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 PREFACE

Large computer prograns tend to exhibit characteristics not unlike a
personality. Wnen a single person is responsible for the entire program
development, the computet program's personality (i.e., style, responses, etc.)
reflect that of the programmer. In the case of SHAFT78, the development has
not been due to one person, but many. As ‘a result, the program has both de-
sirable and undesirable features due to the many people who have worked-to
make it a usable tool. .

The program employs tﬁeisolution»technique nioneered'by A. Edwards and
used in the TRUMP heat-flow pr_ogram,1 The TRUMP algorithm was adapted for
use in various different porous flow calculations by Edwards,2 Lesseter,3
Sorey,4 Lippmann,5 and Narasimhan.e’é7 Narasimhan and Witherspoon8 have pre-
sented the basic method and applications in several publications, and are
responsible for the name used to describe the,basic numerical method—1i.e.,
integrated finite difference (IFD) method.® Lasseter> constructed‘the first
version of SHAFT which,has'subsequently been extensively modified,

“We pointed out ‘above that there have been many people associated with
this program during its development. But ‘the support and encouragement of -

P. A Witherspoon is the acknowledged,reasou for 1ts existence and its
cutrent‘state of ‘development. Finsllyfthe encouragement and support of our
colleagues in Italy and Iceland ‘should be -acknowledged. The support ‘provided
by R. Cataldi and G. Manetti, and the technical contributions during applica-~-
tion of ‘the program to reservoir simulation by G. Neri V.. Jonsson,rand

C. Ruffili are gratefully appreciated.r

- This work was supported by the;Division of Geothermal Energy, U. S.
Department of Energy under Contract No. W-7405-ENG-48.



GENERAL APPROACH

1.  INTRODUCTION

The computer. program SHAFT78 vas deve10ped to compute two-phase flow
phenomena in geothermal reservoirs. ' The program solves transient initial-
value problems with prescribed boundary-conditions in up to three space '
dimensions. The solution method is an explicit-implicit IFDsrapproach
which does not distinugish,betveenrl,_2, or 3-D coordinate systems and:
allovs a flexible choice of the shape of the discrete grid elements. The
mass-and-energy”equations are formulatedfin‘conservatine'form{:TThe stabil-
ity and convergence of the algorithm is controlled by an automatic choice of

time steps -~ partially controlled by the user.

Although the program has been developed for use in simulating produc-
tion and injection in geothermal reservoirs, there are other two—phase '
problems for which it is either immediately applicable, or for which it can
be modified to be applicable- Since the equation of state is a tabular
array, fluids other than water can ‘be’ used with no fundamental modification.
However, the pressure difference9 between the wetting and non-wetting ‘
-'phases is neglected. The relative permeabilities, 9-10 for the wetting

and non—wetting phases are available as analytical approximations, or in

tabular form and can be specified for any fluid.

All fluid parameters, such as viscosity, heat capacity, heat conductiv-
' ity, etc., can be Specified as functions of temperature and pressure, and
.all parameters can ‘vary with position.' The program can- handle up ‘to seven
’different anisotropic rocks, with all rock parameters assumed to be indepen—
dent of position, temperature, and pressure."" . A h
The solution algorithm is based upon statements of mass and energy

conservation in both the rock and the two-phase fluid. ‘The porous medium is

assumed to have sufficiently small pores ‘so that the thermal equilibration

between rock and fluid is instantaneous. For most geothermal ‘reservoir

4




probiems where the time scale is in years and reservoir dimensions are often

several kilometers, this approximation appears to be acceptable.

The solution variables are fluid density and fluid internal energy.
These two intensive variables completely define the pressure, temperature,
and phase of the (in general) two-phase mixture.ll However, the initial

conditions can be specified in terms of:

(1) temperature and pressure (for single-phase fluid)

(2) temperature and steam saturation (for two-phase £fluid), or

(3) fluid density and internal energy, from which the remaining
quantities are calculated.

The program CYCN, which solves the coupled energy and density equatioms,
uses a technique designed to make the calculations both accurate and effici-
ent. The energy equation and flow equation (mass conservation) are advanced
in time according to separate time-step controls.l2 This was done since
the flow calculation often requires smaller discrete time steps for conver-
gence and stability than the energy calculation - the reason being that
energy often changes at a smaller rate than demsity. Hence, the calculations
proceed by first determining the allowable energy time step and then solving
the energy equation. This is followed, in genefal, by a few flow (density)
cycles which always end at the time calculated by the energy equation. The
number of flow cycles for a given energy cycle can be partially controlled
by the user. During each flow cycle the linearly interpolated value of
internal energy is used to improve the acccuracy of the flow calculation.
Either after the flow step or after each flow cycle a correction is made to
ensure that the rock and fluid are in thermal equilibrium (same temperature).
A two-step iteration can be carried out to ensure high accuracy for the
rock/fluid equilibration. .

Two grid generators are available for SHAFT78, and in addition the grid
can be specified directly as input to CYCN by the user, if so desired. The
grid generators provide input to CYCN for large éroblems, and since the

o
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. generators calculate areas, volumes, and distances‘neededrfor the solution

procedure the generator input'iS'quitevsimple'compared to the direct input -

: of these values by the’user.ffThe grid generatorfprogramS'are"called SHAME
- and OGRE.13 The SHAME program‘is:used'when generating relatively'regular:
- grids in two dimensions. The OGRE program 1s used for large-scale simula-

tion vhere the elements are irregular ‘and one-' two-, or three-d imensional.
The OGRE grid generator allows accurate discretization of geological fea-

tures such as uneven bedding, distorted layers, etc. The grid generated byi
OGRE ensures that all elements are closed polyhedra with perpendicular flow

areas between elements.

A plotting program‘is'availahleffor use with the grid generators and
with CYCN.' The‘OGRE:program prorides~three-dimensiona1 plots allowing
several rotated views of the grid ‘to evaluate complicated grid geometries.'
The SHAME program generates data which is used by CYCN ‘and 1ts plotting _
program SHAPE. The latter plotting routine can only be used when the SHAME °

program is used to generate the grid.

“Plotting of the transient;flowrate'for all elementS'in'which sources

‘are present is also possible, and the same plotting program is used for

comparison of the transient history matching plots with the production

values.

In order to generate the tabular equation of - state, a pre-processor '

. program is available called PROPER, which uses input data for the fluid
riproperties in terms of pressure, temperature, and _phase., The program PROPERi
:vproduces a table. of ‘ten fluid parameters as functions of internal energy and
_,density, using a: special interpolation scheme. Most input data for PROPER :
.-are generated by a program called WATER using ‘the’ analytical formulas for
‘the thermodynamic properties of‘water as provided by the International ,
rFormulation Committee (IFC Tables, 1967) 14 . ‘The program PROPER" only needs

" to be run once over the range of energies ‘and densities of interest, ‘since

the table can be used repeatedly.i 1f a table with different size, different
accuracy, or a table of some other fluid is desired, then the program PROPER



must be rerun with thé appropriate input. The table interpolation is
four-pointed everywhere except near the saturation curve where special care
has been taken to ensure that interpolation does not occur across the phase
change. The interpolation scheme ensures that good accuraéy ¢anrberobtéinEd
in all regions. The program CYCN uses”the same special interpolation
methods that are used in generating the table during the preprocessing

calculationse.

The programs discussed above have all been used extensively, and have
been applied to solve a variety of problems.15‘18 The mesh generators and
plotting'routines are free of obvious bugs. The program SHAFT78 has been
tested by compafison with analytical solutions,l5 and by comparison with
numerical calculations available in published literature.l6 Although
extensive tests and reservoir simulation calculations have been carried out
with the program,.and although the basic equatibns and the physical model is
believed free of errors, it is difficult to guarantée that a program as
large and complicated as SHAFT78 1is free of all errors. This is especially
true since different people have worked on the program. However, we believe
the program is calcuiating the phenomena of vaporization, éondensation, and
two-phase porous flow correctly within the limits of the physical model to

be presented below.
2. THE GENERAL APPROACH

The microscopic structure of porous rock is highly heterogeneous. The
channels through which the fluids move are tortﬁous and have (in general)
non-regular shapes. In addition, the porous rock in a geological setting
generally has many structural variations, and fractures of widely varying
aperture and extent. The fluids, in general, move through the fractures
more rapidly than through the microscopic pores. The macroscopic single-
phase fluid flow through small pores has been found to be proportional to
the pressure gradient (Darcy’s Law).l9,20 Heterogeneous rock can usually
be approximated by macroscopic rock and fluid parameters. When the flow

rates are large,21 or if the fracture velocities are very large relative



to the microscopic pore velocities,23 the relationship between fluid
flow-rate and macroscopic pressure gradient becomes?non-linear."When the
physical dispersion of fluid velocities in the porous channels'is considered,
another non-linear term appears.z4 In the case of two phases - one

wetting and the other nonfwetting;r the relationship between‘flowrrate'and
pressure gradient can be}épecified in terms of a function of wetting or

non-vetting volumetric saturation.25

It is possible to apply statistical averaging techniques to derive
tranSport equations in terms of volumetrically averaged rock and fluid
properties.26_27 28 This approach is entirely analogous to the microscopice
averaging inifluid mechanics; wherefthe effects of molecular motions within
the fluid can be analyzed.29‘ In bothlcasespdiffusion terms appear. 1In ’
the case of microscopic fluid averaging the_ditfusion is molecular within an
element of volume of f1uia,;,'1ﬁfche oase of macroscopic averaging over the
pore volumes, the velocity,dispersioniterm is due to fluid mixing in the
channels.30 Innboth'cases, therrelationship between the microscopic and
the macroscopic fluxes is throuéh'a macroscopic coefficient. In the molecu-
lar case it is the diffusion coefficient, and in the macroscopic case it is

the coefficient of diSpersivity.,,'

In any case, macroscopic equations can be derived using statistical
averaging which have exactly the same form as the point equations (differen-
tial or integral equations obtained assuming a macroscopic representative
elementary volume). 28 Although there are pedagogical considerations in
taking a particular approach. the transport equations (obviously) have the
same macroscopic form for the same set of initial assumptions. This is
’ true ‘also with regard to the method for deriving the governing equations.

The same equations are obtained when the differential laws are integrated
" as ‘when the differential-integral forms are derived directly wvhen the ‘same
rassumptions are made. The choice of presenting the equations in one form

or;another is prinarily a matter ofrstyle and preference. - We shall start

from the macroscopic (point) differential equations, integrate tnem over a



volume which will have special significance for discretization, and then
discuss the particular numerical solution procedure incorporated in the
algorithm of SHAFT78. - 2

The choice of variables is another question which is partly subjective. .
There is more than one possible choice of intensive thermodynamic variable
pairs from which all other thermodynamic information can be derived.3l
Internal energy and specific density are two such variables. When the
equation of state (EOS) is known in terms of energy and density the FOS A
gives pressure, temperature, and vapor saturation. This completely speci-
fies the thermodynamic state in terms of macroscopic quantities we can
measure. It is also possible to use triplets of variables such as tempera-
ture, pressure, and steam saturation.32 Of these three variables only two
are independent, namely; temperature and pressure in the one-phase region,
and temperature and saturation in the two-phase region. Therefore, the
numerical treatment becomes somewhat awkward for problems involving phase

transitions.

In the subsequent development of the equations we will discuss them
only in terms of internal energy and density as the basis for the program
SHAFT78. |



' DEVELOPMENTVOF EQUATIONS .

1. DENSITY EQUATION .

Consider the equation for the transient change in density, usually
referred to as mass conservation or as the continuity equation.33 For a

two-phase fluid we have the total fluid density, p, such that:

a¢p - a¢89v + 3¢(1—S)p£
at ot ot

¢y

= -V e¢F+
F qp

where the symbols are defined byrr

©
I

densityi(mass per volume) of phase o

R

=  porosity (V, /V) L

=  volume element of rock/fluid mixture
= pore volume in V--

vapor saturation’ (Vy/Vb)

=  vapor . volume in V

= time

= mass flux vector -

Mo g0 e
"

n
.
"

external squrcesf(ﬁass~rate/volume
negative source corresponds to mass

being withdrawn) i;:L
The mass flux of the fluid 1; 'tl;xevslum> of it_he»filuxés{ b:: thévgp_oégna;igﬁ;&;: :
Darcy’s Law20 gives theférmofthe flutfqteaéh phase #87£ }'

. o " ' ‘ @3
F = -K; (% p-ag)r. - Lo 3) .



The coefficients (conductances) are given by

k k

Ky =0, = (4)
Q.
vhere

k = gbsolute permeability

ky = relative permeability of phase a

Uy = fluid viscosity of phase o

P =  pressure

g = gravitational acceleration vector

Capillary pressure p, = Py = Pv is presently neglected.9 Integration of equa-

tion (1) over an arbitrary volume T having the total closed surface o gives

/{%9;9} av =~¢{E . E} da +/quv (5)
T

T J

Here n is the inward normal for surface element da. The volume 1 is taken

to be an arbitrary non-reentrant, closed, N-sided polyhedron in three-space.

Volume averages are given by

f,tp‘dv 1
Py =7 e (6)

with an analogous definition adopted for surface integrals. The surface

integral can be divided 'into N integrals, and the average flux through the
area Ay is then Fy = f Fenda/Ay. Then

N
- F A
2
Wy @
n=1



The summation, as implied by the definition of F, (although not explicitly
noted in eq. (7)) must be taken over a closed surface whose fluxes, Fo
determined by a gradient in pressure that is perpendicular to ‘the polygonal

flow area, An.

, are

" The time differential can be expanded by noting that

Adp . 3 oo, (3 |
TR T o ot * 5 5 ot : : - (8

2. ENERGY EQUATION

Consider the equation fdr:the transient change in internal energy,
usually referred to as the energy conservation equation.34 For a . two-
phase fluid in porous rock we have for the total time change in 1nternal
energy (per unit volume of the rock/fluid mixtute)

3d(energy/volume) _ 8(up¢+ﬁsps(1-¢))
T T

whe:g_thejsyqbols are defined;by _Qj:‘

- u = specific inﬁéfnalreﬁérgy of the fluid
= gpecific internal energy of the solid
= sgpecific density of the solid

energy -flux 3

CIE S
L}

=  external sources (internal energy rate/volume,”'”
~ negative source corresponds to heat being
withdrawn) .
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The energy flux of the fluid is the sum of the conductive heat flux in the
rock and fluid, plus the sum of the enthalpy fluxes of the vapor and liquid.
The flux is given by

G = -KVT + Fyhy + Fyhy (10)

where

K = coefficient of heat conductivity for the fluid
saturated rock3> :

T =  temperature
f; = mass flux of phase a
hc = gpecific enthalpy of phase a

In evaluating the left-hand side of eq. (9), we impose the assumption that
rock and fluid are in thermal equilibrium at all times, i.e., '

3
s o (6) au, () 2 an
ot du o ot ap u at .

Thus the change in rock energy depends upon both changes in fluid energy and
density. This introduces a very important coupling between energy and density
equations (see p. 17). Neglecting changes in porosity and rock density, we
obtain

' §{/3u du '
3(energy/volume) _ 3u _ _ s _s) 3p/3t 3¢p 2
at 3t |90+ (1-0)eg {( u )p+( ) )u au/at} UG 12

Substituting for 3¢p/3t from eq. (1) and neglecting the gﬂ Vp terms the

energy equation (9) becomes

C
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du N P du \ - = ’
du + _ 7 _5 [5] dp/at
e | ¢+ Q1 ‘4’,)95 {( au)p"' ('()p)«u _Bulat} o

(13)
= - V L4 G o— - S *
G + uV+F + (Q'.l qu)
In analogy to section 1 we integrate equation (13) over some volume T to
obtain an equation for volume and:surface averages, respectively:'
e 2: A (G = uF, ) +- T(Q Q')
u = .
e L S — / (14) -
+ (1-8)p - s, 9 3t}_
% + (9o, {( 5D+ 5D Bk

vhere Q 1is the volumelaveraged'energy source term and Q° is the volume

average of the product uqp, wheré;ﬁbjis;the mass source term (see ea. (6)).

3. THE SOURCE TERMS

E In reservoir simulation the external sources corresponding to the terms
q and Q in eq. (7) and eq. (14) are almost exclusively 1ine sources penetrat~
ing (or partially penetrating) one or more of the simulation ‘volume elements.37
’Conceptually, this is no problem, but modeling these sources is difficult for
a line source penetrating a volume T at an arbitrary orientation. At present,
SHAFT78 has no Special provisions for ‘modeling the boundary conditions at a
source. Sources are assumed to be uniformly distributed throughout the volume
'rrelement in which they reside. In order to obtain good approximations for the
‘large gradients of variables near a source, volume elements must ‘be chosen in
a special way. The symmetry of ‘the source has to be taken into account, and

volume elements must be "small" inrthe direction of rapid variations.
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An improved technique, which can handle sources accurately without the
expense of introducing many additional volume elements, is cutrently

being investigated.

4. DIFFERENCE FORM OF THE EQUATIONS

Consider an arbitrary polyhedron in three-space as shown in Figure 1.
Assume that all of the polygonal faces of the polyhedron relate to other
polyhedra with one polygonal face in common. For any pair of polyhedra
(n,m) we have an interface A,; and a total flux through the interface
labeled Fpp. The distance from the element location n to the interface
with area A,y is d,, etc. In this general description of finite areas,
volumes, and distances between volume elements, no distinction needs to be
made between one-, two-, Or three-qimensional figures. In the discussioms,
however, the two-dimensional case is easiest to pictorially describe and

will be used in subsequent examples, as shown in Figure 2.

The discussion above has described the spatial discretization’which is
used in SHAFT78. The time discretization is an explicit-implicit scheme
which has been described elsewhere.2,8 1t is basically an approach which
solves an implicit equation by iteration for the finite difference in time,
but uses an explicit equation to "get started." The integrated finite dif-
ference forms of the density and energy equations (eq. (7) and eq. (1l1)) are,

for a volume element Va

R -
v L F A +g
Vn n=l nm nm n (15)

Ap, = At

i—): CuF )+ @ -
Au n m=1

n " o aus aus 9p/ 3t
. 0 + (1-¢)p {( au) + (Bp) u aulat}

-

vhere the bars indicate averages over the time interval At.

(16)




Figure 1. A three-dimensional polyhedron with a polygonal face of area

Aqm and flux through that area Fpm from an adjoining polyhe-
dral volume. :

Figure 2. Two-dimensional polygons with interface area Agp and flux
: Fnm at the interface between volume elements n and m,

13
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In eq. (2) the total mass flux was noted to have a vapor component and a
1liquid component. The two mass flows are independent in the sense that the
Darcy equatién for each flux can be independently written, but the two phases
are coupled through their respective relative permeabilities which are both
dependent on the vapdr saturation. The fluxes have the finite difference

forms for phase a in element n given by (positive if into n)

P. =P
= 1} m n - a
Fgm Knm dn + dm pannmg an

. and

T -T
G = m_n Vv L.
nm - Fom a_+d_ +F h +F h (18)

vhere Y., is the direction cosine for gravity.

To obtain the interface quantities we assume that permeability can
change discontinuously at the element interface but that the fluid parame-

. N . . a
ters must be continuous across the interface. Then K'nm has the form

a
¢ o 1 eff a k.
Khm knm nm (ua)nm (19)

d +d
eff n m
ke =3 4 (20)
n,m
k Tk
n m

and Pgﬁ is linearly interpolated between elements n and m. The inter-
face mobilities (k/M)yy can be either spatially interpolated, or 1002
upstream weighted. The latter is necessary for problems with phase fronts.

VFor the thermal conductivity the coefficient is given by
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dn + dm (21)
Km“3 4

il LRI .}

Kh Km‘

where Kn is defined in equation.(IO).

' The specific enthalpyrhnm;canpbe upstream weighted (seerp.'17)'or com-
puted from linearly interpolated internal energy and density. The pressure
at the interface is calculated from flux continuity. When d, = d, the lin-
early interpolated interface values are the mean of the values at element m
and element n. Note that harmonic weighting of all variables would give

incorrect results in- two-phase flow problems.

5. BOUNDARY CONDITIONS: '

In reservoir simulation theteiare several types'of bounda:y conditions
which are sometimes ‘required torsimulate a given production history; or |
'geological'feature. These boundaty conditions are distinct from the’ models
used for external sources. For example, a teservoit pay-section is sometimes
bounded by impermeablerlayers, “In this case the boundary condition is a
no-flow in the impermeable;diiection.r,In SHAFT78 this condition can be
imposed by‘defining‘flow elements;fotfthe‘payesection which hanerno:connec-,‘
~tionsfin the impermeable diteetioni “In a geothermal reservoit“therimpetme—
able boundary in the above example may ‘allow appreciable heat conduction, in ”
which case elements can be ‘used” fof”the impermeable materials ‘and ‘can be
'given a non-zero coefficient of heat conductivity with zero permeability. '
I general, all necessary boundary conditions can be satisfied by assigning
- the appropriate conditions to the’ connections and elements ‘used in SHAFT78. -~
' Obvionsly, in some cases this -can be an inefficient use of computer storage,
since ‘the Dirichlet or Neuman conditions38 could be defined in the IFD
solution procedure very simply by ‘supplying the gradient or element value at
the boundary as input data. Implementation of this is planned as a future
modification. e
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6. SOLUTION PROCEDURE

The explicit-implicit scheme uses the iteration technique described in
ref. 40, Basicallylit consists of expanding the time average in eq. (15) as

- : (22)
Fom = Fop (t + 6At)
aan
®  Fpp(t) + 6At 3t
oF 3F | [3F faF
z an(t) + 6 ” Apn + % Apm + {3 Aun + 3a Aum
nj/ m ‘m
where 0 is a parameter between O and 1. From eqs. (15) and (22),
Apn (Apn)exp ?(Apn)mp

The explicit part of Ap, can be computed from quantities known at the

beginning of a time step, tk. The implicit pari depends upon the changes
occurring at the time tk+l = ¢k 4 Ac, '

The solution algorithm computes (Apn)exp first, and then uses the value
as zero-order approximation in an iterative scheme to compute the full expres-
sion eq. (23). For stability we must have 6 > 1/2. SHAFT78 uses a default
initial value of 8 = .57, which can be modified (increased) automatically
using a technique described in ref; 2. The user can prescribe other values
for 6. Similar considerations apply to the mixed explicit-implicit solution
of eq. (16).

Two additional parameters are used in the solution procedure. First,

an upstream weighting parameter, A, is used to provide values for L

according to 39
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Upm = Auyp + (1=2) udoum k o | (24)
and N 7

Bugg = duy, ZANA : - (25)

where "up" and "down" refers to the varisble values at element n or m,
depending upon which is npstreamjor downstrean, respectively. The default
value 1s X = 0.667. This upstream. weighting 1s only applied to the energy
equation. For the case where a phase vhich is present upstteam is not

present downstream we take A = 1.

The second parameter referred to is the acceleration parameter intro-

duced by Evans40 to acceletate:therconﬁergenee of the iteration procedure.
7.  THE EQUILIBRATION BETWEEN ROCK AND FLUID

The energy and density eqnations are coupled in two distinct ways,
namely across elements and within elements. The coupling across elements
arises because. pressure gradients, which in turn drive mass and energy flow,
depend upon both fluid energy and density. Therefore, archange in fluid ’
density modifies the flow of energy (and vice versa). This coupling usually
1s not very strong. It is treatedﬁin7SHAFT78°(as in earlier versions of
SHA?T)Ybyreolving firstvthe'energy:eQuation, then the densityrequation, and
resttieting the maximum’permiesible;changes in‘ important variables (such as
—ptessute, temperature, and vapor saturation) to a small percentage (12
- default). R B ' \ '

The coupling between the energy ‘and density equations within elements
arises from the presence of the roek matrix. Its importance was not suffici-
ently realized in the older wotk on SHAFT, and SHAFT78 contains a much

, improved tteatment.
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The cause of the coupling within elements is due to the dependence of
fluid temperature on density. During a density step the fluid temperature
changes. Subsequently, energy has to flow between rock and fluid in order to
maintain local thermal equilibrium. In eq. (16) the coupling is represented
by the term '

_ dplat 26)
LR YET: 26

which gives the ratio of density to energy change. This term is>needed as
input for computing the energy equation, but we know it oﬁly after the
energy and density equations are solved in a completely self-consistent

way. We are presently investigating ﬁhether ‘in some cases the coupling
between energy and demsity equations can be so_stfong that an interative
solution technique is needed. SHAFT78 uses a simpler and faster approach,
wvhich has been found to yield satisfactory accuracy for a variety of test
problems. Namely, we make a good guess for R, and correct for inaccuracies

after the energy and density equations have been solved.

Generally speaking, we take as our estimate for R the value computed in
the last time-step in each volume element. Such an extrapolation is not
applicable in all cases. Usually the terms referring to the rock in the
denominator of eq. (16) are much larger than the fluid term ¢p. Occasion-
ally, however the estimated value of R is such that the two large rock terms
approximately cancel each other. This yields a small denominator with a large
relative numerical inaccuracy. Physically, this occurs in situations where
the rock energy changes very little, i.e., the process is estimated to be
nearly isothermal. SHAFT78 checks whether a substantial cancellation between
the rock terms occurs, and if so it replaces the extrapolated value,of R with

the isothermal 1limit

L Gugew,

is0 (auslap)u’ 27
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‘ : corresponding to auslatfn O (cf;-eq. (11)). The isothermal limit for R is -
also used for the zeroth time-step (t 5'10-}2

sec), where no values are
available to be extrapolated from. -

After the energy step, then, rock and fluid’ are equilibrated at a

: temperature Ty = T(utdu, p+R-Au).r However, the subsequent density step
will usually yield a densityrchange:AD 4 RAu, leaving thelfluid”at the'A
somewhat different temperaturerlf'=;T(u+Au,dp+Ao). "To correctbfor this
we perform an equilibration'of"rock'and fluid temperatures'within'each
element after a density step, vhich leaves both at the same temperature'f
T(utAu’, p+Ap). N ' : :

Noting that the equilibration must not change the energy per volume in

each element, we have

TeT = $(o+a0) (whbu) + (1-0)p, u_(utbu, p4RAu)

,(Beforefequilibration) ‘

- ¢(p+Ap)(u+Au') + (1-¢)p o (u+Au , p+Ap)
(after equilibration) .%' " i o e . (28)

Expanding'ds(u.p) to firstrorderlwe;find :c

(l-¢)p (au /ap) (RAu—Ap)
A“' = du+ ¢(p+Ap) + (1-¢)p (au /au)

(29)

‘The user can choose to perform a rocklfluid equilibration just once at the‘
~end of a density step, ‘or after each density sub-cycle-5 While the former

-option requires less computing time the latter option is more accurate and

1s strongly recommended.
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8. THE EQUATION OF STATE

The basic concept of SHAFT78 involves setting up and solving coupled
equations for -the flow of mass and energy directly in terms of fluid speci-
fic internal energy u and density p. An advantage of this formulation is
tﬁat the same two variables (u, p) can be used to describe the state of water
even if phasé transitions occur. In order to implement this concept, the
material properties; ~ in particular water temperature T, pressure p, and
vapor saturation § - must be computed as functions of u and p (see Fig. 3).
We achieve this by tabulating T, p, and S over a rectangular grid .
(un,,pm)(n=1, eeey N3 m=1; «ees M), Parameters for the desired values of

(u, p) are then "looked up" through bivariate interpolation.

