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_SHAFT79 USER’S MANUAL

by»

Karsten Pruess andrRen ngéchroeder:

-Introdﬁction

’SHAFT79;(§1mn1taeeous'§eat And Fluid Transport) is an integrated
finite diffetence.program fer computing two-phase non-isothermal flow'in'
: porous media. The principal applicatioﬁ for which'SHAFT79 is designed 1s‘
1n-geothermal'reservoi;rsimgietion.: SHAFT79 solves the sege»equations as
;an~eerlier;vergion;;celled SHAIT78,Ibu}.gses mgeb;more efficient matﬁema—
tical and numerical methpde,>,1he physical modeliemplqyed in both SHAFT78
_ and SHAFT79 is discussed in’fruess et 51.,-1979 a, b. Some pre- end post-
proeessof prog:ams ﬁsed'with'SHAFT7§,and’SEAFT79_are_descxibed in the '
SHAfT78 user’s manuel,(Pruess.et>a1., 1979&5. The present SHAFT79 user’s
manual givee a brief account of equations and numerical methods and then

. describes -in detail how to set up input decks for running the program.
| The application of SHAFT79 is illustrated by means of a few sample prob-
.lemsi further examples of application a;e{provided in Pruess et al.,

1579c, and Pruess and Schroeder, 1979.

" Equations and Numerical Methods

" 1. Governing Equationms ;.4;;‘
 SHAFT79 solves coﬁpled,mass-,and energy-balance equations of the

folloﬁihg fprmé"
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Here ¢ is porosity (void fraction), P is fluid density, F is mass
flux, qris a source term for mass generation, U is the volumetric internal
"enéfgy'of the rock/flﬁid mixture, G is energy flux, and Q is an-energy

source term.

Mass flux is given by Darcy’s Law:

kk , '

vhere k, ka are absolute and relative permeability, respectively, ua

is viscosity, p is pressure and g is gravitational acceleration.

~

Energy flux contains conductive and convective terms:

€=-KT+2 hF, IR O
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where K is thermal conductivity of the rock/fluid mixture, T is temper-
ature, and ha'is specific enthalpy of vapor (a = v) or liquid (a = £).

The volumetric internal energy is:
U= ¢up + (1 = ¢) ppCpT | ’ (5)

with u the specific internal energy of the (two-phase) fluid, PR the rock
density, and C “the specific heat of the rock. '

The. main assumptions made in the above formulation are as follows:

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

.of porous rock saturated with one-componernt fluid in liquid and vapor

form. (2) ' Except for porosity -which can varv vith pressure and temper-
ature all other rock propertieséeedensity, specific heat, thermal con-
ductivity, absolute‘permeabilitveeéare‘independent of temperature,
pressure, or vapor saturation;'-(3),4Liquid; vapor,‘and rock matrix are
in local thermodynamic equilibrium, i.e., at the same temperature and

pressure, at all times. (4)’,Capillary'pressure is neglected.

2. Equation of State -

The governing equations, above, need to. be complemented with a

description of the equilibrium thermodynamic properties of - the fluid

£411ing the void space.' In SHAFT79 this description consists of a "fluid

'table," which gives all required quantities---temperature T, pressure P,

vapor saturation S heat conductivity K, liquid and vapor viscosities Mg My

densities pl’ Py» specific internal ‘energies uz, u, ,---as functions of the



two principal dependent variables, which are_fluid density p and
fluid specific iﬁternal energy u. All fhermpdynamié information,
including all derivatives, is obtained by means of bivariate
interpolation from the fluid table. Such a table can be specified
for any one-component fluid, and hence SﬁAFT79 is cépable of
modeling the flow of any one-component fluid in porous rock.

We have applied.SHAFT79 only for systems of water and rock.
For water, the fluid table.ié generated by executing two FORTRAN-
programs, called WATFR and PROPER. WATER compﬁtes and»taBulates
the steam table equations as given by the International Formﬁlation
_Committee (IFC, 1967). PROPER numerically inverts these tables into
funétioﬁs of (u, P) and appends parameters other than T, p, S. The
tabulation is doﬁe in such a way that interpolation does not occur
across the saturation line, where deriQatives change in discontin-
uous fashion.

Numerical methods used in WATER and PROPER and the preparation
of input decks for these programs are described in ;he SHAFT78
user’s manual (Pruess et al., 1979a).

A fluid table called FLUTAB3, which covers most of the
equation of state of water substance in the temperature range

50

C < T <400° C and the pressure range 0.5 bar < p < 220 bar,
is available as part of the SHAFT79 program package. FLUTAB3
should provide adequate range and accuracy for most any geothermal

problem.
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3. Numerical‘Méthods

Space disc;etiiéiiéﬁ of equﬁéions‘(i;; f2) is géhiévéa"with the@
integrated finite difference method. This method allows a very flexible
geometric description, because it does not distinguish between one-, two-,
or three-dimensional regular or irregular geometries. ~Time is discretized
fully implicitly as & firstOrdérrfinite'difference,=resu1ting in the-

following finite differehceféduﬁtions:

Kty o kbl b+l k kAt L el
Dn.ho-(-:.wl,.v) . ¢n: pn fnpn V {% F : ,n“_‘ -y 0 L (6
J - .

k+l, - k4l k+1 k+l kok k k
E, (X ,) — ¢, P u ..4>n o [1-4: )p ]c (T =T)

A k+1: k+1 ' : <7)
tiz Gt + vq*} o
5 . ,P, R AR
Hére,"n, m lape;“;hglvolume glgmengs, éndrk 1abels the time;step. '
el e : G e e e
gk+ (pt+}, eos p:fl,“u§+1, ‘aee uﬁ ') .is. the vector of. the 2N unknowns,a_

for alﬁyéiem'ﬁitﬂ"N‘Eieﬁéﬁté."Atfis the time Stép,"At = tkil';%tk} Vﬁ'

is -the volume of-element.n, and- .: . . . .«
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is the mass flow from element m into element n,‘withzinterface‘greq»Anm I
over a.&istance.dnm,‘ An analogous definition holds for the epe:gyAflow:
G p° Vhereas ¢h can vary with time, the apparent rock demsity (1-¢n)pR
is constant. Different weighting procedures can be selected for fhg '
various "interface quantities," labeled with subscript (nm) (harmonic
weighting, spatial 1nterpglation{_upstream weighting).

Tﬁé non-linear finite differeﬁce ;quations, above, are solved with the
Newton/Raphson methode The set of linear equations arising at each iteration

step is solved with an efficient direct solver, employing sparse storage

techniques (Duff, 1977).

4. - Overview of Program Execution

Figure 1 QUmmarizes the computational proéedure és executed by SHAFT79.
The program ig'ipitialized in a flexible user-oriented way. Most of the
data required for é simulation are 9up§11ed from disk files, which can be
either directly provided by the user, or which will be generated by SHAFT79

from data cards prdvided‘as part of the input deck. The initialization stage

2

can generate simple regular geometric grids in one, two, or three dimensions.

Also, initial conditions can be converted from the user-oriented variables
temperature, pfessure, and vapor saturation to the internal program variables
energy and density. At the beginning of a simulation, volume-, mass-, and

energy-balances and averages will be computed for the various reservoir

[ 4]
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domains (subroutine BALIA). The'ptbgrém then proceeds to compute
the first time.steﬁs The iterativé SeQuencevfbr’a time step begins
with computing sinks aﬁd SOuréesz(subrdutiﬁe QQQ),~then proceeds to -
flow terms, trans‘du(:tam':es (i.e., derivatives of flow terms), and
accumulation terms (subrdutinénTRANS). Then the "residuals," i.e.,
the left hand sides, of equations (6) and (7) are computed for the
iatést 1tefate& values of (u,p). Convergence ocurs if the maximum
residual is less than sdme:valué specified by the user. If.ho
éonvergence has been achieved yét, the linear equations for Newton/
Raphson iteration, derived from eqdatidhs (6) and (7),'wi11'be
solved (subroutihe SIMMA).. AiljparameferSjafé hpdafed for the

latest (u,0), and-the next iteration is started. If anything goes

' wrong-;—failurefin:éOIVing.thé linear equatibﬁs,‘failure“ih

computing thefmodynémié parameters, failure to converge within

a given number Of'itérations—44thévtimé step*dillfbe'repeated'W1th'

“time increﬁéntftu§ in haif.*'l'

The simulation proceeds until 1tvterﬁ1natesifor one of several
termination'crltérié“(number‘OE ti@e‘Steps;;machine_time;‘physical-1
time). At the terminatién, a disk file called SAVE is written which

allows to fesfarf’thé‘problémzin a'simplé'wa§5(3ee*below0.

