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CONVERSION FACTORS

Conversion factors for units used in this report are listed

below (HYDROTHERM uses cgs units):

multiply by to obtain

Length

centimeter (cm) 2.540 inches (in)

meter (m) 3.281 feet (ft)

kilometer (km) 0.6214 miles (mi)

Mass

gram (g) 0.03527 ounces (0z)

Pressure -6

dyne 1.0x10 —6 bars (b)

dyne 1.013x10_5 atmospheres (atm)

dyne 1.451x10 pounds pgr square inch

(1b/in™)

Energy _7

erg 1.0x10 8 joule (J)

erg 2.389x10 calories (cal)

milliwaEt per square meter 0.02389 heat-flow units (hfu
(mW/m"™) (1 hfu = 1 ucal/cm™"s)

Thermal-conductivity units -5

erg per second centimeter 1.0x10 watt per meter degree
kelvin (erg/s’ cm'K) 5 Kelvin (W/m°K)

erg per second centimeter 2.389x10 thermal-conductivity
kelvin (erg/s’'cm’K) unit§3(tcu) (1 tcu =

1x10 mcal/cm s’ "C)

Permeability 2 _4 >

centimeter squared (cm2) l.Oxlo7 meters squared (m")

centimeter squared (cm™) 1.0x10 darcies (D)

For conversion of degrees Celsius (OC) to degrees Fahrenheit
(°F), use the formula °F = 9/5°% + 32.

For conversion of degrees Celsius (OC) to kelvins (K), use the
formula K = °C + 273.15
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LIST OF SYMBOLS

A = area
D = depth
g = gravitational acceleration
h = enthalpy
k = intrinsic permeability tensor
Kﬁ = porous medium thermal conductivity-
thermal dispersion coefficient
krs = relative permeability to steam (0 < krs < 1)
krw = relative permeability to ligquid water (0 < krw < 1)
1 = length
n = porosity
p = pressure
S = volumetric liguid saturation (0 < S < 1)
T = temperature
t = time
vy = Darcian velocity
Yp = fluid particle velocity
) = fluid potential
p = density
u = dynamic viscosity
Subscripts
£ designates the fluid in place (single phase or two-phase
mixture)
1,7,k %x-, v-, and z-direction discretization indices (vertical
section is x,2z)
r refers to the porous medium (rock)
sat refers to "saturated" conditions (steam and liquid water
both present)
s refers to steam
refers to liquid water
Other notation is defined where it is used in the text.
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THE COMPUTER MODEL HYDROTHERM, A THREE-DIMENSIONAL FINITE-
DIFFERENCE MODEL TO SIMULATE GROUND-WATER FLOW AND HEAT TRANSPORT
IN THE TEMPERATURE RANGE OF 0 TO 1,200°C
By D.0O. Hayba and S.E. Ingebritsen

ABSTRACT

Quantitative modeling of the deep parts of magmatic-
hydrothermal systems has been limited by the lack of publicly
available, documented computer models for multiphase, high-
temperature flow. This report documents HYDROTHERM, a finite-
difference model for three-dimensional, multiphase flow of pure
water and heat over a temperature range of 0 to 1,200 degrees
Celsius and a pressure range of 0.5 to 10,000 bars. HYDROTHERM
is an extension of multiphase geothermal models developed by the
U.S. Geological Survey in the 1970’s. It solves numerical
approximations to mass- and energy-balance equations that are
posed in terms of pressure and enthalpy. Major assumptions are
that the rock matrix can be treated as a porous medium; that
water and rock are in thermal equilibrium; and that capillary

pressure is negligible.
INTRODUCTION

Transport processes in magmatic-hydrothermal systems involve
single- or two-phase flow of fluids at temperatures ranging from
0 to greater than l,OOOOC and pressures ranging up to several
kilobars. Simulating fluid flow in these systems is
computationally difficult because the properties of water change
substantially over the relevant pressure-temperature range,
especially in the vicinity of the critical point. Quantitative
flow modeling of magmatic-hydrothermal systems has been limited

by existing computer models that can simulate either 1) only



single-phase flow, or 2) two-phase flow at subcritical

conditions.

