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ABSTRACT

The STAR simulation system is the [1ith generation in a series of gen-
eral and flexible computationat toots for simulating multiphase, nwlt-
component transport of fluid miass and heat in three-dimensional geo-
logic media. STAR can operate in onc-dimensional slab. cylindrical or
spherical geometry: two-dimenstonal Cartestan or axisymmetric ge-
ometry; or three-dimensional Cartesian geometry. Considerable Hes-
ibidity 15 provided fer imposing various grid shapes. ditferent types of
boundary conditions. and realistic easth structure upon the finite-dif-
ference grid. The code uses a fully implicit iterative fechnigue to si-
multancously solve the highly nonlinear equations expressing the overall
heat balance and the multicomponent. multiphase mass conservation
relations. The thermodynamic descrption of the multiphase multicony-
poncnt fluid in the pores/fracturcs of the rock is incorporated as a modu-
lar computer-aceessible equation-of-state package sclected from the
STAR program library. Postprocessors are incorporated in the system
10 facilitate the graphical presentation of computed resulis and (o per-
form auxitiary caleulations of the effects of reservolr phenomena upon
other observable parameters such as the distribution of gravity anomaly.

1. BACKGROUND

The STAR geothermal reservolr stmulation system consists of a geo-
thermal reservoir simulator computer progrant (logether with varions
supporting utility programs and program libraries) which was designed
specifically from the outsel for geothermal applications. STAR treats
unsteady multi-phase (vapor. liquid. precipitate. hydrocarbon} multi-
component (H.(, CO,, NaCl, ere) transport of fluid mass and of heat
in multidimensional heterogeneous geologic media. STAR and its pre-
decessors (QUAGMR, MUSHRM. CHARGR, THOR. STAR) repre-
sent ever twenty years of development of geothermal reservoir engi-
neering software: each generation in this family of codes represents an
expansion of capahility and the incorporation of new features.

The STAR family of simulators has been in routine use for many years
for geothermal reservoir simulation studies. These range in scope from
relatively small-scale studies of nonlinear effects around wells during
pressure-transicnt testing (Garg and Pritchett, 1988 and (989 Ishido
er. al., 1992) 1o long-term caleulations of the evolution of the natural-
state of geothermal reserveirs over thousands of vears (sec for example
Riney et, af., 1977: Yasukawa and Tshido. 1990; Pritchett er. wi.. 1991:
Yane and Ishido, 1993; and reservoir-scale history-matching ealcula-
tions and forecasts of future reservoir cupacity (Bertani and Cappetii.
1G85 Pritchett and Garg. 19953 One of the earliest accomplishments
was 10 rephicale the resuits of a smali-scale laboratory experiment in-
volving transicnt ewo-phase flow within a rock core sample (Garg ez al.,
1975). A predecessor of STAR was also successfully tested in the land-
mark “DOE Code Comparison Project™ (Sorey, 1980)

2, COMPUTING ENVIRONMENT

A major objective in the design of the STAR system was to maximize
portability. Therefore. STAR is written in the ANSI standard Fortran-
77 language, and all source code is always delivered with the STAR
system, wncluding the graphics postprocessors. The system has been
successtully installed worldwide on diverse conputer systemns includ-
ing Cray supercomputers, IBM maintrames. and a variety of smaller
systems. The preferred environment is Unix/X-Windows operating on
high-performance desktop workstations (Sun SPARCstation, IBM

RISC-6000. Hewlett-Packard 715/735. Silicon Graphics Irisfindigo
400074500, and simitar systems). STAR is also available for pse on a
486/Pentium PC plattorm using the Microsoft Windows 3.1 operating
system,

Special-purpose postprocessors make extensive use of graphical lech-
niques to display computed results from STAR simulations. Hardeopy
graphics may be produced using “Postseript” printers: versions of the
graphics library are alse available for several other hardeopy plotting
devices ineluding CalConp. Versatek, Tektronix and a few older ma-
chines. Console graphics displays have been implemented for several
systems, including X-Windows/Motf, SunView, and MS-Windows.
Fhe graphical interface 1s designed specifically to be readily adaptabic
10 a wide variety of device drvers with minimum cfiort.

