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v i i  

PREFACE 

Large computer programs tend t o  exhibi t  cha rac t e r i s t i c s  not unl ike a 
personality.  

development, t h e  computer program's personal i ty  (i.e., s t y l e ,  responses, etc.) 

reflect t h a t  of t he  programmer. 

not been due t o  one person, but m 
s i r a b l e  and undesirable f ea tu res  due t o  the  many people who have worked t o  

make it  a usable tool .  

When a s ing le  person is responsible f o r  t h e  e n t i r e  program 

In  case of SHAFT78, t h e  development has 

a r e s u l t ,  t he  program has both de- 

\ \ 

The program employs t 

used i n  the  TRUMP heat-flow prog 

use i n  var ious d i f f e r e n t  porous l a t i o n s  by Edwards, Lasseter, 

Sorey, L i ~ p m a n n , ~  and Narasimh 

sented t h e  bas ic  method and app 

responsible f o r  t he  name used t o  

intescrated f i n i t e  d i f fe rence  (IFD) method.8 Lasseter 

so lu t ion  technique pioneered by A. Edwards and 

TRUMP algorithm was adapted f o r  
2 3 

8 arasimhan and Witherspoon have pre- 
4 

i n  severa l  publications,  and are 
t h e  bas ic  numerical method-Le., 

3 constructed t h e  f i r s t  - 
version of SHAFT which has subseq l y  been extensively modified 

pointed out abov 

rogram during its dev 

erspoon is the  ac 

ate of developtn 

been many people associated with 

t h e  support snd e 

colleagues i n  
d i  and G. Man 

program t o  r n by G. Nerf, V. Jonsson, and 

are g ra t e fu l ly  ap 

This work w a s  supported on of Geothermal Energy, U. S. 
Department of Energy under Contract 0. W-7405-ENG-48. 



L/ 
GENERAL APPROACH 

1. INTRODUCTION 

The computer program SHAFT78 
phenomena i n  geothermal reservoi r  

developed t o  compute two-phase flow 

The program solves  t r ans i en t  i n i t i a l -  
. 

1 

value problems with prescribed boundary-conditions i n  up to  three space 

dimensions. 

which does not  d i s t inugish  

allows a f l e x i b l e  choice of 

mass-and-energy equations 

i t y  and convergence of the algorithm is control led by an automatic choice of 

time s t eps  - p a r t i a l l y  cont 

The so lu t ion  method is an expl ic i t - impl ic i t  IFD8 approach 

1, 2, o r  3-D coordinate systems and. 

pe of the d i s c r e t e  gr id  e l  
l a t e d  i n  conservative fo  

Although the program r use i n  simulating produc- 
t i o n  and in j ec t ion  , there  are o 

problems f o r  which 

be modified t o  be appl ic  
array,  f l u i d s  o ther  no'fundamen d i f i ca t ion .  

phases is neglected. Th permeabi l i t ies ,  9-10 f o r  the wetting ' 

I 

between rock and f l u i d  is US. For most geotherinal 
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problems where the t i m e  scale is i n  years and reservoi r  dimensions are o f t en  

several kilometers,  t h i s  approximation appears t o  be acceptable.  

The so lu t ion  var iab les  are f l u i d  densi ty  and f l u i d  i n t e r n a l  energy. 

These two in tens ive  var iab les  completely def ine  the pressure,  temperature, 

and phase of the ( i n  general)  two-phase mixture.l l  

conditions can be spec i f ied  i n  terms of:  

However, the i n i t i a l  

(1) temperature and pressure ( f o r  single-phase f l u i d )  
(2) 
(3) f l u i d  densi ty  and i n t e r n a l  energy, from which the remaining 

temperature and steam saturation ( f o r  two-phase f l u i d ) ,  or 

quan t i t i e s  are calculated.  

The program CYCN, which solves  the coupled energy and densi ty  equations,  

uses a technique designed t o  make the ca lcu la t ions  both accurate  and e f f i c i -  

ent .  The energy equation and flow equation (mass conservation) are advanced 

i n  t i m e  according t o  separa te  t ime-step controls . l*  

the flow ca lcu la t ion  of ten  requires  smaller d i s c r e t e  t i m e  s t eps  f o r  conver- 

gence and s t a b i l i t y  than the energy ca l cu la t ion  - the  reason being t h a t  

energy o f t en  changes a t  a smaller rate than density.  

proceed by f i r s t  determining the allowable energy t i m e  s t e p  and then solving 

the energy equation. 

cycles which always end a t  the t i m e  ca lcu la ted  by the energy equation. 

number of flow cycles  f o r  a given energy cycle  can be p a r t i a l l y  cont ro l led  

by the user. 

i n t e r n a l  energy is used to  improve the acccuracy of the flow ca lcu la t ion .  

Ei ther  af ter  the  flow s t e p  or a f t e r  each flow cyc le  a correc t ion  is made t o  

ensure t h a t  the rock and f l u i d  are i n  thermal equilibrium (sane temperature). 

A two-step i t e r a t i o n  can be car r ied  out  t o  ensure high accuracy f o r  the 

rock/f luid equi l ibra t ion .  

This w a s  done s ince  

Hence, the ca lcu la t ions  

This is followed, i n  general ,  by a few flow (densi ty)  

The 

During each flow cycle  the l i n e a r l y  in te rpola ted  value of 

. .  

Two gr id  generators  are ava i lab le  f o r  SHAF’T78, and i n  addi t ion  the g r id  

can be spec i f ied  d i r e c t l y  as input  t o  CYCN by the user ,  i f  so desired.  

g r id  generators  provide input  t o  CYCN f o r  l a rge  problems, and s ince  the 

The 

I 

. 
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u .  
generators ca l cu la t e  areas, 
procedure the generator input 

of these values 5y the user. 

and OGRE.13 The S W E  program sed when generating r e l a t i v e l y  regular  

g r ids  i n  two dimdnsions. 

nd dis tances  needed f o r  the so lu t ion  

simple compared to  the d i r e c t  input  

gr id  generator programs are ca l led  SHAME 

The OGRE program is used f o r  large-scale simula- 

t i o n  where the  elements are 
The OGRE g r i d  generator allows accurate  d i sc re t i za t ion  of geological fea- 

tu res  such as uneven bed layers ,  etc. The gr id  generated by 

OGRE ensures t h a t  a l l  el  edra with perpendicular flow 

areas between elements 

r -and one-, two-, or three-dimensional-. 

A p lo t t i ng  program is avai lab le  for use with the  gr id  generators and 

with CYCN. 
several ro ta ted  v i  

The SHAME program 
program SEAPE. Th 
program is used t o  generate 

The OGRE program provides three-dimensional p lo t s  allowing 

ch is used by CYCN and its p lo t t i ng  

f o r  a l l  elements i n  which sources 

are present  is a l so  possible,  

comparison of the t r ans i en t  h 

same p lo t t i ng  program is used f o r  

atching p l o t s  with the  production 

ion of stat  
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must be rerun with the  appropriate  input. 

four-pointed everywhere except near the sa tu ra t ion  curve where spec ia l  care 

has been taken t o  ensure t h a t  in te rpola t ion  does not  occur across the phase 

change. 

i n  a l l  regions. 

methods that are used in generating the t ab le  during the  preprocessing 

ca lcu la t ions  

The t ab le  in te rpola t ion  is 

The in te rpola t ion  scheme ensures t h a t  good accuracy can be  obtained 

The program CYCN uses  the  same spec ia l  in te rpola t ion  

The programs discussed above have a l l  been used extensively,  and have 

The mesh generators and been applied t o  solve a va r i e ty  of problems.15-18 

p lo t t i ng  ' routines are f r e e  of obvious bugs. 

t es ted  by comparison with ana ly t i ca l  so lu t ions  , l 5  and by comparison with 

numerical ca lcu la t ions  ava i lab le  in published l i t e r a t u r e  . l.6 
extensive tests and reservoir  simulation ca lcu la t ions  have been car r ied  out 

with the program,,and although the basic  equations and the physical model is 
believed f r e e  of e r ro r s ,  i t  is d i f f i c u l t  to  guarantee t h a t  a program as 

The program SHAFT78 has been 

Although 

la rge  and complicated as SHAFT78 is f r e e  of a l l  e r rors .  

t rue  s ince  d i f f e ren t  people have worked on the program. 

the program is ca lcu la t ing  the phenomena of vaporization, condensation, and 

two-phase porous flow cor rec t ly  within the l b i t s  of the physical model to  

be presented below. 

This is espec ia l ly  

However, we bel ieve 

2. THE GENERAL APPROACH 

The microscopic s t ruc tu re  of porous rock is highly heterogeneous. The 

channels through which the f l u i d s  move are tortuous and have ( i n  general)  

non-regular shapes. In  addi t ion,  the porous rock i n  a geological s e t t i n g  

general ly  has many s t r u c t u r a l  var ia t ions ,  and f r ac tu res  of widely varying 

aperture  and extent. 

more rapidly than through the microscopic pores. The macroscopic s ingle-  

phase f l u i d  flow through s m a l l  pores has been found to  be proportional t o  

the pressure gradient  (Darcy's Law) .19,20 Heterogeneous rock can usual ly  

be approximated by macroscopic rock and f l u i d  parameters. 

rates are large,21 

The f lu ids ,  i n  general ,  move through the f rac tures  

When t h e  flow 

o r  i f  the f r ac tu re  ve loc i t i e s  are very l a rge  r e l a t i v e  
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L, 
t o  the nicroscopic pore v e l o c i t i e s ,  23 the  re la t ionship  between f l u i d  

flow-rate and macroscopic pressure gradient  become$ non-linear. 
physical  dispers ion of f l u i d  v e l o c i t i e s  i n  the porous channels is  considered, 

another non-linear term appears.24 

wetting and the other  non-wetting -- the re la t ionship  between flow rate and 

pressure grad ien t  can be 'kpecif ied i n  terms of a funct ion of wetting o r  

non-we t t i n s  volumetric saturat ion.  25 

When the 

In the case of two phases - one 

It is poss ib le  t o  apply s ta t i s t ica l  averaging techniques t o  der ive 

t ranspor t  equations i n  terms of volume 

properties.26,27,28 This approach is t i r e l y  analogous t o  the nicroscopic 

averaging i n  f l u i d  mechanics, where the e f f e c t s  of molecular motions within 

the  f l u i d  can be a n a l y ~ e d . ~ g  

the case of microscopic f l u i d  

i c a l l y  averaged rock and f l u i d  

0 th  cases d i f fus ion  terms appear. I n  

' element of volume of f lu id .  e case of macroscopic averaging over the 

pore volumes, the  ve loc i ty  d i s  

channels .30 In both cases, the  re la t ionship  between the m i c  
the  macroscopic fluxes is croscopic coef f ic ien t .  In '  the molecu- 

l a r  case i t  is the d i f f u s i  

the coe f f i c i en t  of d i s p e r s i v i t  

I n  any case, macroscop 

averaging which have exact1 

ons can be derived using s ta t is t ical  
o m  as the point  equations (differen-  

or i n t e g r a l  equations ob 
n ta ry  volume) .28 Althou pedagogical considerations i n  

. m e  macroscopic form f o  e t  of i n i t i a l  assumptions. This is 

ing a macroscopic representat ive 

king a pa r t i cu la r  appr ansport  equations (obviously) have the 

with regard t o  

quations are 

er iv ing  the governing equations. 

d i f f e r e n t i a l  laws are integrated 
I 

d i f f e r e n t i a l  e derived d i r e c t l y  

assumptions are made 

or  another is pr imari ly  a mat 

n t ing  the equations 

ty l e  and preference. W e  s h a l l  s ta r t  

from the macroscopic (point)  d i f f e r e n t i a l  equations, i n t ec rn te  them over a 

w 

_ -  - - _ 1  
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volume which w i l l  have spec ia l  s ign i f icance  f o r  d i sc re t i za t ion ,  and then 

discuss  the pa r t i cu la r  numerical so lu t ion  procedure incorporated i n  the 

algorithm of SHAFT78. 

The choice of var iab les  is another question which is p a r t l y  subjective.  

There is more than one possible  choice of intensive thermodynamic var iab le  

p a i r s  from which a l l  other  thermodynamic information can be d e r i ~ e d . 3 ~  

In t e rna l  energy and spec i f i c  densi ty  are two such var iables .  When the 

equation of state (EOS) is known i n  terns  of encrpy and denaft:. tl,e ED? 

gives pressure,  temperature, and vapor saturat ion.  This completely speci- 

f i e s  the thermodynamic state i n  terms of macroscopic quan t i t i e s  we can 

measure. 

tu re ,  pressure,  and steam saturation.32 Of these three var iab les  only two 

are independent, namely, temperature and pressure i n  the one-phase region, 

and temperature and sa tura t ion  in the two-phase region. Therefore, the 

numerical treatment becomes somewhat awkward f o r  problems involving phase 

t rans i t ions .  

It is a l s o  possible  t o  use t r i p l e t s  of var iab les  such as tempera- 

In  the subsequent development of the equations we w i l l  discuss them 

only i n  terns of i n t e rna l  energy and densi ty  as the bas i s  f o r  the program 

SHAFT78 
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6. DEVELOPMENT OF EQUATIONS 

1. DENSITY EQUATION 

Consider the equation for the  t r ans i en t  change i n  densi ty ,  usual ly  

re fer red  t o  as mass conservation or as the cont inui ty  equation.33 

two-phase f l u i d  we have the t o t a l  f l u i d  densi ty ,  p,  such that: 
For a 

where the symbols are defined by 

- 
4 -  
v =  
vP = 

VV = 

s =  

t =  
F =  

densi ty  (mass per volume) of phase cz 
porosi ty  (V,/V) 

volume element of rock/f luid mixture 

_pore volume i n  

vapor sa tu ra t ion  

vapor volume in 
time 
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The coe f f i c i en t s  (conductances) are given by 

where 

t = absolute  permeabili ty 

k, = r e l a t i v e  permeability of phase a 

'a 
p = pressure 

g = grav i t a t iona l  acce lera t ion  vector  

= f l u i d  v i scos i ty  of phase a 

- 

Capil lary pressure pc = pa - 
t i o n  (1) over an a r b i t r a r y  volume T having the t o t a l  closed sur face  u gives 

is present ly  neglected.9 In tegra t ion  of equa- 

(F} dV -3(. n) da + I  qpdV 
t J f 

( 5 )  

Here n is the inward normal for  sur face  element da. The volume T is taken 

t o  be an a r b i t r a r y  non-reentrant, c losed,  N-sided polyhedron i n  three-space. 

Volume averages a re  given by 

with an analogous d e f i n i t i o n  adopted f o r  sur face  in tegra ls .  

i n t e g r a l  can be d iv ided ' in to  N 
area A, is then F, = F - n d a / h O  Then 

The surface 
In t eg ra l s ,  and the  average f l u  through the 4-- 

N 

+ q  - !E= c FmAm T 
ni=l 

(7) 
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The summation, as implied by the  d e f i n i t i o n  of Fm (although not  e x p l i c i t l y  

noted i n  eq. (7)) must be taken over a closed surface whose f luxes,  Fm, are 
determined by a gradient  i n  pressure that is perpendicular t o  the  polygonal 

flow area, k. 

