i f i ca t ions  of 

block INCON. The energy- and density-values a r e  the r e s u l t s  as computed 

a f t e r  2 time s t e p s ,  t o  be used as i n i t i a l  condi t ions f o r  r e s t a r t i n g  the  

problem (see below). The l is t  of energies  and d e n s i t i e s  f o r  a l l  elements 

terminates with a "++I-" - card,  

w i l l  follow. 

(KCYC=2), t he  

of r e se rvo i r  d 

ind iates t h a t  res tart-information 

time reached (SUMTTM = .22E7 

r domain, containing i n i t i a l  

values  of: to  1 f lu id  energy, t o t a l  

vapor energy, and t o t a l  rock energy. This information is  needed f o r  

computing t o t a l  cumulative changes.and average r a t e s  when r e s t a r t i n g  a 

problem. 
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Figure 5 gives p a r t  of the  p r in tou t  a f t e r  2 t i m e  steps.  The header 

information "a f t e r  (2,3)-2-DECYCLES9' i nd ica t e s  t h a t  we are seeing the 

second t i m e  s t ep ,  a f t e r  3 i t e r a t i o n s ,  and t h a t  convergence has occured 

( the  "2" pr inted between dashes is  the  convergence f l a g  ICON). Note t h a t  

the  most rapid changes occur a t  the  producing element F1, and t h a t  

changes slow down away from F1. 

and LOWER r e se rvo i r  domains as w e l l  as f o r  the  e n t i r e  reservoi r ;  t h i s  

p r in tou t  should be self-explanatory. The ca l cu la t ion  took 4.780 seconds 

Figure 6 shows the  balances f o r  UPPER 

CPU-t ime on the  CDC7600, of which t i m e  more than 90% is spent  i n  reading 

the  l a rge  a r r ay  with the  equation of s ta te  ( f i l e  TABLE). 

Figure 7 shows the  inpu t  deck used f o r  r e s t a r t i n g  the  problem. Note 

t h a t  MESH, GENER, and INCON are provided as d i s k  f i l e s ,  and t h a t  the  

corresponding d a t a  blocks are absent  from the  input  deck. It would have 

been poss ib le ,  ins tead ,  t o  merge any o r  a l l  of these f i l e s  with the  input  

deck. For l a rge  systems, with many elements, connections,  and s inks/sources ,  

the  i n i t i a l i z a t i o n  through d i s k  f i l e s  r a t h e r  than da ta  cards  w i l l  save a 

s i g n i f i c a n t  amount of computing t i m e .  

The restarting executes another two t i m e  s t e p s ,  with r e s u l t s  given i n  

Figure 8. 

9. Natural  Hydrothermal Convection System (NHCS). 

This problem involves f r e e  thermal convection i n  a c y l i n d r i c a l l y  

symmetric r e se rvo i r ,  as shown i n  Figure 9. The system includes g rav i ty ,  

a 78.5 Megawatt hea t  source,  and a constant-temperature constant-pressure 

boundary condi t ion a t  the  top. 

mesh is  shown in Figure 10. ik have used a pocket ca l cu la to r  t o  compute 

the  geometrical  q u a n t i t i e s  (volumes, areas, d i s t ances )  as given i n  the  

A c r o s s  sec t ion  through the  2-dimensional 

. 
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i 

4- 

input  deck, Figure 11. The boundary condi t ion a t  the top is rea l ized  by 

in t roducing-a  very l a r g e  element AT0 0 (volume lo5' m3). The desired 

( ~ , p )  = (lO°C, 1 bar) was obtained, a f t e r  some t r ia l -andter ror  adjust ing 

of p ,  f o r  (u,p) - 3 (41990.5 J/kg, 999.694 kg/m 1. Note t h a t  f o r  l iqu id  

water, due t o  extremely smallcompressibility,small dens i ty  changes w i l l  

cause l a rge  pressure changes. Hence input t ing  (T,p) = (lO°C, 1 bar) 

w i l l ,  a f t e r  conversion t o  (u,P) and subsequent i n t e rpo la t ion  i n  the  

equation of state tab le ,  y ie ld  a somewhat d i f f e r e n t  pressure. The option 

MOP(13) + 0 is ava i l ab le  t o  execute an i t e r a t i v e  procedure f o r  obtaining 

e x a c t l y - t h e  desired (T,p). As t h i s  opt ion slows a l l  computations down 

considerably,  however,, we p re fe r  ad jus t ing  the  l as t  d i g i t  i n  P "by hand" 

t o  obta in  the  desired pressure. 