Status of geothermal modeling
The HYDROTHERM model described in this report is the first

publicly documented, multiphase geothermal model that handles
near-critical and supercritical temperatures. Previously, most
users of geothermal models have had to choose between models for
multiphase, pure-water (or water and gas) systems with a
temperature range of about 0-350°C and models for single-phase
pure-water systems with a temperature range of about O—l,OOOOC.
Most of the multiphase, subcritical models have been developed by
reservoir-engineering groups and are designed to handle the range
of conditions encountered in geothermal-reservoir development
(for example, Pruess, 199la). Most of the single-phase high-
temperature models were developed by geoscience groups, and a
major application has been the guantitative description of heat
transfer associated with cooling plutons (for example, Norton and
Knight, 1977; Cathles, 1977). Both the lower-temperature
multiphase and higher-temperature single-phase models have
generally assumed that the circulating fluid is pure water or

water and noncondensible gas.

Higher-temperature multiphase models, such as HYDROTHERM,
are needed for problems involving cooling plutons, crustal-scale
heat transfer, or the deep zones of major hydrothermal systems
such as The Geysers, California. 1In volcanic systems with
shallow intrusions (less than 3- to 4-km depth), two-phase steam-
liquid water flow is probably common. In such systems, the
subcritical two-phase models cannot simulate the necessary range
in temperature, and the single-phase models cannot mimic
important multiphase processes. The temperature range that
HYDROTHERM can simulate exceeds that of a silicic magmatic-
hydrothermal system (perhaps O—8SOOC) and is approximately equal



to that of a basaltic magmatic-hydrothermal system (perhaps 0-
1,2OOOC). HYDROTHERM allows simulation of multiphase processes,
including (for example) phase separation, heat transfer by the
heat-pipe mechanism (White and others, 1971), and
boiling/condensation that buffers pressure transmission (Grant
and Sorey, 1979) and limits near-surface temperatures to the

boiling-point curve.

Unlike most other high-temperature models (Furlong and
others, 1991, p. 472f), HYDROTHERM allows for fluid flow due to
changes in fluid and pore volumes within model elements.
Neglecting these driving forces for flow 1s a reasonable
assumption in a high-permeability environment. However, given
heating rates typical of metamorphic environments, it is a poor
assumption for permeabilities less than about 10_16 m2 (Hanson,

1992).

One of the major obstacles to development of multiphase,
high-temperature models is the radical variation in fluid
properties near the critical point. For simulators that use
pressure and temperature as dependent variables, the singularity
in fluid heat capacity at the critical point is a particularly
difficult problem. A simple pressure-temperature formulation
cannot be used i1n multiphase models, because the pressure-
temperature pair does not specify saturation. Some multiphase
codes, such as TOUGH2 (Pruess, 1991a), switch variables, solving
for pressure and temperature in the single-phase region and
pressure and saturation in the two-phase region. In developing
GEOTHER, the predecessor of HYDROTHERM, Faust and Mercer (1977,
1979a) chose pressure and enthalpy as dependent variables,
because they uniquely specify the thermodynamic state of the
fluid under both single- and two-phase conditions (fig. 1}).
Their choice of variables also greatly facilitated the extension

of HYDROTHERM to near- and super-critical conditions.
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Figure 1. Pressure-enthalpy diagram for pure water, showing
contours of equal temperature, density, viscosity, and mass
proportion of steam. The thermodynamic regions are (1)
compressed liquid water (2) two-phase (3) superheated steam and
(4) supercritical fluid. The saturated enthalpies of steam and
liquid water define the boundaries of the two-phase region (2),
and meet at the critical point (220.55 bars and 2086.0 J/qg).
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Roberts and others (1987) described another extended version
(to l,OOOOC and 1,000 bars) of the Faust and Mercer model, but
their documentation and source code have not entered the public
domain. The approach of Roberts and others (1987) was to divide
the thermodynamic range into a number of subregions and develop

iterative eguations of state for each subregion.

Although HYDROTHERM is capable of simulating high-
temperature, multiphase processes, it assumes that the
circulating fluid is pure water. The next step towards a more
global simulator will be to develop a high-temperature,

multiphase, multicomponent model.

Background
HYDROTHERM 1is a descendent of the multiphase geothermal

models developed at the U.S. Geological Survey in the 1970's
(Faust and Mercer, 1977, 1979%9a, 1979b, 1982). After C.R. Faust
and J.W. Mercer left the Geological Survey, Faust restructured an
earlier version of the GEOTHER documentation (Faust and Mercer,
1982) so that it would be consistent with Nuclear Regulatory
Commission guidelines (see Intera, 1983). Most of the important
modifications to the Faust and Mercer (1982) model are summarized

in this report; others were described by Hayba (1993).