The tabulation essentially involves a straightforward inversion of steam
tables which give u and p as functions of (T, p, S). The inversion is done
by interpolation in two steps (Fig. 4). The following problems, however,

arise:

(1) 1Interpolation must not be made across the saturation
line, at which T, p, and S change slope.

(ii) Due to the minimal compressibility of liquid water,
the entire liquid region is very much condensed
in the (u, o) diagram. How can it then be tabu-
lated?

Point (i) is solved in the following manner:

(a) Table construction: First a check is made to see
whether the saturation line intersects a given
interpolation interval. If so, one of the two end
points is discarded and replaced with this
intersection. )

(b) Table "look-up": For bivariate interpolation at least
three reference points are needed. When table points
(uy, Pp) are chosen at random, situations are en-
countered near the saturation line where fewer than
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three points of a quadrangle lie on either side of the
- saturation line (Fig. 5(a)). .In order to avoid this

situation, all the intersections of basis energies u

and densities P with the saturation line are actual&y

tabulated (Fig. S(b))
Point (i1) is solved through "triangulation" of the liquid region
(Fig. 6). A series of energy val’ues,:un and density values pmris determined
such that the entire liquid region between the saturation line and the high-
‘'est iscbar as provided by the input data is'covered with triangles. By tabu~-
lating (T, p, S) at the corners of.theutriangles, an interpolation can be
made for any point (u, p) within the liquid region.

The question remains as to the accuracy which can be obtained for the
interpolated values of T, P> and S as functions of (u, p). As an example
a table was constructed using 55 energy and 59 density values which covers
most of the equation of ‘state between_temperatures,of 100-350°C, pressures
of 1-220 bars, and which'extendsithroughout the liquid, two-phase, and vapor
regions. With input data proﬁidedrfrom the Keenan/Keyes steam table,4l,

the following accuracj was obtained:

AT/T <.02% ' foriﬁQSt%bf two-phase region

2% for most of one-phase regions
<1z - - for small densities (p<2kg/m3)-
“Aplp 7 <1% 7 "jde nost of tuo-phsse end vspor regions'
<SZ”.‘f ' for small pressures (p <5 bars) ’
=4-6% - Vin liquid region
as/s oz ',_céveszyr!!sfrée@wt, for ve,rx_?mall s

- The large pressure ‘errors An the liquid region are due mainly to
the minimal compressibility of - liquid water, since very small inaccura-‘
cies in specific volume v = l/p as given by steam tables translate into
large pressure errors. For example, using the Keenan/Keyes table and

‘assuming an accuracy of *1 in the seventh digit, we have in a typical case
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: lookup using bivariate interpolation.
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‘Figure 6. The method of triangulation used in SHAFI78.
for the tabulation of the liquid region.
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Av = #1 x 10-7m3/kg or Av/v = 10_22. With dp/dv = -2 x 10

results in a pressure error of *2 bar. Thus in the liquid region, we require

7 bar/Ei this
kg

reference point densities p with a (relative) accuracy of at least six digits.
Somewhat less stringent requirements apply to energies u. Relative errors
with respect to the reference points can be avoided by using the analytical
formulas for the thermodynamic properties of water as provided by the Inter-
national Formulation Committee (IFC, 1967).14 Satisfactory results are then
obtained, while the remaining inaccuracies reflect the non-linearity of the

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

Table 1. Accuracy of interpolation in the liquid region for
different input data. Accuracy for 12 pressures in
the range 41-142 bars (temperatures between 217°C
and 338°C).

A B C
AP
(bar) 3.48 1.29 .62
AT
(°C) .1 .01 .01

(A) Input data from Keenan/Keyes and Vukalovitch tables.
(B) Input data from 1967 ASME - Steam Table Equation
(C) As (B) with double triangulation of liquid region.



HOW TO USE SHAFT78

o1, GENERAL PROCEDURES

.If the program has not'been,run before, the equation of state must
first be generated. The equation”ofrstate file (or tape) only needs to be
generated once. The user begins: by running the program WATER. = WATER
computes the 1967-IFC-steam table equations. ' ‘

The user specifies a lowest and a highest temperature (T3, Tp) and
a number of temperatures Nr. The'equationhof state for water is then
tabulated for Nt evenly spaced temperatures in the interval (T15 Th) -
The user may also specify an explicit set of temperature values which he

wishes to tabulate.

27

What was said for temperatures also holds for pressure, except that the

Np pressures in the interval (P, Ph) are spaced such that subsequent

values differ by the same ratio rather than by the same absolute difference.

WATER will then compute a number of isotherms. On each isotherm it
tabulates the values of " energy and density for all pressures, including the
saturation pressure Ps for that temperature (Pg is- automatically compu-
ted in WATER). R ' o

) After the WATER calculation has been completed the ‘user ‘runs PROPER,
which generates a table of . fluid properties suitable for the program CYCN.

CYCN ‘will then perform an actual reservoir ‘simulation.

PROPER tabulates,- for a set of energies ‘u  and densitiesw p; the

following ten parameters.
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Parameter Meaning

Temperature in ©C

Pressure in N/m2

Vapor saturation

Heat conductivity in J/m sec©C

Rel. permeability/viscosity (for liquid)} 9

Rel. permeability/viscosity (for steam)) in n¢/N sec
Density in kg/m3 (for liquid)

Density in kg/m3 (for steam)

Specific internal energy in J/kg (for liquid)

Specific internal energy in J/kg (for steam)

CWONTOTUVMDWNM

|

The input to PROPER consists of a tape written by WATER and data cards.
Some of them specify fluid data (viscosity, heat conductivity, relative
permeability); others specify the tabulation to be performed by PROPER.
PROPER operates in different modes, which the user specifies through the
data cards. These options are extensively documented by the COMMENT cards
in the MAIN program of PROPER. Some of the more important options include:

(1) Input/output tapes can be formatted or binary.

(i1) Different units can be employed (with SI-units
as default).

(iii) Relative permeabilities can or cannot be included

into p5, pge In the latter case they have to
be handled in CYCN (see below).

(iv) A set of energy values can be computed so as to
-"triangulate" the entire liquid region. Triangula-
tion may be performed up to six times for increased
accuracy of resulting table.

(v) Saturation densities or energies can be computed
and appended to whatever list of densities the
user supplies.

If the user intends to study problems which involve subcooled water it
is essential that (iv) and (v) be executed. In order to decide upon start-
ing energies and the numb=r of triangulation steps it is convenient to have

advance knowledge of the =nergy values that the triangulation will produce.
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This can be determined with the little utility program LIQPO, which performs
up to 60 triangulation steps beginning with an initial energy value speci-
fied by the user (the initial -energy value, however, must not be smaller

than the smallest saturation energy provided from the WATER—run).

After a fluid table has beenrgenerated by PROPER, the user may perform
reservoir simulations with CYCN.

CYCN can be used to check the accuracy with which interpolations in the
fluid table are made.. The user specifies the initial conditions for elements
in terms of (T,p) (one-phase) or (T,S) (two-phase). CYCN then determines
internal energies and densities for these initial conditions and, upon

completion of the zero-cycle, will find values of (T, p, S) from the fluid

' table by interpolating energies and densities. If .the difference from the

initially supplied values is greater than the user can. tolerate, the user
must supply a more accurate fluid table by using more closely spaced u,

p-values. S S

CYCN operates in,differentVEOdes,'whiCh the user'selects by means of

data cards. The more important eboices include: -

e Fluid table is read'either”as'binary or formatted.
e Relative permeabilities are/are not included in fluid table.

' :;orrRock/fluid equilibration can be made just once after a
o density step or after each density subcycle. :

In what follows, we giye some general'rules‘that the user should observe in

- running CYCN. . S T

”""Begin a new problem with rather stringent accuracy require-

- ments (e.g., use default values for EVARY, DVARY, PCT, RATEQ:
see p. 50); run only a small number of cycles, 10-20 say, and
generate full printout for each cycle.
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SUMMARY

Determine whether the time steps are controlled by energy
changes or by density changes, i.e., is Aup,y, ¥ EVARY

or is App,. = DVARY? If the maximum changes are con-
siderably smaller than both EVARY and DVARY, this indi-
cates that time steps are controlled by implicit correc-

tions (cf. eq. (23)).

Set EVARY and DVARY such that the number of density cycles
per energy cycle does not get too large (<5 is a good
value). .

In problems with phase transitions always use the option
MOP(13) = 2 (see p. 50); this ensures that rock and fluid
are equilibrated after each densitv subeycle.

Compare the energy changes Au from the energy equation
with those after the density equation, which contain
corrections from the rock/fluid-equilibration. If

the latter differ by more than a few thousand Joules/kg
from the former reduce the energy time steps.

Problems involving one-phase liquid water need very
tight controls on density steps, because of the large
pressure response of liquid water upon small density
changes. A DVARY of .l would permit pressure changes
of approximately 1 bar per time step.

Run longer simulations in segments and restart the
problem repeatedly. The optimum balance between
accuracy and efficiency of the calculation may
change during the simulation. E.g., a system which
initially only has liquid water may become two-phase
during the simulation, requiring much less stringent
accuracy controls.,

The reservoir simulator SHAFT78 is made up of several working programs
which can be used to study both simple idealized problems providing insight
into the physicai phenomena of two-phase flow, and to simulate the full-

scale behavior of real producing geothermal reservoirs. All of the two-phase

phenomena associated with evaporation, condensation, production, and injec-
tion can be realized. In Table 2 the equations in SHAFT78 have been gathered
together and are presented in the differential-integral form appropriate for

the IFD solution method. In Table 3 the functional dependence of the mater-

ial parameters is presented.
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Table 2 A summary of the basic equations used in SHAFT78

for two-phase flow in porous media.
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Table 3. A summary of the functional dependence of the
parameters used in the SHAFT78 model.

"
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rAlthough the program has been developed by several people in the past,
the current version is quite new and the authors take full responsibility
for the content. No stability or error analysis is presented here, although
some studies were carried out by Lasseter on ; very early version of the
prograﬁ.3:12 However, in all cases we have studied, the solution procedure
converges quickly and no unstable oscillations have been observed. No
formal study of the numerical diSpetsion associated with the soletion'methed

“has been made, although this type of study will also be carried out in the

future.

- Good judgment iS'requiren to choose (define) problems that are physieal—
1y reasonable, and to provideicqrreetrinput in the formats described below.
The sample problems below provide some examples of how the various parameters
for time-step and spcuraeyncontfnl'nay—be chosen. Otherwose, the program and
‘the various pre—‘and post-processors provide tools for two-phase studies which

are relatively free of "hidden" assumptions and restrictions.

We could write another sectien on improvements planned for future
_versions of SHAFT78. However,;fhis is not the proper place to dieeuss
programming changes, theoreticel'studies; or why these future developments
afe ‘necessary. However, it is of 1mportance to alert potential users that
”this version of the simulator is: still “under development, and new versions

will be mace available periodically.

In Figure 7 the generalized block diagram of the program SHAFT78 and its
associated pre- and post—processor programs is. summarized.’ In Figure 8 a

: generalized flow diagram of the prqgram CYCN is presented.
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2. THE INPUT FOR SHAME

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

To use the mesh generator, the following control cards should be used:

1 set per region

1 per comnection

Blank card

< JOB CARD >
SFL, 70000.

FETCHPS, CHRISPUBL, SHAME, SHAME. -
FIN4, I=SHAME

LGO
EOR
TITLE CARD (79-character title to output)
*MESH
< General parameter card > See next page

Region parameter card

Region corner card

Side radii and proportion card See next page
1 side proportion card*

J side proportion card*

INTER

Interregion connection crd See next page

*only necessary if EL, EJ =0

ENDME
*SPLIT

EOR

EOF

General Parameter Card

Format:
LABEL

NSYM

Containing the following: LABEL, KR, NSYMN

(A5, 15, 5X, AS)

5-character word

Number of regions constituting the mesh

Should be CYLIN if cylindrical mesh. If anything
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, IMAX, JMAX, RINT

l

(Al, 4X, AS,* SX, A5, ZX. 3, 2X, 13, ElO 3)

-l-character region code number

Name of material in which current region is imbedded

Fluid flow index - if equal to NOFLO this and 'all sub-
sequent regions are considered to be no~fluid-flow regions.
If equal to anything else, the region is considered normal.
Number of nodes along sides 1 and 3 ‘

Number of nodes ‘along sides 2 and 4 S

Uniform heat transfer resistance at interfaces between
elements (msec °C/J)

Region Corners Coordinates Card

Format:

" (8E10.3) - '
(xc(m), YC(N), N-=l 4)

where XC and YC denote'thelcoordihetes along the horizontal and vertical

directions, respectively, ofutﬁe_four region corners listed counter-clockwise,

starting at the corner defined by sides number 4 and 1.

Side Radii and Proportionrlndiees Card

" Format:

"RS(N)

EIL

EJ -

(6E10.3) B
(RS(N), N=1,4), EI, EJ -
=0.0 if side number N is straight, otherwise equal

‘to the radius of the arc of circle, positive if convex
" toward the inside of the region, negative otherwise.

Proportion indices defining how the elements are
distributed along the two I-sides of the region. 1f

- .zero, a set of IMAX-1 values is to be fed in, each

being proportional to the length of the corresponding
interval along both sides. If positive, the lengths

of the intervals are a geometric series with ratio EI.
" ‘If negative, the lengths of the intervals are in a -

geometric series with ratio -EI, beginning with the
far end of the first I-side. ‘ Sl
Proportion indices,for,the J-sides.

I—g;defPrObortion‘Cards,(onlyjiffﬁi¥iériero)

A set of IMAX-1 values proportional to the lengths of the 1ntervals
_along the sides is entered with Format (8E10 3. o
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J-side Proportion Cards (only if EJ is zero)

A set of IMAX-l values proportional to the lengths of the intervals
along the sides is entered with Format (8E10.3).

Interregion Connection Parameter Card

Format: (2(A2, 2x, 11, 5X), 15, 5X, 3E10.3)

- IDR1, NS1, IDR2, NS2, 1ISO, DEL1l, DEL2, RINT
IDR1 Code number of one of the two connected regions
NSl Number of the connected side
IDR2
NS2 ‘ Same as above, for the other of the two connected regions.
IS0 Anisotropy direction index to be assigned to every elementary

connection if the indices as defined in both regions differ,

DEL1 If both are zero, the connection distances are determined
DEL2 by the geometry of the connection. If any one is nonzero,

the corresponding value is uniformly assigned to the distance
from the center of every side-element in the corresponding
region to the side commonto both regions.

RINT Uniform heat transfer resistance (msec °C/J) along the
connection.

Card #5 is repeated for each of the interregion connections.

3. THE INPUT FORMAT FOR OGRE

The program OGRE*requires, as input, the x, y, z coordinates of the
discrete elemen; locations being used to specify a particular reservoir’s
geological system. From the list of element locations, the program finds
the midpoints of lines joining adjacent elements. At each midpoint the
program constructs a perpendicular plane. The intersections of the planes
in the three-space define an irregular (in general) n-sided polyhedron
around each element center. In two-dimensions the program produces a unique
"tiling" which has polygons with all faces perpendicular to the lines
joining adjacent elements. The areas between adjoining elements and the
volume of each element are calculated. The end result, in general, is a
three-dimensional grid of n-sided polyhedra for which the element locations,
the connecting (flow) areas, and the element volumes are all known. Since

the grids are finite the program must have information about the boundary of
* OGRE was developed by Oleh Weres of LBL.
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.ithe grid.lhis is supplied as a set of "dummy" elements which are used only
to 1limit the extent of the grid and are not intended for use in the reservoir

simulation.

The program currently allows definition of up to 800 elements and 4000
interface areas. Each element can be assigned an arbitrary material identi-

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

Input for OGRE

Card 1 ~ (8A10) I |
IPRINT =" 80 column title (label) card
Card 2 (615)

NNR = . the number of elements in the grid

NNT = the total number of elements including dummy
, elements
MRANK = °  the total ‘number of elements to be ranked
MRMAX = approximate number of neighbors to be tested
o for connection
MRMAXS = approximate number of neighbors to be tested for
' - connection- ‘within a single material group -

NGIVEN = number of connections supplied as input

Default values for Card 2

MRANK == =_ - 150
MBMAX - = - 36
- MRMAXS . .= . 11
C NGIVEN =" -0

The program uses these values if the corresponding field is blank.:

Card 3 (4El0p3),,

EPSBC, SRS T L T e T T e
EPSYZ - DR Parameters for various geometric tests.

'EPSIN © ~ Set by default. Leave this card blank.
EPST oo
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card 4 (4E10.3)

THETA
PHI Internal rotation angles. Set by default
PSI to nonzero values. :

ANGC If ANGC # 0, the above variables may be set
equal to zero.

For default leave this card blank.

Card 5 to NGIVEN + 5 (A5, 5X, A5)

Identifiers of pairs of elements whose connections are to be included in the
calculation (above and beyond those which the brogram finds itself). Not
present when NGIVEN = 0. These paifs of épecified elements allow the user

to insert connections as desired.

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

NGIVEN + NNR + 5 Identifier, x, y, and z location coordi-
nates and material identifier

NGIVEN + NNT + 5 For each of NNR real elements; followed
by same for each of NNT-NNR dummy elements.

The large number of significant figures is essential if input cards have

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

The purpose for having a large number of significant digits is to keep
I/0 associated truncation from causing "exactly” (i.e., to within computa-
tional roundoff error) parallel planes to be "almost parallel" and thereby
wreaking havoc with the calculation. Manually prepared input data is not
subject to this and may be provided in any E20.n or F20.m format desired.
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Discussion of OGRE Printed Output

EPSEC, etc., are threshold palues used to\test whether or.notrvarious
quantities are equal torzerog,'These”quantities arise in tests to determine
the identity of points,,the,parallelness of lines, the verticality of
planes, etc. A threshold value is necessary because of roundoff error
accumulation. The default values are appropriate for a problem with typical
element separation on the order of 100 meters with all I/0 and calculations
in meters.. Much smaller,grid;dimensions might require smaller test values

and vice-versa.

The three angles THETA, PHI, PSI define an internal coordinate system
which is actually employed in the calculation. The choice of default
values is arbitrary, although the values employed probably should not be
much smaller than the default—ualues. The ‘default values are used when
zeros or blank fields are inputted, and -the value of ANGC is also zero.
Setting ANGC not equal to zero will allow zero values as input for the
three angles, should this be desired. g

" The conversion to the rotated internal coordinates is dome at the time.
of input, . and ‘all coordinates ae converted to the :external coordinate systen
just ‘prior to output. - Thus,,values in the internal coordinate system would
only be seen in the context of an error ‘message and source code controlled
dump. k :

- The purpose of this coordinate change is to eliminate exactly vertical
planes and certain similar special ‘elements from the mesh being calculated
'because exactly vertical planes would cause non-physical numerical divergen-
Vces in certain of the algebraic manipulations. ’ ' N ‘

~The values of EPSBC, etc., and the rotation angles are best left alone i
unless trouble develops. Trouble e evidenced by the appearance of descrip-
tive error messages  ("TROUBLE-A. THREE ENDED LINE," etc-) along with appropri-

ate internal data values.
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An oddball vertical plane or something similar caused by an unfortunate
choice for the rotation angles will cause one or a few error-messages to be
generated. A poor choice for one or more of the threshold test values will
usually cause 100 (the maximum number allowed) error messages to be gehera-
ted. Either case can be dealt with by changing the appropriate values. 1In

the former case, a completely arbitrary change should suffice.

There have been no program-generated error messages since the code was
debugged and the present default values adopted, but the possibility remains.
The code is designed to “skip over" any difficulty that it recognizes during
execution and complete the rest of the mesh the best it can. The list of

inputted elements is self-explanatory.

The following page is generated during the actual calculation, which is
performed element by element. K is the internal identifier of each element.
It is simply the ordinal position within the input deck of elements. MMR is
the total number of neighboring elements which the program identified as
possible connected neighbors. (Neighbors externally supplied under the
NGIVEN option and not redundant to those identified by the program are
included above and beyond MMR). NMAT i; the number of material designation
groups to which the MMR neighbors belong. INMS and IS are the number of
neighbors falling into the first material group identified, and the corres-
ponding material identifier. In this example, all elements belong to the
material (blank). If more than one material group is present, the (MNMS,
IMS) field is repeated as many times as'necessary. In all cases, NMR g
MPMAX and MMS < MRMAXS. This is the significance of these input parameters.

When more than one material group is present, usually MIR > NNS.

Total Number of Geometric Trouble Flags is the number of times the

program noted difficulties and acted upon them. Each instance results in

the printing of an error message up to a maximum of 100 messages.

In OQutput Node List, IMAT is the material identifier for each element.

NC is the number of neirhbnring elements that it is connected to, and a list

of the connecteda cicnents foliows.
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The Total Number of Connections (NCT within the progran) is the total

number of connections given or-identified,vincluding those beétween real

elements and dummy elements. The Number of Interelement Connections

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

IFACE is the internal nunerical identifier for each connection generated
and IA, IB are the numerical identifiers for the comnected elements. - NODEA
and NODEB are the element names.j'DELT is the perpendicular (i.e., shortest)
distance -from either of the two element centers to the plane interface
between them. (The two diotencee are always‘equal. Note that the 1ine
between -the two nodes ‘need not actually pass through the polygonal interface
between them). The values A through D are- the coefficients for the equation
of the interface plane written in the form

e +':isy +Cz =D - (30) °

User Defined File Outputs

There are three user defined}Output'files tequired. TAPES4 -is written
by the main program, OGRE, and—TAPES and TAPE6 are uritten,by the subrou-
tine ISECT. TAPE4 is the SHAFT78’COmpat1b1e“output'file. ‘The first record
gives the number of elements: twice (NNR) followed by the total number of

_connections. ' The next NNR records give the name, material identifier, and
volume for each of the elements-, Note ‘that OGRE uses the material identifier

as a computation control input variable (more on this below). In'general,
this will not be the physical material identifier used by SHAFT78. “Therefore,

,IMAT might have to be changed between running OGRE and tunning SHAFT78. The

rrlast NCT records describe the. counections. R

The values NA and NB are the elements which are. connected. ‘Is1 is 1,
2, or 3 depending on which one of A, B, and C has the gteatest absolute
value. ZR is C of the'printed outout. It is required by SHAFT78 to handle
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the effect of gravity upon flow. HTR is the interface heat transfer resis-

tance used by SHAFT78. OGRE sets HTR = 0. If another value is desired, it
must be supplied by OGRE and SHAFT78.

TAPE5 1is the plottér output file which contains a list of all connec~-

tions calculated. There is one record for each connection, for a total of

NCT records. Each record contains the following:
NAMEA, NAMEB, N+1, (X, Y, Z) repeated N+l times.

NAMEA and NAMEB are the names of the two connected nodes. N + 1 is the
number of corners (edges) which the convex plane polygon which represents
that connection has, plus one. Each triplet (X, Y, Z) is the position in
space of one of those corners. The coordinate triplets are arranged in
proper order around the polygon, and the first one is repeated at the end,

thereby closing the polygon.

TAPE5 is input for the program PLOTO which generates the actual plotter

commands. It is not a plotter command file 1itself.

The records written on TAPE6 are a subset of those on TAPE 5. That is,
only connections between two real elements are included. Those which
connect a real element to a dummy element are not included. There are a
total of NCF records in TAPE6, each of which is identical to one of the

records in TAPES.

TAPES contains the information needed to create a complete picture of
the grid. Making such a picture after each run is essential when dealing
with any but the simplest problem. This plot is done with half weight lines
because all of the line segments are retraced two or three times as a

consequence of representing shared edges.

TAPE6 allows the internal flow connections within the grid to be
visualized. This is also needed to properly chéck out a grid. These plots

are even more useful as pairs of stereo plots rotated by a small angle
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relative to each other. Line them up in front of you, cross your eyes, and

see the grid pop out in 3D.

4, THE INPUT FORMAT FOR WATER
The units employed are °C for temperatures, N/m2 for pressures.

Card 1 ‘Vspecifies the tehperstures for the tabulation
: FORMAT (215, 2E10.4) :

IT = number of'erenly spaced temperatures o
ITT = number of explicitly provided temperatures
T(l) = first of evenly spaced temperatures
T(IT) = last of evenly spaced temperatures
Card 2 gives additional temperature values (Optional, only if
ITT # 0. :
FORMAT (8E10.4)
T(IT+1) |
T(IT+2) T
. 1} explicitly provides temperature values
T(IT+ITT)

(more  than one card if ITT > 8).

Card 3 specifies the pressure values for the tabulation.
- FORMAT (215, 2E10.4) ,

number of ‘pressures with constant ratio Pi+1/Pi

IP -~ =
, IPP = number of explicitly provided pressures
¥P(1) = first of IP pressures
PP(IP) = last of IP pressures
Card,éul"f , gives additional pressure values (optional, only if
ST IPP # 0)s - 3
FORMAT (8E10 4)
PP(IP+1) |
PP(IP+2) R ; oo
. ) explicitly provided pressures values -
PP (IP+1PP)

(more than one card if IPP > 8)
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WATER generates printed output and two files,

TAPE9 contains "special data," i.e., data for the highest isobar and

for the saturation line.

TAPE8 contains "isotherms," i.e., for each temperature value, water
energy, density, and vapor saturation are tabulated as a function of pres—
sures. The saturation pressure appears twice, with function values refer-

ring to liquid water and steam, respectively.

Both files are written in formatted mode. The input file needed by
PROPER is obtained by executing

{

COPY, TAPE9/RB, IFXF, TAPE8/RB, NEW.

i.e., first TAPE9 and then TAPE8 has to be copied, with the end-of-file mark
after TAPE9 being deleted.

5. THE INPUT FORMAT FOR PROPER
Card 1 holds various options

FORMAT (2613)

IUNIT determines the units used in PROPER
0: input and output are in metric units (energies in Joules,
pressures in N/mz); use this option in conjunction with
WATER.
1: energies are input in kcal, pressures in ata (= kgf/cmz);

output is in metric units.