For the  caprock and main r e se rvo i r  elements, i n i t i a l  (T,p) is chosen 

t o  approximately r e f l e c t  hydros t a t i c .p re s su re  and na tu ra l  thermal gradient.  

The main r e se rvo i r  i n i t i a l  condi t ions,  corresponding t o  an average depth 

of 140Q,meters, are assigned by d e f a u l t  using opt ion START. 

bother t o  start out  with a v e r t i c a l  pressure p r o f i l e ,  as g r a v i t a t i o n a l  

pressure  equ i l ib ra t ion  Occurs r ap id ly  i n  a l i qu id  water system. 

Lk did not  

The upper boundary domain, c a l l e d  ARlOS, i s  given a s p e c i f i c  hea t  of 

4 10 J/kg OC.'. This is used as a f l a g  by SHAFT79 t o  exclude ATMOS 

from-balances f o r  the  reservoir .  Inclusion of ARlOS with i ts  huge mass 

and. energy content  would make these  balances meaningless. 

I The input  deck is se t  up to  execute 2 t i m e  s teps , '  which were d e l i -  

bera te ly  chosen as a l a r g e  A t  = lo1' s e c  & 317 years. 

the  system i s - f a r  from s teady  state,  and' SUFT.79 cannot handle such l a rge  

I n i t i a l l y  * 

A t .  .F&gure -12 i l lust rates  the kind of messages t h a t  are being pr inted 
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as SHAFT79 keeps cu t t i ng  the  t i m e  s t e p  i n  h a l f ,  u n t i l  a l l  

parameters remain within the  range provided by the  equation of state tab le ,  

and u n t i l  convergence can be obtained within the  allowable number of itera- 

9 9 9 t ions  (de fau l t  NOITE = 8). For A t  = 10 x 10 sec ,  5 x 10 sec ,  2.5 x 10 

sec  the  f i r s t  i t e r a t i o n  gives  rise t o  ( u , ~ )  which a r e  outs ide  the tabulated 

range. Thus, subrout ine "GETEM cannot f ind parameters", and time s t eps  are 

halved. A t  A t  = 1.25 x 10 sec  a l l  i t e r a t i o n s  can be executed.# The 

ca l cu la t ion  appears t o  be on its way towards convergence, when on the 

9th i t e r a t i o n  the t i m e  s t e p  g e t s  halved again. 

f a i l u r e  are f o r  informal purposes only; SHAFT79 automatical ly  executes a 

new decomposition of the matrix i n  the  l i n e a r  equations (subrout ine SIMMA), 

9 

Messages ind ica t ing  p ivot  

and continues the  i t e r a t i o n  process. Pivot f a i l u r e s  occur when some terms 

i n  the  matrix change t h e i r  r e l a t i v e  magnitude such t h a t  the algorithm would 

l o s e  a c e r t a i n  number of s i g n i f i c a n t  d i g i t s .  9 For A t  = 625 x 10 sec  

convergence occurs a f t e r  s i x  i t e r a t ions .  P a r t  of the output is shown i n  

Figure 13. Not much has happened y e t ,  with the  most s i g n i f i c a n t  change 

being the  temprature increase  i n  element R5. 

We would l i k e  t o  poin t  out  t h a t  a prudent choice of t i m e  s t e p s  is 

required f o r  an economical calculat ion.  Smal l  time s t eps  w i l l  r equi re  many 

t i m e  s t e p s  and i t e r a t i o n s  t o  be executed f o r  a desired span of physical  

t i m e .  However, i f  t i m e  s t e p s  are chosen too l a rge ,  much computational work 

w i l l  be spent  cu t t i ng  them down to  a s i z e  where convergence can be obtained. 

A "good" choice of t i m e  s t eps  w i l l  a l low SHAFT79 t o  converge f o r  the  

des i red  t i m e  s t e p s  i n  most cases. 

Another po in t  worth mentioning is t h a t ,  as we ran the  "natural  hydro- 

thermal convection system" f u r t h e r  ou t  i n  t i m e ,  we found it advantageous t o  



27 

reduce the  increments DELE, DELD (card PARAM.3) 

d e f a u l t  values  ,-of 

is t h a t ,  i n  a f r e e  convection system, flow d i r e c t i o n s  can reverse. 

will give  rise to inaccurate '  de r iva t ives  i f  the  increments DELE, DELD 

average over a reversal of*f low.  

somewhat below t h e i r  
i 

0'6, respect ively.  The reason f o r  t h i s  -2 

8 

This 

example fnv~o s production from the center-  of a l a rge  f l a t  
, .  