We have extensively modified and expanded the three-
dimensional GEOTHER model described by Faust and Mercer (1982).
Important revisions include extending the temperature range from
10-300°C to O—l,ZOOOC, extending the pressure range from 1-175
bars to 0.5-10,000 bars, modularizing the program architecture,
adding provisions for spatial and temporal variation of porous-
medium properties, automating the time-step control, and making
the convergence criteria more rigorous. We also replaced the
regression equations for density, wviscosity, and temperature with

a more accurate routine that uses bicubic interpolation of a



lookup table. Finally, we have extensively revised the input and

output formats to make the program easier to use.

Purpose and scope
This report documents the computer program HYDROTHERM, a

three-dimensional, multiphase finite-difference model that
simulates the flow of pure water and heat in a porous medium.

The model allows for spatial and temporal variations of medium
properties such as permeability, porosity, and thermal
conductivity, and incorporates pure-water eqguations of state that
cover the temperature range of 0—1,2OOOC and pressures from 0.5
bars to 10 kbars. HYDROTHERM cannot treat salinity, but its
modular architecture facilitates continued revision, and allows

for the future addition of solute transport.

This report describes the mathematical and numerical models
upon which the computer program is based, presents an overview of
the general structure of the program, discusses practical
considerations for model application, and includes a set of
example problems that demonstrate both the thermodynamic range

and the multi-dimensional performance of the model.
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MODEL DEVELOPMENT

With the exception of the extended equations of state,
relatively minor changes have been made to the mathematical model
and numerical approach described by Faust and Mercer (1979a,
1979b, 1982). Thus this section is relatively brief, and the
reader is encouraged to refer to the earlier papers for further
details.

Mathematical model

The governing equations are expressions of mass and energy
conservation that are posed in terms of pressure and enthalpy.
Unlike pressure and temperature, using pressure and enthalpy as
the dependent variables uniquely specifies the thermodynamic
state of the fluid under both single- and two-phase conditions
(fig. 1). The pressure-enthalpy formulation also avoids some
difficult problems associated with the critical point, including
the singularity in heat capacity (discussed above) and divergence
of partial derivatives of p(P,T) to + e (Johnson and Norton,
1991, p.543).

The mass- and energy-balance equations are

a(npf)/at - Vo[kkrsps/uS-(VP - psgVD)]

(1)
- Vo[kkrwpw/uW-(VP - pwgVD)] - q, = 0
and
d/9tlnp h, + (1 - njp h 1 - VO[J_%krspshS/uso(VP - p,oVD) ]
- V-[kkrwpwh /u e (VP - WgVD (2)

- V-KmVT - qy = 0,



respectively. The density (pf) and enthalpy (hf) of the fluid in

place are defined by

Pg = Swpw * 95Ps (3)
and

he = [h Sp, + B SPpI/I5 0 + SpSl, (4)

where SW and SS are volumetric liguid and steam saturations,

respectively, and

with SW = 1 in the compressed-water region and Ss = 1 in the

superheated-steam region.

Extending HYDROTHERM to supercritical conditions created
some problems with the definition of volumetric saturation and
the liquid water/steam nomenclature. Because the distinction
between liquid and steam disappears above the critical point, the
values assigned to the saturation variables become somewhat
arbitrary. However, when there is flow from a supercritical
finite-difference block to a subcritical block (liguid, two-
phase, or superheated-steam), the averaged density and viscosity
values for interblock flow depend on the saturation value
assigned to the supercritical block. We enforced consistent
averaging by treating supercritical blocks as though they contain
two phases with identical properties (density, viscosity,

relative permeability, and saturation).

The source/sink terms a, and q are defined as

and



G = Ihg + A, (7)
with g denoting a mass flowrate (g/s) (Faust and Mercer, 1979%a).
Sources and sinks include conductively heated blocks along the
base of the finite-difference grid and those blocks affected by
pumping or injection from a well. For wells, fluxes of mass and
energy are allocated along vertical columns, on the basis of
fluid mobility and the permeability and thickness of user-

specified open intervals.