2: energies are input in Joules, pressures are input in bars;
output is in metric units.

ICHOIC(1l) set equal to 2



ICHOIC(2)

0:.
1:
ICHOIC(3)
ICHOIC(4)
0:
1:
ICHOIC(5)
0:
1:
ICHOIC(6)
0:
1:
_ICHOIC(7)
-0
1:
Cerd 2
MAX(1)

generetion of (u,p) - tables is made fbf input values of
u and p.

saturation densities for ihput:energies are appended to
list of input densities (imperative if problems are
studied which involve phase transitions).

set equal to 0

tabulates only T,:p, S as functions of u and Pe

reads data for relative permeability, viscosity, and
thermal conductivity; then proceeds to generate a full

- (u,p) table of all 10 fluid properties.

equation of state (EOS) - input is as isobars (for each
pressure a list of T, S, u, P)e’

EOS - input is as isotherms (for each temperatdre a
list of p, S, u, D). this option is needed in conjunction
with WATER. '

tapes are read/written in binary mode.’

tapes are readlwritten in formatted mode (to be used
with WAIER). .

relative permeabilities are included in parameters Pg
and P6° -

7

relative permeabilities are not included in parameters Ps

~and p6-

controls triangulation of liquid region of EOS.,
FORMAT (6(13, E10. 4))

number of energy values to be generated by triangulation
of the liquid region of the EOS. '
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ESTART(1l) starting energy for triangulation process (must not be
smaller than the lowest saturation energy provided from
input data).

MAX(2) as before, for performing a second triangulation
ESTART(2)J to increase accuracy - '

MAi(ei }

ESTART(6)f up to six triangulations can be performed

The total number of energy values must not exceed 99. Triangulation is

necessary for problems, involving (subcooled) liquid water.

Card ‘3 reads number of explicitly provided energy and density values.
: FORMAT (2613) ' '

NE number of ‘energies
ND number of densities
Card 4 reads NE energy values, 8 per card

FORMAT (8E10.4)

Card 5 ) reads ND density values, 8 per card
FORMAT (8E10.4)

Card o

FORMAT (I5)
NR number of points for table of relative permeability (not to

exceed 33)

Card 7 reads NR values of vapor saturation in ascending order,
8 per card.
FORMAT (8E10.4)

Card 8 reads NR values of liquid relative permeability corresponding
to the above vapor satuations, 8 per card.
FORMAT (iElQ.4)

Card 9 reads NR values of vapor relative permeability corresponding
to the above vapor saturations, 8 per card.
FORMAT (8E10.4)

Card 10 begins the viscosity data.

FORMAT (E10.4, I5, AS)
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PATM pressure in units of technical atmospheres
(ata = kgf/cm?).

NTT number of: temperature (and viscosity) - values for this
pressure (not to exceed 50).

JEND ~ ENDbb: PATM is the last (highest) pressure for which
' viscosity data are read. _
blank: continue to read viscosity data.

Card 11 .- reads NIT temperature values, 8 per card. The temperatures
' nust appear -in ascending order, with the saturation
temperature corresponding to PATM appearing twice.
FORMAT (8E1l0.4)

Card 12 7 reads NTIT viscosity values, 8 per card, corresponding to
PATM and the NTT tenmperatures read in card 1l. For the
saturation temperature, need the viscosity of saturated
liquid first, then that of saturated steam.

FORMAT (8E10. 4) B

Unless JEND was equal ‘to END, PROPER will continue reading viscosity data,
going through the cycle CARD 10 =~ CARD 11 - CARD 12. Up to 25 isobars can
be read. If JEND was equal tc END, PROPER proceeds to read data for thermal
conductivity of water. .

- Card 13 begins the thermal conductivity data. These data are read
exactly like the viscosity above: o

PATM
NIT
JEND.
Card 14 reads NIT temperature,values.
Card 15 reads NTT thermal eonductivity values.

Then proceeds to read another Card 13, etc., unless JEND 1is equal to

VEVD, in which case the input deck is closed.

~In addition to the cards, PROPER needs as input a file generated by
) WATER to be supplied to. PROPER as. TAPES.‘,i

PROPER generates printed outputiand_a file TAPE1l, which contains a
table of fluid propertiesisuitahle;as input for CYCN. '
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6. THE INPUT FORMAT FOR CYCN

During the development of SHAFT78, a number of options have been created
for running CYCN in different modes. The following description includes those
options which are useful for applications. An overview of the input format
for CYCN is given in Figure 9. '

The input deck for CYCN begins with one or two "starred" cards.

Card 1 *(TITLE, optional)

The card has a star in column 1, followed by a 79-character
title. The title is printed as a header of every page of
output and can be used to identify a problem.

Card 2 *CYCLE (to be punched into columns one to six)
This card initiates the actual simulation.

Card 3 determines the input mode for the table of fluid properties,
as generated by PROPER.

FORMAT (12, 214, 7E10.4)

MDDE 0: fluid properties are read from binary tape
l: fluid properties are read from formatted tape.

IDIM number of energy or density values in the fluid table,
whichever is larger. 1f left blank, the default value is
81. 1IDIM must not exceed 99.

IREL 0: relative permeabilities are obtained from the fluid
table.

#0: relative permeabilities are computed in CYCN according
to one of the following choices:

1: Corey’s equation as given in ref. (42), with
REL(1) = Syc, REL(2) = Sgc.

2: Relative permeabilities are interpolated from a
table of values, specified in array REL2 in sub-
routine PARAM. At present, REL2 contains data
as given in ref. (43).

REL(I) parameters to be used in computing relative permeabilities
(at present only REL(1l) and REL(2) are operative).



Card 4

MAT
DM
POR

PER(1)
PER(2)
PER(3)

cM
CH
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RockvprOperties.*i
FORMAT (AS SX, 7E10. 4)

five character material identifier

- specific density (in kg /m3)
porosity

absolute permeabilities in the direction specified by
the index ISOT (see card 8.1) (in m?)

heat conductivity (1n J/m sec°C)
specific heat (in J/kg0C)

Repeat card 4 for each different rock material.

At present, up to seven different materials can be defined.

Card 5

Card 6

blank card indicates end of rock property data.
has two options, to be punched in columns one through five.
"START": begin a new problem.

"RESTA": restart arproblem, in which case CYCN needs a file
RESTA'torbe described below.

The next five cards describe parameters vwvhich are needed in the calculation.

Card,6.1

NOEOF -

 KDATA

FORHAT (212, 314,71411 S(SX, AS5)

Specifies the type of calculation to be performed.

-1.~ solve density equation only.

0: solve both energy and density equations (standard
option).;;,;:, o : o

1: solve energy equation only.

. specifies what is to be printed.

0: print only -the dependent variables and some parameters
for each element. ~ S5 :

1: printrinraddition,fluxes and transductances.

2: fnllvprintout;Z‘
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MCYC
MSEC
MCYPR
MOP(I),
I=1, 14
MOP(1)

MOP(2)

MOP(3)
MOP (4)
MOP (5)
MOP(6)
MOP(7)

MOP(8)

MOP(9)

MOP (10)

MOP(11)

maximum number of cycles to be performed.

maximum duration, in machine seconds, of the simulation.

~ printout will occur for every multiple of MCYPR cycles.

allows choice of various options. Default options prevail
for MOP(I) = 0. MOP(1l) through MOP(8) generate additiomnal
printout in various subroutines, if set ¥ 0.

INPUT

PARAM (the larger MOP(2) is the more printout will be
generated). :

TBICK

TRIP

GETIT

FLICK

FLIP

SHALK (do not set MOP(8) > 4)

MOP(9) through MOP(14) modify the way calculations are
being performed. Use only those options that are

discussed here!

determines the composition of the source fluid. The
relative amounts of liquid and vapor are determined:

0: according to relative mobilities in the source element.

1: source fluid has the same (u, p) as the producing
element.

2: only vapor is produced.

3. only liquid is produced.

set equal to 0.

determines mobilities at interfaces.

0: mobilities are spatially interpolated between
adjacent elements.
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: mobllities are upstream weighted, namely
1: upstream weighting with WUP (defaultfis.667).

2: 100% uﬁStream weighting

For problems with a phase front MOP(1l) = 2 is imperative!

MOP(12)

MOP(13)

MOP (14)

For problems in

required.

PRINT

ENUM

MATID

This

- PUNCH

" FLOW

set equal to 2;;:;W

0: perform rock/fluid equilibration just once after
density step.. .

2: perform roek/fluid equilibration after every
density—subcycle (strongly recommendedl).

0: default

7: update derivatives for rock/fluid equllibratlon'
(this'option to,be used only with MOP(13) = 0).

which elements will- change phase MOP(13) = 2. MOP(14) = 0 is
option should be used as standard in almost all cases.
‘set equal to "STEP".

set equal to the name of one elément,,to obtain a short
printout every cycle.

set equal to the name of one of the materials (rocks), to
obtain volume-, mass-, energy-, and heat-balances for (part

of) the system.

“if set equal to "PUNCH" energies and. densities are punched

" for each element after normal completion of the run

'(KWIT £ 4). The cards are compatible with the initial

condition=deck "INCON" (see below); they provide an alter-
native for restarting a problem. 1f left blank no cards
will be punched. &

if ‘set equal te "FLOWb" ‘mass fluxes are punched under the

format of deck "INFLOW" (see below), provided PUNCH was
set equal to "PUNCH" . Otherwise no additional punching
will occur.
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Card

Card

6.2

TSTART

TIMAX

TIMEP

DELTEN

DELTEX

DELTFN

DELTFX

SCALE

6.3

EVARY

DVAKY

ERRE

ERRF

FORP

time parameters
FORMAT (8E10.3)

TSTART, TIMAX, TIMEP, DELTEN, DELTEX, DELTFN, DELTFX, SCALE

starting time of the calculation in seconds.

time in seconds at which calculation should stop.
If zero or blank, simulation proceeds until calcu-
lations stop according to some other criterion.
time interval (sec.) between printouts.

minimum energy time step (sec.); default = 10-12
maximum energy time step (sec.); default = 1012
minimum density time step (sec.); default = 1012

maximum density time step (sec.); default = 10+12

scale factor used to change the size of the mesh
to be fed in (default = 1.0).

variation parameters
FORMAT (8E10.3)

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

.

optimum change (J/kg) in the fluid specific interunl
energy for every element over any energy «fnan. Jet
equal to 1000 J/kg if zero or blank.

optimum change (kg/m3) in the fluid demsity for
every element over any density step. Set equal to
1 kg/m3 if zero or blank.

convergence criterion (J/kg) for the iterative
scheme solving the energy balance equation.
Set equal to 104 EVARY if zero or blank.

convergence criterion (kg/m3) for the iterative
scheme solving the mass balance equation. Set
equal to 104 DVARY if zero or blank.

implicit-explicit ﬁéighting factor in the energy
balance. Computed every energy step if zero or
left blank.
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FORF

PCT

Card 6.4

EONE

DONE

-FONE

. GF

,RATEQ :
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implicit-explicit weighting factor in the density
balance. - Computed every density step .if zero or

1eft blank- :

upstream weighting factor used in evaluating the
minimum value of the explicit energy convection

term of the heat balance. Set equal to .667 if

zero omitted. Rt , : :

maximum. relative'change over a time'step in any variable
and some parameters. Set equal to .01 if zero or left
blank. : ‘L d . : :

default,initial:conditionsv
FORMAT (6E10.3) - :

vEONE, DONE, . FONE, GF, RATEQ, CuT

fluid specific internal energy (J/kg) to be used as
initial value at any element for which no other

“value is specified in deck "INCON" (#10; initial

(L4

o

conditions). - IF EONE < 1000, EONE is taken to
be temperature TX (in °C) rather than energy.

'initial fluid density (kg/m3) for every element forr

which no other value 1is specified in deck " INCOR"
(#10; initial conditions). If EONE g 1000, meaning
temperature, - DONE is taken to be pressure PX (N/n2,
for DONE > 1) in the one-phase case; it is taken to be
volumetric. vapor saturation SX (for DONE g 1) in the )
two-phase cases EE

‘initial fluid massrflow rate ‘(kg/sec) across every

connection for which no other value is specified .

fi in deck "INFLO" (#11 initial mass flow rate). 'f

magnitude (m/secz) of the gravitational acceleration ﬂ

,vector. Blank or zero gives "no gravity" calculation.

accuracy criterion (J/kg) for rock/fluid-equilibration, ‘
set equal to- 50 J/kg if left zero or blank. 's:,ﬂ g

: 'determines when the isothermal limit will be taken in
"~ eqe (642); 1if the denominator in eq. (6.2) is less

than CUT * ¢p,- it is replaced with ¢p.' Default value

~is CUT = 5. 7’

If the problem is reatarted.using restart—file ("RESTA" in Card 6):the cards

7 through 11 are omitted.
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Card 7 ‘ ELEME

This card precedes the element informaﬁion, described below (columns 1 to 5).

Card 7.1
EL1l, NSEQ, NADD, AMA, VOLX
- EL1 _ : code number of the first element in the sequence.

NSEQ : number of additional 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 (n3) of each element.

The card ROFLO may be inserted among the deck of cards 7.1 to
indicate that rhe follcwing elements are outside the flow domain. Conver-
sely, carc FLOW indicates that the following elements do belong to the

flow domain.

Card 7.2 blank card

This card placed after all elements in the mesh have been
specified by way of card 7.1, indicates the end of deck 7.

Card 8 CONKE

This card introduces some connection information; connections having
the same characteristics are listed as a scquence on a single card by using

approjriate values of NSEQ, NADl, and XKab2 (sce below).



Card 8.1

EL1
EL2

NSEQ

NADL
NAD2

ISOT

Dl
D2

AREAX

BETAX

RINTX

'Cardr 8.2
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FORMAT (2A5, 415, 5E10.3)

ELl, EL2, NSEQ, NADl, NAD2, ISOT, D1, D2, AREAX,

BETAX, RINTX

code numbersiof,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 two successive comnections.

" set equal to 1,2 or 3; specifies absolute permea-

bility to be PER(ISOT) for the materials in elements
EL1 and EL2, where PER is read in through card #4.
This allows assignment of different permeabilities
in e.g. the horizontal and vertical directionm.

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

(connection)'area'(mz) of each common interface.

(direction) cosine of the gravitational acceleration
and the normal to the common interface, oriented
from the first to the second element in each
connected pair. No effect if GF in card 6.4 is

zero or blank.

heat transfer resistance (msec°C/J).

 blank card;;'Q;}’;

This card, placed after all connections have been listed by way of

: cards 8. 1 indicates the end of deck 8. :

The informatlon provided hfidecks 7 and 8 supplemeuts but does not

supersede completely the information that may have been prox Zad through

'-tape "MESH" from program SHAME
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Card 9 ’ GEHER
Introduces heat and mass generation data; any element may contain -

several heat/mass sources or sinks. Sources or sinks having the same

characteristics can be listed as a sequence on a single card. .

Card 9.1

EL1
sl
NSEQ

NADD
NADS

LTAB

TYPE

GX

Card 9.2

FORMAT (2A5, 4I5, 5X, A4, 1X, 2E10.3)
ELl, S1, NSEQ, NADD, NADS, LTAB, TYPE, GX, EX

: code number of the first element in the sequence.

code number of the first source in 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 table of generation rate versus
time (must not exceed 300). Set O or 1 for comstant
generation rate.

MASS - mass source
HEAT - heat source
Default (blank) is MASS.

constant generation rate, positive for injectiom,
negative for production; GX is mass (kg/sec) for
a MASS source, energy (J/sec) for a HEAT source.

fixed specific enthalpy (J/kg) of the fluid for mass
injection (GX > 0). »

table of generation rates versus time
(LTAB > 1 only). N

FORMAT (4El4.7)
Read all generation times

(F1(J), J = 1, LTAB) N gi;



F1
F2

~ Card 9.3

F6 -

_ Bead all generation rates.

(F2(3), J = 1, LTAB)

: time (sec)

: generation rate (J/sec or kg/sec)

table of specific enthalpy (J/kg) of injected fluid

(for LTAB > 1-and F2 > 0 only).

FORMAT (8E10 3 ‘
Read all generation specific enthalpies.

(F6(J), J = 1, LTAB)

s specific enthalpy (J/kg).

See MOP(9) (Card 6.1) for specification of fluid energy for production.

Repeat cards 9.1 through 9.3 (if appropriate), for all source elements.

Card 9.4

blank card

This card indicates the end of deck 9.

Card 10

This card introduces the initial conditions for- specific elements.”
This data overrides the initial conditions specified for all cleucnts on

I INCON =

card 6.4 by EONE and DONE.

Card,lO.lr

ifﬁLl

~ NSEQ

" NADD

DX

_FORMAT (AS. 215, sx, 2EIO 4)
_EL1, NSEQ, NADD,‘EX, nx

: code number of the first element in the sequence.

-0

number of edditional elements.‘ \f

L L

fluid‘internsi ;aergy (J/kg)‘

fluid density (kg/m3).

59

increment between code numbers of two successive elements.,
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This card is repeated as many times as necessary to prescribe initial’
conditions other than the default values specified in card 6.4. (EX, DX)
can be (T,p) or (T,S), as explained in connection with card 6.4.

Card 10.2 blank card
This card indicates the end of deck 10.

Card 11 r INFLO

This card introduces the initial mass flow rate, which may be useful
whenever NOEOF equals 1; connections having the same characteristics

are listed as a sequence on a unique card.

Card 11.1
FORMAT (2A5, 315, 5X, E10.3)
ELl, EL2, NSEQ, NAD1l, NAD2, FX
EL1 ¢ code numbers of the two elements linked by the
EL2 first connection in the sequence.
NSEQ : number of additional connections.
NADl} ¢ increments between code numbers of corresponding
NAD2 elements in two successive connections.
FX ¢ initial fluid mass flow rate (kg/sec)

This card is repeated as many times as necessary to prescribe initial

mass flow values other than the default value specified in card 6.4.

Card 11.2 blank card indicates the end of deck 1l1l.

Card 12 r ENDCY

This card closes the data deck for CYCN (columns 1 to 5).

If the program SHAPE is to be run, follow this data deck for CYCN with
the control cards as shown in the section below. If the CYCN data ends

the data deck the following card begins the calculation.
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Card 13 l*SPLIT (columns 1 to 6).

" " "This card indicates therend of the data deck, and will transfer control
to the computer system. An example of how to execute a data deck on the BKY
. system is shown in a later section. Figure 9 shows the standard form for

SHAFT78 CYCN input data..

7. THE INPUT FORMAT FOR SHAPE
PLOTS

The plotting of the'mesh, the¢variables\u and p and some narameters is

initiated by the followingicard:;;fr
Card 1 , ¥PLOTS

followed by:

Card(s) 2 - region identifiers:end border plot flags -
LABEL, (Fl(I), FZ(I), I=l 7
FORMAT (AS SX 7 (Al FS 0, 4x))

LABEL = REGIO
- F1. B identifier of any region to be included in the plots.
. F2 H border plot flag for the corresponding region., This

is a one~ to four-digit floating point number; each
digit is between 1 and 4 and indicates that the
: , corresponding side of the region is to be drawn.
s - B If no border plot flag 1s specified, all four sides
of the region are drawn; therefore, if no side is
to be drawn, F2 must be assigned the value 0.

Additional cards may be inserted containing (Fl(I), F2(1), I=1,7) with
\ij Format (10X, 7(A2, 3X, FS 0).
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SHAFT 72 CONCN) INPUT FORMATS |
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Figure 9. Standard form for SHAFT78 CYCN input data.




Card 3 paper coordinates
LABEL, PXDF, PYDF
Format (A5, 5X, 2E10.3)

LABEL = COORP

horizontal and vertical space'(inches) available for
plotting the grid. Neither should exceed two—thirds of
the total space available. :

PXDF

PYDF .4 The X and Y paper coordinates PXMIN and PYMIN of the
lower left-hand corner of the plotting space available
for the grid are then automatically set to half PXDF
or PYDF, whichever is Smaller.

The character height is . automatically set to one-
. elghth of the foregoing ninimum.

If card 3 is omitted; the‘default value 6,‘is*assigned to PXDF and

PYDF.
Card 4 space coordinstesi;gr
LAREL, XMN, 'm,'m,'m
FORMAT (AS, 5K, 4E1§.3)
'WLA'BEL ) = COORS 7
XMﬁ'f;ﬁlV;’E;minimum abscissa of the plot.
:,XMi, r;‘li §‘maximum abscissasof the plot._“
rri YMN ,: minimom,ordiostefof the plot
B SYMX F maxiouoﬁordinsteloftthe:plot;'
. . The paper coordinates:are sutomatically adjusted 80 that the X and Y.

scales are the same and the grid is as 1arge as can fit within the paper

coordinates specified. ‘

\59 If card 4 1is omitted; space coordinates are automatically adjusted to

accommodate all the regions generated by SHAME.
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Card 5

LABEL

F1

plot types

LABEL, (F1(I), I=1, 11)

FORMAT (A5, 5X, 11A2)

= TYPES

¢ right-adjusted, two-character identifiers sPecifying which

plots are to be made:

E: internal energy (J/kg)
D: density (kg/m?)

T: temperature (°C)

P: pressure (N/m2)

S: ‘vapor saturation
HF: heat flux (J/m2 sec)
LF: 1liquid (mass) flux (kg/m .5€ec)
VF: vapor (mass) flux (kg/m .sec)
LV: 1liquid seepage velocity (m/sec)
VV: vapor seepage velocity (m/sec)
MF: (fluid) mass flux (kg/m .sec)

If card 5 is omitted, all eleven plots are made.

Card 6

LABEL

TIMU
DIMU

Card(s) 7

maximum vector length and units

LABEL, VMAX, TIMU, DIMU

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

MISCE

maximum allowed vector length (m) in space coordinates.
The default value is one-tenth the length of the plot
along the X or the Y direction, whichever 1s less. This
value is reset whenever space coordinates (card 4) are
reset.

time and length unit names to appear on the plots;
default names are "SECONDS" and "METERS", respectively.
scale multipliers

LABEL (F1(I), F2(I), I=1,7)

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



65

LABEL ¢ SCALE
Fl : right-adjusted, two-character identifier of the
parameter to be multiplied by a scale factor before
plotting. Fl may be any of the identifiers mentioned
with deck 5.
- F2 : scale factof

Additional cards may be inserted, containing (Fl(I), F2(I), I=1,7) with
FORMAT (10X, 7(A2, E8.2)).:

If deck.7 is omitted, the parameters are plotted with no scaling.

- Card 8 contour levels

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

FORMAT (A5, 5X, A2, 8X, 4E1#.3)

LABEL : CONLV
TYPE : right-adjusted, two-character identifier of the
parameter for which contour levels are to be drawn:
may be E (energy), D (density), T (temperature),
P (pressure), or S (saturation). . ,
BOLD : increment between bold contours.
-~ XLAB H increment;betVéen lebeled'contours.’"
CMIN :Vminimum value to be contoured; this value applies
S after scaling. : :
-~ “CDEL : increment betweenicontonrs.

7Additional cards may be inserted containing TYPE, BOLD, XLAB, CMIN,
" CDEL with Format (lOX, A2, 8X, 4E1¢ .3) . '

Card 9 ~~ ORID

This card initiates the plotting of the mesh.
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Card(s) 10 plot times
LABEL, (F1(I), I=1,7)
FORMAT (A5, 5X, 7E1¢.3)
LABEL ¢ TIMES
Fl : time to be plottéd: the corresponding information

is plotted if F1 is within 4 percents of any time
stored on tape "SAVE" (#6).

If F1 is negative all times stored on tape "SAVE"
are plotted.

Additional cards may be inserted, containing (F1(I), I=1,7) with FORMAT
(10X, 7E14.3).

Card 11 ENDPL

This card closes the PLOTS data deck.-
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8. THE INPUT FORMATS FOR PLOTZ

PLOTZ is a package of utility brograms which allow the user to edit and
plot certain output variables'fromVCYCN calcuiations. Four programs are
described below. Two programs are for data manipulation and two are for
~ graphics output. These programs all reside on PSS 1library DUCK and are
accessed by the standard PSS LIBCOPY command. Figure 10 shows the program
" structure for the utility péqkage called PLOTZ. ' ‘

FILTER : Extracts Time/Temperature and Time/Pressure data for a
glven set of elements. :

The input structure is:.

Number of Elements (15)
Element Names (10AS)
 Tape 15

* " Blank Card

;,The outputris:

Tape lip,fTime/témperature

Tape 2;”¥ Time/pressure

An example of FILTER output plots is given in Figure 1l.
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CYCN

Tape 15

SHENT ) FILTER

PLOT 99 PLOT &4
TI 700 CALCOMP IDDS
Output Output Output
(Restricted
to Shent
Input)

Figure 10. Generalized block diagram for data manipulation
and plotting from CYCN output.



SHENT  : calculates the total specific enthalpy for specified
' elements as H = (pu + p) ¢ + CgpgT(1-¢) and produces a
file for input to Plot 99 which will have up to 6 differ-
ent frames (Enthalpy vs. poszition, Energy vs. position,
Density vs. position, Temperature vs. position, Pressure
vs. position, Phase vs. position).

The input structure is:

Number of Spatial Points (15)
b4 position of Spatiai'Points (10E5.1)

uaximum Cycle number, Rock spec. ht. » Rock density
(15 3E10 4). Porosity

~ IOPT (=1 suppresses tilting to produce graphic
' compatible output)

TAPElS

An example of SHENT output plots is given in Figure 11

" PLOT 99 (SHENT OQutput) produces a CALCOMP Plot (IOPT (7)=0) or a
: . TI700 formatted teletype plot (IOPT(7)=l1) of H,E,D,T,P,
Phase vs position from SHENT output for different times.

- CALCOMPT Output has the time for each curve printed next
to its maximum value. TI700 output plots a different
~symbol (0-9, A-Z) for each time, then a list of symbols

and corresponding times after each plot.

I0PT is a string ‘of 7 ‘ones or zeros. If IOPT (1) # for
any I from 1 to. 6 the variable number I of the set (H,T,P,
Phase, E D) is plotted.

_‘Input (SHENT Output)

Total Number of Different Times o (15)

I0PT L (1)
TAPE 1 from SHENT : '
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Figure 11. Examples of plots of pressure versus log time -

from FILTER (drawdown of wells in two~phase

reservoir).
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PLOT 99 : (FILTER dutput),produces a plot of temperature or pressure
vs log time for a given element (hence, in FILTER, the
number of eclements = 1).