The Input Structure =
5. Data BloCks',rr

The types of ddta needed “to characterize a system are summarized



in Table 1. Tﬁe 1nput>of SHAFT79 is organized in "blocks,” each of
~ which corresponds to one of the data groups as given in Table 1. 1In
addition there isba data block with'computatioﬁ parameters.. There is
no special data block for‘boundarf conditions; these have to be
specified through appropriately chosen qlements,,intérfaces, initial
‘con&itions, and sinks/sources. An.ovefvieﬁ of the>m0st general input
structure is giVen ip Table 2. In addition;to the data blocks, SHAFT79
requires an equation of state in tabular form to be provided throughA
a disk file called TABLE.

The first data card must be the TITLE-card. VThe 1§St data card
must be the ENDCY-card, with ENDCY punched in columns 1-5. _Howevef, ivf
§n1§ file processing is desired, the ENDCY-card is to be replaced by
ENDFI. The data blocks between TITLE and ENDCY can be provided in
arbitrary order, except that block ELEME must precede block CONNE.
The blocks ELEME and CONNE must either be both prbvided'through data
cards, or both through a disk file called MESH. The block GENER will
be omitted if there are no sinks or sources in the problem. If block
START is present, consisting of one data card with START pﬁnched in
_columns 1-5,.the block INCON cen be iﬁcomplete, with elements in
arbitrary order, or it can be absent altogether. Elements for which
no initial con&itions are specified in INCON will thgn be assigned
défault initial conditions as given in block PARAM, and defaﬁlt
porosity as given in block ROCKS. IfFSTART is not present, INCON
must have information for all elements, in exactly the same order as
they are given in block EIEME.- However, element names which have

not been defined in ELPME may appear in CONNE, GENER, and INCON.

1
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Such items will}b% iénoredbend”s diegnostic‘will be printedp

The format fé?.dQF? hlocks ELEMF, CQNNE,_GENEh, and INCON is the
same when provided asédisk(files*esrwhen‘providedVes part of the input
deck. However, some convenient features are available in the latter
case. A sequence of identical items can be specified on a single data
card. Also, the indices needed for cross-referencing elements, Ainter-
faces, and ‘sources will be generated by SHAFT79 rather than having
them provided by the user. Ususllyvthese‘feetures will be»desirable‘
to initiate a nev simulation prohlem.

During initialization, SHA?T79'writes the following disk files

from information provided through input data blocks:
- a file;MFSH,xconsisting of blocks ELEME and CONNE;
- a fileaGENER,.consisting of the block GENER;

- a file INCON, consistingbof the block INCON.

At the completion of s"run;‘therresults'néeded for a subsequent

continuation of the problem are written onto a file SAVE. ~This file

is compatible”ﬁith‘INCOn;\snd“csn he‘proVHdedffor'a subsequent run
‘either as a disk file, or“éS‘psrtlof the data deck. The files““>

,MESH, GENER, INCON, and SAVE are in "normal" form° i.e., they contain

one card image per item with no’ sequential items; the elements appear
in INCON and SAVE in the same order as in MESH' and cross-referencing

indices are provided for interfaces and sources.

e expect the user ‘to. initiate a problem with EIIME, CONNE, GENER,";”

and INCON as part of the input deck, using the QTART-option for flexi-

o

bility and convenience. Typically, the user will want to run only a
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few time steps initially, exémine the results and then continue on
with time steps chosen so as td'give an optimum compromise between
accuracy and efficgency;"It 1svrecomﬁended'that the user save the
files MESH and CENER, and provide thém as disk files rather than as
part of the iﬁpuf déck for restarting the pfoblem; The file SAVE

of a completed run must be provided as file INCON fdf a continuation
run. It is also possible to merge MESH,‘GENER and SAVE (as INCON)
into an input deck and use that for restarting; This will require

somewhat more computing time for initialization.

6. SHAFT79 -~ Input Formatg

The input data to be provided for a SHAFT79-simulation is
summarized in Figure 2. The blocks ROCKS, ELEME, CONNE, GENFR,
and INCON can have a variable number of cards, depending upon how
many items the user wishes to specify. The end of these variable~
length blocks is indicated with a blank card. (For CONNE, GENER,
and INCON it is possible to have, instead of the blank card, a
card with "++" punched in columns 1-3, followed by some element
and source cross-referencing information in the case of CONNE and
GENER, and followed by restart-information in the case of INCON;
see below.)

Ve shall now explain the cards and variabies in detail.
Clarifying examples will be given in Section 8.

All input and output of SHAFT79 is in standard metric units.

TITLE is the first card of the deck, containing a header of up

to 80 characters, to be printed on every page of output.
This can be used to identify a problem.' If no header is

desired, leave this card blank.
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ROCKS intfoduces material parameters for the various reservoir
r ,

domains.

Card ROCKS.1

Format (A5, 15, 7E10.4).

 MAT, - NAD, m POR, (PER: (I), I = 1 3), CM, CH .

"material name (rock type).

MAT

NAD if zero or blank, porosity will remain constant;
otherwise will read another data card with compress-
ibility and expansivity.

™ rock density (kg/m3).

POR default porosity (void fraction) for all elements
belonging to domain '"MAT" for which no other porosity
has been specified in block INCON.

PER(I), 1= 1 3 . absolute permeabilities along the three
principal axes, as specified by I1S0T in block CONNE.

o™ : rock heat conductivity (W/m C). e V ' r

CH rock specific heat. (3/kg®C).  Domains with CH > 104

Card ROCKS. 1.1

EXPAN

J/kg C will not be included in material lances. Flows

~entering or leaving domains with CH >.10 J/kg C: will

always be 100% upstream weighted. This provision is
useful for boundary nodes, which are given very large
volumes so that their T, Ps S remain constant.

(optionei, NAb‘¢ 0 only)“

Format (2E10.4)

COM, EXPAN

compressibility (m /N), TR § .39}

‘expansiviey (1/°0), < L{ M)



Card ROCKS. 2

START

PARAM

12

Repeat cards 1 and 1.1 for up to seven reservoir domains.
A blank card closes the ROCKS data block.

(optional)

A card with START punched in columns 1-5, allows a more
flexible assignment of initial conditions. - As explained
in Section 5, this option will usually be convenient to
initiate a new simulation problem.

introduces computation parameters.

Card PARAM. 1

NOITE

KDATA

MCYC

MSEC

MCYPR

Format (212, 314, 1411, 5X12, I3,_4E10.4)

NOITE, KPATA, MCYC, MSEC, MCYPR, (MOP(I), I = 1, 14),
MODE, IREL, (REL(I), I = 1,4) -

specifies the maximum number of iterations per time
step (default value is R).

specifies amount of printout (default = 1).

0: print only dependent variables and some parameters for
each element.

1: print also fluxes.
2: print also transductances.
3: full printout.

If the above values for KDATA are increased by 10, printout
will occur after each iteration (not just after convergence).

maximum number of time steps to be performed.

maximum duration, in machine seconds, of the simulation.
(default is infinite).

printout will occur for every multiple of MCYPP steps
(default is 1).

MOP(1), allows choice of various options
= 1,14
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MOP(1)

MOP(2)

MOP(3)
MOP (4)

MOP(5)

MOP(6)

MOP(9)

vMOP(ll)

MOP(13).

MODE .

IREL

13

if unequal 0, short printout for non-convergent iteratioms

-will- be suppressed.

MOP(2) through MOP(6) generate additional printout in various
subroutines, if set 4+ 0. The amount of printout increases
with MOP(I).

CYCIT (main subroutine).

TRANS (flow- and accumulation- terms).

QQQ (sinks/sources).

GETEM (equationrof state).

SIMMA (linear equations).

'Calculational choices are as follows:

“determines the composition of produced fluid. The relative

amounts. of 11quid and vapor are determined:
0: according to relative mobilities in the source element.

1: sourceffluid has the same steam quality as the producing
. elemente .. . .:

2: only vapor is produced.
3: only liquid is produced;
determines evaluation of mobilities at interfaces.

0: mobilities are upstream weighted with WUP (default is
WP = 1.)!‘ :

1z mobilities are spatially interpolated between adjacent

,elements.

if unequal zero, an iterative procedure will be used for a
more accurate equation of state in the 1iquid domain.v

0: equation of state table is read from binary tape.
1: equation of state table is read from formatted tape.