The first term of (1) 1is a mass storage term and the second
and third terms represent the divergence of mass flux of steam
and liquid water, respectively. The first term of (2) 1s an
energy storage term, and the second and third terms represent
advective transport of heat by steam and liguid water,
respectively. They are equivalent to the second and third terms
of (1) multiplied by the enthalpy of the appropriate phase. The
fourth term of (2) represents conductive heat transport. Faust
and Mercer (1979a) expanded the temperature gradient in this term
to

[(BT/BP)hVP + (BT/Bh)PVh]. (8)

We determined that this expansion was unnecessary, and that it
caused convergence failures in some cases (usually at a phase
transition). With the new representation of the equations of
state, HYDROTHERM can calculate the temperature as a function of

pressure and enthalpy very accurately.

Equations (1)-(7) alone are not sufficient to describe a
geothermal system. Further constitutive relations are needed,
and appropriate boundary conditions must be specified. The
assumptions involved in derivation of the governing equations and
constitutive relations are outlined below, and boundary

conditions are discussed in a later section.
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Assumptionsg
The important assumptions used in the derivations of
equations (1) and (2) are as follows (see also Faust and Mercer,
1979%a) :

1) The fluid is pure water.

2) A two-phase form of Darcy’s Law is valid.

3) Capillary-pressure effects are negligible.

4) Relative permeabilities are non-hysteretic functions of
liguid volume saturation.

5) Rock and water are in local thermal equilibrium.

6) Heat transfer by dispersion and radiation are negligible.

7) Porosity is a linear function of pressure, given by
n=mn. + oa(pP - Pin)’ where n.. and Pin are initial
porosity and pressure, respectively, and o is a vertical
compressibility coefficient.

8) Rock enthalpy is a linear function of temperature.

9) Porosity, intrinsic permeability, and thermal conductivity
can vary in space and time, whereas rock density and

specific heat of rock are constant.

Pure water - As Faust and Mercer (1979a) pointed out,
dissolved solid and gas concentrations in many geothermal areas
are low enough that fluid properties do not differ significantly
from those of pure water. However, the pure-water assumption is
clearly inappropriate for systems involving seawater or magmatic-
brine components. We anticipate that future versions of
HYDROTHERM will be extended to treat two-component multiphase

systems.

Capillary pressure - 1t is difficult to estimate appropriate
capillary-pressure functions for hydrothermal systems, as
relevant data are limited. The surface tension of water
decreases with temperature, so capillary-pressure effects should

become relatively less important at high temperatures. The

~10~



HYDROTHERM formulation assumes that the fluid pressures in liquid
and steam phases are equal, but the relative-permeability
functions implicitly recognize capillary effects by allowing for
residual (immobile) water and steam saturations. Like the pure-
water assumption, the assumption that capillary pressure 1is
negligible greatly simplifies solution of the governing

equations.

Rock-water thermal equilibrium; thermal dispersion - The
assumption that rock and water are in local thermal equilibrium
is commonly made in geothermal reservoir engineering and is
reasonable if fluid flow is relatively slow or steady; it breaks
down during rapid transients. The assumption that thermal
dispersion is negligible is also common; because heat conduction
1s a relatively efficient process, the influence of thermal
dispersion on heat-transfer problems tends to be much less
important than that of hydrodynamic dispersion on solute-
transport problems. Faust and Mercer (197%a) suggested that the
coefficient Kﬁ could be regarded as a lumped thermal
conductivity-thermal dispersion coefficient. That approach is
incomplete at best; it does not allow dispersion to vary with

fluid velocity and other relevant parameters.

Heat radiation and temperature-dependent rock properties -
The assumption of negligible heat radiation is potentially
problematic for high-temperature applications, as are several
other aspects of the formulation. Radiative heat transfer may
become significant at temperatures 36OOOC. Also, over the
extended O—l,2OOOC temperature range the thermal conductivity and
heat capacity of many rocks vary significantly with temperature.
As noted above, porous-medium thermal conductivity is currently
allowed to vary in space and with time (but not directly with
temperature), and rock heat capacity is held constant. One
approach to radiative transfer would be to treat Kh as a lumped

conduction-radiation coefficient. Explicitly incorporating

-11-



temperature-dependent thermal conductivity and specific heat
would be straightforward, and Sass and others (1992, p. 5,025)
recently presented a convenient, general model for the variation

of rock thermal conductivity with temperature.