Input (FILTERVOutﬁﬁt)

FILTER . S
Number of elements (=1)
IOPT (= 1000001 for TI700, = 1000000 for CALCOMP)
XMIN, XMAX (2F5.2) '

YMIN, YMAX (2E10.4)

(AS)

PLOT 4 : Produces an IDDS (Device Independent) Plot of temperature
- : vs. time or pressure vs. time for a given set of elements
(1 plot per element) uses filter output from PSS (Tape 1
or Tape 2 from FILTER) in the control deck.

‘An example of PLOT99 outpﬁt is shqwn in Figure 12,
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9. THE OUTPUT OF SHAFT78 S -

Most of the output of SHAFT78"is selffexplanatory. ~In the following,

we explain in some detsil the output of CYCN.

For every cycle there is a short printout for the element ENUM as
specified in card 6.1 ofjthe input deck of CYCN.

For energy cycles we have:

KCYC :

TIME

DELTE

ENERGY

DE

TEMPERATURE
PRESSURE
PHASE

RAT

(3

NUTS

number of energy;step;

time at endrofvenergy'steps

length of time step,'

fluid‘energy of;eiement»ENUM after step;

change of flniq}energy in ENUM.
values otrnaremeters éyanor saturation printed
¢t with a2 minus: sign for two-phase elements)

before current energy step.

estimated ratiOtof~(maximum‘error‘in inplicit
energy change)[(explicit,energy change).

number of iterations in- solving for implicit
energy changes.

For density cycles we : have'::v'"i

7*17KCYQF :
| BEGIN TIME :
i 'VDE::LTF :
| bENSiITY s
DD 3

DEF

number of densityrsubcycle.

time at’ which calculstion begins. S

time step for density subcycle. |

flui; density of—elementrENUM after'snbcyc1e£5;~'fi

change of fluid- density in ENUM during subcycle'

for the last density subcycle belonging to an energy

step DD is the cumulated sum of the density changes
in all subcycles.

net mass flow intO‘ENUH.'
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PRESSURE
PHASE

RATF

NUTSF

parameters after subcycle.

estimated ratio of (maximum error in implicit density
change) /(expY¥icit density change).

number of iterations in solving for implicit demnsity
changes.

The full ENERGY CYCLE OUTPUT DATA are:

KCYC
KWIT
NUTS
NUTX
NUTSUM
MAX.DE
SLIMIN
SLIMAX
DESLMX
RATG

RATGS

TOTAL TIME

number of energy step:.

termination parameter

number of iterations in solving for implicit energy
changes

maximum of all prevoius NUTS.

sum over all previous NUTS.

absolute value of maximum energy change.
parameters in implicit iteration.

as RAT in "short printout.”
RATG of previous energy step.

calculation time.

CUM. HEAT GEN. : cumulative heat exchange with sources/sinks.

CUM. HEAT GAIN : cumulative change of total heat content of

reservoir, computed from interface heat
fluxes. :

AV. GAIN RATE ¢ (CUM. HEAT GAIN)/(TOTAL TIME).

TIME STEP
HEAT GEN.

HEAT GAIN

GAIN RATE

WCHT. FACTOR

energy time step
heat exchange with sources/sinks.

change of total heat content of reservoir, computed
from interface heat fluxes.

(HEAT GAIN)/(TIME STEP).

: implicit weight factor (see eq. (23), p. 16)



ELEM. : element name,
INDEX ¢ element number.:
- E "t (fluid) energy.
DE : energy change.
-
DDE s rate of energy change.
T ' : temperature — , :
. before E-step
P ! pressure
“PHZX- : volumetric7yapor:saturation'
DD/DE H estimated ratio of . density to energy change
(cf. eq. (26), p. 18)
DTDE : (ar/au)
DD : estimated—denslty change, i.e}, DE * (DD/DE).
TOTAL DE : total energy change ofdelement._
FLOH : rate of heat flow7acrossminter£ace;‘f
TRAN1
ZIP : parameters for implicit iteration
- CAN
H : total cumulatiyefenergyiohange of elenent;ff
"DF,; : net inflow of enthalpy
DVF :bconvected volume.
. ””;,'D%'IF'j :’convected mass.ﬂgea'
DD (aT/ap du
a o .
- DES/DE : (auglau) = (l-ﬁ)pscs (au:/au)p.
; DES/DD : (3us/8p)u = (1-¢)oscs (a'r/ap )u-

The meaning of most DENSITY CYCLE OUTPUT DATA corresponds to that of
\EJ ~ the analogous energy step quantities. Exceptions are:
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DE

DPDD

FLOF
FLOL
FLOV
VELL
VELV
TRAN1
TRAN2
Z1P
SLIM
HF

FF

DHF

DFF

change of fluid energy inciuding vock/fluid eyuilibraticn,
(BP/BD )u-

liquid mobility
= (absolute permeability) * (relative permeability)/viscosity

vapor mobility.

explicit rate of fluid flow across interface.
explicit rate of liquid flow across interface.
explicit rate of vapor flow across interface.
velocity of explicit liquid flow.

velocity of explicit vapor flow.
parameters for implicit iteration.

cumulative change of fluid mass.
cunulative inflow of fluid mass.
change of fluid mass.

net inflow of fluid mass.
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. SOME SAMPLE PROBLEMS

WATER

Table 4 gives aﬁ example‘ofran inpﬁt deck to be,ﬁSed for running WATER |

(WATERG 1s a compiled version ofrthe FORTRAN progrém WATER). - The results are
/stored 1n library DIABLO, subset ISOTl in a form. suitable for use with |
" PROPER.  Table 5 .shows part of: the printout generated by WATER; it is the

data for isotherm mo. 71 at T = 350°C.

Table 4. Input deck for running WATER.

KPWAe0T+63,4715044PRUESS

SINPUT 660CG8 15¢5243): 07 JLL 18 Vl‘ sPCCCCR
SHCLUOLT

LlBCﬂPVobl‘BLCcLGUoHlTERG- S
RENINDLGCe 'ili':
LIRKQKQPP.‘LC'71117,0 : :
COP'.?‘P:’IREQ‘FlFo‘lPEBIRﬂQNEBa
LISToNEN. ‘o
LlaRlTEQDIABLUvNEh/RB'|SC7101430, '
EXITe R

DUMP el

FIN. . o
RtllNO'INPLTo o
COPYSBF o INPLT+OUTPLY, ~

80 i 5. 40, - '5‘;

238.0 TR
S eu 9 1C.E5  22C.EE - o c R : o
1.é5 2485 2eES - 4aE5 7 S.ES . €eE5 . . TeES. . - 4.ES

‘9oES
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n

INDE

Table 5. Printout from WATER.

35C.CCL0 574.3422
PRES
1 2200CC00.C
2 208771506
3 15811425, 8
4 18800261,
5 11540062.3
¢ 169300424 4
7 1653512401
d 16535124.1
s 160655C2.2
10 1524566603
11 10467652, 4
12 13729225.C
13 13028469.5
14 12362473.0
15 11732418.5
i6 11123574.8
17 105652569
18 10026024,
19 651427643
20 $028€52.2
i €567813.4
22 913049646
23 17155C1.2
24 7321¢€68.C
25 €947675.7
2¢ 65632384
21 625660244
28 5537443.8
29 5634385.8
30 534619645
a1 S073€8¢6.3
P 4814505.6
33 4565144.3
24 433562€.5
35 4114613.3
3¢ 3904555,
37 370525842
38 35161173.1
39 2336301.2
4C 21E6309.9
a1 304716
42 2851402.¢
42 2T7C5¢&¢tl.8
44 25€7145.1
45 242068741
46 2312214.1
47 c194289.4
' 208228645
49 1976CG5.0
50 1875146.1
51 1775425.3
52 168860547
53 16G2419.5
£4 1520£25.5
55 1443013.8
56 1366356, 8
57 12554¢5.1
5y 1233138.1
59 117C15¢€.5
6c 111046745
61 16537672
62 1060GQU.0
63 9CCCCC.C
64 3c00CC.0
&5 7¢0¢CC.0
€6 6€CC0C.0
67 500G00.0
68 4CGCGCaC
6S 303G0C0.0
c 260CUU« G
7 1€CCC0. 0

113.€479

CENS
&¢11.2202
€05,2551
56$5.0368
€62, 46547
585.5285
571.5879
£76.3432
113,479
163, ¢332

9C.5386

80.7738

72.555S

6L 4661

€Ce9320

£€.1284
£1.5C01

48,1374

44,7555

41e7C€9

38.9313

3€.35¢C

34,0710

31.5316

2949574

2841307

£€. 4272

24.8639

23.355$

220353

20.7618

15.5717

1€.4582

17,4155

1€, 43E0

15.5209

14,6567

12.85C5

12.0897

14.2738

11.6999

11,0652

1C.4¢170

$.9031
$.3713
Be8694
8,3958
T«5486
75263
T.1272
€.75C2
643938
€.C568
5.7382
S.43¢8
541517
4.8820
4.€2€67
4.3851
4e15€4

32,9398
3.7348
Ze54CT7
2.18C7
ce 8221
-2+4648
Z.1C85
l.7542
1l.40G8
1.C487

«6579

«2483

1643154.2689 = 2422157.1688

ENERGY
1601155,.8
1608C23.6
1615165.2
1622¢31.3
162u0540.3
1635055.4
1643154.3
2422157.2
24€CC11.1
250556647
2548575.0
25804S7.C
2607648.2
263113%,.2
2651722.5
26£5948,.1
268622444
27C0868.4
2714125.7
2726190, 6
€727218.1
2747334.0
2756641.5
276522647
277316262
278C€1C. 4

- ¢l87224.8

2753652.7
2795535.06
280501045
2810110.4
2814865.4
28193902.2
2823445.5
2827317.6
2820638.8
é834227.7
2837501.3
284C475.3
284326440
2845880.5
2848236.8
285064442
2882812.9
2854852.2
2850771 ,.0
285€£77.C
28€0277.9
286188045
28€329C.9
2864815.2
28¢6ulS8.8
28£17426.7
28€8623.6
28€917153.7
287G821.3
cBT1625.9
2872168342
¢B8T3€84.4

287453645
287534245
2876104, S
2877516.3
2B87u520.0
2889031642
¢88L705.3
2883C87.5
2864463.1
28E5831.4
2881195.7
2888553 .4

SATUR
0.00000000
G« GGCCCO00
0.00000000
€+ CCCC0000Q
0.00000000
0.00000000
€« 00Q0GA00
1.00000090
1.Ccco0000
1e40CC000Y
1.00000000
1.£C000000
1+ 00UL0000
1.CCLOCOCO

. 100000000

1. €CCOOCO00
1. 00000000
1.00000000
1.0CCe000U
1,00000000
1.6CC00000
1. G00G0000
203000000
1. U0CGO0VO
1.00000000
1.00C00000
1.C000U0GY
1.00000000
1. 60000000
1+0060L0O0Y
1.00000000
1. GL0C0000
1.6U0GU000
1.00000G00
190000000
1.00000000
1.00000000
1.00000000
1.00000000
1.0€C0C000
1.00000000
1. CC0C0000
1000006000
1.CCQUUQUY
1.€000C000
1.00000000
1. €C0000000
100000000
1.00000000
1. 00CGCO0V
1.00000000
1.CCC00000
1.00000000
1.0000€000
1. C00GCO00
1.00000000
1.CC0C000V
1, COU000U0
1.00000000

1.0GGCCC0A0
1.00000000
1.CC000000
1.03C00000
1. 0CCCO0CO
1+GU0UGO0Y
1.CCC00000
14 GC00000U
1.00000000
1.00000000
1.0000000J

"10C000000
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"PROPER

Table 6 gives an example of an input deck used for running PROPER.
This particular deck generates a table of fluid properties called FLUTAB3,
which covers a tempefature range from 5°C to 400°C and a pressuié range
from 10-'2 baré to 220 bars. FLUTAB3 was used for most of the simulations
carriéd out so far. Tables 7 and 8 show pgrt of the printout generéted by
PROPER. | "

‘Table 6. Inpﬁt deck for runmning PROPER. -

K3P007'120-h715050’i\.258 -
5 SINPUYT 656008 13432438 23 bEl' 78 VI‘ KPLGI00
- ®SHOLOOUT
A FETCHGSQT‘F&S:?SSBlCKUFIDIIa;CIISOTl.l1106- :
REWINDTAPESs . . i
LISCOPY.DIiGLOuGO.PROPERGo .
REWINDs 150,
,LINK:‘QFL.LILoP"[LC‘?T??Y}. L (R
LXBRITE|DISS.OQTiPEIIIRB'FLUI5&3'1‘030
EXIT, R
_DUNP. .
FIN.
RE“IND.INPLT;
- Co’vssFQINDU' vothUl'-
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Table 6 (continued)

9 2 1
4% 2110C,
26 8

56300,
2512080,
2602530,
29254C.
130,
1010. 4€626
11
o.u
0.8
1.0
0.305
0.0
0.31
«700CE-D2
G.09
650,30
160.00
220.00
30C.d8
330400
«1753E-02
106 3E-Cl
«1374E~-06
+1699E-06
«2025E-C4&
«2351€=04
«2234E-018
S.00
60.00
149.09
220400
300.00
335.0C
e1753€-02
«1043E=04
137 4E-04
+169%E-04
«2025€=04
02351204
o T261E=-01
203
60.00
140.00
222,46
306.00
330,00
«1753€E-C2
e1068E~04
»1373E-D4
«1699E-04
«2025E=04
+2351E-2¢6
«1955E+03
0.00
60,00
140,00
22%.2%
300.30

$ 1 2

2e 120

§6:00.
25335 14,
26376%4,

. 29553643,

260,

Ol
a.;
Ce7
T.301
.01
.39
3
1.62
7Ceid
150.C0
230,00
31C. 03
390,00
«16€E3E=-02
‘.13o9£-tb
elU4lGE~Ch
o1740E -0k
«2068E~Gh
«2394E-04
43
10,060
70.00
15¢. 03
230400
310.00
3934403
¢1300€E-G2
«1039E =04
o1l uE~lb
o1740E-0G
«2G66E~G&
«2331E~00
43
10.50
.00
150.00
23386
310,00
390.00
o13CCe-s2
2 1032E~-04
s 14145 -0l
o1 74GE~D 4
»2066E~00
¢2391E=-gk
43
10.00
70,0C
150,080
230.8¢C
310,00

1 1
GGc,

1884260,
2553248,
2679552,

260,

0.2
1.0
Jo 4BS
Ged
0.045

240

1.€2
YY1
160.03
240.00

L HTIL]
«(30.00
«3105E=0¢
¢113(E~J4
e1455E-04
o1781E~G4
+2106E=C1k
0 2632E~C4

19,38
50.00
160400
240.00
320.0C
Livead
«1017E-02
0112%E-04
«14558-34
o1731E-04
e 236E-c &
o 2W32E-04

23.88
63.0C
160.00
245,00
320.,0¢C
«00.00
e1(22€=(2
«1129E~04
«1LS5E~0 4
«1781E-04
«2106E~04
«2L32E~CH

240406
£0.0C
160.00
24JeC3
3zd. 06

Z0234ils
2574132,
27214620,

38

Ge3
ce285
0.1

10.00
3C. 00

176.00

250,00
335.C3

«344EE=05
«1173E-04
o L496E~ 04
saB21E=(tb
«21647E-ChW

19.33
30,00
17393
250.09
330.00

«b326E~L5
oL170E-0%
«1696E=06
«1821E-04
e 2i4TE-Cl

3583
30.00
170,00
23540030
330,00

o T972E-43
o1173E<0%
+1496E-L4
e13521E=Ch
0214TE=Di

3vesd
90.C0
178.00
235ecd
334.00

22363%u.
2ré3248¢.
1005,51480

Qot
{el6
017

20.00
136e0C
130.00
260.00
Jus.T3

«3653€-05
edilic=ib
«1537€E=04
oJBE2E=E
+2188E-04

€0.30
100.00
180.20
2EG. 00
340,00

s 3351E=y5
¢ 1211E-04
W l537E~i0
«18€2E~04
02183E-04

35427
14660
130.00
é6us T
40,00

«€E636E-J3
01213E=04
«1536E-34
e1b62C-04
¢ 21 88E-04

4450
100.00
130.00
2€J4380
243490

2362853,
€305156.

2204

30.00
11s.00
130,00
270400
3535480

+«J2€0E-05
«22882Z=(b
«1517C-04
019(3E~-(4
»2223E-C4

30,00
110.00
13660
270.00
350,00

¢ 3253E-05
e1282Z=04
«1577c<C4
«1503E=-04
«2223z-(0

39.27
110,00
130.00
27¢eL9
350,00

«363062-05
W1281E=04
«15772<Co
01503200
02223504

5Ce G0
110.00
130,00
275 2¢
350,00

QL37610. 2472212,
2551€2%.2 260125648 2603352.2 2602525,

2847024,
360,
Leb

Geud

0.2%5¢ 0.3

40,00
“ 120608
200,00
230400
360.C0

+96672-05
01232834
+1613E~4
0 1944E"vl
v 2269C-106

40408
120.00
23030
280,60
360430

«96H5E~35
«12322-04
01613E-04
01944z ~04
+2269E=34

#Ce il
120.60
200410
288e30
360,00

«9660E~u5
«1232E-04
«1618E~0b
e19vbi=0b
¢2269E-04

59.15
120,00
200,00
260403
360,40

2895000,

«20,

0.7
9.31
Ce63

5000
130.43
210.00
290.00
373.00

«1007E=0%
¢1333E-006
«15959E =04
19842 ~Ch
+2310E~0%

30400
130.00
210430
290.00
370400

+1007E=0%
+1333E-04
+1659E =04
o 13842 =04
+2310E=d4

SUedl
13d.00
210,00
230.2)
370,00

«3CU7E~Co
«1333E=04
+165%E =36
«1984E=Gt6
02330E=0¢

59415
130,00
210400
29G.80
370.00
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Table 6 (continued)

330400

. e1753E02
«1046E=04
o1373E<04
 «1699E=04
-« 2025E=54
«2354E=04
Te4BUTE400
.. 7408
79.06

. 140.00

-220430

300,00

380.00 -

«4753E-02
«3553£-03
+1371E=04k
21693E=046
e 2025E-04
- +2351E=04
+1007E+01

80460
180400
220.00

. 30G.00
380400
«1753E-02

"+ 3540E-03

+1364E-04
«1697E=04
+2025€=04
0 2352E-04

W1974E¢JL

- Q.08

83.00

B 163,33
. 22%.00

:-.30000

36G.20

«1753E=02

+3540E=03

+13635=0%

-e1695C=0&

+2024E-0&
- « 23532 =00
ST e BhBAESDY

Je60.

143,00

229.30

30330 .

. 380,00
«1753E02
93516503
- 91355504
01691706
“e 20245 =08
+2355E=04
+5922E401
S.00

30,00

830408

o1330E-02

«L087E =04

eLblbE=-CY
«1740E=06
e ICHEE =L
«2332E=04
43
. 1800
79.04
150.00

236400

310,00
390.00
o13:0E=-52
«11225-04
o1412E-04
o1739E=Chk
«2066E-0%
023328 -0k
43
10.00
3020
150,00
230,00
31Ceud
360,00
¢1300E-02
s JLL12E-LT
o141 0E=-06
0473300
e2066E=04
+2333E-040
3

30,00
153.G0

10408 -

230400

310,08

3906l

12399202

s 3113E-03:

o il ISE=Ll

¢1T36E~Go"

»2065E =C4
«233LE=04
&3

90.08

150,88

- 23Ge 3L

393.88
e1299E=32
«SLIME-CS
01337500
«1733E =04

“e2d65E L

023%6E-04
- &3
16e08

! iecad:

310400

L F XL
e10U2E=02 ,7572E-03
011262204 411830~ 0%
«LUBUE=(4 «1WF3E~CH
.1’30‘.'“'{0‘6215‘0‘0
«2LU6Emil S 21470304
e26328=06k -
2ot RINEE
80.00C 30,60
160,00 170,00
242§ 25ve il
320460 .. 330,00
3 4000.00 IR
sL0L2E~(2 «7372c-33
e1126c=04 (L167E~0OU
o1653E=04 o L4TFiuZ-04
wlTE0E=0k o L821E~Cl
02306E-04 +2107C-04
02433604 - - - :
20400 . " :-50,00
99.2% - - -39.23
160400 17000
- 24000 0. 250.00
323eCu- .0 335460
00600 - -
41002602 < 7S72E~03
«2811E-CF 4120400
w1458 204 21492600
oATTSE-L o 1824E-0%
22307c=06 2867204
e2hILE=O4 - -
20008 32,00 -
104,80 -  110.00
16403 - 17379
240,000 .7250.00
320,80 330.00
I IY L R
01002202 479722-03
«2TI0E=03 <2525E-038
elbibE=ik osh83ECh
«iTI7E=04 J1813E~04
0283TE=Jk s2103E~%
e2063BE~Q& -
- 20eud ~3ueld
40049C-- -110,€0
;16440 178,00
N { 1Y 4 SEae & 1111 ]
82000 330800
c: 2 4080080 S
o2 CSTE-CE TGN er=03
¢273CE~C 3 o 2523EC3"
14395208 s1401E<0
eLT7AES0A ¢1816E<04
e2deTiodh o2145E200
¢223TE~B& - - - oo .
e g @edl T 86e 00 -

100,00 110,60

06514640-03
¢ 1210E-04
«153€E=00
«18€2E-04
021880~

LDIS
10600
180.00
€6uedd
343000

eE5L4E=US
ol20%€E=04
«153EE-04
¢18E2E-04
«2188E~04

‘4le80
180.0C
130.00
260,00
24043C

-0 E514E=03
«1234E=06
e1533E~04
o 1864E=%4
«2183E-04

T 40400
f13.24
185493
2¢0,00

1348400

«ES14E~03

0 231€€~03

01529k
21860E=04
0 218SE~3bk

-4Ce3l
120,00

180400

LT

265214523
0 2304E-33
01523804
"o LUS8E-08
s E18GE-J4

TR
120,00

340400 -

o E4L2E-03

+12502=04-

o152Ti=00
+19032-00
-ZZ:?E'CB

5Ce (0

110,00
130,900
270.06

350,00

o Blk2E=53

01243206
415762=3b
01902204
2223206

50400

© 13d.8CC -

130.00

270.00 .
;59.56

o 442203
+1245E-L0
o1576E 00
01902254

+ 2223504

30,08
119.21
138. L0
270.06
358400

o S4425-03
12075204
+1571E=04
«1904E=00
2230244

56e 60
130048

- $30.08
27080

s S482E-u3
cE131E=CS

e15€SE~00

«18832=0%
2223820

50600 -

130,68

3504406

¢ 4692€=03
«12912 04
«1617E=04
o1343E~04
02269E= (b

60030
120000
200,00
280433
© 360,00

e631E-23
¢1289E-04
e 16 5TE=J%

«15175-06
01943E-04
s 2270E~04

. 6040
22C.50
2084400
- 280488
36000

e 4631E-03
«1286E-T4
«1615E=04
oi%a3Eeih

«2270E=06

60,00
120.08

230.cC
283400
360,08

04631203 -

«12802=8s
o1512€=04
e1342E-04
s 2274Es LS

6ys il
SRV TN -
Lo 210e08

200.30

- 28Gedl-
”13§‘o°°"

Tea3eSE=E8
“ed3852=00
‘e1649E 2@

o4634E°u3
«1934E-C3
+168TE~CH
o3341E-0
s 2272E=00

80008
148,40

o 1043E~G4
0 1332E=04
«1658E~04
e 198LkE~04
e 231GE=0%

70.40

130400
210,00
290400
370,00

o HICUE=-C3
«1330E~04

o1984E~04
«2310E=04

708,00
13G.C0
210,00
298400
370.00

o480 ~03

«13272-04
«1656E=04
19 deE=Gh
«2311E=34

78.80
130,08
219406
€90.08
370680

+ 4005583
o1322: -84
+1653E=04

s1)83E=0s

2312808
© 74ed0
137. 7%

29340
ll?‘c.i

«1982E =00
ggllis".

70084
15'0“

81
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Table 6 (continued)

157.58
220,80
306.00
-343.00
»1753E-02
e 3513:=03
+1718E~03
e 1685E=06
ce2023E=00
«2358E-04
«IB5GE9LL
.00
8g8.00
165.60
220.00
386,00
Jac.té
«1752E=C2
«3512E-03
«1693E~03
«1674E=84
«2022E =00
«2363E -0k
- «1680E002
0.08
80.08
16G.00
220420
300.88
380.46

¢ 1752€-02
«3512E-03
«16925-C3
«1661€E=-06
«202GE=-04
«2370E~04
«1974E002
9.33
84,00
160,00
220,00
300,00
380,00
«1752E-02
«$513E-03
\ «1634E=03
«1647E=04
e 2013E=04
«2376E~04
«2961E¢02
.03
e0.00
150.80
232,18
300,00
Jad.00
«1752132=02
+3515503
+1696E-33
«1151E=y3
«2015E=G4
22383206

157.5¢

230400
332.83
39C.00
et239E~-02
e3134E~(3
«1617E=Ch
«1727E=J6
«2063E=06
«20J0E=C4
o3
10.00
90.00
17633
230.308
310.00
33C.40
01239 ~32
¢3115E=03
«1586E-03
«1718E~06
02LHST =Lk
e 2606E-06
3
16.60
Qg. 00
17¢.5¢
230.00
310.30
3904408
01239E-02
+3116E-03
«1537E~L3
«1707E =06
«2C6LE =Tk
0 2413E~G4
3
160
30,00
170.00
230450
310.00
39CeL0
«1239E=C2
«3117€=-03
o15E8E~(3
«1634E =04
«2064E =Gl
«2420E-G4
&3
1CeC3
90.00
170,02
232.1(C
310.00
392eui
e1233E=02
¢ 3119E~03
+1594Z-03
e167EE~0w
+2062C=C4
e2435i 06

16Lei
260406
R FI T
+0%.,0¢
«1082E=02
«27S1E=.3
W1e27E-04
«LTTLE=GSN
« 2187204
0200 1E~04

26008
100.608
178449
26d.080
328.00
#CJl. G0

«10uE~C2
e2792t-03
«15C€3-(3
o1762E-04
«23LTE=GN
e 2heBE-04

20400
160.00
183.38
2hie 00
324.08
«G%.0L0

e1002€-02
0 2792€-03
e 1694E-33
«1752E~04
s 21EE=CH
«2456E=04

€Gedd
16é.C80
16dec0
260,08
$249.08
4iGe0C
«10v2=02
«2753E-02
+1435E~-02
«1T742E-04
e21.9E=Ck
s 2486LE-D U4

20.C0
100.00
1813.03%
240600
320.00
4G3.C6
«1001C~02
«2795£-03
21437E=33
«1719€=04
#2210E-34
s26513-04

17veil
23Le80
32Ceu?