S previously s tudied 'by Carg, and de ta i l ed  

spec i f i ca t ions  a r e - g i v e n  i n  h i s  paper (Gargj78). The r e se rvo i r  is i n i t i a l l y  

s ) ,  and a boi l ing iquid water of (T,p) = (300°C, 

u t  i n t o  t h e  r e se rvo i r  as prod 

d e l s  a 5.625' se 

t r a r i l y  s e t  a t  100 S m ~ ~ 7 9  executes seven time 

re chosen t o  

time s t e p  KCYC = 5, which is c u t  i n  h a l f ,  a l l  t i m e  s t eps  are executed 

successfully.  

t i m e  of 16,500 seconds, are shown i n  Figure 15. 

Resul ts  a f t e r  seven t i m e  s t e p s ,  corresponding t o  a t o t a l  

Five elements have made 

phase t r a n s i t i o n ,  and the  most rapid boi l ing  occurs i n  the  w e l l  element, 

FO. 

of which 4.5 seconds are spent  i n  reading the  equation of s ta te  - table.  

Our r e s u l t s  agree w e l l  with .those published by Garg. 

The e n t i r e  ca l cu la t ion  takes 6.9 seconds CPU - t i m e  on the  CDC 7600, 

I .  

- 
. .  
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TABLE 1: DATA GROWS FOR A SIMULATION P'ROBMN 

regular irregular 

few elements 

GEOMETRY 
\many elements 

1-D 2-D 3-D 

I YEA 

pore3 fractures J-%/ constant properties 
YOIR 1 

I 

homogeneous inhomogeneous 

temperature 

*product ion in j ect ion 

unif o m  
smooth variations INITIAL 

non-unif orm / 
1 sharp "fronts" 

various p, T, S, etc, 
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TABLE 2. INPUT DATA BLOCICS~ 

BLOCK 

~ 

DESCRIPTION 

TITLE ( f i r s t  One da ta  card containing a header t h a t  w i l l  be printed on 
card ) every page of output. 

ROCKS Mater ia l  parameters f o r  the var ious r e se rvo i r  domains. 

PARAM 

*ELEME 

*COMPTE 

Computational parameters (time stepping information, 
program options).  

L i s t  of gr id  elements 

L i s t  of i n t e r f aces  (connections) 
MESH - information 

*GEMER L i s t  of mass o r  hea t  sinks/sources 
(op t iona 1) 

* INCON L i s t  of i n i t i a l  condi t ions and (opt ional)  r e s t a r t -  
(opt ional  ) information. 

START One da ta  card allowing a more f l e x i b l e  i n i t i a l i z a t i o n .  
(opt ional)  

EFTDCY ( las t  card) One card c los ing  the  SHAFT79 input  deck. 

lBlocks labeled with a star * can be provided a s  d i s k  f i l e s ,  i n  which 
case they would be omitted from the  input  deck. 

. 
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TABLE 3: SIMULATION STUIXES brITF! SHAFT79. 

L-D, rec tangular  

1-I) , cy 1 ind r i c a 1 

2-D, rectangular  

2 4 ,  c y l i n d r i c a l  

3-D, regular  . 

3-D, i r r e g u l a r  

TYPF OF PROELM 

deple t ion  of two-phase 
geothermalLreservoirs 

two-phase flow near  wells 

Pzaf l a  geothermal r e se rvo i r  
(Iceland) 

high level nuclear  waste 
repos i tory  

two-phase in t e r f e rence  
test In Cerro P r i e t o  
(Mexico) 

Serrazzano geothermal 
r e se rvo i r  ( I t a l y )  

SIMULATED PROCESSES 

various production and i n j e c t i o n  schemes 
for. r e se rvo i r s  with uniform i n i t i a l  condi- 
t ions  o r  with sharp steam/water in te r faces .  

productiorl from two-phase zones; cold water 
i n j e c t i o n  I n t o  two-phase and superheated 
steam zones, respect ively.  

d i f f e r e n t  space and t i m e  pa t t e rns  of 
production and inject ion.  

long-term evolut ion of temperatures and 
pressures  near  a powerful hea t  source (in. 
progress) . 
( i n  progress) 

de t a i l ed  f i e l d  production from 1960 t o  1972( 

w 
P 
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initialize 

9 . 

perform 
balances 

N = 2 ,  converged 

transductances 
accumulation terms 

balance: 

equations 
update variables 

assign new time step 

10 

compute 

XBL 802-6757 

Figure 1. F l o w  Chart of SHAFT79. 
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LII. 