The t i m e  d i f f e r e n t i a l  can be expanded by noting t h a t  

2. ENERGY EQUATION 

Consider t he  equation f o r  the  t r a n s i e n t  change In internal energy, 

usual ly  re fer red  t o  as t h e  conservation equat i0n .3~ For a two- 

phase f l u i d  in porous rock ve have f o r  t h e  t o t a l  time change in i n t e r n a l  

energy (per un i t  volume of the r f l u i d  mixture) 

a ( U P ~ + U ~ P ~  (1-4) 1 I 
a (energy/volume) , I 

~ , 

i (9) 

t 
I 

of t he  f l u i d  

f of the  s o l i d  
pS = s p e c i f i c  d - energy f l u x  

negative source corresponds t o  heat being 
w i  thdrawn) h-, 
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The energy flux of the  f l u i d  is t h e  sum of the  conductive heat  f l ux  i n  the 

rock and f l u i d ,  plus  the  sum of the  enthalpy f luxes  of the  vapor and l iquid.  

The f l u x  is given by 

where 

K = coef f ic ien t  of hea t  conduct ivi ty  f o r  the  f l u i d  
sa tura ted  r0ck3~ . 

T = temperature 

For * mass f l u x  of phase a 

ha - s p e c i f i c  enthalpy of phase a 

- 

In  evaluating the  left-hand s i d e  of eq. (9), w e  impose the  assumption that 

rock and f l u i d  are i n  thermal equilibrium a t  a l l  times, i.e., 

U 
a t  

Thus t h e  change i n  rock energy depends upon both changes i n  f l u i d  energy and 

density.  

equations (see p. 17 ) .  
obtain 

This introduces a very important coupling between energy and densi ty  

Neglecting changes i n  porosi ty  and rock densi ty ,  w e  

- 
F 
P Subst i tut ing f o r  a$p/at from eq. (1) and neglecting the  - *  Vp terms t h e  

energy equation ( 9 )  becomes 
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. 

. 

In analogy t o  sec t ion  1 we i n t e g r a t e  equation (13) over some volume T t o  

ob ta in  an equation f o r  volume face  averages, respectively: 

N .  

11 

where Q is t he  volume averaged energy source term and Q' i s  the volume 

average of t he  product uqp, whe is t h e  mass source term (see ea. ( 6 ) ) .  

3. THE SOURCE TERMS 

reservoi r  simu 

q and Q i n  eq. (7) and eq. 

ing (or  p a r t i a l l y  pene t ra t  

Conceptually, t h i s  is no p 

sources penetrat-  

t in which they re 

a spec ia l  way. The s 

volume elements must be "small" in t h e  d i r ec t ion  of rap id  var ia t ions .  
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! 

An improved technique, which can handle sources accurately without t he  

expense of introducing many add i t iona l  volume elements, i s  cur ren t ly  

being invest igated.  

4. DIFFERENCE FOL,? OF THE EQUATIONS 

Consider an a r b i t r a r y  polyhedron i n  three-space as shown i n  Figure 1. 

Assune t h a t  a l l  of the  polygonal faces  of the  polyhedron relate t o  other  

polyhedra with one polygonal face i n  common. 

(n,m) we have an i n t e r f a c e  AN, and a t o t a l  f l u x  through the in t e r f ace  

labeled Fnmm The dis tance from the  element loca t ion  n t o  the in t e r f ace  

with area 
volumes, and d is tances  between volume elements, no d i s t i n c t i o n  needs t o  be 

made between one-, two-, o r  three-dimensional f igures .  I n  the  discussions,  

however , the  two-dimensional case is easiest t o  p i c t o r i a l l y  descr ibe  and 

w i l l  be used i n  subsequent examples, as shown i n  Figure 2. 

For any p a i r  of polyhedra 

is  dn, etc. I n  t h i s  general  descr ip t ion  of f i n i t e  areas, 

The discussion above has described the s p a t i a l  d i s c r e t i z a t i o n  which is 

used i n  SHAFT78. 
which has been described elsewhereozs8 

solves  an i m p l i c i t  equation by i t e r a t i o n  f o r  t h e  f i n i t e  d i f fe rence  i n  t i m e ,  

but uses an e x p l i c i t  equation t o  "get s tar ted."  The in tegra ted  f i n i t e  d i f -  
ference forms of t h e  dens i ty  and energy equations (eq. (7) and eq. (11))  are, 

fo r  a volume element Vn 

The t i m e  d i s c r e t i z a t i o n  is an expl ic i t - impl ic i t  scheme 

It is bas i ca l ly  an approach which 

, 
w 
EA nm nm n nm (G -u F ) + (g - QBn) 

'n m = l  = A t  
*%I 

where the  ba r s  i nd ica t e  averages Over the t i m e  i n t e r v a l  A t .  
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c 

. 

Ld 

Figure 1. A three-dimensional polyhedron with a olygonal face 
area Fnm from an adjoining and f lux  through 

dral volume. 

of area 
polyhe- 

I 

flux 
m. 



1 4  

e, 
I n  eq. (2) t h e  t o t a l  mass f l u x  was noted t o  have a vapor component and a 

l i q u i d  component. The two mass flows are independent i n  t h e  sense that t h e  

Darcy equation f o r  each f l u x  can be independently wr i t ten ,  but t h e  two phases 

are coupled through t h e i r  respec t ive  relative permeabi l i t i es  which are both 

dependent on the  vapor sa tura t ion .  

forms f o r  phase a i n  element n given by (pos i t i ve  i f  i n t o  n) 

The f luxes  have t h e  f i n i t e  difference 

CII = Kg [ dn Pm + - d, Pn - ' Lynm4 

and 

v v  a a  
'run 0 Knm @ L 2) + Fnmhnm + Fnmhnm 

where Y,, is the  d i r ec t ion  cosine f o r  grav i ty .  

To obta in  t h e  i n t e r f a c e  q u a n t i t i e s  we assume t h a t  permeabili ty can 

change discontinuously a t  the  element i n t e r f a c e  but t h a t  the  f l u i d  parame- 

ters must be continuous across  t h e  in t e r f ace .  Then KInm has the  form * a  

e f f  a k" K Z  = knm prim (-1 
Pa nm 

keff d n + d m  

m d d  n m  - + -  
k k  
n. m 

a and Prim is l i n e a r l y  interpola-ed be-ween elements n and m. The in t e r -  

face mobi l i t i e s  (kh)= can be e i t h e r  s p a t i a l l y  in te rpola ted ,  o r  100% 
upstream weighted. 

For the  thermal conduct ivi ty  the  c o e f f i c i e n t  is given by 

The latter is necessary f o r  problems with phase f ronts .  
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where Kn is defined i n  equation (10). 
w 1 %  

The spec i f i c  enthalpy h can be upstream wei'ghted (see p. 1 7 ) ' o r  com- 

The pressure 

When dn = % the l in -  
are t h e  mean of t he  values  a t  element m 

nm 
puted from l i n e a r l y  interpolated i n t e r n a l  energy and density.  

a t  t he  in t e r f ace  is calculated from f l u x  continuity.  

e a r l y  interpolated in t e r f ace  va 
and element n. Note t h a t  harmonic a l l  var iab les  would give 

incorrect  r e s u l t s  in two-ph 

5.  BOUNDARY CONDITIONS 

In t e se rvo i r  simulation e several types of boundary condi t ions 

. 

the boundary as 

rnodif i ca t i o n  cc7d 

which are sometimes .required 

geological.  f ea tu re  

used f o r  ex terna l  sources 

bounded by impermeable la 
no-flow i n  the  Impermeable 

te a given production h is tory ,  or 

is case the  boundary condi t ion is a 

sec t ion  whic 

l low appreciabl  

al, a l l  necessa 

in SHAFT78. 

input  data. Implementation of t h i s  is planned as a f u t u r e  

I 
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6. SOLUTION PROCEDURE 

The expl ic i t - impl ic i t  scheme uses t h e  i t e r a t i o n  technique described i n  

ref. 40. Basical ly  i t  cons i s t s  of expanding the  time average i n  eq. (15) as 

i 

F m  = F m  (t + 0At) 

where 8 is a parameter between 0 and 1. From eqs. (15) and (22) , 

The e x p l i c i t  p a r t  of AP, can be computed from q u a n t i t i e s  known a t  the 

beginning of a time s tep ,  tk. 

occurring a t  the time tk+l - tk + A t .  

The impl i c i t  p a r t  depends upon the changes 

The solut ion algorithm computes (ApnIeXp f i r s t ,  and then uses the  value 

as zero-order approximation i n  an i t e r a t i v e  scheme t o  compute the  f u l l  expres- 

s ion  eq. (23). 
in i t ia l  value of 6 = .57, which can be modified (increased) automatically 

using a technique described in re f .  2. 

f o r  8. 

of eq. (16). 

For s t a b i l i t y  we must have 8 > 1/2. SHAFT78 uses  a defaul t  

Theusercan p resc r ibe ro the r  values 

Similar considerations apply t o  t h e  mixed expl ic i t - impl ic i t  so lu t ion  

Two addi t iona l  parameters are used i n  t h e  so lu t ion  procedure. F i r s t ,  

an upstream weighting parameter, A,  is used t o  provide values f o r  unm 
according t o  39 

Ld 



, 

, 

where "up" and "down" r e f e r s  to the va r i ab le  values  a t  element n or m, 
depending upon which is upstream or downstream, respect ively.  

va lue  is A = 0.667. 

equation. 

present  downstream we take X 

The de fau l t  

This upstream weighting is only applied t o  the  energy 

For the  case where a phase which is present  upstream is not 

The second parameter re 
duced by Evans40 t o  accelera 

s t h e  acce lera t ion  parameter in t ro-  

rgence of the  i t e r a t i o n  procedure. 

7. THE EQUILIBRATION BETWEE FLUID 

The energy and dens i ty  eq 

ros s  elements and w i t  
s are coupled i n  tw d i s t i n c t  ways, 

arises because pressure gradient  

depend upon both f l u i d  energy 

i c h  i n  tu rn  d r ive  mass and energy flow, 
ns i ty .  Therefore, a change i n  f l u i d  

dens i ty  modifies t he  ice versa) .  This 
is not very strong. 

SHAFT) by solving f i r s t  t he  en , then the dens i ty  equation, and 

r e s t r i c t i n g  the  maxim i n .  important vari (such as 

SHAFT78 (as i n  earlier 

) t o  a small perce (1% 

I 

The coupling b d dens i ty  equat io  . 
es from the presence'o trix. Its import not s u f f i c i -  

e n t l y  rea l ized  i n  the  o lder  

fmproved treatment. 
S W T ,  and SHAFT78 cont 
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ip, 
The cause of t h e  coupling within elements is due t o  t h e  dependence of 

During a dens i ty  s t e p  t h e  f l u i d  temperature f l u i d  temperature on density.  

changes. 

maintain l o c a l  thermal equilibrium. I n  eq. (16) t h e  coupling i s  represented 

by t h e  term 

Subsequently, energy has t o  flow between rock and f l u i d  i n  order  t o  

which g ives  the  r a t i o  of dens i ty  to energy change. Thls term is needed as 
input  f o r  computing t h e  energy equation, bu t  we know it only a f t e r  t he  

energy and densi ty  equations are solved in a completely self-consis tent  

way. We are present ly  inves t iga t ing  whether in some cases t h e  coupling 

between energy and dens i ty  equations can b.e so st rong t h a t  an i n t e r a t i v e  

so lu t ion  technique is needed. 

which has  been found t o  y i e ld  s a t i s f a c t o r y  accuracy f o r  a v a r i e t y  of test 

problems. 

a f t e r  t he  energy and dens i ty  equations have been solved. 

SHAFT78 uses a simpler and f a s t e r  approach, 

Namely, we make a good guess f o r  R, and co r rec t  f o r  inaccuracies  

Generally speaking, w e  take as our estimate fo r  R t h e  va lue  computed i n  

t h e  last time-step i n  each volume element. 

appl icable  i n  a l l  cases. 

denominator of eq. (16) are much l a r g e r  than t h e  f l u i d  term $p. 

a l l y ,  however the  estimated value of R is such t h a t  t h e  two l a r g e  rock terms 

approximately cancel each other.  

relative numerical inaccuracy. Physically,  t h i s  occurs in s i t u a t i o n s  where 

.the rock energy changes very l i t t l e ,  i.e., t h e  process is  estimated t o  be 

near ly  isothermal. 

Such an extrapolat ion is not  

Usually the  terms re fe r r ing  t o  t h e  rock i n  t h e  

Occasion- 

This y i e lds  a small denominator wi th  a l a rge  

SHAFT78 checks whether a subs t an t i a l  cance l la t ion  between 

t h e  rock terms occurs, and i f  

t h e  isothermal l i m i t  

so it replaces  the  extrapolated va lue  of R with 



19 

Ij 
corresponding t o  3us/at = 

also used for t h e  zeroth time 

eq. (11)). The isothermal l i m i t  f o r  R is 

p (t = sec) , where no values are 
a-Tailable t o  be extrapo 

After the energy s 
temperature T i  = T(u+Au 

Will usual ly  y ie ld  a de Au, leaving the f l u i d  

somewhat d i f f e r e n t  temperature Tf = T(u+Au, P+AP). 

we perform an e q u i l i b r a t i  and f l u i d  temperat es within each 

element a f t e r  a densi ty  s 

f l u i d  are equi l ibra ted  a t  a 

, the  subsequent densi ty  s t e p  

To cor rec t  f o r  t h i s  

leaves both a t  the me temperature 

T(u+Au' p p+Ap) 

Noting t h a t  the equ i l ib ra t ion  must not  change the  energy per  volume i n  

each element, we have 

u (u+Au, p+RAu) 
energy = 
volume 

(before equ i l ib ra t ion )  

I 

option requi res  less 

is s t rongly  recommended. 
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8. THE EQUATION OF STATE 

The bas ic  concept of SHAFT78 involves s e t t i n g  up and solving coupled 

equations f o r - t h e  flow of mass and energy d i r e c t l y  i n  terms of f l u i d  speci-  

f i c  internal energy u and dens i ty  p. An advantage of t h i s  formulation is  
that t h e  same two var iab les  (u, p) can be used t o  descr ibe the  state of water 
even i f  phase t r ans i t i ons  occur. In order  t o  implement t h i s  concept, t he  

material p r o p e r t i e s .  - in pa r t i cu la r  water temperature T, pressure p, and 

vapor sa tura t ion  S - must be computed as functions of u and p (see Fig. 3). 
We achieve t h i s  by tabulat ing T, p, and S over a rectangular g r id  

(un, pm) (n=l, . . . , N; m=l ,  . . . , M). 
(u, p) are then "looked up" through b i v a r i a t e  interpolat ion.  

Parameters f o r  t h e  desired values  of 

The tabulat ion e s s e n t i a l l y  involves a straightforward inversion of steam 
tables  which give u and p as funct ions of (T, p, S). 

by in te rpola t ion  in two s t eps  (Fig. 4). 
arise : 

The inversion is done 

The following problems, however, 

(i) Interpola t ion  must not be made across t h e  sa tura t ion  
l i n e ,  a t  which T, p, and S change slope. 

(ii) Due t o  the minimal compressibil i ty of l i qu id  water, 
the e n t i r e  l iqu id  region is very much condensed 
in the (u, p )  diagram. How can it then be tabu- 
la ted? 

Point (i) is solved i n  the following manner: 

Table construction: F i r s t  a check is  made t o  see 
whether the  sa tu ra t ion  l i n e  i n t e r s e c t s  a given 
in te rpola t ion  in te rva l .  
points  is discarded and replaced with t h i s  
in te rsec t ion .  