3. NUMERICAL TECHNIQUE

The STAR simulator solves a set of simultaneous nenlinear partial dil-
ferential equations expressing the conservation of fluid mass and of
energy using a findte-difterence method. The principal unknown vari-
ables (functions of position and time) are fluid pressure. fluid specific
tnternal energy. and fluid composition. STAR uses fully implicit tech-
nicgues to avoid time-step stze limitations. Convection is treated using
a second-order spatial scheme which sharply reduces “numerical dis-
persion’ erors.

STAR uses a finite-difference competational grid (with variable block
spacing) to represent the reservoir geometry. Any of six coordinate
systems may be «pecified: onc-dimensional slab (x). one-dimensioni)
radial (r), one-dimensional spherical (7). 2-1> planar (ey), 2-D
axisymmetric (r.7) and 3-D Cartesian (x..2). Three-dimensional Car-
tesian geometry is usually used for most practical large-scalc reservoir
simulation applications. but the other coordinate systems are some-
times uscful for specialized probiems such as well-test simulation or
theoreticai studies (for example, Garg ef. al., 1975; Sorey, 198(: Garg
and Pritchett. 1988}, In 1.1 slab geometry, the “cross-section area”
may he specified arbitrarily as a function of “x”. Similarty. the “thick-
ness”in 1-D radial and 2-D Cartesian geometries may be arbitrary func-
tions of position.

To facilitate the treatment of systems of irregular shape. provision has
been made for any grid block(s) to be tagged “vord™. Each of the non-
void grid hlocks contains one or another of the various rock tarmations
designated by the user. Any face of any grid black may represent a
reservoir boundary of any of several tvpes. This includes internal arid
block interfaces, which permits the representation of tocal discontinu-
ouvs features such as cracks and dikes. Boundary condition options in-
clude: (1} “impermeable™ boundaries tinsulated, prescribed tempera-
ture. prescribed heat flux. or conductive) and (23 “permeable” bound-
arics (prescribed pressure, prescribed mass flux., or pressure-transicnt).
For the prescribed heat flux and prescribed mass flux boundaries. the
prescribed fluxes may be specified as functions of local instantaneous
conditions (pressure and temperature), For “perineable” boundary con-
ditions, the user specifies the heat content (enthalpy) and composition
of any inflowing fiuid.

4.  ROCK PROPERTIES

The spatial distribution of pertinent formation properties (porosity.
permeability. cte.) as functions of position must be prescribed within
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the reservoir volume. To facilitate the specification ofthe distributions
of rock propertics intypical heterogeneous geothermal reservoirs. STAK
uses a two-step procedure, First, a series of individual “formations™ is
defincd. cach with a unique set of rock properties. Then. the varicus
“formations” are assigned to individual computationa! grid blocks. Fur
most practical problems, only a few discrete "formations” (each¢har-
acterized by a unique set of propertics) are required. This two-step pro-
cedure therefore substantially simplifics the task of assigning rock prop-
ertics ta the various grid blocks

Several models are available in STAR for deseribing the behavior of
the rock For each “formation™. the user specifics ( 1)thermal proper-
ties theat capacity. conductivity. thermal expansivity ), {2) mechanical
propertics (density. porosily, clastic moduli) and i3) flow propertics
(absolute permeabilities, relative permeabilitics, capillary pressure re-
lations, dispersion coefficient. adsorption behavior).

The etastic moduli and thermal expansivities define how the local po-
rosily change, in respense to underground pressure and emperiuore
changcs. based on lincar thermocltas wity. A non-linear “irreversible
crushup™ model 1s also availahlc. Changes in parosity. in turn. can in-
duce local terporal changes in permeability: a technique for specify-
ing such relatiens 1s incorporated in STAR

The relative permeability to each tluid phase depends upon hoth satu-
ration and temperature, in general. Capillary pressure functions are also
both saturation and temperature dependent. A formwlation for adsorp-
ton (sometimes called "vapor prcssure lowering™) is incorporated:
adsorption 15 belicved to be an impaortant fluid storage mechanisnt in
sonie vapor-dominated geothermal reservoirs (Hsieh and Ramey, 1983;
Bertani and Cappetti. 1995).