Thermodynamic properties
In addition to the dependent variables, fluid pressure and

enthalpy, the governing equations for HYDROTHERM require values
for fluid densities, viscosities, and temperature. In the
earlier version, GEOTHER, Faust and Mercer (1977, 1979%a, 1982)
used regression equations to calculate densities and temperature
as functions of pressure and enthalpy, and viscosities as
functions of temperature. Their regression equations have a
maximum error of 0.5 percent over a temperature range of about
10-300°C and a pressure range of about 1-175 bars. We replaced
these expressions, most of which break down in the range 300-
3500C, with a lookup table that is interrogated by a bicubic
interpolation routine. This method is very accurate and
relatively fast, but the lookup table is large (about 2
megabytes). The coordinates of the table are pressure, with a
range of 0.5-10,000 bars, and enthalpy, with a range of 1-5,200
kJ/kg. The temperature range corresponding to these pressure and

enthalpy ranges is approximately O—l,ZOOOC (see fig. 1).

The lookup table contains approximately 4,500 grid points
(pressure-enthalpy pairs), and actually consists of four sub-
tables that mend together seamlessly. At each grid point, there
are values for the density, temperature, and viscosity of water,
as well as values for the gradients and cross derivatives of each
of these properties with respect to pressure and enthalpy. There
are no grid points in the two-phase region; properties of the
coexisting phases are derived from the values for saturated
liquid water and steam. The lookup table also excludes the
region where temperatures are less than 0°c (low enthalpy/high

pressure) .

-12-



The fluid density and temperature values in the table were
calculated from the steam-table routines of Haar and others
(1984). 1In 1982 the International Association for Properties of
Steam (IAPS) provisionally accepted this formulation for the
temperature range of O—l,OOOOC and pressures up to 15 kbar, and
Haar and others (1984) state that it adequately defines the

properties of water to temperatures in excess of 2,OOOOC.

Most of the tabulated viscosity values were obtained using
the formulation by Watson and others (1980), which Sengers and
Kamgar-Parsi (1984) re-evaluated using density values accepted by
the 1982 IAPS agreement (Haar and others, 1984). Watson and
others (1980) and Sengers and Kamgar-Parsi (1984) stated that
their viscosity formulation is valid for the following range of
temperatures and pressures:

0°c < T < 150°C, 0 bar < P < 5,000 bar

150°C < T < 600°C, 0 bar < P < 3,500 bar

600°C < T < 900°C, 0 bar < P < 3,000 bar.
Watson and others (1980) indicated that calculated values deviate
systematically from experimental values at higher pressures, but
did not report the magnitude of the deviations. Because there
are no available data beyond the limits of the Sengers and
Kamgar-Parsi (1984) formulation (hereafter SK-P), we needed to
extrapolate viscosity values for pressures up to 10 kilobars and
temperatures up to 1,2OOOC. Plots of temperature (or enthalpy)
versus viscosity for various pressures suggest that one should be
able to make moderately accurate extrapolations beyond the SK-P
limits. The SK-P formulation itself appears to predict
reasonable values for viscosity at high pressures for low
temperatures (<2000C) and at low pressures (<3 kilobars) for high
temperatures. However, at high pressures (>4 kilobars) and
temperatures (>300°C) extrapolation of the SK-P relations leads
to viscosities that appear unrealistically low. To construct
our lookup table in this region, we estimated the viscosity of

water at 10 kilobars from plots of pressure versus viscosity at

-13-



selected enthalpies, and then interpolated values for viscosity
between 10 kilobars and the SK-P limits. The estimated
viscosities at 10 kilobars are probably accurate within a factor
of two, and the errors should decrease at lower pressures.

We expect that the overall uncertainty introduced by this
extrapolation is relatively modest, especially when compared with
uncertainties in intrinsic permeability at high pressures and

temperatures.

HYDROTHERM uses a bicubic interpolation routine to derive
thermodynamic properties from the lookup table (Press and others,
1986, p. 98-100). For any given pressure-enthalpy pair, the
interpolation routine returns density, viscosity, and temperature
values, as well as the gradients of those values with respect to
pressure and enthalpy. These gradients are required by the
Newton-Raphson iteration techniques employed in the numerical
solution. The bicubic interpolation method exactly reproduces
the thermodynamic values and specified derivatives at the grid
points of the lookup table, and ensures that the values and their
derivatives change continuously across grid-square boundaries
within the table.