If  so, one of the  two end 

Table "look-up": 
three reference points  are needed. When t a b l e  points  - 

countered near the sa tu ra t ion  l i n e  where fewer than 

For b iva r i a t e  in te rpola t ion  at  least 

(%, pm) are chosen a t  random, s i tua t ions  are en- ts 



21 

. 

Equation of state for water ~ 

f 

c 

I I 

BBC 793-3584A 

otherms are also 

1.01 
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P 

energy . 

XBL 791- 7300 . 

- u  

Figure 4. A pictorial  description of the numerical conversion 
of the equation of s tate  of water to the u, p form. 
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t h ree  poin ts  of a quadrangle l i e  on e i t h e r  s i d e  of t h e  
sa tura t ion  l i n e  (Fig. 5(a)) .  I n  order t o  avoid t h i s  
s i t ua t ion ,  a l l  t h e  in t e r sec t ions  of bas i s  energies  u 
and d e n s i t i e s  pm with t h e  sa tura t ion  line are ac tua l fy  
tabulated (Fig. 5(b)).  

Point (ii) is solved thr ' tr iangulation" of t he  l i qu id  region 

(Fig. 6). A series of energy lues,  u and densi ty  values  P, is detemined 

such t h a t  t h e  entire l iqu id  r n between t h e  sa tura t ion  l i n e  and the  high- 

est isobar  as provided by t h e  input da ta  is covere 

l a t i n g  (T, p, s) a t  t h e  corners of ' the t r i ang le s ,  

made f o r  any point (u, p 

n 

te rpola t ion  can be 

The question remain 

in te rpola ted  values of T 

a t ab le  was constructed and 59 densi ty  values which covers 

most of the equation of state be t  temperatures of 100-350OC, pressures 

of 1-220 bars ,  and which ughout the l i qu id ,  two-phase, and vapor 

regions With input  data  provided from the Keenan/Keyes steam table ,  4 l ,  
the  following accuracy was  obtained 

racy which can be obtained f o r  the 

nct ions of (u, P). As an example 

of two-phase region 

st of one-phase regions 

a t e r ,  s ince  very 

s p e c i f i c  volume v = 

l a rge  pressure e r rors .  

assuming an accuracy of fl i n  the seventh d i g i t ,  we have i n  a typ ica l  case 

For example, using the Keenan/Keyes table and 



P 

U 
"I u2 u3 u4 

XBL-791-7302 

Figure 5 .  The two types of cases to  deal with in  the table 
lookup using bivariate interpolation. 

. 

f 
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AF 
(bar) 

3 

kg 
-7 3 -2 7 Av = +1 x 10 m /kg o r  Av/v = 10 X .  With dp/dv -2 x 10 bar/m t h i s  

A B C 

3.48 1.29 .62 

- 
r e s u l t s  i n  a pressure e r r o r  of +2 bar. 

reference point  d e n s i t i e s  p with a ( r e l a t ive )  accuracy of a t  least s i x  d i g i t s .  

Somewhat less s t r ingent  requirements apply t o  energies  u. 

with respect  t o  t h e  reference poin ts  can be avoided by using t h e  ana ly t i ca l  

formulas f o r  t h e  thermodynamic proper t ies  of water as provided by t h e  In te r -  

na t iona l  Formulation Committee (IFC, 1967). Sa t i s f ac to ry  r e s u l t s  are then 

obtained, while t h e  remaining inaccuracies r e f l e c t  t h e  non-linearity of t h e  

function p(u, p) (see Table 1). 

Thus i n  t h e  l i qu id  region, w e  requi re  - 
Relative e r r o r s  

14 

Table 1. Accuracy of in te rpola t ion  i n  t h e  l i q u i d  region f o r  
d i f f e r e n t  input data.  
t he  range 41-142 bars  (temperatures between 217OC 
and 338OC). 

Accuracy f o r  12 pressures  i n  

AT 
( " 0  .01 .01 I . - -- --I -I-.-...-----__ - - ---- 

(A) 

(B) 
(C) 

Input da ta  from Keenan/Keyes and Vukalovitch tab les .  

Input da t a  from 1967 ASME - Steam Table Equation 

A s  (B) with double t r iangula t ion  of l i qu id  region. 



HOW TO USE SHAFT78 

1. GENERAL PROCEDURES 

I f  the program has not bee 

f i r s t  be generated. The equat i  
generated once. The user begin running the program WATER. WATER 

computes the  1967-IFC-s team tab 

before,  the  equation of state must 

state f i l e  (or  tape) only needs to  be 

The user  spec i f i e s  a lowest and a highest  temperature (Ti,  Th) and 

a number of temperatures NT. The equation of state  f o r  water is then 

tabulated f o r  NT evenly spaced temperatures i n  the i n t e r v a l  (T i r  Th). 

The user  may a l s o  specify an e x p l i c i t  se t  of temperature values which he 

wishes t o  tabula te  . 
What w a s  s a id  f o r  temperatu a l s o  holds f o r  pressure,  except t h a t  the 

Np pressures  i n  the i n t e r v a l  (PI, Ph) are spaced such t h a t  subsequent 

values  d i f f e r  by the same ra t  than by the same absolute  d i f fe rence  

WATER w i l l  then compute a 

t abula tes  the values of energy 

of isotherms. On each isotherm i t  

including the 

a t i o n  pressure Ps for tha t u r e  (Ps is automatical l  U- 

the  WATER c a l c u l a t i  een completed, t h e  use 

0 PROPER t abula tes  u and d e n s i t  

27 
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Parameter Meaning - 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Temperature i n  OC 

Pressure i n  N/E? 
Vapor sa tu ra t ion  
Heat conductivity i n  J / m  sec°C 
R e l .  pe rneab i l i t y lv i scos i ty  ( f o r  l i qu id )  
R e l .  perrneabili ty/viscosity ( f o r  steam)) } 
Density i n  kg/m3 ( f o r  l i qu id )  
Density i n  kg/m3 ( fo r  steam)' 
Specif ic  i n t e r n a l  energy i n  J/kg ( fo r  l i qu id )  
Specif ic  i n t e r n a l  energy i n  J/kg ( fo r  steam) 

i n  m2/N see 

The inpit  to PROPER c o n s i s t s  of a tape wr i t t en  by WATER and da ta  cards. 

Some of them specify f l u i d  da t a  (v iscos i ty ,  hea t  conductivity,  r e l a t i v e  

permeabili ty);  o thers  specify the  tabulat ion t o  b e  performed by PROPER. 

PROPER opera tes  i n  d i f f e r e n t  modes, which the user  s p e c i f i e s  through the 

da ta  cards. 

i n  the "AIN program of PROPER. 

These opt ions are extensively documented by the C Q M P ? T  cards  

Some of the more important opt ions include: 

ti) Input/output tapes can be  formatted o r  binary.  

( i i )  Di f fe ren t  u n i t s  can b e  employed (with SI-units 
as defaul t )  . 

( i i i )  Rela t ive  permeabi l i t ies  can o r  cannot b e  included 
i n t o  p5, p60 In  the  la t ter  case they have to  
be  handled i n  CYCN ( see  below). 

( iv )  A se t  of energy values  can b e  computed so as t o  
"triangulate" the  e n t i r e  l i q u i d  region. Triangula- 
t i on  may be  performed up to  six times f o r  increased 
accuracy of r e su l t i ng  table. 

(v) Sa tura t ion  d e n s i t i e s  o r  energies  can b e  computed 
and appended to  whatever l is t  of d e n s i t i e s  the  
user  suppl ies . 

I f  the  user  intends t o  study problems which involve subcooled water i t  

is e s s e n t i a l  t h a t  (iv) and (v) b e  executed. I n  order t o  decide upon start-  

ing energies and the  numb3r. of t r iangula t ion  s t eps  i t  is convenient t o  have 

advance knowledge of t he  I-nsrgy values  t h a t  the t r ianqulat€on will produce. 
c 
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i d  
This can b e  determined with th  

up t o  60 t r iangula t ion  s t eps  b 

t l e  u t i l i t y  program LIQPO, which performs 

ing with an i n i t i a l  energy va lue  speci- 

't 

c 

f i e d  by the u s e r  ( t h e  ini t ia l  energy value,  however, must no t  b e  smaller 

than the  smallest s a tu ra t ion  energy provided from the  WATER-run) 

After a f l u i d  t a b l e  has  been generated by PROPER, t he  user  may perform 

reservoi r  simulations with CYCN. 

CYCM can be used t o  check the  accuracy w i t h  which in te rpola t ions  i n  the  

f l u i d  t a b l e  are madec. The user s p e c i f i e s  t he  i n i t i a l  conditions f o r  elements 

i n  terms of (T,p) (one-phase) o r  (T,S) (two-phase). CYCN then determines 
i n t e r n a l  energies  and dens i t i e s  these i n i t i a l  conditions and, upon 

completion of t h e  zero-cycle ind values  of (T, p, S) from t h e  f l u i d  

t a b l e  by in te rpola t ing  energ dens i t ies .  I f  the  d i f fe rence  from the  

i n i t i a l l y  supplied values 

must supply a more accurate  f l u i d  t a b l e  by using more closely spaced u, 

1 

than the  user  can to l e ra t e ,  t he  user 

p -values . 

c 

CYCN operates  i n  ch the user  selects by means of 

da t a  cards. The more important 

binary o r  formatte 

I 

j 
I 

see p. 50); run only a small number of cycles,  10-20 say, and 
generate  f u l l  p r in tout  for each cycle. 

A 
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0 Determine whether t he  t i m e  s t e p s  are control led by energy 
changes or by dens i ty  changes, i.e., is A%ax EVARY 
or is AP,, = DVARY? I f  t h e  maximum changes are con- 
s iderably  smaller than both EVARY and DVARY, t h i s  indi-  
cates t h a t  t i m e  s t e p s  are cont ro l led  by impl i c i t  correc- 
t i ons  (cf. eq. (23)). 

0 Set  EVARY and DVARY such t h a t  the  number of dens i ty  cycles  
per energy cycle  does not g e t  too l a rge  ( t 5  is a good 
value) . 

0 In problems with phase t r a n s i t i o n s  always use  the  opt ion 
MOP(13) = 2 (see p. 50); t h i s  ensures t h a t  rock and f l u i d  
are equf-librated a f t e r  each dens i tv  qbcycle .  

0 Compare the energy changes Au from the energy equation 
with those a f t e r  the dens i ty  equation, which contain 
correct ions from the  rock/fluid-equilibration. I f  
the  lat ter d i f f e r  by more than a few thousand Joules/kg 
from the former reduce the  energy t i m e  s t e p s .  

0 Problems involving one-phase l i q u i d  water need very 
t i g h t  cont ro ls  on dens i ty  s t eps ,  because of the  l a rge  
pressure response of l i qu id  water upon small dens i ty  
changes. A DVARY of .1 would permit pressure changes 
of approximately 1 bar  per t i m e  s tep.  

0 Run longer simulations i n  segments and restart the  . 
problem repeatedly. 
accuracy and ef f ic iency  of t he  ca l cu la t ion  may 
change during the  simulation. E.g., a system which 
i n i t i a l l y  only has l i qu id  water may become two-phase 
during the  simulation, requi r ing  much less s t r ingen t  
accuracy controls .  

The optimum balance between 

SUMMARY 

The reservoir simulator SHAFT78 is made up of several working programs 

which can be used t o  study both simple idea l ized  problems providing ins ight  

into the physical  phenomena of two-phase flow, and to  s imulate  t h e  f u l l -  

scale behavior of real producing geothermal reservoi rs .  

phenomena associated with evaporation, condensation, production, and injec- 

t i o n  can be real ized.  

together  and are presented i n  the d i f f e ren t i a l - in t eg ra l  form appropriate  f o r  

t he  IFD so lu t ion  method. In Table 3 t h e  func t iona l  dependence of the mater- 

i a l  parameters is presented. 

A l l  of the two-phase 

I n  Table 2 the  equations i n  SHAFT78 have been gathered 

Li 
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Table 2. A summary of the basic equations used in SHAFT78 
for two-phase f low in porous media. - 

E 

p: 

Fm 

a /F F.7; da 

m 

m=l 
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i 

Table 3. A summary of the functional dependence of the 
parameters used in the SHAFT78 model. 

S = S(p, u) (Equation of State) 



, 
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Although t h e  program has been developed by several people i n  the  pas t ,  

t he  current  vers ion  is q u i t e  new and t h e  authors  take f u l l  r e spons ib i l i t y  

f o r  the  content. 

some s tud ie s  were ca r r i ed  out by Lasseter on a very e a r l y  vers ion  of the  

program.3~12 

converges quickly and no unstable  o s c i l l a t i o n s  have been observed. 

formal study of the  nunerj.cs1 dispers ion associated with the so lu t ion  method 

has been made, alc1tGtif;i: tids type of study w i l l  a l s o  be ca r r i ed  out i n  the  

No s t a b i l i t y  o r  e r r o r  ana lys i s  is presented here,  although 

However, i n  a l l  cases we have s tudied,  t he  so lu t ion  procedure 
No 

fu ture .  

Good judgment is required t o  ch 

l y  reasonable, and to  provide correc put i n  t h e  formats described below. 

The sample problems below p xamples of how the  var ious parameters 

for  time-step and accuracy e chosen. Otherwose, t h e  program and 

t h e  var ious  pre- and post-pr 

are r e l a t i v e l y  f r e e  of "hidd 

e (define) problems t h a t  a r e  physical- 

. vide  t o o l s  f o r  two-phase s tud ie s  which 

n s  and r e s t r i c t i o n s .  

W e  could w r i t e  another sect n improvements planned f o r  fu tu re  

vers ions  of S U F T 7 8 .  However, s not  the proper place t o  d iscuss  

programming changes, t h e o r e t i c  ies, o r  why these fu tu re  developments 

are neces . However, i t  is or tance t o  alert po ten t i a l  users tha t  

of t he  simulator 1 under development, 

w i l l  be mat-t: ava i l ab le  period 

diagram of t h e  pro SHAFT78 and i ts  

assoc ia ted  pre- and p is summarized, 

ed flow d iag  is presented. 

V 
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L, 
2. THE INPUT FOR SHAME 

SHkhiE is  a 2-D mesh generating program which can be used with SHAFT78. 

To use the mesh generator,  t he  following cont ro l  cards should be used: 

C JOB CARD > 
SFL 70000 
FETCHPS, CHRISPUBL, SHAME, SHAME* 
FTN4, I=SIiAME 
LGO 

EOR 

TITLE CARD (79-character t i t l e  t o  output) 
*MESH 
C General parameter card > 
Region parameter card 
Region corner card 

I s i d e  proportion card* 
J s i d e  proportion card* 
INTER 

See next page 

1 set per region Side r a d i i  and proportion card See next page 

1 per  connection Interregion connection crd See next page . . . *only necessary i f  EL, E J  -0 
Blank card 
ENDME 
*SPLIT 

EOR 

EOF 
f 

General Paraneter Card 

Containing the following: LABEL, NR, NSYMN 

Format: 15, 5X, AS) 
LABEL 5-character word 
NR 
N S!Ef Should be CYLIN i f  cy l ind r i ca l  mesh. I f  anything 

Number of regions cons t i t u t ing  the  mesh 

else, rectangular  symmetry is assumed. 
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Region Parameter Card 

Format: 
IDENT 
MAT 
FLOW 

IMAX 
JMAX 
RINT 

Contains the  following: IDENT, MAT, FLOW, I M X ,  JMAX, RINT 
i 

(Al, 4x, As,; 2& 3, 2 x 9  13, El 
1-character region code number 
Name of mater ia l  in which current  region is imbedded 
Fluid flow index - i f  equal t o  NOFLO t h i s  and a l l  sub- 
sequent regions ar 
I f  equal t o  anythi 
Number of nodes along s ides  1 and 3 
Number of nodes along s ides  2 and 4 
Uniform heat t r ans fe r  res i s tance  at  in te r faces  between 
elements (msec OC 

onsidered t o  be no-fluid-flow regions. 
else, the  region is considered normal. 