0: relative permeabilities are assumed to . be included in
equation of state table.

filt relative permeabilities are computed from Corey s equation.

2: relative permeabilities'are interpolated from array REL2,
~specified in subroutine RELP.

3: relative permeabilities are linear functions of vapor saturation.



Card

Card

Card

REL(1) residual immobile water saturation, corresponrding to a steam
saturation of l-REL(l). (IREL = 1 or 3 only).

REL(2) residual immbbile steam saturation. (IREL = 1 or 3 only).

REL(3) perfectly mobile steam saturation (default is 1; IREL = 3 only).

PARAM, 2

Format (4E10.4, AS5)
TSTART, TIMAX, DELTEN, SCALE ELST

TSTART starting time of simulation in seconds.

TIMAX time in seconds at which simulation should stop (default
is infinite).

DELTEN length of time steps in seconds. If DELTEN is a negative
integer, DELTEN = -NDLT, theé program will proceed to read
NDLT cards with time step information.

SCALE scalé factor to change the size of the mesh (default = 1. 0).

ELST set equal to the name of one element to oﬁtain a short
printout after each time step.

PARAM. 2.1, 2.2, etc.

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

DLT(I) length (in seconds) of time step I.

This set of cards is optional for DELTEN = -NDLT, a negative integer:
Up to 13 cards can be read, each containing 8 time step sizes. If the
number of simulated time steps exceeds the number of DLT(I), the
simulation will continue with time steps equal to the last non-zero
DLT(I) encountered.

PARAM. 3

Format (8E10.4)
RESEM, RESMM, FOR, WJP, WNR, DELE, DELD
RESEM convergence criterion for energy equations (default = l.).

RESIM * convergence criterion for demsity equations (default is l.E-4).
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FOR

DELE

DELD

Card PARAM. 4

EONE

DONE

. GF

Card ELEME. 1

NSEQ

. fluid density (kg/m

-weighting factor. for'time differencing (use x default
‘value = 1.,i.e., fully implicit).

‘'upstream weighting factor for mobilities and enthalpies at
.interfaces (default = 1.0). : , :

weighting factor for increments in Newton/Raphson ~ iteration

~(defau1t = 1. 0).

energy increment for computing derivatives (default = 1.E-2).

Adensity increment for compnting derivatives (default = 1, E-6).

Format (2E10- 4, IOX, E10. 4)
EONE, DONE, GF

‘with option "START" only; .

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." 1f EONE < 1000, EONE is taken to mean
temperature TX (in oC) rather than energy.

with option "START"3only,

): to be used as initial value at any
element for which no other value is specified in deck
"INCON." 1If EONE < 1000, meaning tempergture, DONE is taken
to mean pressure PX for DONE > 1 (in N/m“, one-phase case);
it is taken to mean volumetric vapor saturation SX for
DONE < 1 (two-phase case). -

magnitude (m/sec ) of the gravitational acceleration vector.
Blank or zero gives "no gravity" calculation.

. introduces element information.

. Format (A3, I2, 2I5, A3; A2, E10.4)'
EL, NE, NSEQ, NADD, MAL, MA2; VOLX.

5-character code name of an element. The first three

- characters are arbitrary, the last two characters must be
- numbers. ° : :

number of additional elements having the same volume and
belonging to the same reservoir domain.



NADD

MAl, MA2

VOLX

Card ELEME. 2

CONNE

Card CONNE. 1

EL1, NEl
EL2, NE2
NSEQ

NAD1
NAD2

IS0T

nl
D2

16

increment between the code numbers of two successive
elements. (Note: the maximum permissible.code number
NE + NSEQ * NADD is < 99.)

a five character material identifier corresponding

to one of the reservoir domains as specified in block
ROCFS. If the first three characters are blanks, the
last two characters must be numbers and then indicate
the sequence numer of the domain as entered in ROCKS.

element volume (m3).

-Repeat card ELFME.1 for up to 501 elements.

A blank card closes the ELEME data block.

introduces information for the connections (interfaces)
between elements.

Format (A3, 12, A3, I2, 4I5, 4E10.4)
EL1, NE1, EL2, ME2, NSEQ, NAD1, NAD2, ISOT, D1, D2,
ARFEAX, BETAX

code name of the first element.
code name of the second element.
number of additional connections in the sequence.

increment of the code number of the first element
between two successive connections.

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

set equal to 1, 2, or 3; specifies absolute
permeability to be PER(ISOT) for the materials in
elements (FL1, NEl) and (FL2, NE2), where PFR is
read in block ROCKS. This allows assignment of
different permeabilities, e.g., in the horizontal
and vertical direction.

distance (m) from center of first and second element,
respectively, to their common interface.
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AREAX

BETAX

Card CONNE. 2

17

interface area (m2)

cosine of the angle between the gravitational acceleration
vector and the line between the two elements. GF x BETAX > 0
(<0) corresponds to first element being above (below) the
second element.

Repeat card CONNE.l for up to 1501 connections.

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

GENER introduces sinks and/or sources.

Card GENER.1

EL,NE

SL,NS

NSEQ
NADD
NADS

LTAB

TYPE

GX

EX

Format (A3, I2, A3, I2, 415, 5XA4, 1X2E10.4)
EL, NE, SL, NS, NSEQ, NADD, NADS, LTAB, TYPE, GX,

code name of the element containing the sink/source.

code name of the sink/source. The first three
characters are arbitrary, the last two characters
must be numbers.

number of additional sinks/source with the ‘same
injection/production rate.

aincrement between the code numbérs of two successive

elements with identical sink/source.

‘increment. between the code numbers of two successive

sinks/sources.

number of points in table of generation rate versus
time (must not exceed 300). Set 0 or 1 for constant
generation rate. o S o

MASS - mass’ sink/source,

" 'HEAT - heat sink/source.

default (blank) is: HEAT.

' constant generation rate, positive for injection;

negative for production, ‘GX 1s mass (kg/sec) for a
MASS sink/source, and energy (J/kg) for a HEAT sink/
source.

fixed specific enthalpy (J/kg) of the fluid for mass

’injection (GX>0).



Card GENER.1.1

Fl

Card GENER.1l.2

F2

Card Gener.2

INCON

Card INCON.1

EL,NE

NSEQ
NADD
EX

DX

PORX

Card INCON.2
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(optional, LTAB>1 only)

Format (4El4.7)
F1(L),L = 1, LTAB

generation times

(optional, LTAB>1 only)

Format (4El4.7)
F2(L), L=1, LTAB

generation rates

Repeat cards GENER.1l, 1.1, 1.2 for up to 20 sinks/
sourcese.

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

introduces initial conditions.

Format (A3,12,215,5X2G10.4, E20.14)
EL,NE, NSEQ, NADD, EX, DX, PORX

code name of element

number of additional elements with same initial
conditions. '

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

fluid internal energy (J/kg)

fluid density (kg/ma)

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

Note: (EX,DX) can be (T,p) or (T,S), as explained in

connection with default initial conditions (card
PARAM. 4).

A blank card closes the INCON data block. (For an

alternative, see note at the end of Chapter 6.)
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ENDCY ~ - closes the SHAFT79 data deck and initiates the

Note

simulation.

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

on closure of blocks CONNE, GENER, and INCON.

NEXT

ELEM

The "ordinary" way to indicate the end of ‘any of the above data
blocks is by means of a blank card. There is an alternative
available if the user makes up an input deck from the files
MESH, GENER, or SAVE, which have been generated by a previous
SHAFT79 run. These files are written exactly according to the
specifications of data blocks ELEME and CONNE (file MESH),
GENER (file GENER), and INCON (file SAVE), except that the
blocks CONNE, GENER, and INCON termindte with a card with
"+" in columns 1-3, followed by some cross-~referencing
information. SHAFT79 will accept this type of input) ‘ard in
this case there is no blank card at the end of the indicated
data blocks. Providing the cross-ref.rencing information -

‘explicitly will save some ccmputing time during initialization.

7. _Glossary of Output Variables.