«7972E-83
es526e=t3
167104
02812c-05%
e 21WIE~04

30.00
110.00
178,43
Z39.00
330.08

o 767203
«2524E-(3

01690c~06.

«1806E-04
Wi153E -l

30.02
118,00
13C.C3
250.00
330.00

«7S72E-03
+2525E-03
ol012E-03
«1737E~04
«2152C=Ch

3589
110.00
135.Gd
250.C0
330.00

o7972:i-03
«2526E-03
0sl13i-(3
«1TBLE=-04
¢ 21545 =Lt

3C.00
110.00
438.63
250,00
330.00

2 7S72E-63
«2523E-03
s l4l13E-433
1753604
0 2157C=(6

L'y 11
2€0.400

03

«E5L%E=03
0&36eE~u3
o 151004
eilShte
«2391E=04

40,08
120.08
180426
¢€0.00
348400

+€518E=23
023J1E-33
o 1437c~(s
o10843E-04
e 2193E-(b

40.00
120.00
19¢€.77
264400
340,08

0 €515c-03
*2302E=03
¢1361E-,3
«1842E=04
*»£196E-00

4Ceig
120,00
§6C.CO
2€C.00
340,00

2 €515E-03
«2303E-03
¢1J33E=L3
«1535E=04
«21585=04

40,00
120.00
€02.03
2€0.00
348,09

«E51€E-Q3
e23085E-03
+1341E-33
»1819E-04
e C2lLE=U Y

13Ge vy
278,88
35¢C4¢C

+$4422-83
e2184ce03
o13ETE-084
o18S7Z 054
«2233C00

$0.80
130.80
130.8C
270.86
350400

s S6a3Ze03
«€3122=C3
o1542E=Co
+1852E=04
+ 2358 (b

56000
130,00
196.77
e70,00
350,00

e Shu3E-D3
021132203
«1550E=00
«1837€-04
«22332-Ch

56.00
130.80
€10.Cu
270,00
350.00

o Shbei-03
e 2116303
01273E-03
«1881E-04
s 224320k

50.00
136.00
210.C6
270460
350,00

s SHUSE~03
e21162Z=03
«1275€-C3
«18EIE-04
022522 -(0

11371
280.00
36L. GC

ok532E=03

«1950E~23
«1539E=04
«19332°34
s 2275E~04

60,88
140.80
200.848
288.08
360480

o4632E-03
+1353E-03
+1536E-06
e1936E-04
227 8E~1Ub

60.00
140,00
238050
280408
360.08

4633203
«1952E-03
¢1569E-04
+1331E=04
+ 2233204

60.00
140,08
21677
280,00
360.08

e 4634603
«1953E-03
«1268£-03
«1927E=04
0 2237E-Gb

60.00
140,00
220.0C
230,00
360,00

s 4635=03
«1955€E-03
*«1216E-03
«1918E=04
«2297E-Gb4

€108
298 o8
370.00

240052 =43
e2811E-43
o1642E=04
«1341E-06
¢ E316E=84

- 7888
150,08
210.02
290448
378480

+4006E=Q3
«1532c=03

-+ 1634E=04

+1379E~04
2321E-04

70,00
150400
€10.00
290,400
378.08

o #0U7E=03
o 1313E-83
+1615E=04
+1976E=0¢
e E326E=00

78,40
150. 00
218.77
290,00
378400

+40J7E-03
0 1514E-03
»1602E=04
«1973E~04
. 332604

70,00
150,00
230.00
296.08
370,00

s 4009E~43
¢1516E=03
«1162€-03
+13 €6E~00
v23463E=0%



o
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Table 6 (coﬁtinued)‘

e b33I5E02
Y00
80.00
160.00
245.00
309.00
380.00
«1750E-02

«3518E-03

o 470GE-S3
011172-03
+2006E-04

s 2417E-04
«6309E¢02
1.68

8C.00
160.00
242480
302,00
380,00

- e3TH9E-D2
03522503
«1705E-03

T 91322833
+1996F =04

* e CLbTE=O4
T «3869E402
: .00
- 85.00
160,00

T 240,08

308467 .

. 380400
«LT47E02
03527203
e1T11E~03
-e1129E-03
e 20ksTe0l
- 2 2498E=04
;- »3234EP3
g.00

8C.00
160400
240,00
320.00
380,00

e 4THLEE=~D2
- 035315‘:3
eiTLTE=03
»1135€=02
+B524E=lt
+256TE =04
«1480E+03

© 0400

. 80.00
}6?.&0
263400
320,00
38C.00

- #1745€E=~02
»3536E=-03
3722503

43 N -
1650 2deul
90400 © . 1€3,6¢

170.00 1£6.00.
250460 263.6¢-
313.00 - 320.00
33%.C0 bvdell

e1238i=02 .1cc1t-oz

*3122E=03 . 2739E-03-

015952203 (1502c-(2
«1072E=03 -4 1031E=(3
0»2060E=04 o2112E=04

«246TE-D4 .2516:-04'

43

350 : Zu.Ju
90400 160.0C
170,00 1E0.00
256ecu 264438

'310.30 320,00 -
390.00 403,00

21296E-02 .1.012-~2
+3126E=063 (2AU3c=42
e1539E=03 o 150EE~03
eL077E=G3 4103€c-03
02057E-04 ,2115E=04

0250 {E=Jh 2255 3E~0 4
3 s i
10,00
9060 105.LC
170,00 1€d.00
250,00 -~ 2€0.80
340433 ‘324438
330400 400,00

82975282 .tocte-oz
¢3134E~-03 2629503
¢1606E-03 ,1513E«03
e1054E=03 12543E-02
2050500 42121E~04

'#2557E-04 o2644E04
o3 S B
10,00 20,00
26.00 - 163,90

170460 160060
250,00 260,00

325,40 325,40 -
330,00  wGU,00

«1296E-02 ,1000E=-02
03136E=L3 (2834E=,T
01614E=03 151¢E-023
*109CE=J3 1(uSE=§2
«BITOE=Db 42172804

«2610E-0k *2672E=04

43 .
1G.60 204060
90,00 - 100,00 .-
17U.£0—;' 18Je88 -
250400 - 2604060
330.00 339,61
39¢.80 irniEs

01295602 +993%t=03

3161503 4261E€=02

*3617€-L3 41524E=432

20.00 -

koo dl

;3300
110,00 120.00
130,00 €00,00
261456 <€1.36
330.00

e 79725203 6517633
22532803 +230GE=03
+1619E=33 ¢1346E-23
o4023E«03 «1794E-00
e2164E=Ch o 221€EE=T4

3(.C0

110400  120480°
130,00 200,00
27043 - 28043
330,00 - 240,00

W7S71EC3 «6518E-33

«2536E~03 ,2313E-03
«1624E-03 4 13%1E-03
29972606 2 9615E<04
v2173E-04 42229E=04

30,08

T 4000
1iC.¢00 B 1Ty I
130,00 -200.00
270,00 290.00
SI330e00 . 0 JMGedD

«7STIE=03 +65206=03
22542E-03 +2315E-33

«1431E=03 41357€~-03

CA0O4E~03 +3687E~34
s21632=04 ¢2254E<00

L 38.00

33CeL3 120432
130,00 200,900
270,00 290400

34Le 30

338,50
s 7970608 +6524E~03

"4 @54TE=33 o 2J28E~LS
*l4U36E«03 +13E3E~03

+101)E=63 o STHTEDG
+2207€=04 +2280E-04

730400 . 40400
-1168.080 120.00
33Ce 03 £0Ce 0
270,00 280400
260408 -

-$39. 61
s797dceG3 o €522E~03

w2852E=03 «2330E-03

aL6b2E=C3 o136SE-03

340,00

ThGe3G

40.00

‘504 EC

130466 160,00

210.00 220.00

27C 50 286.08
360.00

358.00

e SLLTESGI J4B38E-(3
02121203 +1959E~03
01280E~C3 41221203
o186G0E~04 +1837E-04
2267206 22317E(6

5Gec0 . 60,00

130,00 - 140,00
218,00 - 220.80
£83.69 283469
350.60' 360400

‘055“95'23 .hsbi:-as

21252203 J1964E-03
«1285E~03 +1225¢8-03
+3493E0b 213I4E~04
22285E~04 +2340E=Qk

130,00 - 1%C.30
210,00 - 22B.00
230,00 - 380,00
35CeL0

360400

¢ G452E-03 < 4bLNE~QS
¢213122C3 L1970E-03
01292503 41232603
«33532=Gh «30640E-G6

023175'09 s 2378E~04

"50.00 - 6080

o 13Ceul ‘34600
230408 220,00

230400 300,00

353.50 363.08

o SHSAE=03 L 4EWBE=CS
¢2136E-03 o1975E-L3
e12§72+83 L 1238E-03
edbibi=Ch 9104E-G4y
02350E»04 <2618E-04

‘Uo‘ﬂ

56400
130.400 140400
210440 22060

- 230400 - -308480

© 350000 360,00

+BUSTE=0S (4851E03
e 2141E«p3 «1981E=03"

¢1303E-03 1244263

6030

60480

10§60
150400
- 238008
- 290400
370-00

-hﬂlZE'OS-
‘a1321E=03

oA167E~63
«1352E~06%
+2366E=(0

704480
150000
230400
290.08
370.00

s N2158-03

01525E=-03 -

¢ 1172E-03
e19346E =00

22334E=04

7800
153.00
230.080
308087

37G.30

»4020E-03
+1331E=03
o411 78E=03
o87682E~04
0 2639E-04

70.08
150486
230,00
310,00
378,08

e 40248E=83 " -
oA837E~03

e 11 8E=§3
o 8505E¢ (&

c2683E<04

Tuol0
150480
23488

+310600

"378408 -
o MURTE-43-

21842603

o1190E-05"

83
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Table 6 (continued)

+1141E-03
+8586E=04
«2606E-04
«1727E+03
00
80.00
160.00
243,48
32G.00
380,08
«1763E-02
¢ 3540E-63
+1728€E~03
o1164TE-03
«8648E~D4%
0 2680E<34
«19746E¢03
0.00
3%.00
160,60
240.00
32C.63
380,00
.17&25-02
e JSLULE=-GS
«1733E-03
011538=53
e8710E~0H
«2773E<04
0 226HE433
8.00
al.00
160,00
240.00
325446
380400
o174 0E~02
+3549E-03
«173%E-03
e11595~-03
«87TT3E~O &
«2940E=-D4
+035390483
0.
350,
+569
o430
«0223378
[ )
300,
«569
ol 36
«072412
..
39290,
«569
o083
+195545
0.
300.
569
o043

+1096E-03
o3316E =06
«2672E=04
3
1o.0d
90,00
170.00
258.03
330406
330.00
01295E~52
¢3165E~33
«1622E=-G3
«11022-03
«3381E=04
«2T43E=Th
43
10. 00
6G.20
176.00
250.00
338460
390.00
+1234E=02
o3150E=C3
«1628E-03
o1135€-03
0dhe3E~08
o284LE=D4
L3IEND
10.00
90.C0
170,00
250.00
333,20
39046
«1293E-0
+3155€~C3
e1634E~03
el114E-03
«3512E=04
+2983E=04
13
O
00,
(176
+0549
11
:o.
2350
«602
1% 1
11
ho.
35).
«630
o 06430
11
50.
350
2643
N1y D

«1055€=03
s BLTOE-CU
e2737E=00

2lele
100.0¢C
160.00
264e0C
34Go00
%00.00
¢3996E-42
«28235-03
03533632
e1061E-02
«8123E-04
«2815E~( &

20,40
1643438
133006
260.00
Juleis
460,00

«3993E-02
«2d28E-03
«1535E-03
«1C67E~33
e8106L~04
e2310E=-04

20.00
148.08
180,00
260.00
360450
«00,00
«9930E-023
«2833E-C2
015w2E=-03
eoG73E-C2
«8255c-04
e 3044E=04

50,

26Ge.
«00,
#0183
«0548

“n.
4CJd.
«0201
«0543

60.
«00.
o653
« 0569

«1016E~-03
2 2316L =4k

3C.02
110.00
130.00
2Tueid
350. 06

o737 3E~03
«2557€-03
e1645E~03
«1022E-G3
o 7875E-00

30400 -

118457
130,00
270.00
350003

«7963E-03
«2562€-063
s1453E-03
eil2sE-(3
¢ 7933E-004

30.00
117
130.00
270.00
350.8)

«7969E-03

+2569E=23

«1460E-03

«1035e-33

«3J07E-04
163,

«0248

53

0212

s S808E-T4
«231SE-3

4000
120400
¢00.00
280640
382407

e €£5204E-33
¢c335E-03
«1375E=43
«9862E=04
e 7824E=04

40.00
126430
203.00
260400
JEGe 30

«€525€-03
«2340E-J3
+1330€E-03
«9529E-04
o T6IEE~T4

40.00
120423
200.00
280.00
3€L. )

«€527€-03

02346E-J3

¢1336E-03

+ 29C5E=b

s 7766E-04
150,

0287

133,
«024E

100,

e Y242

100.
248

«JUTST=04 «9162E-04
023952« ib e 246 8E~54.
58.L¢ 66,00
130460 1404400
216,00 220400
23G.CC 300,50
352,07 360,00
54832203 L U654E~03
0 214TE-G3 41936E-03
¢1303E-(3 .125GE-03
¢IE36Z=04 ,32235-04
0 24EBE=0U +42539E-04
50,00 60,00
13C.C8 165400
210.00 220.00
230.00 30a.00
363.10 363,10
¢54€2:=03 44657243
228152E-C3 +1931E-03
«13152-03 .1255E-03
¢ I5GTE-CL +9235E-0b
o 7622204 «26702-04
50.00 60,00
136,06 146430
216,006 220,00
230400 300,00
37C. 36 373.82

e SUELE=03 o 4661203

e 1882803
+1321E-03
«96EIE-C4
e 7523E=04

200.
06332

«1997E-C3

+1262E-03

¢ 8352606

o 7633E~-04
250,

« 0382

200,
« 0332

200.

« 0332

200,

o886T7E=Qw
e E538E~ib

70460
150,00
230400
31v.00
370440

W bd3LE~C3
0 1348E=03
041 S6E=-03
0 3926E=04
0 2610E=04

70400
T 7153400
230400
310.00
370440

s 4L35E=43
»1553E-03
+1202E=03
«8933E-00
s 2T14E~0%

70.00
150409
230.00
310.00
373.82

04039E~03

1559E-03

+12068E=-03

¢S158E~04

«2315E=-04
300.

QU3

254,
«0352

250,

00332

250,
0 J232



Table 6 (continued)

oh€4T37
3.

300,
«569
N1X %
1.01972
S.

360,
+569
o043

5.393852

Ge

300,
569
o0438
18.19716
[

300,
570

oQ bty
:5059291

.
323,
o571
«04665
:0.965&1

[]
300,
573
«052%
:5-67.72

*
300,
«575
«0637
:01.9716

*
311.36
ST7
«8800
:52.9576

.
Sh2e2%
581
o128
203.9432
Qe ’
365,81
%111
822
2264

[
373,88
+598
+38%

11
5Ge
35C.
1643
« 0490

50.

355
0643
« 04980

50,
350,
oBlly
«0694

50,
352,
113
« 6499
11
50,
353
o645
«0516

50
350,
1Y 4
e03554

50,
3%,
o649
+0508

5'.
350,
2651
«0688

50.

350,
o635
o106

58,

3€5.02

«€59
«362
11€END
50.8
IT3.66
o600

138

80,
400,
L) 669
G549

99.63
00,
650

«0549

160,
400.
«684
« 0553

1C0.
D0,
+681
«85657
100
4CC.
682
+0572

100,
400,
«B34
«0602

- 3t
" 00,

+686
+0633

1008,
&30 e
+688

.‘55677 )

Q4.
boa:

13 SR
«0822

“3€0e -

460,

0895 -

10

1080.0 -
&0C.5

+696

Celle T

Ade 1JJ.
.0231 e 0248
39.63 100.

NI 002438

150e © - 151486

T JB8T 4687

15¢e 179,91

«687 877

150e 200,
638 « 665

130 203,

690 - ,688

153, 208,

0691 +870.
150, - 200,
9693 -0 672

159, 200,
w1:. o076

1550 233,

<780 - + 681
150.8  2a8.0 .

RS T RRERRY T TR

159,
«0297

150.
«02817

151.85
0318

179.91

0338

223.93
638

250,
618

253,

0622

250.
«628

250,
«633

232,
639

25040
o642

203,
+ 0332

200.
« 0332

200,
« G333

263,
« 08351

223429
« 0425

263,39
« 59
29459
0543

© 300.

* 545

360,
559

‘302

5T

[ 1 -

254,
00332

250,
0382

250.
«0386

250.
«0333

250.
00429

263,99
«0543

294.59
°0€648

351306
o512

Je2. 28

o654

359,

okSe

350.0

263

85



NE = 70
+231000E¢05
+589259E+L6
«103653E+07
slhbLLTECOT
RYITEI %4
226407 061E007
0269 335€4.7

NE = 94
«211000E¢05
+385056E+56
«636L122¢06
+362UR2ESH
+107935E¢(C7
«128327€E¢07
s 166L3VLEST
+ 1868 L06ES D7
02591 63E+57
02867025407

«500000E¢0S
e 636612E¢06
«1079358407
e 1LB0ILECOT7
e 176550LE¢+,7
«2647021E¢07
0 d63763E¢+,7

«50000UE-0S
cbuBLGIErYD
+656037E+06
«35L06G3E+L 0
« 1097254067
«132361E+07
« 6T L IIE+LT
+ 20934LOESNT
0260 126E4L7
0269500E+¢07

«£00000c+05
CELIT55K ¢L0
e1128c6ketu?
1616216 ¢07
cAT7 79407
2 251208E007
«2E7955E¢.7

«¢CG0YUESYS
¢ 43I ISCTESLH
«BE2TS5E D
e SLLIBTEH .6
el112136E 067
«13€EUQE L7
«1€350bee 7
« 223632807
«CE.253L eL7
e 2525005407

Table 7.

«181935E¢ 00
21 7280L2E4GE
+116408E¢G7
+1E5017E+07
o179320c¢C7
«233301E+07
W 272342E4IT

«120000e¢0€
s HEL5G4LEQE
«70204%E+08
e ILL23ELTE
«113CEEE07
«140ETTECQT
«A713742+07
2362000007
2260 2CE¢L7
¢2355040E¢07

e 261054206
o 77355324C6
«120536E¢07
21502682407
«1820628¢07
« 2554958 ¢07
2763295 #47

1619352 ¢06
311912406
1728042k 406
v G5LL24E L6
+116408E+07
elbblbWTE0T7
176039 €07
2407 L1E 407
o CELIICT 40T

+326477E406
«8132G5E¢(6
0 124739C 007
1613626407
e13364uZel7
2576808507
e28(5462¢(7

«2177702406
¢5123602¢06
o747461E 406
«36836u5eL6
e 118877207
0148094z 407
o17605uz+07
«24T021E407
026376282407

Printout from PROPER (i).

+3J8505€E+06
0862462E4 L6
0128827€E¢07
01643CLE+O7
«18840EES 07
»259463E¢07
2 284702E407

«261054€E¢06
o 5409T1E*0E
o 773558E¢06
0 993608E¢06
0120598E+07
+151621E¢07
o 177394E07
«251208€¢07
0267 955E¢G7

0 439527E¢06
+GG6ISTESCE
o1 32861E¢07
167033407
2 2G9340EX07
+260126E+07

22895C0E+CT .

2 269752€E¢06
«561481E¢CE
«T32381E¢06
s1iLl162E047
«122367E407
+15501TE¢Q7
«179920E¢G7
«253301E007
s2T2102E¢G7

e G112 ILECOE
09507 24E4 €
1358 09E ¢ 07
o1EI53LECCT
«223632E¢07
v260283E007
+852500E407

+ 3266 77E4 (6
«589259E+ 06
+818205E ¢ 0€
«1036523E+07
01247 39€+07
0150826AL 407
01220 62E+07
«25539S5E+ 27
0276329E4357

«540971E¢06
+5534056E¢06
«140677E007
W17L9TLE+OT
«236200E+07
«2€0253E¢07
+295500€+07

«351300E«06
«609273E¢0E

+83687TECCE

105457867
+126465E¢07
«161362E+07
o1 E34LGESDTY
«2574B8ECO?
«280546E¢07

98
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-Table 7 (continued)

INTERZECTION bF BASIS CNERGIES WITA.SATURATION LINE

EHERGY
e211006E03

+500930E¢C5
eBLLLLDE S

«120000Z¢06

“e3181%35E465
«2L77TIE 56

«261LS4E+GS

"e288752E 06

«3264TTEG6
+3515062+06
J385C56E+55
o4l BUG3E S
4393276435

oN61594E+06

$43119154C5
+512360E0CH
«560GT71E 06

+561681E4C6
*589259E4%6
 .608273Ee05
14,§3b;12g006
 +65633TE08
 ees2755E405
. J7820882006
e723682E4C0

~sT&THBLE¢LE

-4 773558E 085
 e792331Ee00 -
U e918205€086

OENIL' Y

+395963€+03
- TIP3 477

« 3955255403

=2 777700477
e IG 2403
=e 7777002477
«58£0612403
~oTPTT G 477
¢330 0nlel
=«TTT700E¢77
0387066543
=e777700C 77
«981370E 453

- =o TTTTGC 77

«9YTE089E403
*e TTTTLLESTT
« 3728 ETE 03
=o7777L2E77
«9666522 403

~e777700: 477 -

e S63T7IE43

o TT7T00E*T7

*e3539028+.3
=oTTT700E+T7
3545516403
o IT770GC 0027
*3506125403

L=aTITLLE 007

«F65162E433
e 7777002477
o611 31T 403

L e TTTTOCC 77

+335553L 403
o777 I EeT7
e331uk320C3

s TITTUDEST?
© e925T5QE LI
o TTTTCOC 077

e I21558E 03

eoTTTTICESTT

" e315728Z¢03
- 777700C 477
e PRINTIT OIS
.o TT77060T 027
o0 Shbut Q3

e TP7TLCEeR7
9010415408 -
21T 44

0830639403
«o 7777035027
029, 323:00}
o T77700:077
2840752003
L84 5982 244

o8P Gue2T ey
oo T777060C 077

e BPLOIIE * )
o T?770C.027

e ?7TT3EeT7

el 324E#06

@, 777402477
. e593213T#36

PE3TURE

e 8734295403
S TPT7IGZ4TT
0163931504
e, 77700572
“e 2249353406
e 777700577 -
‘233350203 ¢04

e  TTTTIAERTT

2375602404 -

 =oTTT730E677

o 1372682055
7777002077
« 2234772005
*o 7777002077
+3022522405

eh33347C¢05

T = TITTICECT?

+55784L83¢05
s 777700377
_e 7572182405
= TTTTB0E+T7T
292 20ATEe 0S5
o PT77002¢77

e, 777700577
+1437392¢06

e TTTTICESTT

e1014042¢06 -
S TTTT00%677 -
2125313436
e 7777005677 - -

26131 33¢0€

e P77 2QINTY

+3U127082006

T e TTTTICT4TY

< 3627532406 -
“ 77772024277
"o 133212 0¢€
o TTTTSe T
45033820 06

« TP770024 77
P6u3429I006 -
e TT7TA0OPT

e PRuls2Ie06
T e PTPTLIZ T

+ 83597150006
. TP7708Se77

T eY923625%4 46
e 7T7700EST?

o ITTTIRIST7

¢106€132207 -

o TIT1JGZeTN .
« 117339802

R I HE o

«3233562007

) -.7777?0:f7!i1,

TEMFERATURE

25022044Ee0L
s TTTPiCESR??
01191145002
= 7TT700EeT?
¢199776E¢D2
~e7T7TT00ECT?
+23€E4L58E002
= 777730E¢77
+436671E002
=s 777700577
«52433GE¢d2
s 777700Ee77
+62385CE¢02

“o 777700877
~+59232TEe02,
S e TTTTIGERT?
S e TT99965¢02

o 77T73CEST?
«360336E402
~s 7777006477

L L e513467E002

=~ T7TTUOES??
+ 9749536462
= 777700E¢77

- wld4B87T7ELI

= 777700077
«110101E03
= TTIT2IETT
w117093E403
« 7777006477
e 122084E003
s 777700E472
+123314E408
-s7TP27JCEST?

T e13362€E4083

= 7777005477
*14{127E¢CY

ceeTTTTOQERT?

Ce14GTSTECQS
e TTTTIUEST?

«151110£403
o 777T00ECTY
“w139661E003
S 777700677
“e161836E¢63
« 7777002077
«166238E¢03

T PPTTCCERT?

e 1T2332E40S

—we FTITCOEST?

2176686€E¢83

01326305003
o TTTTULEST?
«18E899E0CS
« 7777085077
+4192731E¢53
s 7277905027

CENSITY

1010. 4€62€ €1275

1009.6152637748
 1008.25605¢€277

1005.514141 €698

999.962891724979

996,090 71642305
990, 84728838947

8706603251540

981.87015319363
978.088914€7095
972,8665430 8062
9694652520€4634
963, 17297266713
959.90136727264
954550906 ¢2460
955.61243505632
945.14809372571
3411305040406
935,55336142255
931 4475216709%
928, 75907758624
921485752333 597

: 9:5,7:755593&51iﬁw
. 911.42008350716
905, 40387200019
9C1.0H115374329

894, 89401208537

890,38 302471587

880 .GTOTGELS3IL?

87

e o+ o WITF PIGHEST ISOBAR

TEMPZ RATURE

5.0502907707858
12,48 3759331231
1903$£¢§6097337

29410 S35 3566486,

“helh 5876870315
5253871203032
63432 £889534 767

T0.2727589462¢€70

79.160453E71245
65.278830022056

93.3036787615u7

934931796730 547
1J6.4203133632)
1172233654028
118.82156218011
123, 63974255C66
138.72621294683
1356163216174
162.22320563263
16643 7280234565
153, 39658381664
156.2209€537054
164 $1851013007

16848 45764082953

 A7S.e2153821926

175.655273¢¢8843
13%.5107¢033733

 149.87692002620

29%.6 3083256629



Table 8.