Format: 

where XC and YC denote the  c s along the  horizoutal  and v e r t i c a l  

region corners l i s t e d  counter-clockwise, 

s number 4 and 1. 

Format: 

s s t r a i g h t ,  otherwise equal 
c of circle, pos i t ive  i f  convex 

ative otherwise. 

-sides of the region. 
e fed in ,  each 

being proportion the  correspond 
ive,  t he  lengt  

* f the  in t e rva l s  are i n  

f a r  end of t h  
I 
I 

i 
L I  A set  of IMAX-1 values proportional t o  the lengths  of the  in t e rva l s  
W 

along the  sSdes is entered with Format (8E10.3). 
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J-side Proportion Cards (only i f  EJ is zero) 

A set of UMX-1 values proport ional  t o  the lengths  of the  in t e rva l s  

along the  s ides  is entered with Format (8E10.3) . 
In te r reg ion  Connection Parameter Card 

Format: 

I D R l  
NSl 
IDR2 
NS2 
IS0 

DELl 
DEL2 

RINT 

(2(A2, 2X, 11, 5x1, 15, SX, 3310.3) 
ID=, NS1, IDR2, NS2, ISO, DELl, DEL2, RINT 
Code number of one of the  two connected regions 
Number of the  connected s i d e  

Same as above, f o r  t he  other  of t he  two connected regions. 
Anisotropy d i r e c t i n a  index t o  be assigned t o  every elementary 
connection i f  the  indices  as def'ined i n  both regions differ.. 
I f  both are zero, t he  connection dis tances  are determined 
by the  geometry of t he  connection. I f  any one is nonzero, 
the corresponding value is uniformly assigned t o  the d is tance  
from the  center  of every side-element i n  the corresponding 
region t o  the  s i d e  commonto both regions. 
Uniform heat  t r ans fe r  res i s tance  (msec O C / J )  along the 
connection. 

Card 85 is repeated f o r  each of the  in te r reg ion  connections. 

3. THE INPUT FORMAT FOR OGRE 

* The program OGRE requires ,  as input,  the  x, y, z coordinates of the 

d i s c r e t e  element loca t ions  being used t o  specify a pa r t i cu la r  reservoir ' s  

geological  system. Rom the  list of element locat ions,  the  program f inds  

t h e  midpoints of l i n e s  jo in ing  adjacent elements. 

program constructs  a perpendicular plane. 

i n  the three-space def ine an i r r egu la r  ( i n  general)  n-sided polyhedron 

around each element center.  

" t i l ing"  which has polygons with a l l  faces  perpendicular t o  the l i n e s  

jo in ing  adjacent elements. The areas between adjoining elements and the 

volume of each element are calculated.  The end r e s u l t ,  i n  general ,  is a 

three-dimensional g r id  of n-sided polyhedra f o r  which the element' locat ions,  

the  connecting (flow) areas, and the  element volumes are a l l  known. Since 

the  g r ids  are f i n i t e  the  program must have information about the boundary of 
* OGRE w a s  developed by Oleh Weres of LBL. 

A t  each midpoint the  

The in t e r sec t ions  of the  planes 
I 

In  two-dimensions the  program produces a unique 
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$ 

t he  grid.This is supplied as a set of "dummy" elements which are used only 

t o  l i m i t  the  extent  of the  g r id  and are not intended f o r  use i n  the reservoir  

simulation. 

L, 

'L 

The program current ly  a l l  de f in i t i on  of up t o  800 elements and 4000 
i n t e r f a c e  areas. 
fier. 

Each element can be assigned an a r b i t r a r y  material ident i -  

I The program uses only small core memory on the  CDC 7600. 

Input f o r  OGRE 

Card 1 (8AlO) 

IPRINT = .  80 column e ( l abe l )  card 

Card 2 (615) . 
NNR = *  .of elements i n  the g r id  
NNT = the  t o t a l  number of elements including dummy 

MRANK 2: the  t o t a l  number of elements t o  be ranked 
MRmX P a p p r o x G t e  number of neighbors t o  be tes ted  

MRMAXS = approximate number of neighbors t o  be tes ted  f o r  

elements 

f o r  connection 

connection within a s i n g l e  material group 

.I 

* 

e 

U 
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&d 
Card 4 (4E10.3) 

THETA 
PHI 
PSI 

ANGC 

In t e rna l  r o t a t i o n  angles. 
t o  nonzero values. 

Set by de fau l t  

I f  ATlGC # 0, the  above var iab les  may be set 
equal t o  zero. 

For de fau l t  leave t h i s  card blank. 

Card 5 t o  NGIVEN + 5 (A5, 5X, AS) 

I d e n t i f i e r s  of p a i r s  of elements whose connections are t o  be included i n  the 

ca l cu la t ion  (above and beyond those which the program f i n d s  i t s e l f ) .  

present  when NGIVEH = 0. 

Not 

These p a i r s  of spec i f ied  elements allow the  user 

t o  i n s e r t  connections as desired.  

Card NGIVEN + 5 (A5, SX, 3E20.12, 5X, AS) 

. . . 
NGIVEN + NNR + 5 

. . . 
NGIVEN + NNT + 5 

I d e n t i f i e r ,  x, y, and z l oca t ion  coordi- 
na tes  and material i d e n t i f i e r  

For each of NNR real  elements, followed 
by same f o r  each of IJNT-"R dummy elements. 

The l a rge  number of s ign i f i can t  f i gu res  is e s s e n t i a l  i f  input cards have 

been prepared by another program, but  they are usually unnecessary otherwise. 

The purpose f o r  having a l a rge  nunber of s i g n i f i c a n t  d i g i t s  is t o  keep 

1/0 as-sociated t runcat ion from causing "exactly" (i.e.,  t o  within conputa- 

t i o n a l  roundoff e r r o r )  p a r a l l e l  planes t o  be "almost pa ra l l e l "  and thereby 

wreaking havoc with the calculat ion.  Manually prepared input  da ta  is not 
sub jec t  t o  t h i s  and may be provided i n  any E20.n o r  F20.n format desired.  
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Discussion of OGRE Printed Output  

EPSBC, etc., a r e  threshold values used t o  test whether or  not various 1 

quan t i t i e s  are equal t o  zero. 

the i d e n t i t y  of points ,  the para l le lness  of l i n e s ,  the v e r t i c a l i t y  of 

planes, etc. 
accumulation. The defaul t  valu 

element separat ion on the ord 

i n  meters.. khch s n a l l e r  . gr id  

and vice-versa. 

These quan t i t i e s  arise i n  tests to  determine 

a 
A threshold v l u e  is necessary because of roundoff e r ro r  

are appropriate f o r  a problem with typ ica l  

of 100 meters with a l l  1/0 and calculat ions 

ensions might require  smaller test values 

The three angles THETA, PHI, PSI define an i n t e r n a l  coordinate system 
which is ac tua l ly  employed i n  calculat ion.  The choice of defaul t  

values is a rb i t r a ry ,  a l t h  
much smaller than the defaul t  . The defaul t  values are used when 

zeros or  blank f i e l d s  are the value of ANGC is  a l so  zero. 

Se t t ing  ANGC not  equal t o  

three ' angles,  should t h i s  be 

loyed probably should not be 

w zero values as input f o r  the 

The conversion to  th t e r n a l  coordinates is done at  the t i m e  

put ,  .and a l l  coordinates onverted to  the ex terna l  coordinate system 

j u s t  p r i o r  to output 

only be seen i n  the 
i n  the i n t e r n a l  coordinate system would 

r r o r  message and sour 

dump 

The purpose of t h i s  co 
c es and ce r t a in  s i m  

use exact ly  v e r t  
t a i n  of the a lg  

I 

I 
s lues  of EPSBC, I 

uble develops . 
t i v e  e r r o r  messages ("TROUBLE-A 

ate i n t e r n a l  data  values. 
u 
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Ld A n  oddball  vertical plane o r  something s i m i l a r  caused by an unfortunate 

choice f o r  the ro t a t ion  angles w i l l  cause one o r  a few error-messages to  be 

generated. A poor choice f o r  one o r  more of the threshold test values w i l l  

usua l ly  cause 100 ( the  maximum number allowed) e r r o r  messages t o  be genera- 

ted. Ei ther  case can be d e a l t  with by changing the appropriate  values. In 

the f o m e r  case, a completely a r b i t r a r y  change should su f f i ce .  

There have been no program-generated e r r o r  messages s ince  the code'was 

debugged and the present  de fau l t  values adopted, b u t  the p o s s i b i l i t y  remains. 

The code is designed to  "skip over" any d i f f i c u l t y  t h a t  i t  recognizes during 

execution and complete the rest of the mesh the b e s t  i t  can. The l is t  of 

input ted elements is self-explanatory. 

The following page is generated during the ac tua l  ca lcu la t ion ,  which is  

performed element by element. K is the  i n t e r n a l  i d e n t i f i e r  of each element. 

It is simply the ordina l  pos i t ion  within the input  deck of elenents.  1.IEIR i s  

the t o t a l  number of neighboring elements which the program i d e n t i f i e d  as 

poss ib le  connected neighbors. (Neighbors ex terna l ly  supplied under the 

NGIVEN option and not  redundant t o  those i d e n t i f i e d  by the program a r e  

included above and beyond NMR). " A T  is the  number of material designation 

groups to  which the FlMR neighbors belong. NIIS and I l l s  are the number of 

neighbors f a l l i n g  i n t o  the f i r s t  material group i d e n t i f i e d ,  and the corres- 

ponding material i d e n t i f i e r .  In  t h i s  example, a l l  elements belong to  the 

material (blank). I f  pore than one material group is present ,  the ("!IS, 

TIS) f i e l d  is repeated as many t i m e s  as necessary. In  a l l  cases,  "K 5 

MFNAX and NllS 5 W i S .  This is the s ign i f icance  of these input  parameters. 

When more than one material group is present ,  usual ly  FiIiR 2 NHS. 

Tota l  Number of Geometric Trouble Flags is the  number of t i nes  the 

program noted d i f f i c u l t i e s  and acted upon them. Each instance r e s u l t s  i n  

the pr in t ing  of an e r r o r  message up t o  a maxinun of 1 O G  messages. 

I n  Output Node L i s t ,  LtaT is the  material i d e n t i f i e r  f o r  each element. 

NC is the number of neinh5nrtug elements t h a t  i t  is connected to ,  and a l i s t  

of the connec tea a h i e n t s  foliows 
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The Total  Number of Connections (NCT within the program) is the t o t a l  

number of connections given or  i den t i f i ed ,  including those between real 

elements and dummy elements- 

(NCF) does not include those between elements and dummy elements- 

The Number of Interelement Connections 
5 

0 

IFACE is  the in t e rna l  e n t i f i e r  f o r  each connection generated 

and IA, IB are the numerica s f o r  the connected elements- NODEA 

and NODEB are the element is  the perpendicular (i-e., shor tes t )  
. dis tance  .from e i t h e r  of the n t  centers  t o  the plane in t e r f ace  

between them- (The two d i  h a y s  equal- Note tha t  the l i n e  

between the two nodes need n 

between them). The values A 

of the in t e r f ace  plane wr i t ten  

l l y  pass through the polygonal i n t e r f ace  

h D are the -coe f f i c i en t s  f o r  the equation 

, 

User Defined F i l e  Outputs 

tpu t  f i l e s  required, TAPE4 is  wr i t ten  

main program, OGRE, a and TAPE6 are wr i t ten  by the subrou- 
SECT. TAPE4 is . the S . The f i r s t  record 

gives the number of elements 

tonnections. The next NNR 
followed by the t o t a l  number of 

f o r  each of the e l  

1 not  be the phys d e n t i f i e r  used by S 8. Therefore, 

t ’  

8 

The values NA and NB are 

and C has  the grea 

It is required by SHAFT78 t o  handle 
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the  e f f e c t  of gravi ty  upon flow. HTR is  the in t e r f ace  hea t  t r ans fe r  r e s i s -  

tance used by SHAFT78. OGRE sets HTR = 0. I f  another value is desired,  i t  

m u s t  be  supplied by OGRE and SHAFT78. 

TAPE5 is the  p l o t t e r  output f i l e  which contains  a l i s t  of a l l  connec- 

t ions  calculated.  There is one record f o r  each connection, f o r  a t o t a l  of 

NCT records.  Each record contains  the following: 

NAYEA, NAMEB, Ni-1, (X ,  Y, Z) repeated N+l times. 

“.YEA and NA!!EB are the names of the  two connected nodes. N + 1 is the  

number of corners  (edges) which the  convex plane polygon which represents  

t h a t  connection has, plus  one. Each t r i p l e t  (X, Y, Z) is the  pos i t ion  i n  

space of one of those corners.  The coordinate  t r i p l e t s  a r e  arranged i n  

proper order around the polygon, and the f i r s t  one is repeated a t  the end, 

thereby closing the polygon. 

TAPE5 is input  f o r  the program PLOT0 which generates  the ac tua l  p l o t t e r  

commands. It is no t  a p l o t t e r  command f i l e  i t s e l f  . 
The records wr i t t en  on TAPE6 are a subsef of those on TAPE 5. That is, 

only connections between two real elements are included. Those which 

connect a real element t o  a dummy element are not  included. There are a 

t o t a l  of NCF records i n  TAPE6, each of which is i den t i ca l  t o  one of the 

records i n  TAPE5. 

TAPE5 contains  the information needed t o  c r e a t e  a complete p i c tu re  of 1 

the  grid. 

with any b u t  the  s i m p l e s t  problem. 

because a l l  of the  l i n e  segments are retraced two o r  th ree  times as a 

consequence of representing shared edges. 

Haking such a p ic tu re  a f t e r  each run is e s s e n t i a l  when deal ing 

This p l o t  is done with half  weight l €nes  

TAPE6 allows the i n t e r n a l  flow connections within the grid to  be 

visual ized.  This is also needed to  properly check out  a grid.  These p lo t s  

are even more useful  as p a i r s  of s t e r eo  p l o t s  rotated by a sna l l  angle 
L 
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r e l a t i v e  to.each other.  Line them up i n  f ron t  of you, c ross  your eyes, and 

see the  gr id  pop out  i n  3D. 

4. THE INPUT FORMAT FOR w . u m  

The u n i t s  employed are OC f o r  temperatures, N/m2 f o r  pressures. 