We shall describe the meaning of those variables which are not

self—explanatory. o o .-
TOTAL TIME 'simuletion time in seconds. -
KCYC ‘tot51~number of time steps.
ITER_ ,iteration number for current time step.
iTERC : cummulative number of iterations for all previous
. ‘ time steps.izl o SR | |
~KbN - ‘convergence flag (1 - no convergence, 2 - convergence).
DDMAX o ;maximum density change. » | |
DEMAX - maximum internal energy change.
RESD “:smnximum residual for density equations;
" RESE maiimum residual for energy~equations.e:
DELTEX | current time]steprin seconds.
DELTEX next time step.

code name of element



INDEX

DE
DD
DDE

DDD

BOIL

ELEM1
ELEM2
INDEX |
FLOH
FLOF
FLOL
FLOV

CUMF

CUMH

-

ENTHALPY

TRAN1-TRANS

ZIPE1,2 }
ZIPD1,2

20
internal indexing number of element.
specific iﬁterﬁal energy;”J/kg.
fluid density, kg/m3.
change in specific inte:néi,éne;gy;
change in fluid dénsity.
rate of energy change, DE /DELTEX.
rate of density change, DD/DELTEX.
temperéfure,.oc. ' | v
pressure, N/mz;
vapor éaturation, volume fraéfipn.

rate,of bbiling (BOIL>0) or condensation (BOIL<O),
kg/m sec. . - '

code name of first element
code name of second element.
internal indexing number of connection.

convective part of heat flow, W. ,
' flows are positive
when directed from
second element of a
connection into the
first element

fluid flow, kg/sec. &

liquid flow. '

vapor flow.

J

cumulative fluid flow across interface since start
of run, kg.

cumulative convective heat flow across interface
since start of run,J.

specific enthalpy of fluid crossing interface, J/kg.

derivatives of mass flow (F) and heat flow (G), with
respect to densities (pi ,02) and energies (u,, u2)

of connected elements. ‘The sequence is : 3F/391, 3F/392,
BF/aul, BF/?uZ, ac/apl, ac/apz, aG/aul, 8G/3u2. ‘ : s

cumulated derivatives for net mass flow and net
energy flow with respect to energy and density.
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B liqnid mobility, ky/uy, in mZ(Nsec

VB : e vapor.mobility; kv/uv, in mz/Nsec
SOURCE - - ; code name of sink/source -

INﬁEX . - !internal ‘indexing number of sink/source

GENERATION RATE kg/sec for mass sink/source, W for heat sink/source.

ENTHALPY -~ specific enthalpy (J/kg) for produced or injected
: tfluid (mass generation only).
DENSITY v density (kg/m ) of generated fluid (mass generation
7 only)e .
SATURATION vapor saturation (volume fraction) of generated fluid (mass

generation only).,

DNDQ ratio of net mass flow into element and produced mass (mass
' generation only). - For’ a steady flow, DNDQ = -1.

If ELST is specifiedg(card’BARAM.Z) a short printout will occur

' after convergence giving the element name in ELST followed by

(KcYC, ITER). Then follow ST TOTAL TIME, and DT = DELTEX.

The'printont'generated‘by BALLA'(Volume; mass, and energy balances)
is self—explanatdry.l The oser‘shonld be’cautioned that the quantities
pertaining to the 1iquid phase are obtained as differences between ‘e
fluid_and—vapor. This may generate spurious non-zero numbers if no
liquid is'present;~becauee of,theffinite number ofrdigits-provided‘
by the computer. | | |

‘dﬁﬁnorconnergence; printout occurs ‘as 1ong as the maximum residuals

RESD and RESE exceed the convergence criteria specified in card

PARAM. 3 (RESDM, RESEM)

There are a number of diagnostic printouts’ 1f any part of the

computation fails. Examples for these are given in section 9, Figure 12.
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Sample Problems

Table 3 gives én overview of the types of systems and processes which
have been modeled with SHAFT79. As an introduction into using SHAFT79,
we shall now discuss in detail input decks for three typical simulation

" problems.

- 8 Deplétion of Two-Phase Reservoir; Restarting

| Ve use this simple examﬁle to illustrate the typical filelhandlipg for
restérting a problem. The réservoir is a.cube with 1 km sidéliength, ‘
bdivided By 9 interfaces into 10 equal sized elements; - The input parameters
can be read from the input deck, Figu?e 3. Although rockApfoperties are
‘constant throughout the reservoir, we have divided the system into an
"UPPER" and a "LOWER" domaiﬁ, to make thé.volume, mass, and energy

balances a little more interesting. The reservoir is produced at the top
at a rate of 50 kg/s. Gravity has been neglected, and all boundaries are
"no flow".

The files used for running therproblem are>the tabular equation of
sfate ("DIABLO, FLUTAB3") aﬁd a éompiled version of the SHAFT79. program
("DIABLO, CYG").
| Thé problem is started with just two time steps. We save the files
MESH,VGENER, and SAVE which are written by SHAFT79; by copying them
(deleting end-of-record marks) onto BMESH, BGENER, and BSAVE, respectively,
and declaring the latter files "COMMON"; These files are also copied tob
OUTPUT, and are shown in Figures é4a-c.

‘Filé MESH as written by SHAFT79 has one card image per item (éléﬁentv
or connection; see Figure Aa). Note that for the elements the matérigl -
identifier as supplied in the input-deck ("UPPER", "LOWER") has been

replaced with a number, vwhich is the index gumber of the material as

»

i*
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given in the block ROCKS (1’'for UPPER, 2 for LOWER). Block CONNE has a
card with "4+4++" after all connections, which indicates that subsequently

the cross-reference indices will follow. The elements Fl, F2 etc. are

4interna11yAnumbered?1,2,fetc;; hence connection F1/F2 corresponds to

indices (1;2) etcs  The Cross-reference’indices‘simply provide these
internal'nonbers--one‘pair:per connectioneein the order of the connections.
The user never needs to provide this information as input, because
SﬁAFT79 Gill generate’it'if*it~is‘not supplied.: However, the file MESH
as shown ianigure 4a can be used as is as input for blocks ELEME and
COMNE. -

File-GENER.(Figure 4b) "has a similar feature.: The number(s) printed
afterathe*”+++"’card'give*the'internal indexing'number(s) of .the element(s)

in which the sinks/sonrces reside. Note that LTAB has been changed from

41 to -1, which 1s the internal way of representing ‘a MASS - sink/source

in SHAFT79.

File SAVE (Figure 4c) 18~written,according to the specifications of
block INCON. The energy- and density—values are the-results-as~compoted
after;zrtime steps, to be usedtas initial conditions for restarting the

problem'(see'below). The list of energies and densities for all elements

Vterminates with a "++" - card which indiates that restart-information

will follown The next card holds the.number of completed time steps
(KCYC-Z), the total number of iterations performed (ITERC=6), the number
of reservoir domains (NM=2), the physical time at which the simulation was
started (TSTART = 0.) and the physical tine reached (SUMTIM = .22P7
seconds). Then follows one card per reservoir domain containing initial
values of:u total fluid mass, total vapor mass, total fluid energy, total
vapor energy, and total rock energy. This information is needed for

computing total cumulative changes.and average rates when restarting a

problem.
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Figure 5 gives part of the printout after 2 time steps. The header
information "after (2,3)-2-DECYCLES" indicates that we are seeing the
second time step, after 3 iterations, and that convergence has occured
(the "2" printed between dashes 1is the convergence flag KON). Note that
the most rapid changes occur at the producing element Fl1, and that
changes slow down away from Fl. Figure 6 shows the balances for UPPER
and LOWER reservoir domains as well as for the entire reservoir; this
printout should be sélf-explanatory. The calculation took 4.780 seconds
CPU~time on the CDC7600, of which time more than 90% is spent in readiﬁg
the large array with the equation of statg (file TABLE).

Figure 7 shows the input deck used for restarting the problem. Note
that MESH, GENER, and INCON are provided as disk files, and that the
corresponding data blocks are absent from the input deck. It would have
been possible, instead, to merge any or all of these files with thg input
deck. For large systems, with many elements, connections, and sinks/sources,
the initialization through disk files rather than data cards will save a
signifigant amount of computing time.

The restarting executes another two time steps, with results given in

Figure 8.