Printout
792341, 136,600
8138205, 1924 428
336877, 1964 €14
862462, 2024334
B81COE. 2364 UbL
90638 7. 2124090
924823, €164162
950024, 221,693
368360, 225.7143
39340 3. 231.161
1011620. 235.109
10356534, Q4o 474
1054567, 2444366
1079350, 249.635
1097245, 2534430
1121857, 2614254
1139659, 2664976
s 55 DENSITY = 799,
ERERGY
2110C. 5.021
55003, 114910
30000, 15,075
120000, 20, €42
121935, 43,459
217776, 52,927
261054, 624367
284752, 6ye21€
326477, 77+ 368
351800, 83, 396
385056, ‘31,898
W03LGYe 970632
439527, 104,307
461594, 110,021
431191, 1164 598
512360, 121. 978
S49971. 123, €31
561431, 133, 430
549259, 139,373
659273 1444630
636412, 150,924
656037, 155,463
632755, 161,619
702048, 1664 051
7280k, 172492
767461, 1764 430
773556, 182. 360
792381, 186, €22
816205, 1924 445
836677, 1964629
8624LE2. 202.363
823054, 2064495
906387, 2124124
9244328, 216,297
950024, 221,737
968360, 225, 751
993434, 2314206
101162uU, 235,157
. 1036538, chleS30
1054567, 2406, 402
[ ] L}

from PROPER (ii).

1182512097
s LI2LETT 407
e14US13Z 407
1633972407
01778G2Z 407
«196082¢¢07
215567 ¢y?
2384012447
«358522E457
«2855312+07
«3J0EGIEC 407
e 337cs56:¢l7
«361252E407
395387407
21586407
e144375E¢03
0 22GCcE (3

€24ES
£

«373361E¢03
016 JGI6E 40
2219572404
0 394938E+00
«5901292¢54
01371622405
0223288E+4C5
«301671E 405
wb3I7799E 405
«557055E¢(5
¢ 7558185405
e S2TLELESS
«120CLBE+0B
s1L3STITEC0DB
e 188442406
«211815C+00
0 260174LE 436
2 30010G7E 406
3611202406
115092406
ol8 ELU2E DB
e55(L 244l ¢i5
26448450 ¢05
«7133512¢406
«5340061E406
«923G74E+06
«105662t 427
e116EUSE N7
1326352407
s 16459C3:2407
«1634LE35407
edT7614c 007
e19€138E ¢07
$218720E457
0233G81E407
256726507
e2BELETE LT
«307203E+07
o332 IAHTLT
«3615E3: 407

«03513
o0 S350
«J8655
07959
o07631
«06649
036132
205340
sou?58
v 08909
03277
232375
«01 637
00729
030000
8.00000
3433870

3

«20035
023200
015313
«13724
«13330
«13392
17560
015251
178104
«17h3e
17043
«16710
AH247
«153098
«15420
«150¢€2
«16561
2161638
«13667
13277
«12731
« 12325
«11751
11329
«10 722
«1227%
OELLYY
W031E9
«80500
05001
07235
16766
«0€017
«JEU55
046359
«04LOG]
«03211
«02573
31662
03977

«60865
o6, 830
«63010
«60751
« 607984
«60733
061759
080607
69777
«60650
«$50569
065465
+60338
064316
o EJ2ET
061544
«€1955

K

6521
s 7459
PLELT M)
s 367§
«515%8
+ 52554
+53736
054392
055258
¢55753
256463
056946
W 57425
«57720
«53%13)
«58431
58849
«53158
«53586
«59904
«60346
«65.515
o6uU701
oERE UL
«610 44
61197
+61335
«€1273
«E1237
«61217
«61128
«61233
« 61329
«61134
61213
ob1131L
«61357
«E0971
119114
«€I799

«693661E¢04

W 706591E¢0 0

«734085E0¢
«755265E¢C4
o77124EED G
o 793LT4ECDG
8074T7ESTH
827 774E0 G
«343133E+00
1869 30L1E+0 4
o878657E+0G
«896792E¢0%
«310323E¢04
¢ 323513€¢00
«J43IT83E40 4
«952455E+04
+35556T€+CL

903 (L)

+648975E403
S7T5459E4(3
«3726S3E+¢03
1175035404
1612216400
+185551E¢06
«22184CE+DY
+242975E¢ 04
e27667HE+0G
<296619E+G4
«324505E¢04
«34733SE+24
W374010E+0L
+393048E 404
S 42LTTBE0N
s 41226E¢04
<465955E4G b
P 4A56L3EC0 G
«S1L1755E40%
+528644E¢0 6
+558331E40 4
+57261CE+0u
+596286E+3%
+6127C2E+04
+6365ILE+D L
+656929E+04
«677823E40%
«693723E+04
«716659E+04
«724195E40
J755373E¢04
J77L367E¢DN
+793290E¢04
+6CTBLSELQN
+827920E40%
+8G3294E+0 4
+865125€40¢
+578815E004
+396969E+04
+310523E404

» 658590E¢05
o6l F063E¢3S
0 64L3727EwS
0 635657E+yS
+63002%E+05
¢ 622392E¢05
« 6168235445
e 609403E+08
0636145845
e 597132E405
¢ 5918242405
o S846C3EDS
«5TS517€E¢05
o 872686E¢05
¢567903E+05

[ 1

'8

MOB(V)

« 121 314E0QE
1173336406
o 11 3461E4U6
+106691E¢06
+102056E¢06
*9850865€¢05
* GL71EBE4YS
+923378E405
0 8966595405
o E76161E¢05
e 855106E¢05
o E37654E¢45
o 818280E¢05
« 805178E¢05
o 7002916405
o 776906E+05
¢+ 762 316E¢45
e 752217E405
o 7T3904LE+YS
0 729926E¢05
o 717955E¢05
¢ 70956LE+05
«698763E¢05
¢ 691226E+65
«681355E+¢05
o E7T4L3IS6EL0S
¢« 665093E4)5
¢ 658557E¢05
+ 6698322405
¢ 643690E¢05
s 635657E+05
» 629984ECIS
¢ 622346E405
¢616775E¢05
+609357E405
o E04092E¢05
¢597031E¢0S
¢ 991 7€0E¢0S
o 58456 JEUS
¢ 579446E405

879,77001
873,31720
068,56868
363433564
857.0%026
850.23316
465.19088
833.47725
432, 98496
825,74863
#20.40290
812,93¢38
807, 2201
799.70961
794401830
794401030
T9%,01330

DENCL)

999, 96896
999.52543
998, 44269
996409180
990.85110
987,07152
981,87558
978410176
972.88570
969.07664
963.,80636
959494393
954460212
950467442
945,22377
Iut,21 601
935.6567%
931,5€432
925.89683
924.700614
915.90210
911.61930
905.65713
901.27171
895,14¢€88
890.65269
884,36420
879,74643
873.29036

868453613

861.,90€24
857.01366
850.19204
845414991
638,12708
382493037
825.,68795
820.337227
812.85¢33
807, 34459

€0950845
673761
7434665
8.25138
8.95716
10.00086
18.602337
t2.01007
12.93630
16430500
15, 35766
16491146
18.11053
13.86307
1022219
0.00000
0. 00000

TENIY)

« 00681
« 01378
201646
o(2338
2+ 06105
» 09169
e1bb9L
«19237
027263
e3hle2
o 45426
+56935
« 70046
«82728

- 1402761

119154
1. 44476
1. €51 72
1.96526
2022185
2461065
2.92133
3.39307
3.76635
4o 33002
4e 77306
543935
5.96122
6476697
735058
8.25610
8496264
10.00738
38.82J60
12,01895
32494849
14, 31695
15.37112
16.92736
8012738

731061,
8168314,
835473,
461022,
879572,
904964,
9234314,
948632,
967037,
9922717,
1010612,
1035740,
1053970,
1679074,
1097245,
1121857

1139659 -

ENE(L)

2109¢€,
49534,
76990,
1199464
101902,
217721
260940,
289657,
326347,
351641,
384852,
406168,
439232,
4612560
4907348,
511907,
540446,
560901,
588680,
603356,
635613,
65517¢,
68181¢%.
761051,
27370,
Tuelse,
77237%.
791156,
81€937.
835588,
- 861159
873769
905116,
923554,
948871,
967248,
992436,
1010833,
1035941,
1054226,

25660€5.
c58%3Tue
2591564,
E5G4L245.
2595977,
2550024,
2599292
260067¢.

2601469, -

2602175,
2602470,
2€02463,
2602194,
260146y
2600607,

de

0o

ENE (V)

23024€2,
2394944,
26401773,
2414836,
2634853,
204E2€4,
2459826,
2068665,
2679751,
2487247,
2496068,
2503669,
2512060,
2517986,
2525693,
2531052,
2538068,
2542923,
2549281,
2553669,
2559372,
2563325
2568426,
257193¢,
2576458,
2576527,
2583G4s.
2566077,
2589387,
2591572
25942%7.
25959489,
2598035,
2599301,
2600688,
2601475,
2602178,
26024718,
26024L5%.
2602190,

88



Table 8 (continued)

4110793500 243.683

2
»3

- ND
NE

NCRFuNe

4397245, 2554351
14248574 ' 263.216
= 56 DENSITY & . 847,
. ENERGY TR SRR
21103 $.922
50000, 114910
80000, 19,075
120008, 2%4 662
. 13935, 434460 °
L2470, 520323-
2610546, 62368
299752, 69217
326L77e - 77970
351600, - 83.396
. 3850564 984901
P 08809 . IT. 0L
439527, 40k, 818
4615%4, .- 110s02¢€
i 491468 1 4470000
512360 1286 30%
L 509714 1284699
[ 862681s ' 133,49
[ 589259, . 139 S84
609273¢ ' 1hbebll
636h12, 1534938
. 656037, 155.4728
682755, 164.637
P02043, 1664079
728 k24 172 11%
Th7461, 1764 45k
773558, 182,387
762381, 1864 €51
638205, 1924477
836877, 1964 674
862462, . 2024401
8081004, 2064 539 -
. 9063487 2424163
J2682%, ‘2364245
950024 . 2214739
26636, 225 406
933608, . 2314266
161168C, . 235,220
- 1036530, 280.555
1056567 - TuhoAT3
1079380,  252.28%
1097245, 2570981
‘= 57 DELSITY = 812,
ENERGY : ;
-231CC, Sevél
" 50000, 11,910
8304C. 319,576
12080G. 284 642
181535, 830461
217770, $2.,023
21056, 6?. 36¢

+ 395765607
'w114561: 033

«220000€+03

Zb1EE

P
o ETITOLEHDS
+140917E+04
«2215¢582 454
03945428404
+230207E+04
»13731665405

. e@2I3GTE+DS

23015366405
«4373285403
«5570G8E405
o T558 54065

*92F2ITENS .
[ sd2uuBhT ¢

0l 034615406
«160E8782+06
w2110 €ECELSH
42602355406

a36G1a52¢66

«3€1223:406
o b11€37E406
«HBBB27ZH]6
+E50471E406
64 S134ELH

e 7262505406

« 8364778406
09244652406
«10€026E407
*11€C6ENELT
«132627:407
+1651015¢07

-~ ¢1€3€22807

+ 478063507
«396373c4327
02155248E007
e24L82Z1ESOT
239000807
+2ALNERECODT
«3375608 0T
« 3384262407
«362023: 007
«1419€E6E40Y
«220000c¢08

69361
P

S673386:003

«16891080¢06

$2215%9: 05w
«394845E406
$89C219E050
¢1371€9:¢405
222348132405

0.00000
YY)
0.00000

S

«49273
e19238
+19450
013960
o18532
ei822¢C
«17749
17672
«17031
«1€706
«16252
¢15916
015844

15100

e14613
v146252
13765
‘013368
012342
012648
011896
*11 485
215905
IrEYL)
«193€5
03022
08771
*00829%
«07817
07113
16358
+05862
«1%13%
oJ0336

033729

o03123
o022€2
+11616
«00633
vedGOOL
0.80800
0.00840

S
o13728
«13892
oldbul
019612
i7%23
«17608
217233

T 60716

«61961

" o62455

K

«h6367
<7893
o 8637
50134
«52027
53835

«56227
e868¢9

- 55763,
‘»56302

56978

«STH66

«57 348

«58246

+53658
+53562
+5338%

«59695

«60127
o EOAT
+60893
«61063
061254
«6i 353
«61598
«61753
+61861

261023

«61791
«81772
«61750
061742
«61741
«617466

61765

«61731
«81604
«61517
61612
«613462
«€2833
063524 ¢

K
4T252
$63206

+43225:

«5C4%9
«52366
¢53379
e 54579

«329728E¢04
2937 678E+00
e I42T715E+04

_MOBIL)
w648976E403

«T75668E¢03
«972656E+03
«117504E¢06
«161222E+04
2185953E+24

«2218L2EDG

2 242983E +06
«276681E+04
«296626E+04

«32651SE+N

«3uTbieEe0l
«374024E 400
«I93U6TEDG
»421BD1E0D4
ohh1249E404
«#6S9B6EXD Y
ch85hu1E+CH
+511793E+06
+528689E+04
«5S33ATESD &
+ST267TED Y
+39b348E¢04
+B12775ED G
«630680E+0Y
«655032E¢0 0
«6TT7925E404
«533833€E00 4,
o 716019E404
P 3u302E004
4113v42 1%
«T71526E¢04
o7 IINANESTH
+30T7TT6ES DS
e328116E43%
a843510E0CH
«865372E404
+879025E404
«997206E004
«910779€+0s
+320903E4 06
o J24BLAESDY

10w

s6L097EESDI
o7TT5461E+03

eIT2659E¢63

«117504E¢06
91612226 +04
+185355E+04
0221t 4hEe0N

o E72620E405
Oe
[ )

nostv)

o121 310E406
«117333E¢06

¢ 1134EL2¢06 .

0 108691E¢06
«102055E+06
s S85863E¢55
e 9UT165E¢05
e 923376E*yS5
s BOLESHECDS
» E76155C¢05

o 853098E+GS

+ 837645E+05
«818263E+05
"¢ 805167E+5
« 783273E¢05
« T76891E405
4 762289 ¢85
o 7521 30E¢45
«739020E405
« 729943E¢65
« TL7929E¢05
«709536E¢05
«698733E¢45
« 5912572405
+ 8813236495
¢ ETH3S3EDS
*» 66505264085
«658514E¢)5
+649785E405
« 643600E0S
+635605E009
+629929E¢05

-« B22280E0S

«616710E405
+609283E4,5
s 604020005
¢ 397004E005
+S916P3EMS
o« 50044IECDS
o ST 9382E+y8
0. -

.8

nostv)

o121314E006
21173336006
e 11 3461E406
¢ 100691Ee06
«1J2055E¢06

+9850061E005 .

071636005

799.62463
799,62463
7994 624¢€3

DEN(L)

999496096
999452542
998, 44267
996, 06175
990085094
98T7.G712%
981,87610
9734101089
972,88469
969,07¢33
9634080451
959893986

9564455415

950467075

945,21914

9hle 21255
935.65804

931.5565%

925488749

"921465740

913.88916
911.6046%
305.63%95
961+2%5265
895.12458
890,62785
884e 332569
87973408
873.25448
868.66$59
861086155
85609¢€467
856013730
805,08983

838405992

832445730

425.60668

020424941
012.76163
807424266
807.241008
807.24268

JENCL)

999.9689%
999 052541
998 444265
996. 09178
990085683
987.0710%
9810874877

159 88249
0.00000
8.00000

CENLY)

« 00651
«01071
« 016686
«02838
¢ 06106
« 09169
016632
«13238
¢ 27265
o Jhilh
+ 405628
« 55001
« 70055
«82722
1.,02779

‘3019178 .

Le8W597
1.65212
196579
2. 22251
2.61158
2.92217

- 3439450

3. 76778
he 33217
he 77562
SeHb249
5496493
be 74507
7035584
8426242
8496933
20.01629
10,83067
s2.C3000
‘32496213
"She 33296
3%.30911
16,94862
13.16977
0.00000
0630839

canivy

« 00638
«01071
+01646
« 82638
(6146
09169
o 144392

1379350,
1097245,
1121857,

ENELL)

2103¢&,

©939%,
79991,
119535,
101902
Z217724%,
26094 b
289662,
326354
351645,
386863,
408182,
439245,
«6127€.
693812,
511935,
540480,
563939
588645,
6086.7
635673,
655244,
681891,

701138,

7275065,
ThEued,
T2429,
731243,
81207%.
e3576d.
861330,
479833,
935310,
923611,
9649320,
936754 3,
952765,
1011131,
1036305,
1L54567,
1079350,
1097265,

ENELL)

21896,
* 45954

79931,
119935
181934
21772¢.
260946,

2601451,
Ge
0

ENE(Y)

2382462,
2391940,
2401773,

2081468360

26434854,
2hhE2€E4,
2655027,
26460666,
2479753,
2687245,
2656871,
2503472,
2512065,

2517992,

252569¢%,
253105%.
253807¢,
2542€32.
2569292,
2553680,
255%3 04,
2%63338,
2568443,
25719%.
2576474,
2879543,
2%034€4,
2508669,
2509604,
2591589,
25964274,
25568054
2598049,
25%9314.
2€6066¢,
2601623,
2602193,
26424673,
2662454,
2602185,

[ DY

ds

ENE (V)

2382662,
2391964,
2601773,
2016836,
2636856,
2604E2¢%,
2655628,

68
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- Garg’s Problem

i

A rather severe test of the accuracy of SHAFT78 is provided by a 7
problem which was recently studied by Garg.44 The reservoir is a sector
of a cylinder with finite height and a very large radius. Fluid is with-
drawn at the center at a constant rate. A complete specification of the

problem is given in Garg’s paper, ref. (44).

. The reservoir is initially filled with liquid subcooled water. As
production proceeds, water begins to boil and several elements cross

the saturation line.

A satisfactory computation can be obtained using the default values for
time step controls., Table 9 shows the input deck used. The calculation ter-
minated after 460 time steps, because machine time reached 60 seconds.

Table 10 shows part of the printout after 460 cycles, and Figure 13 compares
the results of the SHAFT78 computation with those obtained by Garg. A more
complete discussion of the problem is given in refs. 15 and 16.



Table 9. - Input deck fof'tunning Garg's pfoblem with CYCN.

- aMpLoauY RN
lltcugg.vgch-raagAcxupfizAlLo/rLuvaa:.sroooa
#FL, 150000,

eXIT,
QU”I.G.
PIN, ,
- REWINAR, INPUT,
COPYSAF, INPUT,,OUTPUT,

1P BY7279) .

a
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Table 9 (continued)

aTIYLE
sCypLeEs .
f 9o 1 90 _a09
RFLON 2680, «20 1.Ee14 $.08 1000,
8TARY . . :
0 p ¢00 60 PAANOOADONLORPRS  BYEP F O RPLOW
60,00 9,.k¢ 80,
MAYYION
rF oo “RELOV 4,98
[ I 13
N 7 ] nyLOw 24,84
| AN | BF1 0N fi,34
f: I3 RELOW an,18
P8 aFL bW 0
e RELON 63,84
A | _BELOW 73.6%
F: 8 NPLOW 83,49
£ _RFLOW 93,97
10 RFLON 103,08
F_ 4 SyLOw 136,06
P92 RELOW $18R,48
i £ 13 p ‘ﬁ!
F 14 *RLON  336,0%
g% prigw 4E6.08)
F g6 RELOW 6R8,01
FLs7 PELOW  869.11%
98 RELOW  $200,42
: Fi_49 90,99
-7 20 aFLOW  2373,.73
E_21 erLOw $366,.06
‘ Fo22 RFLON  4730,18
r_ a3 oFLON 4708 Bp
P 28 RPLON ¢8533,.08
x (i 1 1 APLOM 13573 ,88
3 “Foge RFLON  193065,24
. r_» BELON DPYREY. 1Y
B 28 RPLOW  39578,07
| Jf 29 RELOW _86680,72
KT RFLON 83084,78
| : Jn *FLD 59,39
é “Ft 32 RELOW $67274,98
| 33 09
3 Fi S8 RELOW $58184,.70
| N1 RELOW 898
| KT RELON 713281,9%
| J_37 RELOW 10RBS8R,
| H X8 RFLOV $478378,
| 89 __QFLOW PpyPpses,
| f 80 RELOW 30856106,
| J_61 __®pLOW 4399844,
f oap RELOW 6328806,
| a3y RPLOV 5883520,
; £ aq RPLON {3348369,
| J_es RELON (8867637,
P et "RBLON 2Y16R434,
JP__aY RELON 39105619,
) RELON 543016077,

oFL 89 RPLOW 81062899,
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Table 9 (continued)
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CONNE. . ‘ y
i o 1 1 N ] s | 9,02
!L_LL_f 1 . 19,58
ooy 1 ¥ o8 29,48
T | TR | S | 5 o8 59,29
NSk s N '% 53.90
- { ¢ } Y _a 'y
oep ¥ B | 1 | o8 68,72
8 1 3 | y
fi ap 0 1 o3 o8 86,30
n ;{0 1 o8 8 98,11
mogor {1 1 o8 N3 107,99
IR TTINRY 1 b i 119,9Y
fnogap 13 R NTY) 133,91
_1SF % 1 1Y 1,037 150,49
IR 1 1,037 1,048 171,04
“#_48F 2§ T 1.pBN 1,893 $198.60
froqed (7 1 1,408 1,792 204,98
PL_99§ 8 1 1.%0p 0,18
Fiogor (9 .4 - RBe180 R.880 302,37
7193 po S | 0 383 .0%
#LptH B 4 1, i
[AIEN 11 B ] N S Y 3 1] 8,350 'Y‘cl‘
[ 1] !A!" l! b 0 79,.%%
fi par 8 1 6.020 7.103 408,38
0 _pBfF _pb 1 - 1.70% 0.044 986,933
i poy 2Y 1 9,048 11,093 $1138,18
] 1) 4 11.,09% 13,519 13
~Fi-pkr B9 1 13,312 15,874 1617,33
[ 4] or: %0 1 b nm ’. 9 298
L sop 31 PR | I'.IQO 23,003 2307,38
0_siv 32 R [} ] 298908
roseF 33 R | !7.&0! 33,188 - 3304,00
Ffi_x3r S T \ 33,108 ‘49,748 -3954,.38
:& saF. 38 -4 39,748 47,698 avs:.a:
! 4 -8 : [
gx 3552 sy 4 87,038 68,686 sv:g.:s
N [ ;15:-15 1 : .
S S I LB g AR.223 03.9 ? 9Y89.2 -
R (I | ] O 1 T 98 ,40% i1 1.3
~ B 6oF 83 T4 118,080 :nt.ata 16031,7
,,sr a3 ap N W U] b 110 16828
2 r"=425r Q: :fi >l°g.:tl - n‘.o - l't HY
= i . S . N
’i77%%5~ 1 B lii‘if¥““‘%%§.s%%"'ii%%i s
,Pr 48k &b . S { 295,.3%4 8,404 !l!ll.l —
i asf &Y ' ra~wx $56,401 cas.aat 45001,0
i &Y A 1 ‘6ps.p8f B10,337 8018 1,3*
FCa8F av TH10,357  6RF.40F  €O1V1.8
"6!nzanixon ) ,
J_o S ua;. =g;g;nvs

’agf;;gfé i
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Table 10.

*T1ILF

Printout for Garg's problem with CYCN.

FLAPSTD YIPT SINCY TYARY TF SIWUCATICN =

54537040y a
SINC” START CF RUN .