Card 1 ra tu res  f o r  the tabulat ion 

IT ced temperatures 
ITT = number of e x p l i c i t l y  provided temperatures 
T(1) = f i r s t  of evenly spaced temperatures 

T(1T) = l as t  of eve 

Ccxd 2 s (opt ional ,  only if 

FORHAT (8E10.4) 

e x p l i c i t l y  prov temperature values 

Card 3 sure values for  the tabulation. 

e values (option 

essures  values 

(more than one card i f  IPP > 8) 
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WATER generii.tcr; pr inted output and LWO Eiles. 

TAPE9 contains  "special  data," i.e., d a t a  f o r  the  highest  isobar  and 

f o r  the sa tu ra t ion  l i ne .  

TAPE8 contains  "isotherms," i.e., f o r  each temperature value,  water 

energy, densi ty ,  and vapor sa tu ra t ion  are t a b d a t e d  as a funct ion of pres- 

sures.  The s a t u r a t i o n  pressure appears twice, with funct ion values  refer-  

r i ng  t o  l i qu id  water and stem, respect ively.  

Both f i l e s  are wr i t t en  i n  formatted mode. The input  f i l e  needed by 
PROPER i s  obtained by executing 

f 

COPY, TAPEg/RB, IFXI?,. TAPEB/RB, NEW. 

i.e., f i r s t  TAPE9 and then TAPE8 has to be copied, with t h e  end-of-file mark 

after TAPE9 being deleted.  

Card 1 

IUNIT 

0:  

5. THE INPUT 

1) 

1: 

2: 

ICHOLC 

FORMAT FOR PROPER 

holds various opt ions 

FORMAT (2613) 

determines the  units used i n  PROPER 

input and output are i n  metric u n i t s  (energies  i n  Joules ,  
pressures i n  N/m2); use t h i s  opt ion i n  conjunction with 
WATER 

energies  are input  i n  kcal ,  pressures  i n  ata (= kgf/cm2); 
output is i n  metric uni t s .  

energies  are input i n  Joules ,  pressures  are input i n  bars ;  
output is i n  metric units. 

set equal t o  2 
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ICHOIC (2) 

0:. generation of (u,p) - t ab l e s  is  made fo r  input values of 
. u andp. 

1: sa tu ra t ion  dens i t i e s  f o r  input energies  are appended t o  
l i s t  of input d e n s i t i e s  (imperative i f  pooblems are 
s tudied which involve phase t r ans i t i ons ) .  

ICIIOIC(3) set equal t o  0 

ICHOIC(4) 

0: tabula tes  only T, p, S as funct ions of u and p.  

1: reads da t a  f o r  'relative permeability, v i scos i ty ,  and 
thermal conductivity;  then proceeds t o  generate a f u l l  
(u,~) t ab l e  of a l l  10 f lu id ,p rope r t i e s .  

ICHOIC(5)  

0: equation of state (EOS) - input  is as i sobars  ( f o r  each 
pressure a list of T, S, u, PI. 

1: EOS - Input is as isotherms ( f o r  each temperature a 
list of p, S, u, 0 ) ;  t h i s  opt ion is needed in conjunction 
with WATER. 

ICHOIC (6  ) 

0: 

1: 

tapes are r e a d b i t t e n  i n  binary node.' 

tapes are r e a d h i t f e n  i n  formatted mode ( t o  be used I 
ICHOIC ( 7 ) 

are included i n  parameters P5 

* 

1: 

i d  region of EOS. 
FORMAT (6(13, E10.4)) 

number of energy values  t o  be generated by t r iangula t ion  
of t he  l i qu id  region of t h e  EOS. 

MAx(1) 
CbJ 

J 
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ESTART(1) s t a r t i n g  energy f o r  t r i angu la t ion  process (must not be 
smaller than the  lowest s a t u r a t i o n  energy provided from 
input data) . 
as before,  f o r  performing a second t r iangula t ion  
t o  increase accuracy . 

0 .  . 
ESTART(6) up t o  s i x  t r iangula t ions  can be performed 1 

The t o t a l  number of energy values  must no t  exceed 99. 

necessary f o r  problems,involving (subcooled) l i q u i d  water. 

Triangulation is 

Card 3 

m 
ND 

Card 4 

Card 5 

reads number of e x p l i c i t l y  provided energy and densi ty  values. 
FORMAT (2613) 

number of 'energies 
nunber of dens i t i e s  

reads NE energy values ,  8 per  card 
FORMAT (8E10.4) 

reads MI dens i ty  values ,  8 per  card 
FORMAT (8E10.4) 

Card 6 
FORMAT (15) 

NR 

Card 7 

Card 8 

Card 9 

Card 10 

number of points  f o r  t ab le  of r e l a t i v e  permeabili ty (not  t o  
exceed 33) 

reads NR values of vapor sa tu ra t ion  i n  ascending order,  
8 per  card. 
FORVAT (8E10 4) 

reads NR values  of l i q u i d  r e l a t i v e  permeabili ty corresponding 
to  the above vapor sa tua t ions ,  8 per  card. 
FORFIAT ( i E l O  4) 

reads MR values of vapor relative permeabili ty corresponding 
t o  the above vapor sa tu ra t ions ,  8 per  card. 
FORMAT (8E10.4) 

begins the v i scos i ty  data .  
FORNAT (E10-4, 15, A5) 
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PATM pressure i n  u n i t s  of technical  atmospheres 
(ata = kgf/cm2) . 

13TT number of temperature (and v i scos i ty )  - values f o r  t h i s  
pressure ( o exceed 5 0 ) .  

c nrm E'ClDbb: PATM is the last  (highest)  pressure f o r  which 
v i scos i ty  da t a  are read. 
blank: continue to  read v i scos i ty  data.  

Card 11 reads NTT temperature values,  8 per card. The temperatures 
must appear i n  ascending order,  with the sa tura t ion  
temperature corresponding t o  PATM appearing twice. 
FORMAT (8E10 4) 

Card 12 reads NTT v i scos i ty  values ,  8 per  card, corresponding t o  
PATH and the t?TT temperatures read i n  card 11. For the 
sa tu ra t ion  temperature, need the v i scos i ty  of sa tura ted  
l i qu id  f i r s t ,  then t h a t  of sa tura ted  steam. 

Unless JEND w a s  equal to  
going through the cycle  CARD 10 - CARD 11 - CARD 12. 
be read. If JEND w a s  equal tc E?m, PROPER proceeds t o  read data  f o r  thermal 
conduct ivi ty  of watrx. 

Card 13 

ER w i l l  continue reading v i scos i ty  da ta ,  
Up to  25 isobars  can 

begins t h e  thermal conduct ivi ty  data.  These da t a  are read 

PATM 
NTT 
JEND 

Card 14 reads NTT te 

roc  

ch case t h e  inp  

PROPER generates  pr in ted  output  and a f i l e  TAPE11, which contains  a 
t a b l e  of f l u i d  proper t ies  s u i t a b  s input  f o r  CYCN. 
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6. THE INPUT FORMAT FOR CYCN 

During the development of SHAFT78, a number of op t ions  have been created 

The following descr ip t ion  includes those f o r  running CYCN in d i f f e r e n t  modes. 

opt ions which are use fu l  f o r  appl icat ions.  

f o r  CYCN is given in Figure 9. 
An overview of t h e  input format 

The input  deck f o r  CYCN begins with one o r  two "starred" cards. 

Card 1 *(TITLE, opt ional)  

The card has a star i n  column 1, followed by a 79-character 
t i t le .  
output and can be used t o  i d e n t i f y  a problem. 

The t i t l e  is printed as a header of every page of 

Card 2 

Card 3 

MODE 

I D I N  

IREL 

*CYCLE ( t o  be punched i n t o  columns one t o  six) 

This card i n i t i a t e s  t he  a c t u a l  simulation. 

determines the  input mode f o r  t h e  t a b l e  of f l u i d  proper t ies ,  
as generated by PROPER. 

FORMAT (12, 214, 7E10.4) 

0:  f l u i d  proper t ies  are read from binary t a p e  
1: f l u i d  proper t ies  are read from formatted tape. 

number of energy o r  dens i ty  va lues  i n  the  f l u i d  t ab le ,  
whichever is l a rger .  If l e f t  blank, t he  de fau l t  va lue  is 
81. IDIM m u s t  not exceed 99. 

0: relative permeabi l i t ies  are obtained from the  f l u i d  
table.  

f.0: relative permeabi l i t ies  are computed i n  CYCN according 
to  one of the following choices: 

1: Corey's equation as given i n  re f .  ( 4 2 ) ,  with 
= h e ,  REL(2) = sgc. 

2: Pelative permeabi l i t ies  are in te rpola ted  from a 
t ab le  of values ,  spec i f ied  i n  a r r ay  REL2 i n  sub- 
rout ine PARAli. A t  present ,  REL2 contains  da t a  
as given i n  re f .  (43). 

P = I J ( I )  parameters to be used i n  computing r e l a t i v e  permeabi l i t ies  
( a t  present  only REL(1) and REL(2) are operat ive) .  
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u 
Card 4 

MAT 
DM 
FOR 

Repeat card 4 

Rock propert ies .  
E'ORMAT (AS, 5Xp 7310.4) 

f i v e  character  material i d e n t i f i e r  
spec i f i c  densi ty  ( i n  kg/m3) 
porosi ty  

absolute  permeabi l i t ies  i n  the d i r ec t ion  spec i f ied  by 
the index ISOT (see card 8.1) ( i n  m2) 

heat  conductivity ( i n  J / m  secOC) 
s p e c i f i c  hea t  ( i n  J/kg°C) 

fo r  each d i f f e r e n t  rock material. 

A t  present ,  up t o  seven d i f f e r e n t  materials can be defined. 

Card 5 blank card ind ica tes  end of rock property data .  

Card 6 has two options,  o be punched i n  columns one through f ive .  

"START" : 

TZESTA~': restart roblen, i n  which case CYCN needs a f i l e  

begin a new problem . 
be described below. 

The next f i v e  cards descr  i c h  are needed i n  the calculat ion.  

Card 6.1 5(5X, 

n t o  be performed. 

- 
c 

es and transduc tances 
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maximum number of cycles t o  be performed. MCYC 

maximum duration, i n  machine seconds, of the simulation. MSEC 

pr in tout  w i l l  occur f o r  every mul t ip le  of MCYPR cycles. MCYPR 

allows choice of var ious options. Default options preva i l  
f o r  MOP(1) = 0.  MOP(1) through MOP(8) generate addi t iona l  
pr in tout  i n  various subroutines,  i f  se t  # 0. 

INPUT 

PARAM ( the  l a rge r  MOP(2) is the more pr in tout  w i l l  be 
generated). 

THICK 

TRIP 

GETIT 

FLICK 

FLIP 

SHACK (do not set NOP(8) > 4) 

MOP(9) through MOP(14) modify the way ca lcu la t ions  are 
being performed. U s e  only those options t h a t  are 
discussed here! 

determines the composition of the source f lu id .  The 
r e l a t i v e  amounts of l i qu id  and vapor are determined: 

MOP(9) 

0 :  according t o  relative mobi l i t i es  i n  the source element. 

1: source f l u i d  has the same (up  p) as the producing 
eleuent . 

2: only vapor is produced. 

3. only l i qu id  is produced. 

set equal t o  0. MOP (10) 

MOP (11) determines mobi l i t i es  a t  in te r faces .  

0: mobi l i t i es  are s p a t i a l l y  interpolated between 
adjacent elements. 
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i 0: mobi l i t i es  are upstream weighted, namely 

1: 

2: 100% upstream weighting 

For problems with a phase f r o n t  MOP(l1) = 2 is imperative! 

upstream weighting with WUP (defaul t  is.667). 

MOP(12) set equal t o  

KOP(13) 0: pe r fom rock/fluid equi l ibra t ion  j u s t  once a f t e r  
densi ty  step.  

perform rock/f luid equi l ibra t ion  a f t e r  every 
density-subcycle (s t rongly recommendedl). 

2: 

MOP(14) 0: de fau l t  

7: update der ivat ives  f o r  roclc/fluid equi l ibra t ion  
( t h i s  option t o  be used only with MOP(13) = 0 ) .  

For problems i n  which elements 

required. This option sh dard i n  almost a l l  cases. 

change phase MOP(13) = 2, MOP(14) - 0 is 

e of one e l b e n t ,  t o  obtain a shor t  

of the mater ia ls  ( rocks) ,  t o  
-, and heat-balances for (part 

f o r  each elem r normal completion of the run 
a t i b l e  with the hitis1 
ow); they provide an alter- 

na t ive  f o r  r 

mass f luxes are punc 
low), provided 'PUNCH was 

Otherwise no add 
w i l l  occur. 
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Card 6.2 

TSTART 

TIMAX 

TIMEP 

DELTEN 

DELTEX 

DELTFN 

DELTFX 

SCALE 

Card 6.3 

EVARY 

DVmY 

ERRE 

ERRF 

FORP 

time parameters 
FORMAT (8E10.3) 

TSTART, TIIUX, TIbiEP, DELTEN, DELTEX, DELTFN, DELTFX, SCALE 

: s t a r t i n g  t i m e  of t he  ca l cu la t ion  i n  seconds. 

: time i n  seconds at which ca l cu la t ion  should stop. 
I f  zero or blank, simulation proceeds u n t i l  calcu- 
l a t i o n s  s top  according t o  some other  c r i t e r ion .  

: time i n t e r v a l  (sec.) between pr in touts .  

: minimum energy t i m e  s t e p  (sec.); de fau l t  = 

: maximum energy time s t e p  (sec.); d e f a u l t  = 

: minimum dens i ty  t i m e  s t e p  (sec.); de fau l t  = 10-12 

: maximum dens i ty  time s t e p  (sec.); de fau l t  = 10+12 

: scale f a c t o r  used t o  change the  s i z e  of the  mesh 
t o  be fed i n  (defaul t  = 1.0). 

va r i a t ion  parameters 
FORMAT (8E10.3) 

WARY, DVARY, ERRE, ERRF, FORP, FORFP, WUP, PCT 

: optimum change (J/kg) i n  the  f l u i d  specif 'ir iL:-e:a:L 
energy f o r  every element over any mer?:? <.:[!'). ;et 
equal t o  1000 J/kg i f  zero or  blank. 

: optimum change (kg/m3) i n  the  f l u i d  dens i ty  for 
every element over any dens i ty  s tep.  
1 kg/rn3 i f  zero or blank. 

Set equal t o  

: convergence c r i t e r i o n  (J/kg) f o r  the  i terat ive 
scheme solving the  energy balance equation. 
Set equal t o  EVARY i f  zero or blank. 

: convergence c r i t e r i o n  (kg/m3) f o r  the iterative 
scheme solving the  mass balance equation. 
equal t o  

: impl ic i t -expl ic i t  weighting f ac to r  i n  the energy 
balance. Computed every energy s t e p  i f  zero or 
l e f t  blank. 

Set  
DVARY i f  zero or' blank. 
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FORF : impl ic i t -expl ic i t  weighting f ac to r  i n  the  densi ty  
bd 

balance. 
l e f t  blank. 

Computed every dens i ty  s t e p  i f  zero o r  

WUP : upstream weigh f a c t o r  used i n  evaluating the  
minimum value of t h e  expl ic i t '  energy convection 

ce. Set equal to e667 if 
zero omitted 

PCT over a t i m e  s t e p  i n  any va r i ab le  
t o  .01 i f  zero or l e f t  

Card 6.4 
FORMAT (6E10.3) 

EONE, DONE, FONE, GF, RATEQ, CUT 

i n i t i a l  V a l  
ed In  deck "INCON" (#lo; i n i t i a l  

f o r  DONE > 1) 

two-phase case. 