9. Natural Hydrothermal Convection System (NHCS).

This problem involves free the;mal convection in a cylindricaliy
symmetfic reservoir, as shown in Figure 9. The system includes gravity,
a 78.5 MegaWatt heat source, and a constant-temperature constant-pfessure
boundary condition at the top. A cross section through the 2-dimensional
mesh is shown in Figure 10. We have used a pocket calculator to compute.

the geometrical quantities (volumes, areas, distances) as given in the
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input deck, Figure 11. The boundary condition at the top:is realized by
introducing -a very large element ATO 0 (volume 1050 m3). vThe-desired
(T,p) = (10°C, 1 bar) was obtained, after some trial-and-error adjusting
of p, for (u,p) = (41990.5 J/kg, 999.694 kg/m3). Note that for liquid
water, due to extremely small compressibility, small density‘changes will
cause.large pressure changeé.;»ﬂence inputting (T,p) = (10°C, 1 bar)
will, after conversion to (u,P) and subsequent interpolation in the
equation of .state table, yleld a somewhat different pressure.. The option
‘MOP(13) 40 is;available,to:éxecute an iterative procedure for obtaining
exactly-the desired (T,p). As;this‘option slows -all computations down
considerably, however, we prefer .adjusting the-;ast digit in p "by hand"
to'obtain-the~desired<pressurg,:

:,;Fbr the caprock and main reservoir elements, initial (T,p) 1is chosen
to approximﬁtely reflect~hydfos;atic~pressure'and natural thermal gradient.
The main reservoir initial conditions, corresponding to an average depth
of 1409ﬂmeters; are :assigned by default using option START. We did not
bdther‘to start out with a vertical pressure profiie,'as gravitational
preséure gquilibration-occurs;rapidly in ‘a ‘1liquid water system. -

3vuTh¢~uppef~boundary domain, calléd»AIMOS,xis‘givenxarspecific~heat of
104:J/£g‘96.3rfhié,is usedraé a flag B&xSHAFT?Q to exclude -ATMOS -
frOm:bélanéeé foruthe'rese:vﬁir.rfInclusion.of ATMOS with its huge mass
andxénergy,content woﬁld‘ﬁake these -balances meaninglés§a: ;Zt'

The'input>deck~is set up to éﬁecuteVZ timé~steps;fwhich‘wére deli- ’
beratély chosen as a large At =:1010 se¢ 2 317‘years.: Initially -
1 : .
thé-systemfis'fat‘frbm steédyistate;’and'SHAFT79 cannot handle such large

At.. Figure 12 illustrates the kind of messages that are being printed
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as -SHAFT79 keeps cutting the time step in half, until all
parameters remain within the range provided by the equation of state table,
and until convergence can be obtained within the allowable number of itera-

9 sec, 2.5 x 10°

tions (default NOITE = 8). For At = 10 x 109-sec,-5 x 10
sec the first iteration gives rise to (u,p) which are outside the tabulated
range. Thus, subroutine "GETEM cannot find parameters", and time steps are

9 sec all iterations can be executed..  The

halved. At At = 1.25 x 10
. calculation appears to be on its way towards convergence, when on the

9th iteration the time step gets halved again. Messages indicating pivot
failure are for informal purposes oniy; SHAFT79 automatically executes a
new decomposition of the matrix in the linear equations (subroutine SIMMA),
and.continues the iteration process. Pivot failures occur when some terms
in the matrix change their relative magnitude such that the algorithm would
lose a certain number of significant digits. For At = 625 x 109 sec
convergence occurs after six iterations. Part of the output is shown in
Figure 13. Not much has happened yet, with the most éignificant change
being the temprature increase in element RS5.

We would like to point out that a prudent choice of time steps is
required for an economical calculation. Small time steps will require many
ltime steps and iterations to be executed for a desired span of physical
time. However, if time steps are chosen ;oo large, much computational work
will be spent cutting them down to a size where convergence can be obtained.
A "good" choice of time steps will allow SHAFT79 to converge for the
desired time steps in most cases.

Another point worth mentioning is that, as we ran the "natural hydro-

thermal convection system” further out in time, we found it advantageous to
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reduce the increments'DELE, DELD (card PARAM.3) somewhat below- their

default values of 1072

and_lbfﬁ, respectively. The?reason’fOr this -
is that, in a free convection system, flow directions can reverse. This
will give rise to inaccurate derivatives if the increments DELE, DELD

average over a reversal of flow.

10.- Garg 5 Problem (Radial Flow)

Our final example involves production from the centerrof a large flat
cylinder;; The problem has been previously studied by Garg, -and detailed
Specifications are given in his’ paper (Gargl78).‘ The reservoir is initially
f,filled with 1iquid water of (T,p) = (300 c, 90 bars), and a boiling

front moves out into the reservoir as production proceeds.v The input deck,
Figure 14, models a 5.625 . ='sector of the’ reservoir, the thickness of
which was, arbitratily set at 100 meters.~ SHAFT79 executes seven time
rsteps, which were chosen to allow an efficient calculation. Except for
time step KCYC = 5 which 1s cut in half, all time steps are executed
successfully. Results after'seven time steps, corresponding‘to.a total
time of 16,500 seconds, are shown in Figure 15. Five elements have made
phase transition, and the most rapid boiling occurs in the well element,
FO. The entire calculation takes 6.9 seconds CPU - time on the cne 7600
Aof whichf4.5 seconds are spent in'reading the equation of.state - table.

Our results,agree'well with those published by Garg. -
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TABLE 1: DATA GROUPS FOR A SIMULATION PROBLEM

regular irregular‘

ey

GEOMETRY

/ .

1-D 2-D 3-D

pores fractures - . o

N/

RESERVOIR -
MATRIX

homogeneous inhomogeneous

INITIAL
CONDITIONS

. __uniform

. smoofh variations

non-uniform’*//,

|

various p, T, S

_‘5\\~sharp "fronts"
, etc. ' -

. "”,”heat
e flow
_»,,,.few elements ﬁ“*-~mass
BOUNDARY . : .
. CONDITIONS ' [—————pressure,
many elements. ///r : \\\ temperature
constant . time dependent
constant  time dépendent
‘ ‘ : . AN heat
‘ constant properties -
L— ' S . SINKS/ e S
| variable properties N IR . oo Tmass
© ‘production injectibn
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TABLE 2. INPUT DATA BLOCKS1

BLOCK

DESCRIPTION

TITLE (first
card)

ROCFS

PARAM

*ELEME
*CONNE

*GENER
(optional)

*INCON
(optional)

START
(optional)

FNDCY (last card)

One data card containing a header that will be printed on
every page of output.

Material parameters for the various reservoir domains.

Computational parameters (time stepping information,
program options).

List of grid elements :
MESH .~ ipformation
List of interfaces (connections)

1ist of mass or heat sinks/sources

List of initial conditions and (optional) restart-

information.

One data card allowing a more flexible initialization.

One card closing the SHAFT79 input deck.

1B1ocks labeled with a star * can be provided as disk files, in which
case they would be omitted from the input deck.



TABLE 3: SIMULATION STUDIES WITH SHAFT79.

GEOMETRY TYPE OF PROBLEM SIMULATED PROCESSES
1-D, recthngulaf , “depletion of twb;phase various production and injection schemes
' geothermal -reservoirs for reservoirs with uniform initial condi-
o : tions or with sharp stegm/hater interfaces.
1-D,7cylindric51 two-phase flqw pear*we11s pfoductioﬂ-from two-phase zones; cold water
: ‘ ‘ N co o injection into two-phase and superheated
steam zones, respectively.
2-D, rectangﬁlar Kraflé‘geothermal reservoir | different space and time patterns of
o (Iceland) | production and injection.
2-D, cylindrical high level nuclear waste 'long-term(éVOIution of ‘temperatures and
‘ ‘ repository’ pressures near a powerful heat source (in.
progress).
3-D, regular _two-phase interference (in progress)
‘ : ““test in Cerro Prieto ’
(Mexico)
3-D, irregular Serrazzano‘géothermal detailed field production from 1960 to 1972.

reservoir (Italy)

1€
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initialize
compute
GETEM |parameters
BALLA perform
balances
F perform new time step
ovowovort )
o > {\ KCYC=KCYC+1 )~

not converged

ITER=ITER+1
perform new iteration

flow terms
compute transductances
accumulation terms

update variables

compute
sinks/sources

compute
parameters

GETEM

: CONVER| SIMMA {solve linear
assign new time step .
equations

BALLA |perform no
balances Y good -
2 »

+ i yes

ouT A cETEM |compute

parameters
no

rint yes 4//E:£:\\\\ no o
yes P \\\\\:///,/ L

Figure 1. Flow Chart of SHAFT79.
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INCON (v oot b gt f b B b L ey e v L Bttt b il

“JEL {NE] - NSEQ SEX DX E . . R
I ERTRE iyl Y N N RN TR SN AN AN ANl AN SN SRR AR NN
- J(:llllllllllIJl||||llL1|ll|||IllllllllllILllIllll|1lllIllllflllllil|!llll||]
E er END! 7
MLJ_LJ_IJ_LLL.LL_LLLLJ_LL_LL LT A A A J_LA Ll LLJ_J_LLLJ_l_l.LLLJ_J_L 1radt 1_|_J.J_I_LJ_
lll!lllllllllll||lllllllll||||lllllll||lllLllllIlllLLJllll]ll|ll[_LlI{il 1 i
lllllllll_l_l|lllllillllllI]lrlrlJ‘LLIRIIlllllllllllllllllllIlll]lLLJ_l'llllllllllL
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Figure 2. SHAFT79 Input Formats.