VOLUVT, PASS, “FFRGY AKT FFAY BACANCTS

e 268063=32 ve4RS

2845372696

STRCE UASY PRINT=C0Y " " 7 8463 1Fedz -~

FLUTD VOLUY= N PLACE = +5I053T408 o -
LIGUID  vOLUMT IN PLACE 5 453094C¢08
VAPOR T IN PLECT Y §:1-1:2 879 o - -
- FLOTD MESS IN PLACE & o37884T+1T - e
Liguic MASS I\ PLACE 5 ¢27884Fe11 )
VAPOR MRS5S IK PLACYE CERY-14) $4:50 -3 - ]
PERSTRAT PASS PRCCUCYICN = o TZ4EGT4C3 T T e e e e e
MARGINAL MASS PRCOLCTICN RATS s 421863F¢00 e
—J T " ” " e G VASS FRACTTEN PRUITUCID = "o 4d817F<07
AVERAGT MASS PRCCUCTICN FATT = ,218657+¢00 e
SCLID INTORNAL SATRCY *  ¢16884F¢18 SCLIU HIAT CCANTENT a2 el6BB4celB
FLUID  TRT.Y TR~ = o T CCATE S-Sy T3S S v 2
LIQUIC IAT7RITAL ENIRGY » 450432717 LICUID HEAT CONTSNT * 4509125¢17
VAPOR IRY-RNAL KR-RGY % ¢ 14889%+09 VAPUR PEAT CORTARNT ™~ 777 7 "= S 185977%409
F¥RGe  STLIU  INTe CKEWGY LUSS =  «3RQ567¢0Y FARG. ™~ SCLIU" "HRUAYLESS ~ 77w T 530567408
MARGo  FLUEID IMTo INERGY LCSS = 121557409 MARGs  FLUID F<AY L(SS = ,1525T72409
WARGe  RcStWe IKTe =KEWNGY LUSS & o17955=¥%.0 o P53 PRI 7§ G of £ St B S W 17 1~ Mt
VARG FeS=Re ENTRECY LLSS PATS = 4315007406 MARG:  KcSERe FLAT LCSS RATF = 36932ren6
CUMULe SCLID TNTe TRERGY LCSS = o75713%+C9 CUMUL. SCLID m=AT LCSS = «T97137409
TURUL, ~ FLUTY "TIRT, TA_KGY LGSS = 17T %10 CUMGOC, FLUIG ~ HTAY LCSS TTe 234435610
CUML,y RFSZRe INT, TNMIRGY LASS * 425674F+10 CUMULe RISERe FLAT LLCSS ® 530414710
FVTRAGT F S.Re FRLWGY CUSS KBIT ¥ —o3USTINFCE AVLRAGE ROSTRe RIAT TCSS RAT= 6 IS9Pk« 36~ 7
HATY EVFRAGES o -
FLUTD  SPCUTFIC IRTFFRAL FRTRGY = < I33IOTH#YT FLCTID™ SPECIFIC ANTHALPY ‘s 4134465407
LIQUID SPPCIFIC INTSFAAL SNERGY = ,1331974Q7 LICUID SPSCIFIC ENTHALPY = o134465407 e
~VEPTR SPECIFIC IR T CRN AT R=RCY T 2 ZSTIU=¥]7 VATOR CRYRRCPY " Y568 RGY T
VULTH. EVIRAGLS T T e e
FLUID TINSTTY T S TI3I5-#0Y :
LIQUID DENSITY = 571315Z+03 N e
VIPCR CERSITY EEECLY{- LY AT vy TS - -
CIGUTD T .MPFPATUVL T VUL FCI - -
VAPGR TrMPSRATLRZE T 0254907403 e
LICUID PRESSURF ( N/MZ ) = 90343747 , .
CICUTO PRESSURT U 3T 7 T e9Z2IZAt¥07 TrmmmRTTRE o rmmmmmme s e N
VAPOR PRYUSSURT ( N/M2 ) = 2301165407
- VIPUOR ™ PRESSURT ( AT™M T T B1595L¥02 T -
L LA VAIFST hd al:l‘ib"Ur TomTmmTrn o o T -
Pr2 ( ATy, = 2114175403
Fr7i CPralm 7 ¥ el0CJOCYUN T e TR e e
4 = o71559740%
C ¢
S @ &

%6
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Table 10 (continued) S WIRIEE

“ *TIVL‘ o ‘
DENETTY CYCLs CUTPOT TR m— : - — — “0‘957CI55' e

CYCF TRUYCFC RWIT WUTSF RUYXF RUTSURF —WAX, T0 SUIRIN — SUIPWN ™" """Fisiwa . 7 RATGR T T RAYGSF
o 2" 1089 6. 4 23 3006 24869452400  o1561702401  4681778%404  +194616T¢03 o T94974E-05 o TB2011%-u5

TUTAL TIP:  CUP. YASS CIN. CUMe GAIN AV. GAIN RATS TIME 1P MASS c Ke FASS GAIN GAIN RATE wGHT, FACTCK
" ¥ T Se€68ToI-¢IT T SIAIATSOTFUU o STUOCCIe0C

ST S - . - ’ BT RET T aBBD T BT g
F 9 % .ze1447”003- TTEUTT T ICT= JTURGU =0T s 20058 ¥ 0T s T5ZE4TSI07T B To0I S0 - AT0 STty 1200879050, ~oS167T875¢C5
F s & 05857330403=,221229F¢0 0= 12406 TE=02 ¢ 253758E403 ¢ 8454645407 41924150¢00=0609TTIF 401 3958043434 2710433406 42229673654
F e 3 #895ZE5LR0IT. IB5TRITIT=o TTSRRSL=01 o255 EIBTITT o BEGUBTTFUT 256395501 4 232C4654T2 02926445404 29426207 ¢04 0604999°¢C1
£ 3 % «712330E 403050342385 =02-,164TT15-04 52999505403 4 B6275TZ 0706 ‘ + 4897442400 ¢ 8225613006 ¢ 110751F €050,
F % 5 .71zscavoc=-.hszsavr-gz-.158U32==Ut'“29tQBS’TU"‘EBEZ7'FTU7U"""”“”"”‘“.%51719E5b9'.azz>o1 Ee%6 o 11074LE%CS0 T T
F_ 3 ' . & .11265’3003-.475#62‘~a’-.155615;—0& .zqssseroo' .aaoo1~;ooro. «4518C6 8225615606 ¢110733:¢953 " r
9 Zz ‘ = HRARERE 0 BB\ E o0 S IT AT I TR T
b8 .112544Soc3-.45«21cf-03-.151933:—04 2555647403 .e73403=6a1o. L JARTTR9I400 ¢8225617006 11072134350, ‘ i
TTF B T 9. 303 bl ‘ T a 436957 e90 4822561476 ¢ 1207165 ¢)50, :
¥ i -712610'00'--456392F-6’-516937ﬁ°-04 .2499685003‘.8766925001Uo 04343536450 48225615430 11571274050, ‘

Jo o + 7 . . IR 431603 ¢0C o822%01 406 411070874050,
Fooda ii00a2 .71 2666F003". *505C0€"03‘- 1’074‘)57“‘0§ ¢2999 722403 « 879463T40704 L eh2€T12Fe00 Qazzﬁbli:f@ﬁ‘ 21127045¢052 . .
r o - L IVE I 7 Ve 36 o I10TRITHISI, :
Fad e o'".2725‘5003-.‘0’0’0902‘:-03-o1§56135'0§ 02999762 *03 »882546T+070s B -ﬁ_z’ﬁ’ﬂﬁfoc 82 561 406 ¢1100695.40%), : -
° =g NG 8 =l 2=y 3 . = . L4 o LT T GREVTLNETT oB225615836 11569154050
roi> lo 0712797500'-0‘39173":3‘.1*37385‘0§ 02659813402 ¢885996%¢070s 04180291 ¢00 8225612406 +110686~¢35), _
. : 3 =¢02 o o T TR R14T66F 400 4 822561°¢08 1196802050, .
F il a8 0712!72‘093'0"IQDQL'QE‘.1§109Z°‘O* 2659867433 4 889TVIE+0TUe e ®1035T0UG 08225015406 11067554250, i
¥ ] - . = . TEBT_FCT S BZTSEICTHIE CITORTUN#08Y, 7T T T
F av 20 .712960‘00’-.51295L”C"01351553'05 0299991f003 08935007 *0T0, .393099F0€h 08225615006 411208570350,
. &b e . . - - e 0ITE44BT¢0C0 oB22561E8e¢0¢ 41106597¢25),
2s . 22 1132 21'00"-369026"0’-012078C'“0§ ©299995:407 85712750070, 025126T7C4CC 822561:¢06 +1100654.¢35%50,
e ° & 'Yk ~*0T0e 7 T e 31SALTEAN0 oR22561% 006 «1130505¢)55, _
i 2 2% -713’°3r’03‘.28[428"”3'.92109l('os b2§999950°3 090320454370 02678577400 48225617026 411004620050,
‘ z & . = . o Z1TIBOT0A S 8225617 ¢06 110643 #j50, T
r €5 26 o71'125’003‘.15550’F‘°".5U9213(-05 3CCQOZ:003 090229424075 o148102E400 08225017008 1100425 ¢)50
TR e 2T . " o3 K . T e T 2694129701 8225615036 L11003836350,
F el < o’l3l4§ 003-.55883ﬂ;-0§’.150l71 '05 «INNCO32403 90322554070, . e 43G6T69E=] 28225015000 o11,6277¢)89,
TF de é Y - o ICV 402 . - o T T a156T198=01 822561006 L110637" 750, ¢
[ 30 -TJ!1453003-.*25791r‘95“0139350"06 3002043003 490341754070, 0 4082287=02 48225061 006 411637 ¢%50,
Jd Cala LAR 0=, TBL=-1b=, : e JCloa . V32 o9 =¥07Ce TETYY JB2B6 1656 L TIDBTT eu80,
#3452 .7131‘33003'.751833-‘07‘0242798'-05 03003047402 950342974070, ‘o7°619§.‘0§ 822501, ¢056 112037725,

sh617817=(5 «B22%612¢C6 (1196373005,
01872120~ 0 «H22561 006 o11003T77¢C3J
T o R4 81 24T ~08 43225012006 011063774350,

[ ] - - L ] L]
_F_33 ‘;9‘.1131‘4?0»3—.lQb?tZ’-ﬂG-.bﬁB?ﬂtﬂ-ll +2CC0345403 90342934070,

- - @ P ry

A ‘ 0 $03ms 3972785 120120026713 220C3047+03 +303429% 1070, 370184505 8225615056 o 112637203550

32 e i1131482003-03072 At L a2 - - : S1T TB2ISE1S606 S1{8e3T 6d8Ss T T
Foar o 38 .’12168:0c3—.816761a-'5-.260661*-16 3000045402 .903h29’0010. TTT5425.-12 +822561:0u6 o 1106373408,
T it - 7 : e L 12rB23T=12 48225617036 o 11V63750230, |
F o3 .113143‘003-.51:~s’~-19-.zzc~xo--lo .3cc*c~~oo- .9oa~29.‘ovo. G T64C9761=12 2822501 %06 o13)637:6383.
N e 1762307=17 'co 247633 903 2cearee '211”3"1? EF P T i
¢ SeQ3- ‘57 ‘16'0 - .- " . 429Ce . . LY el . 0lctd6 o 637% e °

'f L1l =533 822561706 LT126IT40S%, 0 0 T
E %3 Ae 113140 an3ms 125384F=16-12373805=17 22000767403 , 90362954370, Teva18c=12 o822561c0u6 o11,6375 057
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‘Toronyi's Problem:

This problem involves production from an areal . two-dimensional reservoir.
It was initially investigated by Toronyi and Farouq-Ali, and their calculation
was subsequently verified by other. invest:lgators.42 243 Table 11 shows the
input deck used for running the first 40 time steps. Note that this problem
requires different relative. petoeebilities,wwhich are provided in ‘the fluid
table "FLUTOR." Table 12 shows part of the printout after- 40 time steps.

The input deck provides forjstoring the file SAVE, which is then used for

7 teetarting the problem. Table‘13’show5”theWinput deck for7reeterting the

calculation. Table 14 gives part ‘of the printout generated after the total
time reached the desired value of 6.76512 x 106 seconds. Table 15 compares
the results for 11qu1d water saturations as computed by SBAFT78 with those

obtained by Toronyi. B 'w‘ ‘,:ﬂ‘:r*",q',rw,w,“,o," . ‘A-:>,fgﬁ,ﬁ —
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Table 11.
with CYCN.

JOR907:63,170G08.466 7242, PRUESS

SINPUT SSﬂGB 17.19.47 15 NOV 78 VIA kPOBsC2
0,1 GO, CYCNG,

REWIND LGO
FETQNG;,YIELEsPSSBACKUPIBIABLOIFLUYORv1£1¢£o

LINK X PPELPLETITTITT .
LIBRITE,DFABLO,SAVE/RB,TC0,1430
EXITs

OUMPs 8«

FINe .
REWIND, INPUT.
COPYSEF INPUTOUTPUT,

Input deck for running Toronyi'

s problem

STITLE
SCYCLES ]
TORON 2562.9536 3405 9.8619E~13 1728558 10105930
START PARANETERS
2 4@ 6u¢ 10000090CC0C22:0 STEP £ 16 TORON coe
6765120,
$00, . 1e 1e
25 o1
ELEME
f 1 35 TYORONZE318 8. 6¢
CONNE
F _1f 2 & 3 1 1 152.% 1524 & $290, 304
F 7F & . 1 1 1 152.4 152+ & 32%30+306
F_A3F 1 & 1 1 1 152.4 15244 $290.306
F 15F zn & 1T 1 1152,  152.% Y290, 30%
F_2SF (3 1 1 1 15244 1524 & $290.304
r‘*sxr“sz » 1 1 1 152.% 152.4% Y237, 30%
F 1F s 1 1 1 15024 15, &4 92903.,0%
¥ /F 13 5 1 i 1 15.24 “1%.2% 323004
F _13F 19 5 1 1 3 15.24 15.24 $92902.04
P OI9F 25 5 1  § 1 15,26 T5.¢% 92333.TH
F_25F 31 5 1 1 1 15424 15.264 92903.04
GENER _ )
F 16 MaSS ~25.1994%
INCON N
F 1 35 1 256.,8889  G.8
ENDCYCLES
SSPLIT




.00 Table 12, Printout for Toronyi's problem from CYeN
B R after 40 time steps.

j.""rwz e ‘jj“ ‘ : ‘:Lx;.,

%0 DEVELES

°l
v
<
-
b=~
b
-
-l

DCNS!IV CVGLE

xcvc xcvcr xcvcrc xuzr NGISF MUTXE N NUTSURF ‘ WAXs OO SUININ —SCYRAY "~ UDDSLAX T AATGR RATGSF
.0 1 88 -3 18 55 . 922 4232¢8IE08  4132871Esuk - o w16192€404  LATSSITECDS .13231*:-(:1_m,;zaq;se-oz
' MASS GEN, MASS GAIN GAIN RATE WGHT: FACTOR

CUH. GIIN AVe GAIN RAVE TIMNE ST:P
i 3

€ER. mWoex 6 6o 00p YT P PR bE OO0 e TTTUw

-4

0 3. «3THTSLE® - 3
£ 2 2 L I7B6R1E 03~ 86924 1E 0222 k91373606 22567752083 24458365407 28000882 400 26010SELQL 212889 6E005 165972:€001 o ISAIBESDS
F 3 i’:f??i?ff’ﬁf=7553T?3E:UT:‘“!T53TE—i3—"25K71T'“U3*_TF559TE'I7”‘311§T?E3ll"!TSEKS'TU TS IZIWICEF05 +6ISILEESOL ¢ JE6SITESDS
. ‘“ﬂ_;;dgh.xssre|E0na- 2274 TEES0C~2196359E~08 o 2563465003 L ARIOSNE 07 (51503PE¢00 22302575603 +135996E¢05 +02157E¢ (1 J 002114405
S T L IPN22TEV OIS e IS T2 =01, 4 17 2TESUT + 25K TIAER N L GkSEIIT 0T S BOITTZEUD S TRETEUEFUZ < TZISUBEFUS +6I9IE2E+ 01 o I865IBE4DS
e gy .;rsssssoos-.ana3cze~nz‘.szsaeis-|e .zserrs=’as .ausasssoor +B0009€EE ¢80 o+ E4uS11E401 «128899E+05 .sssss«soax .aonsureou;

__F_ .8 _;;ﬁb‘¢1756b1’0ﬂ3‘dSéSS!JE‘BZ'.bOlSBIE-IG .25677$’003 othOSl-Oﬁf .600067E000 .6036565001 -128896E005 o659720€001 o!!bbS?EODS
F O T ITalSGE 0 S 526 VA TE= 01, A ENB ATES TS S 256 TIRTFO S L RUS5IUE+07 SBULIUIESUT S SRUTSUEFTZ S IZIWITEFDS SBITCSIEF (L, I8SJuEe0S -
F__10 10 olGSbOOEOOS-.!21023!000~¢190790500h 02563255003 < hu2887E407 J31582EE+00 < 246604E083 J134101C405 H678468E¢01 o 4 0256¢E005
117 1Y JATR229E403= o S E IS IE-01-. 40005 E=05 « 2567345003 MeB5OCE 07 BULI0GE +00 <SUOTIGBEFUZ S IZINITEFTS <5 IVSISEFO1 s IB6STHEIDS -
2. 12 .1755355003-.505~os:~oz-.szzssoe-na n2§67755003 .h650335007 .8‘00!!5000 ¢6h5960E001 ¢126899E405 .6596&!506& « 30ULLTECDS

F 13 13 «175751E403-e b 2E=0 3=y ¢
F_ 1% [\ 1756525003°.569'935'02'o“915065‘°E o2567755033 05658355007 oﬂﬂﬂﬂﬂ?:’ﬂo 05905515001 c1253965005 0659137!Ql1 03356365005
F 15 15 c17“235E003'.5197132'01°o“555205 05 o256 7S4EFDS o GuSSISE#U7Y SUIBTBEF0T < SUIVIVEFIZ 12T WITEF LS GLUTISEFTT L IB6522E40S
F_ 16 16 +163085E¢03-,231441 000'.1997“75'“5 42‘62003003 u“52551:007 o’lﬁS!ﬁE'ﬂﬂ c2333b62003 013L10ULESES B21LTECDL L 403104E0S
F 17 17 +174238:2+03=¢5{95C3E=01 sbeh . L3 ¢ ¢ ¢TS5 +SH0TITEFTUL »386522E305
F_18 186 o175636:003‘06062125‘02'05250135‘(5 oZ‘G”S 003 0655333’007 000009 :000 05“0‘325031 '120599500’ 05595555001 0 384L4UEESDS
F 19 19 o1 1 * . L3
F_20 20 o1756535’03'.56“‘055.02‘0QB’SJIE'OE 02567755003 o b4S83LECDT t&ﬂﬁﬂl(EOUB -503653500t 01233955005 qb597hl€001 0356635€005
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Table 12 (continued)
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Input deck for restarting Toronyi's problem with CYCN.
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Table 14. Printout for Toronyi's problem from CYCN after

197 of reservoir fluid has been produced.
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Tablevlh‘(continued)

*TITLE
T BRT Y TYCUE RITROT BATA

367 DCYCLFS

KEVE~ KEVER " KEVEFE UL EE GUYXE NTITSOHE ™ " MAXG 0D "7 " SLIMIH SLIMAX 1DSLMX RATGF RATGSF
_ L 3 882 - 1 12 54 8510  ,T78005E=01 4.971057:003 03814287¢04  ¢245906E403  (S2ASTAE-02  528414E-02
INYAL Y147 Clne 4855 SLY CUMe GAIN AV GATH RATE  TIME STEP vass GEM, MASS GATN GAIN PATE WGHT, FACTOR

. .+ -e 4 "9 e * ) . 005"*.873640?&06 -.8136405006 -.25199§E002 «100000E+01L

. I Ime LALL T #00=e . . g ‘ 557':517299'000,01562585003 o 1348%0T+CS (4TLT24S+01 (404220E+0%
2. . 201542015403=4'13317 9740093941 73E=05 4296048E+0) o4401135001 ¢827916%400 4 14883TE403 S 13BTTAT0S o 3542057¢01 4163215405
s T 1 IRTATNROTLLIZZBE RIS AETIATE=DN ¢ 295T31R03 (A36TIIT 0T 4B4TALSE400 02609925403 (1T744947¢0% 159314E 401 (439310%40%
‘i‘¢1155795003~¢199633?030-o576678F-Q! 0254621F433 $430599C40T (BT80415+00 oh9%630E403 92303 15E 405 +S4TTS53C¢00 4TTL24%405
T 13GETER RN UTGORTER D 0= YTAZGAES 0N o 2554185403 4360025 +07 ¢ 8520730000 ¢ 327319E603 (1772235405 ¢ 1425609F +01 o A444630E¢0S

e @S1T2925400 (¢1546289C403 o 134046F+0% (4T1805F+01 o404211E+05
!'5191‘003-.133692‘000-.383981F005 oZSéOQBEOOB .4‘3713E007 WB2T937E+0D 4 1406564F¢03 -4 138780%¢0" 'L 354056€¢01 (418348C00%

é bl§§9’7:3013.lET?SB"UD=~46!T73E30‘ STEEBIIES0T JAILTHOESOT? B4TABL 00 (2621805403 o 174518405 (1%91084F+01 o439355E+0%
"IO ¢ 1153285 603+,1999937 80024 5769965505 42545995403 $4304864F¢07 ¢BT8359F ¢0) ¢ 49TIOTESDT ¢23CATIC¢0% o S41916E¢0) (4TTSASESOS
MY o TASETTE 3= TI0028T #00= o STAZIIN=0T 2556155403 L 4356002E¢07 (8521465000 43274305¢C3 (1772785405 4142323601 4447155405

1
i

12 .145'0‘“0 3-.189&18t005-.9566605-0' 0283800T¢03 4438TCIFI0T (BITTALIE400 42218865403 o 14244 TE40% o 244281F+01 4 427456E«(S

'3

el 3= L 2o) WP YZ2THDT «817293F¢5) 41542895403 o1348477¢05 o AT1T90F+01 ,404213E+08
F 16 18 ol‘bZlS'O’J-.l33124“0¢u .3840127-05 .ZSBOQBEOO! o AA0TTIESCT oB2T9015¢00 o 14BR4SE03 (1387665405 3543765 ¢l (416314E005
F oI5 TR G LGOS IR e NI 1811998 #N0= g REROTIF <08 ¢ 285532F 403 o AIBTAIE4QT o B4TT27T4]0 02601305603 ¢1T744631340% L1596%9E¢C1 4392105408
F 16 16 o115119%403«4 2010217 403= 4 79960508 4 254559€403 0430193C+07 ¢B878632%4¢00 «501F£40E03 423CB28%¢0% LSIGALSES00 ,ATT7929E+0S
F LY T S 13RTAGRE I LVG2EBE ¥ 0D o S TN BABE=0% 425541 TES03 oAIS004EDT (B8R19N5Le0N 4 32TISTEL3 o 1TT1365¢0% 4 1430687 ¢01 o 444486F 0%
F 19 18 ¢ 18674479324 16923 TE+)0=o SARGL2E=03 (28%800F+03 o§38708t001 oB3TEE3Ee0) 2202625403 ¢142411T¢0% o 2452%3EeC1 (4273705605
]
(3
[
[
£

‘. s ok S S¥0=e : . g GZZTROT o BIT290C400 (156292E401 o134846T¢0% (4TL825E¢01 404209C+0%

2% 20 1341943403+, 132072%400=4 383022F=0% 4 2550485+03 04407735007 e B827926%400 41485378303 (138TT9%40% o 354094E¢0]1 416342803
T T2 G13M01% Y= s TETLTTT NN AR BTAESTS g 255T32%4 03 o ABOTATS0T o BATBICLD 42627447403 <1TATTATH0S (150967F¢C1 (43941908
22 22 91154980 403=¢ 2036 1F#(0=¢SBTES05=05 ¢ 2846215403 0 430%90C+07 o BTTABAT+0Y 45045935403 (230183E40% ,550542C400 (A76932E¢05
23 2% G133TSTE 432 TOULALETT= o STATIRES DS 29%41TE ¢T3 o A36009Ce0T 8522167690 ¢3278385¢03 ¢1TT334T4CS 1420497401 (44AB0AR0S
24 284 o1466RB%4)3mg 1898248 400=o 846 TGCE=05 ¢2%5800F 203 (ABETCIE407 48377635 ¢00 (222189T+C3 ¢ 14285 TT4CS (244133201 L427A80C+05

. P S e s IR I T e IR T + 0= FITEZE =05 o 255328 FU3 o RRZUZZTFUT o B1T2945400 1542087402 (13484TR4C% JATITAIFeQL (404214E40%
28 28 o1%6278E8%3,1331365400=0384116F=0% ¢286088F403 (A40TTAC+0T (8279CaF+00 ¢ 1488485203 ¢13A7T0ReCR o354298F¢C1 (A16322E+0%
21 .2t 0139153'0 53=0 161492043054 A65TISE=0% o 2585340003 4436T32C407 ¢ BATESAECCD 426CTT0F¢03 (1 74384F40S 4 1599490401 4439118%¢05
28 28 116271740304 204532% 420 5TRRLOE<0E 254888E¢03 o 43)852E40T BTIT1A6¢00 #508804F 003 4229508705 o 5634C954C0 (4T8009%¢03
29 P20 qUITRATTEINS, 1098CIT 0= STSRTER]S 2954187400 (4340152007 (AS1906E 00 ¢I27686F¢03 S1TTICAT40S oL432¢60"+01 4444256405
o3 .166176’001-.189319F0"0-.%662€o’-0! o255800‘003 oA438TI9ES0T ¢B3T6A9740) ¢ 2204360403 (14240500 (2054035 ¢J1 L,427355%¢08

‘ o ¢ eSNZYZZEFDT o BLT72991¢00 1542095400 ¢ 1348497¢05 JATL734E401 (A0A219E¢03
2 % ol3519$f033~o133156?000-o38ﬂ166E-03 -ZRQCQB‘OO! s HAOTTHES0T (8279215600 4 1487635403 ¢ 1307T6T+0% o I1SEF¢CL 4416336F+08
33 3 UMD, 1616320 40D=g H8E322F05 ¢ 2%3534E4I3 (AIETIIZ0T o BATTIOT4)N 202140F 003 o 17HARAESDR (1594113Fel1 (,43920%E¢DS
34 34 G 11E%REC 0030 2081 TE2N0=e £ 00730 =02 ¢ 2%4889F 403 (A30983Ee0T (BTETLCTE0N (5106555403 (229082T¢C% (5T1222E400 44754952€+C5
35 3T L13%6AST 403, 1994705004 STTA2TE=05 ¢ 2954192403 o 436018E+07 ¢ 8520647000 3280035403 177225F¢0% 41426445001 JANLELTESD®
I 3¢ 1‘6101‘0ﬂ3-.159519300”-.365661E'09 ¢ 253800E+03 0438709E007 o 8IT 7385000 .2213855?0] .14?6465065 0 2844 CIFECL LA2TASIE LS

ARNAATARNAN
w
S

2
3
3
& & .14611320ﬁ3~.139315¢01)-.5463715—05 .ZSSGOOCOOB .QSBIOGEOUT .5377¢3‘0C0 e 221C27ESC3 o 142430%+0% L244T98F ¢01. o 42TAL5E0S .
o
9
3
i
2

-

€01



104

Table 15. Percentage of liquid water saturations for Toronyi's problem.*

*The lower numbers are Toronyi's results, whereas
the upper ones were computed from SHAFT78.
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Depletion of Two-Phase Reservoirs

Table 16 shows the input deck used for running the first 25 time steps of
a problem which was recently investigated by Brigham and Morrow.46 Table 17

shows part of the printout obtained from this run. More extensive results ‘and

discussions are given in ref. 16

A similar depletion problem involving a reservoir with a uniform initial
water ‘saturation was investigated with the input deck shown in Table 18.
Table 19 shows ‘some results, more’ extensive calculations for this problem are

presented and discussed in ref. 16.

PR

Table 16. Input deck for running Brigham and Morrow's problem with .
CYCNﬂ(depletion"offtnoépbase reservoirs).
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Table 17. Printout for Brigham and Morrow's problem from CYCN.

peLTe
o 1562177494

TIiMS
2 161159%+07

BEGIN TIME
o 16N402T0T

25

OFLTE
«100000%=11

F

BSGIN TINT
« 167493%¢07

OFLTF
o 156217740
M= 1

J = \

TIME
+«101999%+97

DFLTE

«8309511F+04 25

ARTGHAN/MORPON FINS MZSK 220@

RGY CYCLE NUTPUT CATA

NUTX
&4

KWIT MLTS
3

MNUTSUM
62

S99240T7 =y 227394F 418 ~4 227394%415

FNZRGY
4681E+07

DENSITY
2138207402

DENSITY
214370F 402
SAT»

ENERGY
0276F+07

MAXe 0E

«4293593%4+04

ne

~s 409T3IRE+DS

00
«550239%-01

0
35321%-16

«107000%+01 QUALs

o€

~e 4295925404

SLIMIN
¢ 1054785 +07

MRttt ittt et bttt

D¥ poc

e 26090047 407 5965767 ¢0 ,7106220-03
026071%¢07 44903407401 4 583721F=-03
02605027407 4203474%+01 ,242373F=03
02602947 ¢07=4 102 T9R% N1 =, 122450502
0267343F 407 L42T74637¢D0 (521093F=0N4
02603017 407=,325221"¢01~,387513%=-03

9 26N250" #AT 41259777401 L159160F=02

02602187 4072425481 8% 401=4293531F-03
260178407 5860717400 ,698110%-04
026N135€¢07=41N349T%402-,1232825=02
02542764070 4295027404~ 511T719F 4000
01191217 07~ 1415217401~ 1873 965=N3
e 1000 56F40T~,22210 77410~ 384020%=04
0109064%¢07-,122722"¢0C~.146194F-04
«109041F 4N 7=, 26 T692F=N]~, 3188685=05
1590417 ¢0T=45636€655=12=,671421%~06
¢100741T¢2T7=, 1070677 =02-, 1284877-06
«109041F 40 7=4 1801697 =3~ 214612C-07
21090417 #9372, 2392027 ~04-, 2850518~-08
o 109N41€40T=,149260%=5=, 177804509
1090417407 ,502950%=n6 599218%=10
1090417407 ,2849877=06 ,339468C-10
o 1N9NA1"2IT (106375706 ¢12671INE~10
« 1790417007 ,525R8T7=08 ,626385%=12
o 1090415427 (225764579 «2689255~12

+2518587+03
02518597403
+2518637 403
*2518667+n3
«251866F 403
«251867%+03
«2518672493
«2518655403
+251872%403
0 251874% ¢33
02515207 o2
0251674%¢03
« 251988 +13
« 2519927403
¢ 2519947403
2519945403
«2519947+33
0 251994F+93
0251994403
« 2519945403
+251994%¢03
02519945433
«251994¢+13
02519947403
0251994493

©393149%¢07
«297538¢8:07
«401794S+07
« 4N4A0NESIT
« #)5640%¢07
24064 T9%+07
« 437516707
«408552%¢07
« 4095837407
«41613%497
« 4110437697
e411561F+07
«417623%437
0 4115648%+07
e 411653537
«411855%+07
e 4116558407
«411655%097
0411655%+07
e 4116%55F+97
«#116552497
04116355497
«41165%%¢37
+411655%407
+4#11655%407

TIMZ STEP

TRMPERATUYRE
«251531E403

NEF
«838303F~10

NEF
0136993E+06
+1070007¢01 =X+
TTMPEPATURE
©251520%403

25 ECYCL™S

Rt T et E i -t s it a2 -2 2 221

SLImMAX
06211928411

HIAT G*N.