I 

: accurac 
w 

c 

is replaced with 

If the  problem is r e s t a r t ed  using r e s t a r t - f i l e  ("RESTA" i n  Card 6 )  the  cards 
7 through 11 are omitted. 
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i 

Card 7 
- 

This card precedes the element information, described below (columns 1 t o  5 ) .  

Card 7.1 
FORMAT (AS, 215, A5, E10.3) 
EL1, NSEQ, NADD, AMA, VOLX 

EL1 : code number of the first element i n  the sequence. 

NS EQ : number of addi t iona l  elements. 

NADD : increment between the  code numbers of two successive 
elements 

AMA : name of material of which the.sequence of elements 
is composed. 

VOLX : volume (123) of each element. 

The card (- may be inser ted  among the  deck of cards 7.1 t o  

ind ica te  tha t  the follcwing elements are outs ide the  flow domain. Conver- 

s e ly ,  card FLdW indica tes  t h a t  the  following elements do belong t o  t h e  

flow domaic. 

Card 7.2 

Card 8 

blank card 

This card placed a f t e r  a l l  elements i n  the mesh have been 
s p c r i Z i e d  by way of card 7.1, ind ica tes  the end of deck 7. 

This card introduces some connection inf,>rmation; connections having 

t h e  same cha rac t e r i s t i c s  are l i s t e d  as a sequence on a s ing le  card by using 

approiqriate values of NSEQ, NAD1, and E u 2  (see  below). 
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Card 8.1 
FORI 

EL1 
EL2 

NSEQ 

NAD1 
NAD2 

ISOT 

D1 
D2 

AREAX 

BETAX 

RINTX 

AT (2,.5, 415 ,  5E10.3) 

ELI, EL2, NSEQ, NAD1, NADZ, ISOT, D1, D2, AREAX, 
BETAX, RINTX 

: code numbers of the two elements linked by the 
first connection in the sequence. 

: number of additional connections in the sequence. 

: increments between code numbers of corresponding 
elements in t successive connections. 

: set equal to 1,2 or 3; specifies absolute permea- 
(ISOT) for the materials in elements 
re PER is read in through card 8 4 .  

This allows assignment of different permeabilities 
in e.g. the horizontal and vertical direction. 

: (connection) distances (m) from center of each of 
any pair of elements to their common interface. 

: (connection) area (m2) of each common interface. 

C 

: (direction) osine of the gravitational acceleration 
and the normal to the common interface, oriented 
from the first to the second element in each 
connected pair. 
zero or blank. 

effect if GF in card 6.4 is 

(msec°C/J) . 
blank card 

ard, placed afte have 

indicates the en 

been listed by way of 

e 

es not The inf oruxitlcrti 
S e completely through 

tape "MGSH" from program SHAME. 
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Card 9 CCidLk 

Introduces heat and mass generation da ta ;  any element may contain 

severa l  headmass sources o r  sinks.  

c h a r a c t e r i s t i c s  can be l i s t e d  as a sequence on a s i n g l e  card. 

Sources o r  s inks  having the same 

Card 9.1 
FORMAT (2A5, 415, 5 x 9  A4, 1x9 2E10.3) 

ELI, S1, NSEQ, NADD,.NADS, LTAB, TYPE, GX, EX 

EL1 

s1 

NSEQ 

I U D  

NADs 

LTAB 

TYPE 

cx 

Ex 

Card 9.2 

: code number of the  f i r s t  element i n  the sequence. 

: code number of the  f i r s t  source i n  the sequence. 

: number of subsequent elements. 

: increment between code numbers of two successive 
elements . 

: increment between code numbers of two successive 
sources . 

: number of points  in t a b l e  of generation rate versus 
time (must not exceed 300). Set 0 o r  1 f o r  constant 
generation rate. 

: U S S  - m a s s  source 
JEAT - heat source 
Default (blank) is MASS. 

: constant generation rate, pos i t i ve  f o r  in jec t ion ,  
negative f o r  production; GX is  mass (kg/sec) f o r  
a MASS source, energy (J/sec) f o r  a HEAT source. 

: f ixed spec i f i c  enthalpy (J/kg) of the  f l u i d  f o r  mass 
in jec t ion  (GX > 0). 

t ab l e  of generation rates versus t i m e  
(LTAB > 1 only). 

FORMAT (4E14.7) 

Read a l l  generation t i m e s  ~ 

(F l ( J ) ,  J = 1, LTAB) 



F1 

(F2(J), J k, LTAB) 

F2 : generation rate (J/SeC or kg/sec) 
a 

Cjlrd 9.3 ) of injected f lu id  

pecif ic enthalpies. 

(F6(J), J = 1, LTAB 

F6 : spec i f ic  enthalpy (J/kg). 

See MOP(9) (Card 6.1) for spec 

Repeat cards 9.1 

Card 9.4 

n of f lu id  energy for production. 

), for all source elements. 

Card 10 
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. 
Ex : f lu id  

DX : f lu id  densi 
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This card is repeated as many times as necessary t o  prescr ibe i n i t i a l '  

conditions other  than the defaul t  values spec i f ied  i n  card 6.4 .  

can be (T,p) o r  (T,S), as explained i n  connection with card 6.4. 
(EX, DX) 

Card 10.2 blank card 
This card ind ica tes  the end of deck 10. 

Card 11 (,,, 
This card introduces the i n i t i a l  mass flow rate, which may be useful  

whenever NOEOF equals 1; connections having the saue cha rac t e r i s t i c s  

are l i s t e d  as a sequence on a unique card. 

Card 11.1 
FORMAT (2A5, 315, 5x9 E10.3) 

EL1, EL2, NSEQ, NADl ,  NAD2, FX 

: code numbers of the two elements l inked by the 
EL2 first connection i n  the sequence. 

NSEQ : number of addi t iona l  connections. 

: increments between code numbers of corresponding 
NAD2 elements i n  two successive connections. 

Fx : i n i t i a l  f l u i d  mass flow rate (kg/sec) 

This card is repeated as many times as necessary t o  prescr ibe i n i t i a l  

mass flow values o ther  than the  defaul t  value spec i f ied  i n  card 6.4. 

Card' 11.2 blank card ind ica tes  the end of deck 11. 

Card 1 2  (-GE- 
This card closes  the data  deck f o r  CYCN (colunns 1 t o  5). 

If the  program SHAPE is  t o  be run, follow t h i s  da t a  deck f o r  CYCN with 

the  cont ro l  cards as shown i n  the sec t ion  below. I f  the CYCN data  ends 

the  data  deck the following card begins the calculat ion.  

t 



bi 
Card 13 
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(- (columns 1 t o  6 )  
I 

c This card ind ica tes  t h e  end of t h e  da ta  deck, and w i l l  t r ans fe r  cont ro l  

t o  the  computer system. An example of how t o  execute a da ta  deck on t h e  BKY 

system is shown i n  a later section. Figure 9 shows t h e  standard form f o r  

SHAFT78 CYCN input data. 

7. THE INPUT FORMAT FOR S 

PLOTS 

r i a b l e s  u and p and some parameters is 

i n i t i a t e d  by the  f o  

Card 1 

followed by: 

Card(s) 2 d border p lo t  f l a g s  

* ponding r e g i  
g point  numb 
d ica t e s  t h a t  t he  

of t he  region is t o  be drawn. 
l a g  is spec i f ied ,  a l l  four  s ides  * .  

ore ,  i f  no s i d e  is 

Additional cards may be inser ted ,  containing (F l ( I ) ,  F2(I), 1=1,7) with 

k, Format (lox, 7(A2, 3X, F5*0)* 



c 
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u 
Card 3 paper coordinates 

LABEL, P D F ,  PYDF 

Format (ks, 5X, 2E10.3) 

LABEL = COORP 

: hor izonta l  and v e r t i c a l  space (inches) ava i lab le  f o r  
p lo t t i ng  the gr id .  
the t o t a l  space avai lable .  

Neither should exceed two-thirds of 

PYDF . t  %e X and Y paper coordinates PXMIN and PYMIN of the  
lower left-hand corner of the p lo t t i ng  space ava i lab le  
f o r  the  g r id  are then automatically set to  half  P D F  
or  PYDF, whichever is smaller. 

The cha 
eighth oregoing minimum. 

i 

e igh t  is automatically set t o  one- 

_II 
I f  card 3 is  omitte value 6, is assigned to  PWF and 

PYDF 

Card 4 space coordinates 

= 

z c a l l y  ad j u s  te the X and Y 
scales are the  same and the g r  as l a rge  as can f i t  w i  

coordinates specif ied.  

I f  card 4 is omitted, space coordinates are automatically adjusted to I f  card 4 is omitted, space coordinates are automatically adjusted to 

accommodate a l l  the regions generated by SHAME. 

L 
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# Card 5 p l o t  types 

I 

LABEL, (F l ( I ) ,  111, 11) 

FORMAT (A5, 5X, llA2) 

LABEL = TYPES 

F1 : right-adjusted,  two-charac ter i d e n t i f i e r s  specifying which 
p l o t s  are t o  be made: 

I f  card 5 is omitted, a l l  eleven p lo t s  are made. 

Card 6 maximum vector  length and u n i t s  

LABEL, VMAX, TIMU, DIMU 

FORMAT (A5, 5X, E10.3, 2A10) 

LABn 

VMAX 

E: 
D: 
T: 
P: 
S: 

HF: 
LF: 
VF: 
LV: 
w: 
MF: 

i n t e rna l  ener y (J/kg) 

temperature (OC) 

pressure (N/m2) 
vapor sa tura t ion  
heat f l ux  (J /m2 sec) 
l i qu id  (mass) f l u x  (kg/m2.sec) ' 
vapor ( m a s s )  f l u x  (k/m2.sec) 
l i qu id  seepage ve loc i ty  (m/sec) 
vapor seepage ve loc i ty  (m/sec) 
( f lu id )  mass f lux  (kg/m2.sec) 

densi ty  (kg/m 3 ) 

TIMU 

DIMU 

Card(s) 7 

: MISCE 

: maximum allowed vector  length (m) i n  space coordinates. 
The defaul t  value is one-tenth the length of the  p l o t  
along the X or  the Y d i rec t ion ,  whichever is less. This 
value is reset whenever space coordinates (card 4) are 
reset. 

: t i m e  and length u n i t  names t o  appear on the p lo t s ;  

: defau l t  names are "SECONDS" and "METERS", respec t ive ly  

scale mul t ip l i e r s  

LABEL (F l ( I ) ,  F2(1), I=1,7) 

FORMAT (A5, 5X, 7(A2, E8.2)) 
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LABEL : SCALE 

F1 : right-adjusted,  two-character i d e n t i f i e r  of the 
parameter t o  be multiplied by a scale f ac to r  before 
p lo t t ing .  F1 may be any of the i d e n t i f i e r s  mentioned 
with deck 5 .  

F2 : sca r 

Additional cards inser ted,  containing ( F l ( I ) ,  F2(I), I=1,7) with 

FORMAT (10x9 7(A2, E8.2)). 
, 

I f  deck 7 is omitted, the parameters are p lo t ted  with no scaling. 

Card 8 

LABEL,'TYPE, BOLD, XLAB, CMIN, CDEL 

FORMAT (A5, SX, A2, 8X, 4E16.3) 

LABEL : comv 
TYPE : right-adjust  -character i d e n t i f i e r  of the  

contour l eve l s  are t o  be drawn: 
T (temperature) , 

! 

BOLD : increment bold contours. 

XLAB : increment beled contours. 

CUIN toured; t h i s  va 

This card i n i t i a t e s  the  p lo t t i ng  of the  mesh. 
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Card(s) 10 plot times 

LABEL : TIMES 

F1 : time to be plotted: the corresponding information 
is plotted i f  F1 is within 4 percents of any time 
stored on t a p e  " S A a "  (56). 

are plotted. 

I 
4 If F1 is negative a l l  t i m e s  stored on tape "SAVE" 

Additional cards may b e  inserted, containing (F l ( I ) ,  I=1,7) with FORMAT 

(10x9 7ElQ.3)  0 

Card 11 ENDPL 

This card closes the PLOTS data deck. 

t 
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8. THE INPUT FORMATS FOR PLOTZ 

PLOTZ is a package of u t i l i t y  programs which allow t h e  user  t o  e d i t  and 

p lo t  ce r t a in  output va r i ab le s  f CYCN calculat ions.  Four programs are 
described below. Two programs are f o r  data  manipulation and two are f o r  

graphics output. These programs a l l  r e s ide  on PSS l i b r a r y  DUCK and are 

. 

bs 

accessed by t h e  standard PSS LIBCOPY command. Figure 10 shows t h e  program 

* s t r u c t u r e  f o r  t h e  u t i l i t y  package ca l led  PLOTZ. 

FILTER : Extracts Tbe/Temperature and Time/Pressure data  f o r  a 
given set of elements. 

The input s t ruc tu re  i s t  

Number of Elements (IS) 

N a m e s  (10A5) 

ape 15 

anlc Card 

An example of FILTER output p l o t s  is given in  Figure 11. 
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output 
(Restricted 

to Shent to Shent 
Input ) I 

Figure 10. Generalized block diagram for data manipulation 
and plotting from CYCN output.  
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SBENT : calculates the  t o t a l  s p e c i f i c  enthalpy f o r  specif ied 
e l a e n t s  as iH = (pu + p) I$ + C,p,T(l-$) and produces a 
f i l e  f o r . i n p u t  t o  P lo t  99 which w i l l  have up t o  6 d i f f e r -  
en t  frames (Enthalpy VSm posi t ion,  Energy VS. posi t ion,  
Density vs. posi t ion,  Temperature vs. posi t ion,  Pressure 
VS. posi t ion,  Phase VS. posi t ion) .  

The input s t ruc tu re  is: 

x pos i t ion  of Spa 

Llaximum Cycle n C. ht .  , Rock dens i ty  

IOPT ( =1 sup duce graphic 

An example of SHENT output p lo t6  is given in  Figure 11. 

PLOT 99 : (SHENT Output) p r  CALCOMP Plo t  (IOPT (7)=0) o r  a 

T output f o r  d i f f e ren t  times. 

for each curve printed next 

TI700 formatted te le type  p l o t  (IOPT(7)=1) of H,E,D,T,P, 
Phase vs  pos i t ion  f r o  

CALCOMPT Output 
t o  i t s  maximum v 
symbol (0-9, A-2 
and corresponding 

IOPT is a str o r  zeros. If I O  
any I from 1 

I700 output p l o t s  a 
ch t i m e ,  then a list of 

l e  number I of the set (H,T,P, 
* 

IOPT 
TAPE 1 from SHENT 
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_. 

I I 

KJ 4.00 5.00 6. 
L O C  (T IME)  

SAT- .  1 

-Io. 

1 

I 

4.00 5.l 
LOC (l/R2) 

SAT- .1 

LOC ( l / l Z f  
S I T -  . 5  

XBL 794-7396 

Figure 11. Examples of plots of pressure versus log time 
from FILTER (drawdown of wells i n  two-phase 
reservoir). 

. 

* 
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e 

c 

PLOT 99 : (FILTER Output) -produces a p lo t  of temperature or  pressure 
vs  log time f o r  a given element (hence, i n  FILTER, the  
number oE elcmenta = 1). 