I __ s -- w - I _ z ? A P U T - - - ~ -  - 4 

I I 1 e I a I I a II 11 II I$ I( II ~a II n ma 11 nn I a m n m m n II un u II a n  n n a (I (ibu a a 41 UH w a i  u u I e Y n w 11 w ai SI uu n 11 II n n 11 11 I $  I( n n 11 n I8 w 
I ____ 

F i g u r e  2. SHAFT79 Irlput Formats. 

. 
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1 

B R I 2 ~ 7 ~ 6 3 ~ 3 3 0 3 3 . ~ 6 7 3 ~ 1 1 P U U E S S  
*INPUT 6600tl 17.29g06 20 MAR 80 V I A  KPCOOaO 

FETCHGS JT  ABL E=PSSBACKUP/ 0 I ABLO/FLUTAB3 J 12605 
FE TC HGS J LGU =P bbBACKU P/ 0 1 AB LO/ CYG t 1 26 05 
REYINOtLGO- 
SFLJ 170000. 
LINKJXJPP=C PLx999999J. 
COPYrHESH/RdrORXRIGHES~* 
COPY~GENER/KM~ JRXR JBGENER- 
C O P Y , S A V E / H a r 3 K X R i B S A V ~ -  
CORMONc BHESH- 
COWHGheBGENER. 
COWCIONJBSAVE. 
COPYSBFm 6HES)lrUUTPUl- 
COPYSBF,BGENtHIOUTPUlo 
COPY Sb FI BSA V E J OUTP UT 
E X I T -  
DUMPJO- 
FIN. 
RE k I N D  #INPUT 
COPYSBF J INPUTrQUTPUT- 

*H(iLOGUT 

*** TkO-PHASE RESERVOIR DEPLETION *** NO GRAVfTV *** 
RCCKS 
UPPER 2003. . 10 1.E-13 0.0 1232. 
LOWER 2000. -10 1.E-13 0.0 12 32 9 

P ARACL 
0 1 2 600 1OJJ3~COOOOOOOO 1 1 97 

-1 . F I  

ELEMENT IkFOttHAT ION 
F 1 4 ANPER 1-OE8 
F 6 4 ALUWER 1.OEB 

CONNE 
F 1F 2 0 1 1 1 5 O o O O  50.00 ~ 0 0 0 0 0 0 1  0. 

GENER 
f lZUI 0 0 0 1  HASS - 50.0 

INCON 
F 1 9  1 252 05 

ENDCYCLES r 

Figure 3 .  SHAFT79 Input Deck for Two-Phase Reservoir Depletion 

Problem. 

i I 
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. 

(a) F i l e  MESH. 

ElWE 
f 1  1 01000E+O9 
F 2  1 .1000E+09 ! 

1 01000E+09 
1 a1000€+09 

F 3  
* F  4 

F 5  1 01000EtO9 
F 6  2 olOOOE+09 
F 7  2 a1000€+09 
F 8  2 .1000E+09 
F Q  2 01000E+09 i 10 2 o l O O O E + 0 9  

.- 

(b) F i l e  GENER. 

GENER 

**+ F l C O f  0 -1 MASS -50.00000 -0. 

1 

F i g u r e  4. F i l e s  MESH (a), GENER (b) , and SAVE (c) for Two-Phase 
Reservoir D e p l e t i o n  Problem. 



Figure 5 .  

n * 

Output after two Time S t e p s  for Two-Phase Reservoir 

Depletion Problem. 



*** TuO-PHASE RESERVLIR DEPLETION *** NO GRAVITY. *+* 

VOLUHE, HASS e AND ENERGY BALANCES - - - - VOLUME AND MASS BVERAGES 

ELAPSED T I R E  SINCE START OF SIMILATION -220000E+O? SEC = .697615E-01 YEARS 
SANCE START OF RUN 1 0220000E*07 SECe SINCE LAST PRINT-OUT 31 0200000E+07 SEC 