5. FRACTURES

Geothermalreservorrs are frequently found inimensely fractured cocks.
it is aften insufticient to treat the ruck as a simple porous medium,
particularly if shan time scales are of interest. The STAR simulator
provides for three different descriptions of local fluid/heat flow inthe
rock. Thew three descriptions (“porous medium”, “tmpermeable ma-
trix " and "permeable matrix™) can be freely intermixed within a single
calculation: some grid blocks ma) be treated as containing a simple
porous mcdium while others usc cither of the MINC-type double-po-
rosity models (“impermeable matrix" or “perncable matrix™)

Bothof these double-porosity models assume that. on a local scalc. the
reservoir consists of relatively impermeable hlocks of “country rock'
{or “matrix”)y scparated hy relatively small but highly permeable “frac-
ture zones™. The average sizc of the hlocks of country rock (or “frac-
ture spacing™) is assumed tu he small in comparison with dimensions
of intereslt {i.e., the size of the reservoir; cach computational grid hlock
is treated as containing numerous fractures) Alllarge-scale (interblock)
tluid motion takes place within the fracture system. Inthe “imperme-
abic matrix™ model. the blacks ol country look are completely imper-
meable, butunsieady heal conduction takes place within the rock blocks
and heat transter occurs hetween the edges of the matrix blocks and the
fluid in the fracture zones. In the “permeable matrix™ model. unsteady
mass and heat flow both occur within the country rock blocks {low
permeability. high storage) as well as within the fracture syster (high
permeability, low storage). and across the country rock/fracture zone
interface. The “permeable matrix™ model is essentially equivaleat to
the MINC technique first proposed by Pmzss and Narasimhan ( 1985).

Inboth cases. the matrix hlock.: are representedby on equivalentspheri-
cal rock body subdivided computationally into concentric “sheils™ to
represent the unsteady mass/heat tlow. In this manner. the tansient
processes taking place within the individual blocks of country rack
may be described hy a one-dimensional sub-grid treatment. A match-
g condition is imposed at the perimeter of the assembly of spherical
shells with local conditiuns within the fractures. Eachof the spherical
shells within a representative hlock of country rock 15 assigned the
same fraction of the block volume, which provides the desired high
resolution near the perimeter of the assenbly, adjacent 1o the fracture
zonge. Each macroscopic computational grid block which is not treated
as a "porous medium" contains cucha representative assembly of spheri-
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cal “shells™. The classical Warren-Root double-porasity fracture model
1s thus equivaient to the “"permeable miatrix”™ model with only one shell
in the assembly.

6. BRINE AND STEAM PROPERTIES

Another essential ingredient is a deseription of the constitutive behas -
ior of the fluid phases occupying the pore spaces and fractures. Using
STAR. the fluid properties {relations amoag pressure. temperature.
enthatpy. compusition, saturation, viscosity, density. ex. ) required for
reservoir caleulalions are provided by one or another of the ten differ
ent “constitutive packages™ available with the systen. The user selects
which of these descriptions 1s to be vsed during problem setup. OF
these ten packages. four ("WATSTM”, "HOTH20O", "WATGAS™ and
“BRNGAS™) are most usctul for ordinary (hydrothermal) geothermal
applications.

CWATSTM™ treats pure H,O using fits 10 steam-table data. and can
desenibe compressed liquid'wuler. superheated steam and/or two-phase
water/steam mixtures. “WATGAS™ incorporates, in addition 1o H,O. a
user-specified incondensible gas (such as CO, or CH )i this gas may he
present in the tree gas phase and/or dissolved in the liquid. The
“BRNGAS™ package adds a “dissolved soiid™ tsuch as NaCl} 1o the
H,O/gas mixture: the salt may be dissolved in the liguid phase or. at
high concentrations. a solid precipitate may form, “WATSTM™,
“WATGAS™ and "BRNGAS™ are validated for temperatures to 350°C
and for pressures to around one kilobar. Using WATSTM. the user does
not aeed o provide additienal fluid constitutive data: internal its to
sleam table data are employed. With WATGAS and BRNGAS. the user
must define the properties of the additional materials (ncondensible
gases, disselved solids). “Default™ properties are available for CO .
CH, and air (gascs) and for NaCl (solids). i