XBL 803-8064



34

BRI297963¢30000.467301,PRUESS
SINPUT 66008 17.29.06. 20 MAR 80 VIA KPC00OO

THOLOOUT . .
FETCHGS y TABLE=PSSBACKUP/DIABLO/FLUTAB3412605+

FETCHGS 4LGU=P 3>BACKUP/DIABLO/CYG 912605
REWIND»LGO, : .

SFL,170000, ' »
LINKy X, PP=L PL=999995 ).

COPYMESH/RBORXR 3 BMES ke
COPY,GENER/RBIURXR s BGENERS

COPY y SAVE/KB 2URXRsBSAVE. -
. COMMUN,BMESH.

~ COMMCN s BGENER.
COMMON,BSAVE.

COPYSBF 9 BMESH,LUTPUT .
CUPYSBF +BGENER  OUTPUT.

COPYSBFBSAVE,UUTPUT,
EXIT. :

DUMP40.
FIN.

REWIND o INPUT .
COPYSBF INPUTOUTPUT.

e o S et e s Wt e e . Lns e -

— - - 2 o el

-

- e 4

TWO-PHASE RESERVOIR DEPLETION

%8 #58  NO GRAVITY  #%%
RCCKS _
UPPER 2003, .10 1.E-13 0.0 1232.
LOWER ~2000. <10 1.E-13 0.0 1232.
PARAW
01 2 600 10300¢C030000000 1 1 .7
-1. . F 1
.2E6 <2E7 «2E8 :
START
ELEMENT INFORMAT ION .
F 1 ry LUPPER 1.0€8
F 6 4 1LOWER 1.0E8
CONNE
F LF 2 8 1 1 1 50.00 50.00 1600000. 0.
GENER
F  lcol Q 0 0 1 MASS -  50.0
INCON

F 1 g i 252. 5

ENDCYCLES

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

Problem.

[t}
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(a) File MESH.

ELEME

£ 1 1 <1000E+09
£ 2 1 . 1000E+09 \
— F 3 "1 «1000E+09
F 4 1 +1000£+09
F 5 ~1 «1000E+09
F 6 2 +1000E+09
F 1 ‘2 «1000E+09
. F '8 2 <1000E+09
“F 9 — & «1000E+09
F 10 2 -1000E+09
"CONNE B SR
F IF 2 1 .5000E¢02 .5000E¢02 -1000E+Q70,
N A . 17 .5000E+02 .5000E+02 o) 000E+070.
€ 3F & «5000E+02 +BO00E+02 »1000E+070,
“F & S 1 .5000E+02 50006402 1000E+070.
¥ _SF 6 1 «5000E+02 +5000E+C2Z »1000E+070C.
. F  &F 1 1 .S000E+02 .5000E+02 .10C0E+070.
— ¥ W 6 1 . S000E¢#02 .5000E+C2 1000E¢070.
‘F  B8F 9 1 +S000E+02 «S000E+02 +1000E¢070.
F. 9fF 10 ; 1 <5000E+02 ,5000E+02 <1000E+070.
*+4 e . : T o -
—1 2 2 3 3 4 4 5 5 €€ 6 1 1T 8 8 9 9 10
(b) File GENER.
~ GENER: A : B
F- 1C01 0 ' -1  MASS ~50.00000 o
tTT) — -
S

~(c) File SAVE. =

T INCON = INITIAL CONDITIONS FOR 10 ELEMENTS AT TINE - - .220000E+407
1 ‘ 5 1127452.95 401.96747 . 1000000C0C00000E+00
) 1128142492 %05.76168 oIOCOOOOOCOOOCOEfao
1128428.20 407.34510 .10000000000000E+00
112854505 407.99223 .100000CCCO0000E+00 .
1128592.84 408.25710 «10000000C0000CE+00
1126612439 408436545 .10000000000000E +00
- 1128620,38 408.40975 ,10000000C00000E+00
‘ . 3 ol + :
1128626+94 40843502 100000000000 00E+00
1128625.29 408.43755 .100000000000005000

Y

F
3
4
S
[
T
9
0.

{emm o | mjn )

+d

36 2=:0 ——3300000006¢07 — -
: . 204220258E 411 45173879T8E09 £2304882TIE+1T . 134569580E416 o279382T36E418
RS20 SEE 1L S 1T38T9T8EV09 2304 882TOE+17 < 134569560E+16 «279362736E¢18

Figure 4. Files MESH (a), GENER (b), and SAVE (c) for Two-Phase

Reservoir Depletion Problem.



wes  TwO-PHASE RESERVOIR DEPLETION  *#%  NO GRAVITY  %&#
DuTPUl DATA AFTER | 29 3)-2-DECYCLES
--—4-"'-'*="’EEEEEEEEEE!!E!!!!!!!!!!!!!!!!!!!!!!E!!!!!!!!E!!!!!!!EE!!!!!!!!!!!!!!!!!!!!!!!!!!!!2!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!EF"‘
AR TOTAL TIME KCYC  ITER ITERC KCN DDMAX DEMAX RESD "RESE DELTEX NEXT DELT
2 3 6

«220000E+07

o . e W b o . i ——

“ELEM.

E

2 «556882E+01 «100978E+04 .gQSSQiﬁ-OT +804149E-01 «2CO000E+07  ,200000E+08

DE \]))

D00

S

- - - > e -
o e e e G B W T s e S0
o o e e e > e e e = am o S

BOtL

1 o112745E+07 «401967E403~-,100978E+04—,556882E+01-.504891€E-03-,278441E-03 02515OZE*°§ 04052355001 «508642E+00 ,282451E-06

3 <112814E#07 <405768E¢03=o467301E+03-+258624E¢01=.2336956-C3-,129312E~05 »251776E+03 +»10123E407 ,503551E¢00 .131211E=06

3 o112843E¥07 «407345E+03~,196229E+03~,108712E+01-,981144E-04=-.543559E-06 +251890E¢03 .410907E+07 .501437E+00 .551605€-07
4 .112855k+ . . . 6k-04=4223746k~ .

5 o112859E407 .40825TE+03~ +330724E+02~,163346E¢+00~o165362E-04=o916728E-07 2519556403 .4113601E¢07 .500215E+00 .930361E~08
© oL12B6LE +07 <408365E403= (13538 LE+02~+750583E~01~+6T7690TE~05=03T75291E=07 +251963E403 411414E407 50006SE+00 380876E-08
1
8
9
J

eL12862E+07 «408410E+03=.554820E401=-4307614E~01~e27T7410E=05-+153807E~0T7 +251966E403 411436E407 .500010E+00 .156096E~08
«112862E+ e#0B428E403=,229171E#01=.127063E~01~¢ L 14586E~C5~4635315E=08 ¢251968E+03 +AL1A4SE+QT A499986E+00 +644T7T2E-09
0 112862E407 o408435E+03=4990537E+00-.549202E-02-.495268E=-06=.2T74601E~08 .251960E+03 ,411449E+07_ ,499976E+400 ,278689E-09

3 -(]l=el b °

F
—F
' F

F

F

F
—F

F

OO i~ O Hw N e

%8  TWO-PHASE RESERVOIR DEPLETION  ®3»

e . s C e

NO GRAVITY

W
(<)}
KCYC = 2 - ITER = 3 - Tl"g = ,22000E+07
ELEML ELEM2 INDEX FLOH FLOF FLOL FLOV CUNE CUMH ENTHALPY
F 1 F 2 1  .620322E+08 .221559E+02 0. «221559E402 4526956408 L126TA6E+15  .279980E+07 .
F 2 F 3 2  +258269E+08 ,922468E+01 O. «92246BE401 L185411E¢08 o519108E+14 . ,279977E+07
[a 3 F o 3. ,106085€E+08 .378909E+01 O. «3T78909E+01 TSB698E+OT 212416E¢14 ,27T997SEe07
[3 4 5 4  .434418C+ - + o . 64E+ . * ‘86 + - +07
) F 5 F [-] 5 »1TTT58E+07 «634908E+00 O «63490BE400 <126990E+07  .355538E¢13 o 279974E+07.
! F 6 F 7 6 JT26859E+06 +259616E+00 0. e259616E+00 o519240E406 L1453T4E+13 ,279974E«07
F 71 F 8 T +296239E+06 .105809E400 O, «105809E+00 o211619E+06 <5924T79E+412 . 2799T4E+07
F 8 F 9 8 118367E+06 .422778E-01 O. «422TTBE-01 o+BASS556E405 «236T34E+12 L2T99T4E+07
¥ 9 F_i0 9 .414856E¢05 .148177E-01 O. 2 1481T7E-01 .296353E+05 .6829713E+11 2279974 E+0T_

b

TWO-PHASE RESERVOIR DEPLETION

kR

NO _GRAVITY

e &

N

|-

= ITER =

ELEMENT SUURCE INDEX

GENERATION RATE

ENTHALPY

DENSITY

KCYC = 2
SATURATION

__DADQ

3 = TIME = .22000E+07

- .500000E+02

.279996E007 o205298E062 +100000E+01 =,443118E+00

.Figure 5. Output after two Time Steps for Two-Phase Reservoir

Depletion Problem.