- - - - - VULUNE A h  HASS I N  PLACE - - - - - 
DOHAIN FLUiO VGLUHE , LI au ID VOLUME VAPOR bATURAT ION FLUID MASS L i a u i D  MASS 
UPP Eft 0500000E*08 2 48 5 5 9E + C8 .502883E+00 0203133E+11 1 197943E+ll .518984E+09 
LONER .500000E+08 0249999E*08 a500003E+00 .2MZ08E+11 199033E+ll 0517407E+09 
RESERVOIR .100000E+09 4 985 5 7E +08 0501443E+00 . . m407341E+11 .396977E+ll  .103639E+10 

VAPOR HASS 

- - -  - - MARGINAL ENEHGY LOSS - - - - - 
OOMAI N FLUID LIQUIO VAPOR SOLiO HX X f U R t  
UPP EH 11 863 9~ +15 12242 E +15 -0  378160E+13 .157795€+15 2764534€+15 - 1 3 8 2 l t ~ %  + HER 0152668E+ .l + 02 284 t13 035 5 6E+13 177758E+07 * 

2?9990E+l5 0139995E+OP RE SERVO 1R .lL0166E+ L5 ” 0123997E+15 - . 3a3084~+  i 3 . i m w ~ + i 5  

- - - - - CUHULATIVE ENERGY LOSS - - - - - 
UPPER - 13066 lE+15 o13483OE+15 -* 416863E+ 13 017377lE+15 * 03M+32E+ 1 
LOWER 152678E *13 0157602E+13 -.492425€+11 . 861E+13 0 355539E+13 161 609 E+O7 
RESERVOIR 132 i a a ~ + i 5  1 36406E+ 1 5 - .4217a 712 +I  3 175799€+35 .307987E+15 139994 E+09 

VULUHE A V M A G E S  - - - - - _ - - - -  
D o n l N  LiCIUIU i tHPEUATURt V m  I t m R E  L l P m  PRtSSURt VAPOR -t FLUID d E R s n Y  VAPOR D m Y  
UPPER . 2 5 i a i 3 ~ + 0 3  0251 8 1 le+O3 41 0378E+O7 -410364E +07 406266E +03 206403 E+ 02 
cow EH 02 51 94 7E + 03 m251967E +03 .411439E+07 o+ 11439E+OI 0408415E+03 0206962E+02 
RESERVOIR -2 5 1 &Y OE +03 .251889€ +03 .410910E+07 .410900E+Ot 04073+lE+03 .206602E+02 

Figure 6. Balances and Averages for,Two-Phase Reservoir Depletion 

Problem. 
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BRI2~7.63~30000.4673 O R  1.P W S  
*INPUT 66008 17.3b.18 20 MAR 80 V I A  KPOOOOO 

HOL 0 0 UT 
F E T C H C S ~ T A ~ L E ~ P S S B A C K U P / D I A ~ L O / F L U T A B ~ S ~ ~ ~ O ~ ~  
FETCtiGS~LGO~PSSBACKUP/DlABLO/CYG~126OS~ 
REYIN0,LGO. 

~ COHHOh,BMESH. 

COHHCJNI BSAUE. 
LOHFION. BGFNER - 
copy, BnEs H/RB ,MESH* ! 
copy, BGENERIRB~ GENER- 
COPY, BSAVEIRB 9 1  NCON. 
LINK, XsPP-1  P I . - 9 9 9 9 9 9  10 
EXIT. 
DUMPIO. 
F I N .  
R E ~ I N D I I N P ~ T .  
COPrSBF.I~PUTIOUTPUT. 

*** TWO-PHASE RESERVOTR DEPLETION *** NO* GRAVITY U. 
ROCKS 
UPPER 2000* 1 E-13 0.0 12320 
LOWER 2000. -10 1mE-13 o m 0  1232. 

PARAM 
0 1  2 600 100000000000000 1 1 07 

o2E8 F 1  

Figure 7 .  SHAFT79 Input Deck for  restart ing Two-Phase Reservoir 

Depletion Problem. 