The recently-developed “HOTH20 package may beceme more use-
ful with the completion of several “deep drilling™ projects new under-
way around the world. Like “WATSTM™, "HOTH2(O™ is restricted o
purc-H. O systems, but the range of validity extends 1o 800°C (L he-
yond the critical point; see Figure 1). Ordinanly. however, unless the
high-temperature capability is reaily needed. the "WATSTM™ package
should be used to save computer time.
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energy from the HOTH2O fluid constitutive package Two-phuase
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Provision has becn made in STAR for the incorporation of “passive
tracers™. Itis assumedthat. unlike the materials described by the “con-
stitutive packages" (NaCl, CO.. er:.). thesc "passive tracers™ are suffi-
ciently dilute that their presen_c:c does not sigrificantly influence the
thermomechanical properties of the Huid (density. viscosity. compress-
ibility, heat capacity. efc.). Thus. the "tracer"distribution has no effect
onthe fluid/heat tiow pattern itself (but of course the tluid fiow pattem
has a profound effect on the tracer distribution). This simplification
permits the inclusion of multiple tracer species within a STAR calcula-



tion at little additional computing cost. The user must supply the perti-
nent traccr properties (partition functions among the phases. deteriora-
tion/decay rate?. adsorption data. efc ., usually as functions of wmpera-
ture) as part ofthe STAK input data set. These “tracers” can he useful
in keeping track of water masses in natural-state simulations, in de-
signing and interpreting tracerexperiments. and to represent dilute com-
ponents which. although unimportant hydrodynamically. may signifi-
cantly influence other measurable reservoir properties (electrical con-
ductivity. forexample).

7.  GEOTHERMAL PRODUCTION OPERATIONS

Once an adequate model of the “naturai-state™ of a geothermal fisld
has been developed using STAR. the next step 1s usually to (1 history-
match the exploitation ofthe field to date (it any cuch history exists).
and (2) perform forecasts of the future performance of the field. To
facilitate calcutations of this type. STAK incorporates features to sirmu-
late the cffect: of field production operations. Production wells may be
imposed within the computational grid: the “well performance func-
tions” {relations among bottomhole pressure, bottonthole enthalpy.
hottomhole composition. wellhead pressure, and discharge rate) may
be specified directly by the user. or alternatively STAR's internal
“wellbore model” may he employed to establish these relationships
automaticatly The “wcellbore model”™ assumes that the wells arc free-
[lowing (not pumped). assumes isenthalpic conditions within the how
hole. and assumes that the liquid and vapor phases Tow upward with-
out significant interphase "slip". Single- and two-phase pipe friction is
treated using a formulation developed by Dukler. pi. wir. (1964) Ordi-
narily. these assumptions will suffice. hut if recessary (for example,
lor the pumped wells often used 1o supply binary power stations}. well
performance characteristics may be calculated externally and supplied
to STAK as input data. Injection wells are treated similarly: the fluid
within injection boreholes is treated as a single-phase liquid hrinc

Groups of production anti injection wells may h: assigned (o “geother-
mat power stations” (incorporating separators. turbines, condensers.
tlash-tanks, e7c.), and power-station operating consiraints may by user-
supplied Several power-station models t{single-flash. double-flash,
pressurized Injection. atmospheric injection, separate condensate in-
jection. efe.) are availahle {see Figure 2). as well as a gencralized for-
mulation for unconventional systems (such as binary plants).If desired,
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Figure 2. Examples of power station models availabie in STAK.
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the simuator will automatically ~dnll” make-up wells trom gime 1o
time as required to maintain a specified xteam supply history.