Input (FILTER output) 

FILTER (AS 1 
Number of ele (-1) 
IOPT (= 1000001 f o r  TI700, = 1000000 f o r  CALCOMP) 
mIN, XMAX (2F5.2) 
YMIN, YMAX (2E10.4) 

PLOT 4 : Produces an I evlce Independent) P l o t  of temperature 
VS. t i m e  o r  p e VS. time f o r  a given set of elements 
(1 p lo t  per element) uses f i l t e r  output from PSS (Tape 1 
or  Tape 2 from FILTER) i n  the  control  deck. 

An example of PLOT99 outp s shown i n  Figure 12. 
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9 .  Y E  OUTPUT OF SHAFT78 - 

Most of the  output of SHAFT7 
we explain i n  some d e t a i l  the out 

For every cycle there  is a sho 

spec i f ied  i n  card 6.1 of the  input deck of CYCN, 

For energy cycles we have: 

73 

KCYC : number of energ 

TIME : time at  end of 

DE : change of f l u i  

apor sa tura t ion  pr inted 

RAT : estimated ra maximum error i n  impl ic i t  

For densi ty  cycles we h 

W 

i n  ENUM during sub 

i n  a l l  subcycles. 

U DEF : ne t  mass flow i n t o  ENUkl. 
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RATF 

IUTSF 

The f u l l  

KCYC 

KWIT 

NUTS 

IJUTX 

NUTSUM 

MAX. DE 

SLIMIN 

DESLPiX 

RATG 

RATGS 

PRESSURE R U S E  } : parameters a f t e r  subcycle. 

: estimated r a t i o  of.(maximum e r r o r  i n  imp l i c i t  dens i ty  
change) / ( e x p r i c i t  dens i ty  change) . 

: number of i t e r a t i o n s  i n  solving f o r  imp l i c i t  densi ty  
changes . 

ElJERGY CYCLE OUTPUT SATA are: 

: number of energy step.:. 

: termination parameter 

: number of i t e r a t i o n s  i n  solving f o r  imp l i c i t  energy 
changes 

: maximum of a l l  prevoius NUTS. 

: sum over all previous NUTS. 

: absolute  value of maximum energy change. 

: parameters i n  imp l i c i t  i t e r a t i o n .  

: as RAT i n  "short printout." 

: RATG of previous energy s tep.  

TOTAL TIME : ca lcu la t ion  t i m e .  

CUMo HEAT GEl?. : cumulative heat exchange with sources/sinks.  

CUM. HEAT GAIN : cumulative change of t o t a l  hea t  content of 
reservoi r ,  computed from i n t e r f a c e  heat  
f luxes  . 

AV. CAIN RATE : (CUM. HEAT CAIN) / (TOTAL TIME). 

TIME STEP : energy t i m e  s t e p  

HEAT GEN. : heat  exchange with sources/sinks.  

HEAT GAIN : change of t o t a l  heat  content of reservoi r ,  computed 
from in t e r f ace  hea t  f luxes.  

GAIN RATE : (HEAT GAIN)/(TIME STEP). 

WCHT. FACTOR : i m p l i c i t  weight f ac to r  (see eq. (23), p. 16) 



ELEM. : element name.  

INDEX : element number. 

E : (fluid) energy. 

DE : energy change. 

DDE : rate of energy change. 

before E-step 

TOTAL DE : total energ of element. 

the analogous energy step quati Exceptions are: 

.75 
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DE 

DPDD 

B 

m3 

n O F  

n o L  

nov 

VELL 

VELV 

TRANl 
TRAN2 
ZIP 
SLIM 
CAD 

HF 

FF 

DHF 

DFF 

: change of f l u i d  energy tincr:.;aii;g i'oc 

: (w/aP),. 

: l i qu id  mobili ty 
= (absolute permeabili ty) * ( r e l a t i v e  permeabi l i ty) /viscosi ty  

: vapor mobility. 

: e x p l i c i t  rate of f l u i d  flow across  in te r face .  

: e x p l i c i t  rate of l i qu id  flow across  in te r face .  

: e x p l i c i t  rate of vapor flow across  in te r face .  

: ve loc i ty  of exp l i c i t  l iqu id  flow. 

: ve loc i ty  of e x p l i c i t  vapor flow. 

: parameters f o r  i m p l i c i t  i t e r a t i o n .  

: cumulative change of f l u i d  mass. 

: cumulative inflow of f l u i d  mass. 

: change of f l u i d  mass. 

: n e t  inflow of f l u i d  mass. 
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SOME SAMPLE PROBLEMS 

WATER 

Table 4 gives an example of deck to  be used for running WATER 

(WATERC: is  a compiled versio program WATER). The results  are 

stored in library DUBLO,* s 
PROPER. 

a form suitable f 

Table 5 shows part of generated by WATER; it is the 

data for !.sothem no. 71  at  T 35OoC. 

t deck for running WATER. 

KPhL.O7ro3.~7lfOlrPOUESS 

LIULOPV.JI~BLC~LGO.~)IER 
RthlLOrLGC. 
LIhK*X.PP-1 LC-17777 rn 
C U P Y ~ T ~ P C P / A ~ ~ L F X F . I A P € B /  
LISI*NEh. 

Rk. IN0 r INPL 1. 
CUPVSBF.INPLT~O~lPL1. 

80 5 5 .  

61) 9 
23d.C 

t.EJ TOE5 U.E5 

d 
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Table 5.  Printout from WATER. 

3fC.CCEO 514.3432 113. t419 16431 54.2689 24221 51 1680 

1 LJE 
1 
2 
3 
4 
5 
t 
7 
c) 
5 

10 
11 
1 2  
13 
14 
15 
56 
1 1  

i 9  
20 
il 
22 
23 
24 
25 
2 t  
21 
2e 
29 
30 
31 
'2 
33 
24 
35 
3 t  
31 
3b 
39 
4c 
41 
42 
4 3  
44 
45 
46 
47 
40 
49 
50 
51 
52 
53 
5 4  
55 
56 
57 
58 
59 

i a  

6C 
61 
62 
63 
64 
e5  
t 6  
6 7  
6€ 
69 
7c 
71 

PRES 
12OCCCCO. c 
2C811(;~9.f 

1a00026109 
lI840662.3 
lt930C42.4 
16535124.1 
16535124.1 
ltOtSSC2.2 
15L45665.3 
144t7tC2.4 
137t9241.G 
13328469.5 
12363413.0 
1173241 €0 5 
L1113174.8 
lOSt52Yb.9 
1002t024.5 
9514i78.3 
9028t52.2 
ESb7e13.4 

1715501.2 
13216B80C 
t941515.7 
6553338.4 
6256bO2.2 
5931443.0 
5634385.8 
5326196.5 
501sf66.3 
4d14545.9 
45t5144.3 
45 9552 t . 5 
4114b13.3 
39t4555.E 
~7052F8.2 
35161 13.1 
333t IC1 -2  
d l  t63U9.S 
30i4771.6 
20 514U2.t 

25t1149.1 
243bt07.1 
2312214.1 
~ 1 9 4 i 0 9 . 4  
238228 8. E 
1916CC5.C 

1775435.3 
lb88t05.7 
fbO24lY.S 
152062s. 5 
1443013.8 
1365355.8 
12SS4t C -1 
1233 138.1 
117c1sc. 5 

i c a i i  415. e 

a1 30496.6 

27 w t i .  e 

1875146.1 

1110467.5 
1b5371102 
10~o(iOu.o 

9COCCC.C 

7COCCO J 
6CCCOC.O 
5C0G00.0 
4CCCGC.C 
30G000.0 
ZtOCU3.G 
1 C C C C O .  0 

acoocC.o 

Dtkf 
tlL.2202 
t05.2551 
55500368 
fS2.4541 

517.5819 
574.3432 
1130t419 
1G?.t332 
9C.5386 
$0.7138 
72.9599 
6t.4661 
tC.0320 
5 t  12 84 
51.SC01 
48.1374 
44.1559 
41.10t9 
38.9313 
3t.3StC 
34.0710 
31 9316 
290957i 
20.1301 
ita4372 

23.3555 
2i.0353 
20.7618 
15.5117 
lE.4502 
17.4155 
16.4380 
15.52C9 

33.85C5 
13.0091 
12.2738 
11.6999 
11.0652 
lC.4t14 

5.9031 
( -3713 
8.8694 

7.5486 
7.5263 
7.1212 
t.1502 
6.3938 
teC568 
5.1302 
5.4368 
5.1517 
4.0820 
4.6267 
4.3851 

585 .5285 

24.a639 

14.6597 

8.3950 

4.1St4 

2.939a 
3.7348 
f.54Cl 
3.18Cl 
i .e221 
2.4648 
i.ices 
1.1542 
i .wca  
lac407 

06579 
.34e3 

ENERGY 
16011 29.8 
1608C33.6 
161 51 65 -2 
1622131.3 
1 6ZJ540.3 
1635055.4 
1643154. 3 
2422 157.2 
2 4 t C w  .A 
2506S66.7 
2 540575 0 
2580457.0 
2607640.2 
263 113% 3 
2651723 5 
26tF940.1 
2606224.4 
27C0060.4 
2714125.1 

2737218 1 
214 7334 .U 
2756641 -5 
27tS226.1 
2775 1 62 2 
278051C.4 

2793b52.7 
2795535.6 
L1)051)10 -5  
281 011 0 4 
2814865.4 
2619332 -2  
2823445.5 
2821317.6 
2 8 3 0 W ~  0 
td34321.1 
2031501 03 
284C415.3 
2643264.0 

2840536.0 
285UbC4.L 

2854(152.2 

2858517.C 

2726 190.6 

i u  1324.8 

z 80.5 

5092e12.9 

Lcl5b17l .0 

~ ~ t 0 2 7 7 . s  
206ie80.5 
28633$C.9 
21364815.3 
2 0 t ~ l 5 8 . 0  

28t0623.6 

21376621.3 
i 811 625 9 
28721~3 .2  

2a t  1426.7 

2 a t s m . r  

ca73ta4.4 

2874536.5 
2 875342.5 
287618% 9 
2071556.3 
2010SL0.0 
2803316.2 
5881705.3 
2883C111.5 
2864463.1 

208 llL5.7 
28e583z.4 

2880553.4 

SATUR 
0.0000000J 
0. 0ccocuoo 
0.00000000 
C. ocooooo0 
O.QOOO0033 
0.00000u00 
C. OOOOGOOO 
l.oo0ouod0 
1 . C C C o G O u o  
1.(IOCGOOOJ 
1.00000CO3 
1. cc000000 
1. uu&Juoouo 
1.CCLOCOOO 
1.03000001 
1. CCOOGOOJ 
1euUUUO0uJ 
1.00000000 
l.occGoooU 
1.00u00030 
l.GCC00000 
l.(i0OGU003 
Z .03000003 
1. OOCGOOOO 
1.00500000 
1.00c0u000 
1. cooouoo3 
1.00000003 
1. ~oulJooo3 
l.USI4OI;OUU 
1.00000000 
1. a(i0cu000 
l.G3r)bJ000 
1.0UOOU~00 
1.J~OOOOOu 
t.0000000J 

1.uoo(ruouJ 
I .  000u0000 
1.OCC0G000 
1 .00000000 
1. ococoo0o 
l.Ubri0~001) 
1.cGouuouo 
1. cooocooo 
1.00000003 
1. c0odooo0 
1.OJUOUJOJ 
1 .~0000000  
1. 0ocoaoo1) 
1.00000005 
1.ccc00000 
1.00u301)00 
1 .oooocooJ 
1. cooocu0o 
1.2JO00033 
1.ccocooo1) 
1.C5JOOI)UO 
1.00000000 

a.ooouoooo 

1.occcco5J 
t.00000003 
1. cc000000 
1. 3000000J 
1.0COCUOOO 
l.GJOJ(iOl)J 
1. cccoou03 
1. OCOOJ30J 
1 .00000000 
1.000000u0 
1.JuuiJo0oJ 
1.ocooooo0 

. 
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f 

a 

PROPER 

Table 6 gives an example of an input deck used f o r  running PROPER. 

This p a r t i c u l a r  deck generates a t a b l e  of f l u i d  propert ies  ca l led  FLUTAB3, 

which covers a temperature range from 5 O C  t o  4OOOC and a pressure range 

from bars  t o  220 bars. FLUTAB3 was used f o r  most of t h e  simulations 

car r ied  out  so f a r .  

PROPER. 

Tables 7 and 8 show p a r t  of t h e  pr in tout  generated by 

running PROPER. 

OUMP.0. 

'4 
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Table 6 (continued) 

I 
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Table 6 (continued) 

0.00 
8O.GO 

140.00 
220.00 
SOC.00 

0.00 * U . O O  50.0 
9 -25  100.JC 115.E 
0.03 190.00 130.0 
0.00 260.00 270.0 
Z.CJ Z 4 O . I C  3SC.G 

bO.00 70.00 
:ZC.tO 130.00 
t O J . O O  210.00 
280.00 290.00 
m . i a  ~ 7 a . o ~  
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Table 6 (continued) 

t 

f 



83 

L, 
Table 6 (continued) 
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Table 6 (continued) 

i 

.1141E-O3 
e85U69-04 
.ZIOIE-04 
-172 7E+O3 

c D o 0  

80.00 
160.00 
L 4 9 . t I  
32G.00 
S(IO.00 . i743E-02 

e354OE-03 
e1728E-03 

1147E-03 
8646E-04 

~ 2 6  8 0 5-3 5 
el974EtOS 

0.00 
ac.00 

160.GO 
240.00 
32CeGJ 
360.00 

1742E-02 
.3544E-;S 
r l 7 3 3 E - 0 3  

1153E-53 
U l l O E - 0 4  

.Z779E-O4 
2244Et03 

0.00 

160.00 
240.00 
32C,.JG 
380.00 

.174OE-02 

.3549E-03 
1733E-03 
11 595-03 

e 877JE-0 4 
2940E-04 

at.oo 

.035390118 
0. 
350. 
-569 
.Ob90 
e02233 76 
0. 
300. 
e569 
.a434 
-072412 
0. 
399. 
*569 
e 0  634 
.195545 
0. 
300.  
e569 
e0434 

390.6 
1293E-09 

.3155E-C3 
1 63 4E-0 3 
t l l W - 0 3  

.3512E-04 

.e98 JE-0 4 
13 

U. 50. 
400. 
-1176 .0212 
-0549 

11 
20. Z t  
350. a00 
-602 . 0 1bA 
.8490 .os49 

11 
10. 40 
351. 400. 
e650 . OZJ 1 
.Ob30 .OS43 

50. 60. 
550 400. 
-643 -653 
.c49lJ e0549  

11 

. B527E-0 5 
2346E- JJ 
139 6E-03 

.0955E-.i4 
e7766E-04 

466lE-03 . t997E-C 3 
.1262E-03 
.8352E-34 

743%-04 

1 t J m  150. 

.OLSE . 0 Ld7 

5J. 1 5 3 .  

.0212 . 0 2 4 €  

50. LOO. 

. OZlZ 024c 

BO. 100. 

2 216 .ad46 

200.  

, 6 3 5 2  

153 

e 0 2 8 7  

151. 

- 0 2 3 7  

150 

e G P 8 7  

250. 

0 392 

Z O t .  

e 0 332 

200. 

0 332 

200. 