*+ Y 

*** TWO-PHASE RESERVOIR DEPLETION *** NO G R A V I T Y  *** 

F 9  9 .112 6tOE +07 39781 9E+03-I 1237 +OC.6?337 1 E +Ol- 16 1356 1 E-04.3366 86E-06, 251203E +03- 1406173E+C7 - 5 1  4196E+00 .341427€-07 
F 10 10 11268OE+O7 .398378E+03-. 1 1 ~ 0 ~ ~ E + O C ~ 6 $ 8 1 1 ~ E + 0 1 - 1 5 ~ 0 1 7 1 E - O ~ 1 3 2 ~ 5 ~ ~ - ~ 6  .251243E+03 .S06451€+07 1513448Et00 0328632E-07 

F 5 F  6 5 .523134E+08 018 6826E-2 0. m18682bE402 .618464E+09 -173172F +16 ,280012E +07 
F 6 F  7 6 *397988E+08 0142135Et02 01 .1+2135E*02 1459259E+09 ' 1128592Et16 e280006Et07 
F 7 F  8 7 .2e6305~+08 . 1 0 2 2 5 i ~  +07 0. ~ ~ S 2 2 5 L E  +02 -32  4254E+09 -907897F+15 - 2800 02E+O7 

t 0 7  
F 8 F  9 .660741E+03 1206755E+09 I578900Et15 .279999E+O7- 
F 9 F 10 9 a907348F + o t  L w-w t o 1  ,IQg59*E +09 t l 5  -27999u 

8 185007E408 .660741E+01 01 

Figure 8. Output after four Time Steps for restarted Two-Phase 
Reservoir Depletion Problem. 
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" C S .  7.63 ~ 3 0 0 0 0 ~ 4 6 7 3 0 1 ~ P R U E S S  
*INPUT 66008 10.49.14 24  UAR 80 v in  1 ~ ~ 0 0 0 2  
+HOLOOUT 
FETCHGS ~ T A S L E ~ P S S B A C K ~ I P / D I A B L O ~ F L U T A ~ ~ I  12605. 
FETCHGS .LGO=PSSBACKUPIDI ABLO/CYG.l tbbs. * 
REWINOILGO. 5 

SFLI l f0000.  
LINKIXvLIO.PPd PL=9999991. 
FX IT -  
DUYPI 0. 
FIN. 
REWINDII NPUT. 
COPVSBFI INPUTIOUTPUT. 

3 

***+e NATURAL HYOROTHFRUAL CONVECTION SVSTEU t+*+: 5 KW RADIUS L f t t *  

CAPRO 2600. . lo  I.€-15 le€-IS 1.E-15 2.1 775. 
RESER 2609- . IO lo€-I3 1.E-I3 1.E-13 2.1 775 . 

.. . . - . *"._ - . - - ROCKS 
ATWOS 2600. . to 1.E-I3 1 -613 1.E-13 2.1 1 e E 4  

START 
PARAM 

1 2 600 100000000000003 1 I 05 
10.E9 R 5  

55. 14OeE5 9.80665 
ELEMENT INFfIRMAfION 

- ATDOD A T U O S  1.ESO 
t I CIIPUO 1-25 7E9 
C t  CAPRO 3.77OE9 
c 3  CA PRO 6 o283E9 
c 4  C APRO 8- 79bE9 
c 5  C A P R U  11o31E9 
R 1 4 1RESER 10257E9 
S I  4 IRESFR 3o77OE9 
T 1 4 lRESER 6.263E9 
U 1 4 lRESER 8.796E9 
V 1 4 1RESER' 11.31E9 

CONNECT IONS 
ATO03t 1 3 I .€ -20  200. 3ol42E6 1. 

2000 9.42SEb 1. ATOOOC 2 3 1.E-20 
ATOOOC 3 3 1.E-20 2001 15.7lE6 1. 
A t 0 0 0 C  4 3 1.E-20 2000 21.99E6 1. 
ATOOOC 5 3 1.E-20 200. 28.27E6 1. 
C 1 R  1 3 200. 2000 3.142E6 1. 
c 2s  1 3 200. 200. 9o425E6 1. 
C 3T 1 3 2 00. 200. 1 5 . 7 l E I  1. 
c 4u 1 3 200. 200. 21.99E6 1. 
c 5v 1 3 200. 200s 28027E6 1. 
R l R 2  3 1 1  3 200. 200. 3e142E6 1. 
s 1 s 2  3 1 1  3 2000 2001 90425E6 1. 
T I T ?  3 1 1  3 2 00. ZOO. 15.71E6 1. 

V 1 V t  3 1 1 3  200. 200. 28.27E6 1. 
c IC 2 1 500. 500. 2.513E6 0. 
c ZC 3 1 500. 500. 5-027E6 0. 
c 3c 4 1 500. 500. I 0 5 4 0 E 6  6 ,  
c 4c 5 1 500. 500. 10. 05E6 0. 