> TWO-PHASE RESERVUIR DEPLETION  *%# NU GRAVITY acknind

VOLUME, MASS, AND ENERGY BALANCES = — == -  yOLUME AND MASS AVERAGES

ELlPSED TIME SINCE_START OF SIMULATION = ' .220000E+07 SEC = .6976155‘01 YEARS
SINCE STAKRT OF RUN =. ,220000€¢07 SEC, SINCE LAST PRINT=OUT = .20055550 T SEC

- = = — = VOLUME ANU MASS IN PLACE - = — = -

DOMAIN tuiD v LU : ASS. LTQUID WASS VAPOR MASS
UPPER +500000E +08 - a248559E+(8 «502883E+00 +203133E+11 0197943E+11 «518984E+09
LOWER <5 00000€+08 «24999 «500003E+00 «204208E+11 e199033E+11 <S1TA0TE+09
RESERVOIR .100000E009 +498557E+08 +501443E+00 «407341E+11 «396977E+11 «103639E+10
= - = = = MASS LOSS = = = = - TR ' ‘ R ‘ o :

DOMAIN — MARGINAL WARGINAL RATE . CGUMULATIVE — AVERAGE RATE " _FRACTION

UPPER +987302E +08 4936516402 < 108730E+09 +494228E¢02 +532416E~02

LOWER «126982E+07 +634908E+00 ~ «126990E+07 «511226E+00 «621827E-04

RESERVOIR «1 00000E +09° +500000E+02 . «110000E+09 . «500000E 02 «269317E-02

= = = = = ENERGY IN PLACE = = = < = L ‘ ‘ L :

DORAIN FLUID CIQUID VAPOR . — . SOLID — WRIXTURE

UPPER 2229182E+1 7 «215683E¢17 «134986E+16 +279209E418 +302127E+18 ]
LOWER e230473E+17 2 17016E +17 « 134575E+16 «219361E+18 «302428E+18

RESERVOIR +459655€ ¢17 _=432699E 17 <269561E+16 «558590E¢18 <604555E+18

= = = — = MARGINAL ENERGY LOSS = = = = =~ : L ,

N Ly : TTGUTD VAPOR ; SOLID — RIXTURE RATE
UPPER +118639E+15 2122421E+15 ~o378160E+13 . o1STT9SE+41S5 0276434E¢15 «138217E+09
LOWER < 152668E+13 el571592E+13 =+ 492394411 202B48E®13  <355516E+13 el 77758E0T
RESERVUIR «120166E+15 o123997€+413 ~-+383084E+13 «1596824E+415 0279990€+15 __+139995E+409
= = — = = CUMULATIVE ENERGY LOSS = = = = = , ,

DURATN FLUTD D TIQUID , VAPOR SOCID — AIXTURE RATE
UPPER +130661E+15 «134830E+15 ~<416863E+13 <l1T3TTLESLS. +304432E+15 +138378E+09
LOWER <152678E+13 <157602E+13 =e492425E¢11 - 202 B61E+13 e 3555396413 «161609E+07
RESERVOIR 2132188E+15 «136406E+15 =421787E+13 «175T99E+15 «30T987E+15 2139994E+09
= = = = ~ VULUME AVERAGES - - - - -

u M A A DO ¢ MD -1 A 13 D 13 . R PR ¥ v ADIIR v
UPPER +251813E+03 «251811E+403 +410378E+07 2410364E407 «406266E+03 2206403E+02
LOWER ~ «2519617E+03 «251961E +03 +411439E+07 <411439E+07 +408415E+03 +206962E+02
RESERVUIR +251890E+03 «251889€ +03 +410910E+07 . _+410900E +07 __+40T7341E+03 +206682E+02

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

Problem.
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kaz.1.63.30000.451301.Pnuess
~ #INPUT 66008 17.36.18 20 MAR 80 VIA KP0000O

SHOLDOUT

FETCHGSsTABLE=PSSBACKUP/DIABLO/FLUTAB3,12605,

FETCHGS LGO=PSSBACKUP/DIABLO/CYG212605,

REWIND,LGOD.

SFL:170000,

COMMON  BMESH.

COMMON, BSAVE. .

COPY ¢ BMESH/RB JMESH, : i
- COPYy BGENER/RBy GENER ~ :

COPY, BSAVE/RB s INCON. -

LINKy Xy PP=[PL=999999]). . ,

EXIT.

DUMPy 0.

FIN,

REWIND,INPUT.

CDP!SBF;LNPUT.OUTBUT.

....... A G T e T P [

Lld] TWO-PHASE RESERVOIR DEPLETION % NO _GRAVITY &
ROCKS

UPPER 2000. 210 1.E-13 0.0 1232.
LOWER 2000. "o10 1.6-13 0.0 1232,
PARAM ‘
600 100000000000000 11 .7
. 2E8 F 1
ENDCY

Figure 7. SHAFT79 Input Deck for restarting Two-Phase Reservoir
Depletion Problem.
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b NO GRAVITY %

**%  THD-PHASE RESERVOIR DEPLETION

OUTPUT DATA AFTER [ &9 5)-2eDECYCLes

e . T S > > 4t € o o can o
- T o T Y e et e e W -

TTERC Ko
14 2

l!ER
4

DOMAX
.16812!E002

DEMAX
«237015€E404

RESD

TOTAL TI4E KLYC
: & 261447

-4220005*08

- - — - - . -

ELEM.  INDEX

. BOIL

5E+0 82E+03-42306 . 5337€- 406056=06 24886 90348E+ 7089 400 749
“112238E¢07 .373453E003—.237015€004—.1381665002-.1185015-03'.6901325006 .z~9§365403 .39~1225001 .ssosaosooo ~6390196-07
& i & L d + 9E= -
« 112434E+407 365053E003-.209776E00¢-.l13353E#02-.thBGBE—OB-.Sbb?bBE-Ob .2502305003 .399azse+01 .saxzsseooo .514190&-01
. +( T ’ .
e 1125T1E¢07 .3924455003-.163911Eoo-.3935035001-.st955&5—o-.4~69ozE-06 .zsoazssooa .4035015001 «521386E+00 .~530115-07
o« 11261 6E+07 o394909E+03=,145858E404=,79T685E $0] = 729288 E=04~ 039804 993E+ 4047 26E 8090E+00 o 4043 70E=0
o 112649E+07 .396678E003~.lBZOZOEOOQ-.7235605001-.6601398-06—.3617705—06«.251!205003 <405605E+07 o 515723€ 400 .3aoaaaeoov
7 - 3406 0 3414

olvomaslen

F
F
F
E
F.
F

ek

Figure 8. Output after four Time Steps for restarted Two-Phase

Reservoir Depletion Problem.