For the two-phase region, we use cubic splines (see Press
and others, 1986, p. 86-89) to accurately describe the positions
of the saturated-water and saturated-steam curves, calculate
fluid properties, and obtain the necessary derivatives. The
splines provide values for the enthalpy, density, temperature,
and viscosity of saturated liquid water and steam as functions of
pressure. There are 134 points along each spline, extending from
0.5 bars to the critical pressure (220.55 bars), with the
greatest concentration of data near the critical point. The data
for pressure, enthalpy, density, and temperature of saturated
liquid water and steam are from Haar and others (1984), and the

viscosity data are from Sengers and Kamgar-Parsi (1984).
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Numerical approach
The mass- and energy-balance equations are strongly coupled

and highly nonlinear, because a number of the independent
variables are functions of the dependent variables. The relative
permeabilities, densities, and viscosities, in particular, vary
widely with pressure and enthalpy. Faust and Mercer (1979b,

1982) described the numerical techniques used to solve finite-
difference approximations to equations (1) and (2). Briefly, the
nonlinear coefficients are treated using Newton-Raphson
iteration. This leads to a system of linear equations that must
be solved for each iteration. Each vertical cross section of the
finite-difference grid is solved implicitly, and for a single
vertical section the matrix equation 1is solved directly. Two-
dimensional areal models can be set up as vertical sections with
gravitational acceleration set to zero, in order to take
advantage of the direct solution. For a fully three-dimensional
model, the solution technique is slice-successive overrelaxation

embedded in the Newton-Raphson iteration.

Convergence is checked by calculating mass and energy
balances. The 1982 version of the code, GEOTHER, used global
mass- and energy-balance criteria. HYDROTHERM requires residual
mass and energy for each finite-difference block to meet user-

specified limits (defined in terms of g/s/cm3 and ergs/s/cmB).

The finite-difference formulation used by HYDROTHERM
requires that values for some of the variables be estimated
between, rather than at, block centers. Depending upon the
variable, these interblock values may be assigned as an average
of the values in adjacent blocks or as the value at the
‘upstream’ node. HYDROTHERM uses harmonic averages to calculate
interblock transmissivities (kA/1) and conductivities (KmA/l).
Fluid density and viscosity values are calculated as arithmetic
averages. Like most numerical models describing fluid flow and
hgat transport, HYDROTHERM applies upstream weighting to fluid

~-15-



enthalpies and saturation-dependent functions such as relative

permeabilities. Upstream weighting is defined by, for example,

(S .) 1f flow 1s from 1 to 1i+1
rw “w, 1

- (9)

krw(sw,i+l

krw,i+l/2
)y 1f flow 1s from 1+1 to 1.

Without upstream weighting, numerical solutions of convection-
diffusion-type transport equations such as (2) are subject to
oscillation and numerical diffusion when the first-order spatial
derivative terms (advection) become large relative to the second-
order spatial derivative term (conduction) (Gladwell and Wait,
1979, p. 205f).

Previous (GEOTHER) versions of the code applied upstream
weighting to fluid densities and viscosities, as well as fluid
enthalpies and relative permeabilities, though the code
description stated otherwise (Faust and Mercer, 1979b, p. 34).
Use of "upstream" densities in the governing equations led to
serious computational difficulties in cases where the "upstream"
finite-difference block estimated on the basis of P; and p. , was
different than the "upstream" block estimated after equating
pi+l/2 with pP; Or P, ;- Using upstream weighting solely for
enthalplies and relative permeabilities greatly improves the
stability of the algorithm.

HYDROTHERM also allows the use of weighted-average
enthalpies and relative permeabilities when the potential for
flow between blocks reaches a specified (low) value. Below this
value, the upstream-weighting factor is scaled from 1.0 to 0.5
using a logarithmic function. The averaging option facilitates

smooth, non-oscillatory changes in flow direction.
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GENERAL STRUCTURE OF THE COMPUTER PROGRAM

HYDROTHERM consists of an initialization routine followed by
a time-stepping loop that contains nested loops for Newton-
Raphson iteration and slice-successive overrelaxation. Table 1
illustrates the general structure of the computer program and the
order in which most of the subroutines are called. Other
subroutines, listed in table 2, calculate the fluid properties

and relative permeabilities.