500. 2.513E6 0. R 1 S l  6 1 1  1 500 
500. 500. 5oO27E6 0. S I T 1  4 1 1  1 

T 1 U 1  4 1 I 1 500. 500. 7.54oE6 0. 
u 1 v 1  4 1 1  1 SOD. 500. l O e O S E 6  0. 

u 1 u 2  3 1 1  3 200. 200. 21.99EQ 1. 

5 

b 
GFNERATION 
R 5WAG 1 H E A T  78.5E6 

ATOOO 41990SE 5 999.694 
c 1  4 1 I f .  21mE5 

ENDCV . 

Figure 11. SHAFT79 Input Deck for NHCS. 
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CFTIT AT R 5 E *-e622284€+06 0 e935386€+03 W L O K  20 HDU?K ,. 78 ! S K I P  9 3 ISKtI) = 0 I I 1 1PH = 1 YSAT .II 0 
++++++++++ HALVE TIME STEP AT t 7 v  1) ++++++++++++*+++ NEU DELT = ; t ~ ~ o a i x + t o  

NO C 0 N V E R G M ) C E d l  f 29 9) 0-0 DELTEX 'e l25003E+10 RFSO * .?37398€+00 RES€ * eS08703E+34 . . . . . . . . . . . . . . . . . . . . . . . . . . .  

NO CONVERGENCE AT t 2r 11 0- OFLTEX * ~625000E+09 RESO * eR19615€+00 RESE * e376451f+OR *+++4++++++*++++*+++++.H*+C** 

NW CQNVERGENCE AT t 21 2 )  - DELIEX 9 e625000E+09 RES0 = e233494E404 RESE * e10?42bf+lO .H++*+~4*+++++++++*+++*HH*+ 

NO CQNVFRGENCE AT t 21 31 0-0 DELTEX e62!5000€+09 RESO s e441345E403 RESE 9 oZM300E*37 ~+++4+*+++++++++4~++*+*+*+++~ 
NO CONVERGENCE 4 T  C 2r 41 -0 OELTEX e625000E+09 R€SD 9 m352619E 40 1 RESF * e150429I- +37 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
NO COWERGENCE A t  t 2r 5 )  --- OELtEX e625000E+09 RES0 = e 15493IE-03 RESE 09509RRE+bZ +++++*+*+++++++++*+*++++++++~ 
NO CONVERGENCE AT t 2. 61  --- OELTEX e625000E+09 RESO 9 e23741tE*96 RESE 0 131447F 401 +++++++++++*++++++++~44+~+~+ 
R 5 t  2. 7 )  ST .I .l875OOE*10 OT e62500OE+09 DE * e686939€+05 DD = -e11306?E+b2 1 * 1050744 P * 21480290e. S . =  ne 

++++++++++ HALVF TINE STEP AT t 2. 9 )  ++++++++++++++++ YEW OELT - ,625ooma9 

VERY SMALL PIVOT IN  ROW 15 -0- PERFORM N E  w DECDHPOSITION 

VERY SMALL PIVOT IN ROW 32 -- PERFORM HEW DECOWPOSITlON 

Figure 12. Output Messages for Time Step Reduction. 
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Figure 13. Output a f t e r  two T i m e  Steps for NHCS. 
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ROCKS 
RFLOY 2650. e28 1.E-U 

S t  ART 

SOUeOO 9.E6 
ELENENT I N F O R H l ~ I O N  

WL on 6.40 
RFL on 11et5 

f 0  
F l  

RF LO# 44.54 F 1  
F S  ' RFLOY 
F o  RF L ON 11 e 18 
F I  WLW S l .  (0 
f 6  RFLOW . 63001 
f ?  RFLOll 11.63 
f a  RFLU 13.51 
F 9  RFLOY q3.1t 
F i o  R f  L ON a s m  
f 11 UfLOd 136.66 

RFLOY 162e65 
RFLO# 2k660G 

F 19 
f 13 

RFLOY 331.03 
RFLOW 156.52 

t 15 
f 15 
F 16 RFLW 6 2 e e a i  
f 17 RFLOY 069.11 

RFLOY 1209.521 
. #LO# 169OeQO 

F 18 
F 19 
F $0 wbon 2373.73 
f 21 RFLOY 3346. C6 
f 2z RFLOY 0?3Pmlo 
P 23 RFLOll 6706.26 / 

F 26 RFLO# 9531 e O(1 
F 2s RFLOla 13573.69 
f 26 RFLU 19365.25 
f r t  . RfLW 27657.17 . 
F. 2a RfLOW 395?0.9? 