M ‘ ' RESERVOIR’ Mn;ﬁRAVITY‘ ) 5 e
& ELEM ELEN2 ENDEX FLOM  FLOF FLOL FLOY CUNE Cumi__ ENTHALPY
\ E L. F -2 F .11928TE409 425939E¢02 04 . 425939E802 .163614E+ Eel6 +07.
F 2 F 3 2 .99937TE+08 .356866E+02 D. ~356866E+02  «131300E+10 <3676TTECL6 +280042E+07
E__ 3 F & 3 .823018E+08 ,293903E+02 0, .293903E+ €10 . s
F % F 5 & .664204E+08 +237227E+02 O. <237227E+02 +B090TTE+09  +226550E¢16 +280020E40T
E__ S5 F & 5 ,523134E¢08 4]86826E402 0. 1186826E402 ' .61 B464E409 N .
F 6 F 7 6 .307988E¢08 .142135E+02 0. <142135E802  <459259E409 - «128592E¢16 +280006E407
F__ T F 8 7 .286305E408 +102251E+02 O. 1022516402  4324254E409_ ,907897E+ 0002E+07
F 8 F 9 8 <185007E408 <660741E+01 0. TV 660T4LESOL  +206755E409 o5T8900E+15 o279999E¢0T
E 9 F 10 9 L90734AEe07 ,324055E+01 Oa A326035E¢01_.100594E409 .281657¢15 42799988+07
2% TWO- R DEPLETION - #*% . NO GRAVITY o
S S ’ B & - TIME = ,42200£+08
- | . . ‘ ,

- o - o - - -
e L T T T N N S S N S S S S S S e e i en oy v = om0 o o 12 o0 @0 0 % 0 TP UM =0 T T T TP T AR A B S G S W e m SR AR TR = S OSSR SR R W S8 &=




-----------------------
-----------
.....................
.....

---------------------
---------------------
---------------------

::Ground surfoce;;;
::T=10°C  p=lbar:::

..........................
--------------------------------------------------------
---------------------------------------------------------

-----
........

ooooooo

--------------------------------------------------

Main
Reservoir -

Q 78.5MW

ooooo

1

o P
85
Depth (m)

]
n
o]
o
o

} : : -l 2400

~ XBLB03-6876

Figure 9. Natural Hydrothermal Convection System (NHCS) .

oy



Di'et_dnce from center (m)

" Figure 10. Vertical Cross Section of NHCS. The center line is

on the left, and the space discretization with element

-names is shown.

o " Ground surface . - T=10°C p=lbar
“|a gell] ¢3 o | cT
400 P UL ! ‘ ﬂ
S GO T TI o Vi
800 /e [s2 Tz oz ™ Tva
1200 13— 183 T3 usT V3
- 1600 e 54 T4 —|ua va
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2400 ‘ , ‘
0 1000 2000 3000 4000 500

XBL 803-6875

Moin feserOirHCuprockl

S

1Y




42

000,467301,PRUESS

SINPUT 66008 10.49.14 24 MAR 80 VIA KP0OOO2
*HOLDOUY

FETCHGSQTABLE“PSSBlCKuPIDlABLOIFLUTAB3.12605._

FEVCHGS ,LGO=PSSBACKYP/DIABLO/CYG,12605,
REWIND,LGO. o N
SFL,170000, e

"LINK ¢ XeL=0y PP=l PL=999999): .
£X1Y,

DUMP4 0,
FIN,

REWIND, INPUT, ,
COPYSBF, INPUT,0UTPUT,

5 KM RADIUS

Figure 11. SHAFT79 Input Deck for NHCS.

(1132 NATURAL HYDROTHFRHAL CONVECT]DN,SYSTEH 222 LS
--ROCKS s .
™ 600 [+] €-13 1. E-13 1.E-13 2.1 1.E4

C‘PRO . 2600. .10 1 .E"‘s 105"15 1.5'15 2.1 775

RESER 2600, 10 1.E-13 1.E-13 1.E-13 2,1 175,

_STARY

PARAM A Co

1 2 600 100000000000003 1 1.5
10.E9 R 5

52. 140,E5 9.80669%

ELEMENT INFORMATION

AT000 . ATNOS 1.E50

c 1 ; _CAPRD _ 1.257E9

c 2 CAPRO 3.770E9

C 3 CAPRO 6.283E9

c & CAPRO 8. 796E9

C S CAPRD 11.31E9

R- 1 4 1RESER 1.25TE9

S 1 & JRESER 3.T70E9

T 1 4 "1RESER 6.283E9

}) 1 - & 1RE SER” 8. T96E9

v 1 & 1RESER® 11,.31E9

CONNECT IONS ,

_AY009C 1 3 1.,E-20 ___200. 3.142E6 1.

AT000C 3 3 1.E-20 200, 15.T1ES 1.

AT000C 4 3 1.E~-20 200. 21.99€E6 1.
__AT000C . S 3 1.E-20 200. 28.27E6 1.

Cc 1R 1 3 200. - 200, 3.142€6 1,

C 2S 1 3 200. ‘200 ' 9.425E6 1,

c 3T 1 3 200, 200, 15.71€6 1.

[ &U 1 3 200. 200. '21.99E6 1,

c 5V 1 3 200. 200, 28.,2TES 1,

R 1R 2 3 1 1 3 200. 200. 3.142€6 1.

S 18 . 2 3 1 1 3 200, 200. 9.425E6 1.

T 17 2 3 1 1 3 200, 200. 15.,T1E6 1.

u 1 2 3 1 .1 3 200. 200. 21.99¢€6 1.

v 1V 2 3 1 | 3 200. 200. 28,27€6 1,

‘C 1C 2 1 500, $00. 2.513€6 0,

C 2C 3 1 500, 500, 5.027€E6 0.

c ac 4 1 500. - 500, T.540E6 0.

C 4C 5 1 500, 500, 10. 05E6 0.

R 1s 1 [ 1 1 1 500. 500, 2¢513E6 0.

S 17 1 & 1 1 1 500. 500, 5.027E6 0,

T 1u 1 4 1 1 1 500, 500. 154066 0.

U 1V 1 L3 1 1 1 500, 500. 10.05€E6 O.

GFNERATVION

R SMAG A _ 1 HEAT T8.5E6

INCON .

AY000 . +&#199Q05E5 999, 694

[4 1 & 1 15. ZI-ES

ENDCY

I

L}



olOOOOOE*ll ' RESD - .13!138E40?

RESF =

-(602325F‘0§’

1
17777 GETEM CANVOT F!ND PARAHETERSkIIIIIIIIIIIIIIIIIIII HALVE TIME- STEP /7777 -

!SKI!) = l l l

SELEE P PLPEELPLL2L 404028085

1 (PH = 1 1SAT = 0

.30116?6409

Ml#‘-‘&;‘#“##& S22 25420850804

lSK(I’vﬂ-l-l‘l

_GEVIT AT R & E-« . ; 953086E+03 - NELOK = 17 NOLOK = az ISKIP = &
445484444 HALVE TIME STEP:AT:- {229 1) #804040804504084% W DELY = 50000
0O_CONVERGENCE AT € -2, 1»--¢‘DE TEKV-T‘.SOOOODEOIO RESD =" ,65%5692E+01 RESE =
71711 GETEM CANNOT. FIND . PARAMETERS. 277777777 711TTIIPITT - HALVE TIME STEP /2777 -
GETIT AT R 5 E = ,B24959€+06 3 = ,903534E+03 NELOK = 29 ' NDLOK = .72 1SKIP & &
+4+40040044 HALVE. T!HE STEP AT G20 l) +0*+¥+4+0++0++00‘"NEﬂ_DELT v 2500006410 -
h o SO000E+10 - RESD = (32TA46E+01 ' RESE =

SEEPLEIEI L0 PP IEEE IO LEGLE0000 -

/7777 GETEM CANNOT.FIND PARAMETERS 11010707011102117717 ME STEP /7777
GETIT AT R % E =:,622284E406 D » 2935386E4+03 NELOK = 20  NOLOK <. 78 ISKIP = 3 .

* +150581F +09
1SKIT):= 0.1 1

1 1PH = 1. ISAT = O

T #eesssesss HALVE TINE -STEP.AT ( . 29. L) +4446s00sasratss ﬁEi‘ﬁEt?‘:“TT5§665§¢1o

NO CONVERGENCE AT { .2, 1) === DELTEX & 125000410 RESD = ..163923E+01  RESE.

ND CONVERGENCE AT (. .2y 2] === DFLTEX =  .125000E+10  RESD w2023TTE#05
: ‘ DELYEX = 5125000E410  RESD = . .602376E402

k.
-
-
-

« 10716

.« 152906E0A

BT VOV IV VO P PPV PPV UV O T TP vRU VY

+11

" ¢19291%Es08

Y Y XYYy Y ¥ YT Y Yy Ty v e T Yy Ty Y Y ¥ Y
Ry vy
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Figure 13. Output after two Time Steps for NHCS.
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Figure 14. SHAFT79 Input Deck for Garg'é Problem.
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