PHIX

CO/DE

¢1070902401-,1377577 =92
1901004014 1371045-03
e137000%¢01=41266140~-03
¢ 170000 +91-4 157504€-02
+10000CE401=0 1584495-02
«10000CE+01~4156037F~03
«110MNCT 41~ 1558967 =03
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o 19000C' ¢01~e 155462702
e 10M00F+)1=41259647-03
«9990627+0)-. 1428%537=06
0234024E=)1=6 18 TTI1E=CY
©¢562955%=02-4196281F=01
«218788L 024 204657F=-01
012171 1%=)2=4 204457E-01
¢1012363=02-.204657"~01
097323507 «N3=q 2046577=N1
0 9669243=03=4 204657501
09651017 ~03=4 204657%~01
09660605 =03-42)4657F-n1
0966782:3=N3=, 2046577=01
09660945 =(13=4 2V4658%=n1
©966)973=)3=y 204£377~01
9660995 <03~0 24637E-01}
09660998034 2M46587~01

PRFSSURE
«411155%+07

PRESSUR"®
e411N155%en7

PRESSURE
0411055%+07
0260904%¢07 DX

PRESSUR®
«411043%¢07

D= SLMX
e113414%¢12

HTAT GAIN
¢ 839511L4N4 ~4117962%¢13 ~,1179562%¢13

PHASE.
~e999133%¢00

PHASS
«999133€+00

PHASE
«999133E+00

RAT NUTS
*364408%-97 1
RATYF
«209397F-01

RATF
+568978%-01
«195287%402 :

PHASE
=2999063%¢00

RATY

HUTS
+3701083-07 1

RATG
«3701085-07

RATGS
« 364408%-07

WGHT+ FACTCR
«570000%¢00

. GAIM RATE®
=e 1405137409

20 YOTAL DE

0 4426452-03-48218247~03-4238926%¢11
0441353%=03=,6718675-03-,201389E¢11
e 4430997=N3-0277975%~03-, 847236E¢10
«439387E-03 ,161912%-93 ,137385%¢+00
04291 TAE«03=¢ 693242F=04 31T7097F 10
+422733%=03 (507621593 ,351489€¢09
©432502F~)3-4196394r=13 379399¢+10
+432272%=33 ,295832-03~,115823%¢10
0 422043F=N3-4 9111247=04 (344195510

«4318113%-93
«3392055~24
2211644703
+2120053-03
©2120495-03
«212049%-03
+ 212049703
0212049F=03
*2120495~)3
212049703
0212749%=03

¢2120497=03-,102953%=07
0212749F=03-,583248"=09
0212049703421 7704204
©2120495+73-41976217-09

¢130369F=02-,66704T5¢12

NUTSF

1
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8

«6136877-01  .511265%¢12
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«547855%-03-,112792%¢11
¢115358F=03+,2391948¢10
e 2207572 =N= 45 T584F¢09
#268729%=05-,T64252%4+08
0489752%-N6-4 1015087 +08
«375489€=7-,633132E¢06

¢ 120891F+06
« 4512318005
«B892261%+04

¢2120495=03-,462046%~-11 ,383788€¢03

«213397%¢06
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Table 17 (cbntinued)

*® FR!GHAHIHORRPH FIN¢ MESH !26!

FLCH OfﬂAlN 0

VOLUM®, MASS, TNERAGY AND HEAT AALANCES

FLUID
LIQUID
vAPOR

FLUID
. LIQuID
VAPOR

ATA

VOLUMF . IN PLACS

vnLUME

| VPLUME

MASS
MASS
MASS

MARGINAL ~MASS
“MARGIMAL  MASS
CUMILATRD wASS

‘ $aLip!

ST ELED

‘;%~‘L10010
©7 VAPOR

‘f;‘“ﬁRB-‘H
- 'MARGy
1 MARG -

. MARGe

cuMiiL,
CuUMIL,
CUMIL,
Av?anc%

MASS AVFRAGRS:

FLIITD
vapne

‘AVSRQG* ;

HAQS

!&TFRN!L
INTRANAL:
INTTRNAL
INT'PNGL

SPLID.
sLutn:
ATSER,
RES®R,

Vﬁﬂllo
FLUTD
ROSTR,e
RFSER o

*Pf(!f!f
SPPCIF!C

: vuLLnr Avrnnsrs

FLUID 9¢NSITV

LIQUID
| VAPOR:

L10uU10
VAPOR:

LiQuit
LIQuUlD
VAPCR
VAPDR

P/L
724

L4
?

CENSITY

oEnsITY

T'HPFRATURF
TEMPERATYRS

PRESSURT
. PRESSUR™
PRESSURT
- PRFSSURT

IN PLACE
IN PLACE

IN PLACE

‘TN PLACE
IN PLACE

PRODUCTION

PRADUCTION
PROJUCTION
°QODUF7ION

eNfRGV
FNERGY
FNFRGY
'N'PGY‘

INT."N'ncv

INT, " ENERGY

INTq ENERGY

TNERGY LOSS

INTe ENERGY
18T TNERGY
INT, - INERGY
SMSRGY LOSS

RATG
RA'E

Less
toss
LOsS

‘RATR

Loss
L0ss
LOsS
RATE

!NTFPNAL ENERGY
LINUID SPECIFIC INTSPNAL CNERGY
IN"RNAL FNTRGY

€ N/w2
U ATM,
{ N2
( ATMe

- s W -

( N/M2
(AT,
t Ps1A

- -

+» 100005409
« 498827408

e50118%¢08
040721%011

«39715¢F+11

10100647410

+80242%208
0495337402
‘o B802427"+08
«49532€402.

«55868F 418
| oA5925€41T
N oh3393E417
4262187416

L #29911%416°

‘»121548+15;
e15145€+1%

" 93490%+08

*29911%414

¢12154%¢15

0151458415
0934907 +08

«11278% 407

109045407 .

«26051F+07

«40721% 403
« 79517403

" $20081%402

«25199%+03

" «251857402

+41165F+07
«41976%+02
0 41168F+07
«40960% +02

« 48728F +07

. e 49688EF+02

+ 706747403
«82435F+00

}“:“‘ﬁcn

MARGe
“ARG.

MARG. .

CuMUL,
CUMUL,
CUMWL.

‘ FLAPSFD TIME SINCE START OF SIHULATICN .

¢ 16200F«07
SINCE START 0F RUN
SINCE LAST PRINT-OUY

FLUID MASS FRACTICN

‘SOLID  HESAT CONTSHT
[ FLUID . "HEAT CONTENT . . . |
G LIQUID HEAT CONTENT.

[VAPOR .

_HEAT CONTENT .
Loss

'SULID

CFLUTD
 RESTR,

RESTR.

SOLID
FLUID
RESER.

AVERAGE PFS%SRe

CHEATY
HEATY
HEAY
HEAT

HEAT
HREAY
HEAT
HEAT

Lnss
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LCSS
LeSS
Lrss
LCSS

FLUID SPECIFIC TNMTHALPY
LIQUID SPCCIFIC ENTHALPY
VAPOR SPECIFIC ©NTHALPY

PRODUCTD

RATE

RATS

.eh e

«16200%¢97

«513695=01 YTARS
0162008497

e196677T~"2

.«558606C+18
46331547
«43509C+17
«28232%+106

¢29911%¢+14
«12568C+15
0135597 +1%
29604T%4+08

«299117¢14

. «12568C+1%

+15559€+15
e 96N4TE498

s 11378E¢07 !
«10955€+07
«280515e17

LOT



Table 17 (continued)

.. BRIGHAM/MORPON FINF MESH »202
DENSITY CYCLF CUTPUT CATe

KCYL KCYCF  KCYCFC KWIT NUYSF NUTXF MUTSUMF
208 3

ELEN,

e A R LR ERLELRERLMLBLELLELRRLRRLLE A

OB~NPVSWVWNW

25

2 6 48 1699
TOTAL TIME  CUM, MASS GENe  CUMe GAIN
¢161599%407 =, 879993F408 -, 809993E+18

s 01953797 4N2=,811418%=N2=,0665377-07
2 1981547900« 455850%=N3=, TB08T1E-07
3 2078685402+, 265422F=02=,316163E=07
4 J2P2521FeN2 2269307 =04 270313%=08
5 #2NA181%¢N2 45527N2%=N4 o TTR6T1E-08
6 ¢2038137 4024, 395R80F =04~ 4T15610=08
7 +204481%402=,4372990%=03=,5158765%-07
8 2051225 4N2=, 142 T GT=N2=, 169990506
9 2057487402, 3TA0T6S 0224443588806
0 206281E402«, B4T456R~2~4 1009446709
e215048%402 ,677955%=91 ,807360F=-)3
e TTT844T 40341 12202E400~4158762C=-04
o T TA4F 40323 5337278=01=4 6 32186€=03
+7944478403=,1973677=11=,2351218=08
0 7952182 ¢0 3=y 44204 2F=N2wq 52 761 9%=N6
o T933R81% 40349371 9N€E=02-,111635E=-06
¢ 79954127 ¢02=, 18] 21 6%~ 0%+,2158595-07
e T34 TF 40343079 TR =04~ 36684 8F=()8
o T95AL8F 40344223067 =05=4 5C44687=09
+79%4187 003, 213834 =06~ 3ITIB25R=10
o TSSA1BE403 L6842740=C7 (A15087%=-11
+ 7954137403 L 440AGR=CT ,5251277=11
7934147 +03 416960 TE=07 o202039¢=11
«T95418% 403 ,8493857=09 (101176%=12
o TOSALIAT 403 ,364204%=10 ,433924%=14

25 0CYCLSS

MAXe 0D SLIMIN SLIMaX DOSLMX RATGF
o S4405TF=01  ,T05125€403 L19T9ANE«D4  (167539%¢02 12%271%+1%0
AVe GAIN RATE TIME STRP MASS GEN, MASS GAIN GAIN RATZ
= SONN0DOEN02  LALITESEANSE =0 4197552406 =e4197553¢06 =o5000N0%¢N2

«2518%8540?
¢2510%598+03
+251862%+03
02518667403
¢251866L¢03
02518675402
0251867%+02
2251869%+93
0 251872%+03

02518732602

e 251800F 402
0251974%+03
0251988%¢03
0251993502
02519942403
«2519947+03
02519947403
02519947403
0251994703
0251994Fen3
02%51994r+03
«251994%403
0251994E¢93
¢25199¢%¢03
¢ 2519947403

3921365407
«397527%+07
o 40170895407
«404401%¢07
o &#N544LE4NT7
4064 T9%+07
«40T7309% 07
+508529%+07
+409%524%¢07
o« 4104775407
«#11028r497
046113539%407
e4116227 97
+51156482007
« 4116537407
o 4116545407
e 41163357407
«411693% 07
o 41165507
2411635707
e411455F+97
411635 +07
e 411635797
+411655% 007
0421635707

PN .

eSS s3sEInEs
s3SI/ ILTT

+100000Z ¢01
«15,00M0%+9]
«100000%+J1

+538992%+01
o ATR2T9L +0Y
©«194220F+01

+1070007¢01-,1521137+00
e 1N0OF+N1=4 411743F +00

#109000%+01
1030008 ¢91
«1500005¢91
o10IC0CR 0L
1000007401

024371770
«277419%¢01
2912228€+401
2799547 ¢C2
035243277402

e9989TTE400=4 463191704

0236549%F=01
«3698(85~72
+221222%=02
0122286E=92
*121354%=02
«972583€~03
960964%=03
0966106%=03
«966061 =13

«3891415+01
0226773740}
« 80T73ALT 07
1812428409
+383526%=01
¢ 7417486702
126104802
«1725327=02
0129002504

0966082521324 278699F=N%
«96560948~03=,1821207=0%
0966)97%=)3=,693443%=06
0966099%=03=¢ 3473745=07
«966N99E=03 =, 14899264

oPOD

¢1991995¢960,
21986444069,
«198101£+060,
«195925E4060,
0193812S¢C69,
«195695%¢060.
0 195576%¢06N0,
01934597 ¢0690,
¢195344%¢060,
6 195222% 060,
0 183129£¢06N,

o 7665938¢03
e 1324017603
«87426232¢93
«0T7463%+013
06740634603
e 874062403
«674363%¢03
« 6743625693
e 674963%+03
0074063003
0 8740635403
0574063%¢93
«6T40635403
e 6740635413

06757597 eN4
«869I76%¢04
0910991%¢04
0923175%¢04
925766~ 04
0926261T ¢n4
09263437 ¢04
«9261527¢04
092635474064
0926354 ¢4
0926356Z¢04
29263545 N4
29263547 06
29262547 ¢04

RATGSE
e 44N651%=-01

WGHT, FACTCR
+ T16709%¢00

ve

«567513%¢05
«567633E+05
«367730E+08
« 5677876005
« 5678175405
«567836%¢0S
¢ 567897%¢0%
«568383%¢03
«568944F+03
¢ 569486F¢03
«5T70227%4+0%
5352472402
eT73331%¢00
«455025E~01
o TTI134E-02
«4380646%-02
+388811%-02
¢ 380940F=-02
«379921%-02
e 3T98T4E=-02
0377099%=02
«379912%~02
« 371991 78=-02
¢379919%=02
*379919%-02

801




Table 18. Input deck for running a depletion problem for a
reservoir with uniform initial vapor saturation.

BRIG2, 3440501700000 4E67429 PRUESS
SINPUT €600 20414.07 06 NOV T8 VI8 weosenz
LIBCOPY,0IABLC \LGOJCYCNGs

REWIND,LGO.
FE'C“GS.TIBLElPSSB‘uKUPIU:‘BLO/FLU"ﬂs'11155o
LINK Xy PP=(PL=1233931,

LIBRITZ +0TASLO,SAVE/RS(BELOD0 42880

EXIT.

DUNMPo 0.

FIN,

RENIND,IKPUT,

COFYSBFINPUTCUTPUT,

& - BRIGHAM ANC MORROW (HALF WATER / HALF STEANM)

SCYCLES R R .
1. .93 1 W7 - EE

RONPL 2309, 10 ; 1.?-13

8.0
~ RONPL

2

1600000+ S,

START - : o i

¢ 21000 608 5003000000202220 sreo 1
8. Qe . E 1050E‘7
62000,  01.0 T N

, T

ELEMENT INFORMATION L
F 1 &  1FCNPL - 1.0E8 '
F 6 &  1RUNPL 1.068
CONNE I e L
F 1F 2 6 1 1 1 50,00 56400 -
SENER T
F - ico1 86 3 1 mass’ - 50.8
INCON R e
Fo1 9 1 252, .5 .-
ENOCYCLES : L

- ®SPLIT

B ¥ 2.

20

L1 S

109



Table 19. Printout for the uniform saturation depletion problem
after 83.9% of the reservoir fluid has been produced.

®  9KIGHAM AND HORROW (HALF WATER / HALF STEAM)
ENERGY CYCLE NUTPUT DATA

1900 ECYCLES

KCYC KHIT NUTS AUTX  NUTSUM MAX. OF SLIMIN SLINAX

1000 3 1 2 1228 9856MTEH DS  B19650E4C? «130367E 42
TITAL TINE' CUM, HEAT GEN. CUMG HT, GAIN AV, GAIN RATE TYIME STEF™ "~ WEAT GEN,
eGI5290E 0T =~ I5I954ESLT  «,959950E 1T «,100C7SE0Y e3320826E405 = WESCHEESLS

SCEIECSSSISESECESSsgss s Ss TS S ST ESESESRY

DESL MX RATG RATES
e1 2817 4EeLS «2%96ELE-10 «261011€-18
HEAT GAIN GAIN RATE MMGHY, FACTOR

*ehE5U6ECLY ~=,1399C7E409 L3T0QOCEeC0

i3t ttitiit it tititi it

ELEM. 002 T P PHIX 90/DE crTo€ to T07AL DE

F 1 L «16748CE+07 o INSLLT7E403 o296085E-01 +221800E¢03 +242250E407 981631E000=eI014NE-0L LAOECOME=00oo 2T CALE <01 1L8528E043
F 2 2 o151506E¢07 oILSTUUESC2 +2TSLA2E N2 (223045E403 «2473I96E007 (I7A798E400=0 61674 0L THCULBE-00=STCHE1E-32=,E3857LCL
F 3 3 JL30760EX07 21299836403 (ICOHB3E=02 (2202236403 42%52364F407 ,958L91E400=e213CL6E«0T s VPHEOGE=04=oIOTTAIE~01 02711612
F & & «130769E007 I91L7B3E¢02 (29TIMBE 02 «225212F 403 o 256EBGE07 JGNABLSECQU=oL T7GIHE0Y +I00228E~00=o 1 TEQT2E~212,4C0R26Es12
F 5 5 +1261E86E607 .619%586€002 186159E=02 .225992E4 03 , 2€0204E¢07 932994000, 253504E0T +108394E~03=o1570€7E 0124038458012
F & ‘B «1234Z6EC07 ,J96262E452 o119060C=02 +226501E403 «2€3119E407 B2IBETECNTo o IE779SEa0T 11 2I0LE~OTa it 78PEoCle 30301TEL2
F 7 T o1213T6E40T7 2 393845E¢UL o218325E =02 «227023E003 o 285L70C¢07 ,917220E4002,302303€=07 (117060F~03=015"5L80E~01=,02108¢CCe12
F 8 3 o12068LF007 o42107HEC02 J226755C=02 ¢227012E¢03 ,2€7259C407 (91108 3E400-o307188F<07 1186 I€E 0o {EPSEIC01o,471549E012
: 1: 3 o12199CeE U7 J377363E402 o11338IE =02 227667E 403 «2€BM03E¢07 007248 ¢00=eH1510%E=0T (L23701E-03-e1%€CCL6E«01-o0T8T75Es42

aEscsnsssnsrssnssenEenasEs
It syttt ittt it ittt
H i 2ttt t - F

L) o
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Table 19 (continued)

s BEIGHEN lﬂu ﬂOPﬁON

FLON ﬂﬂﬂliﬂ DATI S

(HALF dATEP / HlLF STEAM):

VOLUME, MASSe ENERGY AMD WEAT BALANCES

FLUID

T LIID

VAPUCR

FLUID
LIacIo
VAPOR

VOLUME IN PLACE

~ YOLUME TN PLACE ~™ ™ ™3

VILUME  IN PLACE

. MASS IN PLACE
MASS . IN PLACE

MaSS - X

e i e i gt —

N PLACE

MARGINAL 'MASS PRODUCTIM
MARGINAL  MASS PRODUCTEIN RATE
CUMULATED MASS PRODUCTION

“AVERAGE

‘ HA“G-N

oo MARGE T

MARG: ..

"‘RGJ\

. BUtiUL.

e e CUMICS T RESERG T INTS EWEFGY LOSS

MASS PRODUCTION ﬁlfe

s SOLTY T INTERNAL ENERGY ™"~
FLUID INTESNAL ENEF.GY
LIOUTD INTERNAL ENERGY

3 VIPCF EINT=!NlL ENERG'

“\saL!u INT. newsv'Loss

FLUTO TNTG mm*x.
RESEE. INT. ENERGY LOSS

SILID INT. ENEFGY LDSS

FLUID .INT

| RESER, ENERGY LOSS RATE
‘CUMUL,

o ENERGY LOSS

AVERAGE RESER. ENERGY LOSS RATE
HASS AV:RIGES ‘ - '

FLUID SPICIFIC ‘ntsonnn ENZRGY
L TQUTD SPECIFIC INTERNAT ENERGY "
VAPOR sp-c:trc tNTEﬁNAL ENZRGY s

YoLUAE AVEPAGES

- FLUIO
L LTeUTD
‘VAPOR

L‘OU!O
VAPOR

LIRUTD
‘LIquio
VAPCR
VAPOR

PIZ
PIT"
P/2

z

NENSITY

DENSITY
DENSITV

TE*PER!TUKE

PPSSSUKRE (
PRESSURE (
PRESSURE (

t
g
(

‘reqvtﬁntun:
'PRESSURE

wmZy
ATM.
N/e2
ATH.

- e

N/r2
AT,
PSIA

- - -
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S e3TT2TESLT
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" J2264TE 403

'LAPSED 'THE SINCE STaRT or’ SIPULlYtON s

+6452CE+09
" SINCE™ STAST OF RUN
SINCE LAST PRINT=OUT

FLUID MASS FRACTION

SOUIOMERT CONTENT.

FLUID HEAT CONTENY
LIGUID MEAT CONKTENT
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MARG

|, CUMUL,

CuUrlL,

S euroLyT
AVERAGE RESER,:

SOL!t

“FEye-
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.. VAPOR HEAT CONTENT,
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HERT
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LosS
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LSS
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Las3
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VAPOR SFECIFIC ENTHALPY

1088

LOSS "RETE

SATE

«560852CE¢09
«23620E007

+ARBQ2F+0C

«S004TErLR
«86303E¢1¢
052295C ¢4 €

_s3308sENLE

P1EGTELS
oLITZESLS © .
*33138F41E

«1402%Ee09

«58311E¢17
«37B7CES1?

*96190E¢17

-150365009

«13118£007
«9737TESOE
«28024E4L7

T1T



Table 19 (continued)

. RIGHAN AND MORROW (MALF WATIR / MALF STEAM)

L OENSITY CYCLE QUToUT DATA

KCYCFC KNHIT NUTSF MUTXF NUTSUPE

S=3223eN=2

KCYC KCYCF MAXe DO SLININ SLIMAX OOSLMX RATCSF
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Znm

flux of 1iquid ,kg/mzs:

‘113

NOMENCLATURE

interiace area between volume elements n and m, m?
general element of area, mz
Specific heat of rock J/°C kg

distance of interface from center of volume elements, m

mass flux, kg/mzs

flux of vapor, kg/mzs :
mass flux between volume elements n, m, kg/mzs
energy flux, J/mzs

energy flux between volume elements n, m, J/m2s

" Vector of‘gravitational accelération, m)ézi'

component of gravitational acceleration perpendicular to
the interface between volume elements n, mw, m/s

Specific-enthalpy?of:fluid, J/kg

specific ‘éhc‘ha'lpf'd‘f" liquid, J/kg

specific enthalpy of vapor, J/kg ’

- specific enthalpy of rock, J/kg

thermal conductivity of rock/fluid mixture, J/ms°C

average thermal"conductivity in volume elements n, m J/ms°C

average- thermal conductivity at interface between volume

.. - elements m, m, J/ms°c o

thermal conductivity of - rock, J/ms®C SRS
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o

(k/v)t

o

Po

qdn

ry

sres

absolute permeability, n?
average asbsolute permeability in volume elements n, m, m?

absolute permeability at interface between volume elements
n, m, m

relative permeability of liquid, fraction
relative permeability of vapor, fraction
total kinematic mobility, s

rate of fluid production, kg/s

unit normal on surface element

pressure, N/m?2
average pressure in volume elements n, m, N/m2

pressure at initial time, N/m2

volumetric rate of mass generation, kg/m3s

average volumetric rate of mass generation in volume
element n, kg/m3s .

volumetric rate of energy generationm, J/m3s

average volumetric rate of energy generation in volume
element n, J/m3s .

ratio of density to energy change, (kg /m3) / (I/kg)

average ratio of demsity to energy change in volume element
n, (kg/m3)/(I/kg)

radial length of volume element i of radial grid, m
volumetric vapor saturation, fractidn

residual immobile volumetric liquid saturation, fraction

L]
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temperature, oC

-average temperature in volume elements n, m, °C

time, s .

time step for energy equation,

time step for density equation, 8

‘initial time,*'N

specificrinternalfenergy of fluid, J/kg

77averageleerifierinternal energy:of fluid in volume

elements n, m, J/kg

' average,epecific'internal energy of fluid at interface

between volume .elements n, my J/kg

specific'internalvenergy offliquiéng/kg

Aspecific ihternal;énergy‘ofivapor,*J/kgv

specific internal energy of rock J/kg

- average specific internal energy of ‘upstream volume

element, J/kg

average specific internal energy of downstream volume
element, J/kg : :

volume'of€féeervoir;,m3 -

volume elements of reservoir, m3

Asurface of volume element Voo m2

gas law compressibility factor, dimensionless
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increment

fluid energy per volume, J/m3 ‘
weighting factor for mobilitfes, dimensidnless
weighting factor for energies, dimensionless

fluid density, kg/m3
average fluid density in volume elements n, ﬁ, kg/m3

average fluid density at interface between volume
elements n, m, kg/m

initial fluid density, kg/m,3

density of liquid, kg/m3

density of vapor, kg/3

density of phase o, kg/m3

density of rock, kg /m3

general volume element, n3

time weighting factor, dimensionless
viséosity of liquid, Ns/m2
viscosity of vapor, Ns/m2

viscosity of phase a, Ns/m?
porosity, dimensionless

porosity of volume element n, dimensionless

L )]
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SUBSCRIPTS

o liquid or vapor phase
down downstreém
exp - explicit

% liquid

‘n

n } volume elements

S rock

res residual

P referring t6 aéns1ty
u referring to energy
up upstream

v ' vapor
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