RFLOY 56640.72 
RFLOW b t 2  k4e 70 

F 29 
f' 30 
F 3 t  
F 32 . RFLOJ 16727 
F 33 RFLON 2412$4.09 
F 35 RFLOla 3541k+e76 
F 35 RFLOll 4960 69m6 
F 36 R f  L OJ ti 32 2 1 e 9 

A F sr RFLOY 1025682e 

3 5. 36 

F 338 man i 4 t ~ i s 1 ~ .  
RFLOII~ 2122 595. f 34 

F 50 

F re RFLOY 6 ~ 2 6 8 a t i .  

RFLOY 3054196r 
? f 4 1  RFLOJ b3952Cl. 

F 53 RFLOY 18635290 
f Q4 RFLOY 133411610 
F 55 RFLOY 1886?63?r e 46 RFLOY 271624560 
f 47 RFLOU 39105615e 
f 46 RFLOll 16SI 1971. 
F 59 RFLOY 01062899. 

i Figure 14. SHAFT79 Input Deck far Garg's Problem. 
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CONNE 
F OF 1 
F 1F Z 
F 2F 3 
f 3F 4 
F 4F P 
F SF 6 
F I F  T 
F 7 F  I 
F I F  3 
F 9F l a  
F IOF 11 
F 11F 18 
f 12F 13 
F 13F l b  
F 14F 1s 
F 15F 16 
F 16F l? 
F 17F LO 
F 18F 19 
F 19F 20 
F 2OF 2 1  
F 21F 2L 
F 22F 23 
F 23F 24  
F 24F 29 
F 25F 26 

. F 26F 27 
F 27F 20 
f 28F 29 
f 29f SO 
F 30F 31 
F 31F 32 
F 32 f  33 
f 33F 3 C  
F 34F 35 
f 3 5 f  36 
F 36F 37 
F 37F 30 
F 38F 39 

f 40F 41 
F 41 f  42 
F 42F 43 
F 43F 44 
f 44F 45 
F 45F C 6  
f 46F 47 
F 47F 40 
F 48F 49 

f 3 9 ~  40 

CE NER A T 1  ON 
f 0  

1 
1 
1 
1 

t 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
I 
1 
1 
1 
1 
1 
I 
1 
1 

a 

1 

46 

a 5  
e5 
a 5  
a 5  
e5 
e 9  
a% 

.J 
e 5  
.5 
a 6  
a 7 2  

a064 
1.037 
l a 2 4 4  
1.493 
l a792  
2. $58 
2.500 
S a 0 9 6  
3.715 
4.158 
Sa350  
6.420 
7.703 
9.244 

l l a 0 9 3  
13.312 
15.974 
19.169 
23.003 
27.603 
33.124 

85 

39.748 
47,698 

611.686 

98.90t 

57.230 

02.223 

118a688 
142.22 6 
170.911 
205.093 
2Iba112 
295.334 
354.101 
421.281 
518.337 

HA SS 

a S  

a 4  
a S  

85 

. 
.S 
a %  

a 5  
a %  
a 6  
a T 2  

L O 3 7  
1. 244 

' 1.493 

2. 150 

8. 096 
So 715 
ba b50 
Se 350 

8s 

a864 

$8 792 

2.584 

6. 420 
7.703 
9.244 

1 l a  093 
13.312 
L 5. 974 
19.169 
23.003 
2 7. 603 
33.124 
19.740 
47.698 
51.238 
68.606 

118.688 

S 2.223 
90. 907 

142.226 
1 1 U a P l l  
20% 093 
246a112 
23 1.334 
354.401 
b25.281 
510. 337 
622.405 

0.21 075 

Figure 14. (continued) 

9. 82 
19.65 
29.4% 
39a1t 

58.90 
6 O m  72 
78a5b 

90.17 

119mt7 
133.91 
150.87 
17laZC 
195.66 

260.15 
302mJI 
355.13 
11 3e81 

574.29 
679.33 

9560 33 
l i 3 8 m l 5  
1355.96 
1617a33 
1930.90 
2307.36 
2759.82 
330ta00 
3951.31 

566 8.39 
6792.25 
8140.9 

9759 2 
117Ola3 
14031 a 7 
16820+2 
20104e 1 
Z4112a9 
29043.4 
34842. I 
~ I 8 O l a O  
58 151. 3 

#98 09 

a0r~6 

1878 99 

2248 98 

486.76 

88 Sa 38 

4731 84 

60171.11 

c 
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