. t 332 

e C867E - 0 Y 
P53c)E-64 

70.63 
15U.00 
Z S O e O O  
310.00 
37O.BO 

43316-G3 
iJO8E-03 
11 S6E-03 
dPZ bE-0 4 

e261OE-04 

70.00 
15300a  
230.00 
310.00 
370.iO 

.45 35E -6  3 

.1553%-05 

.12UtE-03 
eU34JE-04 
mZ71G-04 

70.00 
150.0J 
230.00 
310.00 
373. € 2  

lO59E-03 
.:3 59e-03 
.120UE-O3 

S J 5 6 i - 0 4  
e 2 3 1 5 E - O l  

f 



Table 6 (continued) 

el6473 7 
9. 
300 .  
0569 
. t431  
1.01972 
0. 
360.  
a569 
a0434 
5.09858 

300.  
e569 

0 438 
10 ~ 1 9 7 1 9  
1. 

e570 
.Ob45 
25.59291 
8 .  
33a. 
e571 
014b5 
50a985&1 
0. 
300. 
.57s 
-0525 
7bm 1 76 72 
e. 
3 0 0 .  
.575 
.Ob37 
lOl.O?lb 
8. 

0. 

300. 

S1l .Jb 
.5?7 
.6000 
1st. 0571  

. 0. 
SO2.2 1 
e501 
. r ta  

11 
59. 80. 
3%. 400. 

643 b6Y 
-049G .c549 

11 
50. 99.63 
3 5 i  100 
643 ob50 

-0490 OS49 

50. 100. 
350. 400. 

11 

.644 - 6 8 1  
e0494 e0553 

50. ICO. 

6k4 ~ 6 8 1  
-6499 .O6.5? 

11 

$53. 100. 

11 f a t  

i d .  

0231 

39.63 

-6216 

150. 

bd7 

15; 

607 

1 JJo . 0248  

100. 

0 2 4 8  

151. I 6  

ebb7 

179131 

a b77 

_ _  
50. loa. 153 200. 
355 . ret m 

bo5 -662 a660 bb5 
00516 r057Z 

50. 100. 130. Loa. 
$50. 400 
.6b7 .ba4 a690 a666 
a0354 .O6Ot 

ll 

lli 
CC 
- 6  
.a 
10  
4il 
a 6  
.a 

11 
50 $00. 159. 200. 
JSO. 100. 
e655 sb91 16+b b?6 
a 1 0 1  .O822 

203.9432 11 
I. sa. 
S65.81 3C5.01 bmo. 
.585 -659 
.a22 . l O t  
22b.b l l L t I O  
0. 50.8 
373.83 373.69 *D 
0596 6hO 
.SO5 .$)e 

203.9432 11 
I. sa. 1c0. 
S65.81 3C5.01 bmo. 
.585 -659 
.a22 
22b.b 
0. 
373.83 
0596 
.SO5 

. l O t  

50.8 
373.69 

6hO 

l l L t I O  
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Garg's Problem 

A r a the r  severe test of the  accuracy of SHAFT78 is provided by a 
problem which was recent ly  s tudied by Garg.44 

of a cyl inder  with f i n i t e  height and a very l a r g e  radius. 

drawn at  the  center  at  a constant rate. 

problem is given i n  Garg's paper, r e f .  (44). 

The reservoi r  is a sec to r  

Fluid is with- 

A complete spec i f i ca t ion  of the  

The reservoi r  is i n i t i a l l y  f i l l e d  with l i qu id  subcooled water. As 
production proceeds, water begins to boil and several elements cross 

the sa tu ra t ion  l i ne .  

A s a t i s f a c t o r y  computation can be obtained using t h e  de fau l t  values  f o r  

t i m e  s t e p  controls .  

minated a f t e r  460 time s t eps ,  because machine time reached 60 seconds. 

Table 10 shows p a r t  of t h e  pr in tout  a f t e r  460 cycles,  and Figure 13 compares 

t h e  results of t h e  SHAFT78 computation w i t h  those obtained by Garg. 

complete discussion of t h e  problem is given in re f s .  15 and 16. 

Table 9 shows t h e  input deck used. The ca lcu la t ion  ter- 

A more 



b 
Table 9. Input deck for running Garg's problem with CYCN. 
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Table 9 (continued) , 

saa:oo , 

C' 0 ' R  

,?I 01 a 
C' ap a 
P' as R 
t t  4a a I 

,if i g  I 

,ti a i  I 
68 a 

?I ab I 

*FI 09 R 

- 
i 
I 
1 
1 
1 
L 
1 
1 
1 
1 
1 
L 
1 
L 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
'I 
1 
'I 
1 
'1 
3 
'1 
1 
'I 
1 
'I 
3 
' I  
1 
'I 
II 
'I 
II 
'I 
3 
' I  
1 
'I 
1 

d 

4 
b 
a 

1 

5 
f ~ 

a 

a 

f 

8 
0 
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Table 9 (continued) Li 

lui 
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Table 10. Printout for Garg's problem with CYCN. 

*T  I l L F  

. . . .- . . . . 

.._.- ..... ... ......- -- ..-_. .... ..-._-,--.- 

c Y 4 

- I  
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Toronyi's Problem 

This problem involves production from an areal two-dimensional reservoir. 

I t  was i n i t i a l l y  investigated by Toronyi and Farouq-Ali, and their calculation 
was subsequently verif ied by other investigators. 42945 Table 11 shows the 

table "FLUTOR. 

The input deck p 

restarting the p 

calculation. Table 14 gives 

the results  for 

I 
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Table 11. Input deck for running Toronyi's problem 
with CYCN. 

TORrO7r6Sr170001~46Q7121PRUESS 
- *INPUT 66006 17.10.47 15 MOU 78  V I A  UP00002 

OUHPrO. 
FIN. 
REWINOr INPUT. 
COPYS6FrINPUTrOUTPUT* 

4 1 1 1 ~ ~  
*CICLES 

TORON ~ s 6 2 . 9 ~ ~ ~  a.es 9.4619E-13 1*72&5S8 1910e5930 

START PARARETERS 
2 49 6U8 10C0008OCOOQLZiE STEP f 16 TOROh coo 

6765120. 
100. I. I. 

CLEM€ 
F 1 SS l lCRONZb31b8~.66 

25. .l 

CUUNt 
c 1F Z b 1 1 1 152.4 152.4 42901304 
F I F  & 4 1 1 1 152.4 152.4 92QOe30C 
F 13f lb 4 1 1 1 152.b 152.4 9290.304 

0 4 1 1 1 1 5 L . C  152.4 929 0.30b 
t 2SF 2 6  b 1 1 1 1 U . C  152.4 9290.30C 

5 ?5 3: t : ; r t3X z:i: x'23;;x 
1 1 15.24 15.24 S 2 9 0 3 . 0 4  

F 13F 19 5 1 1 1 15.24 15.21 92903.04 
F 19F 25 5 1 1 1 15.24 1 5 e 2 e  
F 2SF Si 5 1 1 1 15 .EC 15.21 92POS.04 

CENER 
f 16 44SS -25.1994 

, 
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Table 12 (contintic B d 

*TITLE 

XNTSRHAL CONNECTIONS 

a E m i  a t n z  INDLX 

F i f  2 1 * a  
F 2 F  3 2 - 0  

f 3 F  4 3 - e  

F 4 F  5 4 .  
F 5 f  6 5 .  
F I F  8 6 - a  
f 8 f  9 7 - 0  

F 9 F 1 0  I )  - 0  

F 10 f 11 9 .  
F 11 F 12 18 
F 1 3  F 14 11 0 .  

F 14 F 1 5  12 - 0  - F L 5  F 16 13 00 

F L6 F 17 14  
F A7 F 18 15 t 
F 19  F 20 1 6  0. 

F 20 F 2 1  17 0 0  

- F 21  F 22 10 0 0  

F 2 2  f 23 19 
F 2 3  F 2 4  20 
F 2 5 f Z  6 2 1  - e  
F 26  F 27 22 - 0  

F 27 f 28 23 - 0  

F 28 F 29 24 
F 29 F 30 25 
F 3 1  F 32 26  - 0  

F 32 F 33 27 - a  
F 33 F 34 28 0. 

F 34 F S5 29 
F 35 F 3 6  30 
F 1 F  7 3 1 .  
F 2 F  8 32 . 
F 3 F  9 3 3 .  
F 4 F A C  34 - 0  

F S F l l  3 5 .  
F 6 F i 2  36 
F 7 F 1 3  3 7 .  

- F  8 F 1 4  38 
F 9 F l 5  3 9 r  
F 1 3  F 1 6  40  - 0  

F 11 F 17 41 
F 12 F 1 8  42 

I2 

11 

10 

' 

OA 
1 - 

L F c - 8 'LOP '1 

7 
1 : 
1 
4 

7 
3 

'4 

I6 *6C rn 

1 z 

g 
i32  
E 
!43 
!6a 
!m 
I15 m 
136 rn 
I23 m 

I4 
[t 
17 m 

15 
n 
I7 m 

i i  

d 1 
E 

E-04 .139 
I t -05 .a66 
E-06 .572 
E-04 a447  

'5 . . .  

b97 w 
143 rn 
i 84 m 
is  c 
m 
tza 
T7 
134 
i63 
123 rn 
b9 2 m 
% 

14 
TI 

81 
4 

2 

9 
7 

a 
If 
!I 
I€ 
3 

0 
a 
t 
T 
a 
3 
a 
a 
i 
a 

R 
'6 !l 

8 

c Y 0 
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Table 13. Input deck for restarting Toronyi's problem with CYCN. 

s, 

A 



I- 
O 
h3 



c 8 s * c 

c.' 
0 w 
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Table 15. 

4 

12.2 
11.8 

10 

Percentage, of liquid water saturations for Toronyi's problem.* 

5 6 

14.8 16.2 
14.9 16.4 

\ 

11 12 

18.31 15.2 
18.3 15.2 

12.2 
11.7 

16 

12.1 
11.8 

22 

12.2 
11.8 

28 
12.3 
12.0 

' 
14.8 16.2 
14.9 16.4 

17 18 
14.8 16.2 
14.9 16.4 

23 24 

14.8 16.2 
14.9 16.4 

29 30 

14.8 16.2 
14.9 16.4 

7 9 

18.31 17.2 I 15.2 

13 

18.3 
18.3 

18.31 17.31 15.2 

14 15 

17.2 15.2 
17.3 15.2 

19 
18.3 
18.3 

20 21 

17.2 15.2 
17.3 15.2 

25 

18.3 
18.3 

3118.3 I 3217.2 1 3315.2 
18.3 17.3 15.2 

26 27 

17.2 15.2' 
17.3 15.2 

34 
12.3 
12.0 

35 36 
14.8 16.2 
14.9 16.4 

I I 

ci 

*The lower numbers are Toronyi's results, whereas 
the upper ones were computed from SHAFT78. 

i 
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Table 17 (continued) 



Tab1.e 17 (contlnued) 

a i m .  
f 1  
f 2  
f 3  
f +  
f 5  
F 6  
r 7  
f 8  
f 9  
f 18 
f 11 
f 12 
f 13 
f 14 
f 15 
f 16 
f 11 
f 18 
f 19 
f 20 
f 21  
f 22 
f 23 
f 24 
f 25 
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Table 18. Input deck for running a depletion problem for a 
reservoir with uniform i n i t i a l  vapor saturation. 



. " . , . ...... ..... .....-...I . "....". - . , ~ -... . ..~ .... - ..- . - - .-I. . . .~ ~ ..-...... . , 

UCIC 
i o 0 0  

Table 19. Printout for the uniform saturation depletion problem 
after 83.9% of the reservoir f lu id  has been produced. 

CNLPEV CVUE OJlPUl DATA - . - . . .  . . .  1#00 ECVCLCS -. .. . _  

ELEM. 1 

F l  
f 2  
F 3  
F 1 ,  
c 5  
f 6  
f 7  
f 8  
c 9  
F i o  

C '  n 

w c. 
0 

G' 



c c 'il c I 
I 
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Table 19 (continued) 

w w 
h) 

100e OCICLCS ._-.. . . . . 

t 
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11 3 

NOMENCLATURE 

Anm interface area between volume elements n and m, m2 

a b. 

i . 
CS 

. .  
r of vol'ume elements, m 

F 

F 
-t 
,F, 
Fnm mass flux betw s n, m, &/m2s 

- 
, _  

G energy flux, J/m2s 

Gnm lume elements n, m, J/m2s 

leration, mjs2 8 
8nm onal acceler 

the interface between volume eleme 

f 

e 

KS thermal conductivity of rock, J/ms°C 

d 
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k absolute permeability , m 2  

k, 1 average absolute permeability i n  volume elements n, m, m2 

absolute  permeability a t  in t e r f ace  between volume elements 
b n, m, m2 

r e l a t i v e  permeability of l i qu id ,  f r ac t ion  kg 

kir 
(k/v), t o t a l  kinematic mobility, s 

If 

P un i t  normal on surface element ' 

P pressure, N/m2 

relative permeability of vapor, f r a c t i o n  

rate of f l u i d  production, kg/s 

average pressure i n  volume elements n, m, N/m2 

pressure a t  i n i t i a l  time, ~ / m 2  

volumetric rate of mass generation, 1cg/m3s 

average volumetric rate of mass generation i n  volume 
element n, kg/m3s 

Q 

Qn 

volumetric rate of energy generation, J /m3s  

average volumetric rate of energy generation i n  volune 
element n, J/m% 

r a t i o  of densi ty  to  energy change, (kg/m3)/(J/kg) 

average r a t i o  of densi ty  to  energy change In volume element 
n, (kg/m3)/(J/kg) 

'i 

S 

Sres 

r a d i a l  length of volume element i of r a d i a l  g r id ,  m 

volumetric vapor sa tura t ion ,  f r a c t i o n  

res idua l  immobile volumetric l i qu id  sa tura t ion ,  f r ac t ion  
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T temperature, OC 

t 

t 

US 

V 

ure in vdume elements n, m, OC 

nergy equation, s 

rgy of fluid, J/kg 

ir, m 

ement v,, m* 

gas law compressibility factor, dimensionless 

J 
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A 

K 

x 

P 

Pm pn 1 
PO 

pa 

4r 

pa 

pS 

T 

0 

increment 

f l u i d  energy per volume, J / m 3  

weighting f a c t o r  f o r  mobi l i t i es ,  dimensionless 

weighting f a c t o r  f o r  energies,  dimensionless 

f l u i d  density,  k g / m 3  

average f l u i d  densi ty  i n  volume elements n, m, kg/m3 

average f l u i d  densi ty  a t  In te r face  between volume 
elements n, m, b / m 3  

i n i t i a l  f l u i d  density,  kg/m,3 

densi ty  of l iqu id ,  kg/m3 

densi ty  of vapor, kg/3 

densi ty  of phase a, kg/m3 

densi ty  of rock, kg/m3 

general  volume element, m 3  

time weighting f ac to r ,  dimensionless 

v iscos i ty  of l i qu id ,  Ns/mZ 

v i scos i ty  of vapor, Ns/m2 

v i scos i ty  of phase a, N s / d  

porosity,  dimensionless 

porosi ty  of volume element n, dimensionless 
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7 
SUBSCRIPTS 

a liquid or vapor phase 

down downstream 

R 

=P expl ic i t  

m " \  
res 

P 

UP 

V 

liquid 

volume elements 

rock 

residual 

ref erring 

referring to energy 

upstream 

vapor 
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