These features are useful both for history-maiching studies and for fore-
casts of future reservoir performance and probable dnlling reguirernenis.
Figure 3 illustrates changes in underground temperatures induced by
thirty years of production and injection operations in a STAR forecast
of the performance of the Oguni geothermal prospect in southern Ja-
pan (Pritchett and Garg, 1995). Figure 4 shows the corresponding drill-
ing requiremients to maintain 250 tons per hour of steam productiorn.
Multiple independent “power stations” may be incorporated withim a
single calculation if desired. to appruise potential interference effects
between different operators in non-unitized situations.
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Figure 3. Changes in underground temperature and steam zone dug o
30 years of operation of the Oguni geothermal field in Jupan—STAR
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8. PRE- AND POST-PROCESSORS

An extensive suitc of utility programs and graphics postprocessors is
inctuded as part of the STAR system. Tools for specifying fluid proper-
ties for the more elaborate fluid constitutive packages are available, as
well as fluid property “interrogation” utilities to facilitate problem de-
sign. A “generator” procedure 1o assemble a custom-configured ver-
sion of STAR for a particular application (1-D. 2-[3 or 3-D. tluid de-
scrption, efc.) is also a part of the system.

Graphics postprocessors are available 1o praduce (1) “saapshot™ plots
{contour plots, vector plots and x-y plots of the “state-of-the-system”
at fixed instants of ime; pressure, lemperature. saturation. mass Hux.
ete. ). and (2) “history” plots ot variahles as functions of time such as
spatially-integrated quantities ¢ mass. energy. steam volume. e1c ), point
values (such as temperature at a point). powerplant pertormance histo-
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ries. well production rates. and se on. Other graphics postprocessors
facilitate visualization of the geological structure imposed, compar:-
sons between computed and measured lemperature profiles in wells.
comparisons between computed and measured shut-in well feedpoint
piessure distributions, and the like

9. 'GEOPHYSICS" POSTPROCESSORS

Non-uniqueness is a persistent problem in geothermal reservoir mod-
cling and simulation. If field data arc sparse, it may hc impessible 1o
appraise several competing modcl.; for the system. As the total amount
of information from the field increases. models become more definite
and reliable Traditionally. numerical maodels of geothermal fields are
evaluated hy the extent to which they reproduce underground distribu-
tions of temperature and pressure (as measured inshut-in wells). Some-
times. surface discharge; (hot springs) and pressure-transient informa-
tion are also availahlc for matching. Ifthe field has hren exploited for
a significant time. one may impose the measured well mass discharge/
injection rate histones and cempare compated discharge enthalpies and
change? in reservoir pr:ssure and temperature with measurements.
Generally speaking. however, virtually all nmnerical geserveir models
are underconstramned

One promising approach to augment the data collected during field
exploitation 1s to monitor the reservoir from the surface using tech-
nigues which have traditionally been employed in the past mainiy for
geophysical exploration. In particular, periodic gravity resurveys to
detect and characterize changes in micragravity due to changes in un-
derground mass (decreasesdue to production and expansion ofthc steam
zome; increases due to injection and cooling from injected brine and
from cold-water recharge) are strangly related to change? in mass-in-
place in the reservoir (Hunt. 1988). Conparisen of measured gravity
change? with the consequences of a proposed numerical reservoir model
can help evaluate and refine the model ( Atkinson and Pederson, 1988).

For this purpose, @ computational/graphical postprocessor has heen
developed for calculating and displaying changes in surface
microgravity due to the computed changes in the underground mass
distribution during a STAR simulatien. This feature 1s useful in experi-
ment design (Ishido et. af,, 1995) , and offers the potential of a power-
ful new history-matching technique. Unltke comparisons with point-
measurements of pressure and temperature m wells, changes in gravity
arise from the integrated cffect of mass redistributions throughout the
reservoir. Therefore, they offer the possibility of direct evaluation of
models for increases in natural rescrvoir recharge caused by produc-
lion-induced pressure decline. Figure 5 show such g calculation. in
which production of fluid in the northwest corner ofthce study area has
resulted in local gravity decreases, but has also caused the invasion of
the area by cold (dense) groundwater from the southeast. increasing
gravity in that area.

Other geophysical exploration tools also offer potential for monitoring
reservoir changes during exploitation. Work is presently in progress to
develop a similar STAR postprocessor to calculate changes in “self-
potential™ at the ground surface caused by the evolution of the under-
ground flow field. Additional postprocessors of thii general type arc
planned for future years.
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