The initialization routine reads the input file for the
problem and sets up the program for the first time step. Within
each time step, the program uses Newton-Raphson iteration to
solve the governing equations for each x-z slice in the problem
domain. The embedded slice-successive-overrelaxation loop is
only required for three-dimensional problems. Newton-Raphson
iterations continue until the mass and energy balances calculated
for each block meet user-specified convergence criteria. The
solution must also satisfy user-specified limits on changes in
pressure, enthalpy, and saturation relative to the previous time
step. If any changes exceed the specified limits, the program
discards the solution and re-enters the Newton-Raphson loop with
a smaller time step. If the solution is acceptable, HYDROTHERM
compares the changes in saturation, pressure, and enthalpy with
user-specified limits, estimates the feasible size for the next

time step, and then begins the procedure again.

There are substantial differences between the stucture of
HYDROTHERM and that of the 1982 version, GEOTHER. The GEOTHER
code consisted of only 16 subroutines, and the program was
difficult to modify because it lacked a modular architecture.

The present version consists of 47 subroutines along with a
number of other files (see table 3) that contain common-block and
array-dimensioning statements. Some structural changes were

necessary to accommodate the new automatic time-stepping
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Table 1. Outline of HYDROTHERM program structure

GDATA - read input data

GFILES - open input and output files

GTABLES - load lookup table into memory

PRINTOPT - read user-defined print options

READ - read input arrays

RD - help read input arrays

WR - print input arrays

ENTHTEMP - compute initial enthalpy (H) from temperature

PRESS - calculate hydrostatic pressure (P)
STINK - read source/sink input data
TCALC - calculate permeability and conductivity terms
PHREG - determine thermodynamic region for a block
PRPTY - calculate fluid properties and derivatives

AVGPRPTY - calculate interblock fluid properties
WELLALLO - calculate source/sink distribution and derivatives
UPSTRE - determine upstream block for each interblock region
STORATIV - calculate initial mass and energy storativities

Print initial conditions

VELOCTY - calculate fluid-velocity vectors
OUTPLOT - write file for input to plotting program
PDATA - print results

WR - help print arrays

*********************Beginning Of time 1oop*********************
Initialize and update variables for time loop
TIMECNTL - write which factor controlled time-step size
RESET - reset arrays if previous Newton-Raphson iteration
did not converge
PRPTY - calculate fluid properties and derivatives
AVGPRPTY - calculate interblock fluid properties
WELLALLO - calculate source/sink distribution and

derivatives
UPSTRE - determine upstream block for interblocks
*kkkkikrkr**Baginning of Newton-Raphson iteration (NRI) ****kkkkikk
SSOR - set up and run slice-successive
overrelaxation
FORMEQ - formulate matrix equations
SOLVE (1) - triangularize matrix

****k*k**Baginning of Slice Successive Overrelaxation loop******¥**
SOLVE (2) - back substitution for each slice
*kkkkxkx*k*End of Slice Successive Overrelaxation loop******kkkkx
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Table 1.

Outline of HYDROTHERM program structure - Continued

dedededededdhkd

BALNC

If it

If it
SINK
PRINT
READ

WR

GFILE
TCALC
PHREG

Add correction vectors from matrix sol’n to P and H

PHREG - determine thermodynamic region for a block
PHASECHG - check for phase changes
PRPTY - calculate fluid properties and derivatives

AVGPRPTY - calculate interblock fluid properties
WELLALLO - calculate source/sink information

UPSTRE - determine upstream blocks

STORATIV - calculate mass and energy storativities

RESID - calculate residual mass and energy fluxes
GOVEQN - sum finite-difference contributions to

governing equations
Check for convergence; 1f criteria are not met either
continue NRIs or reduce time step and repeat
MAXCHG - determine maximum change in pressure,
enthalpy, and saturation
*k*****End of Newton-Raphson iteration*****kkkdiidkrkk

E - determine glcbal mass and energy balance
GOVEQN - sum finite-difference contributicns
1s time to print results, then
VELOCTY - calculate fluid-velocity wvectors
OUTPLOT - write file for input to plotting program
PDATA - print results
WR - help print arrays
GOVEQN - sum finite-difference contributions
PICKUP - write pickup file for restarting jobs
GFILES - open output file
1s time to read in new input data, then
- read source/sink input data
read user-defined print options
- read input arrays
RD - help read input arrays
- print input arrays
s - open output file
- calculate permeability and conductivity terms
- determine thermodynamic region for a block

OPT

PRPTY - calculate fluid properties and derivatives

AVGPRPTY - calculate interblock fluid properties

WELLALLO - calculate source/sink distribution and

derivatives

UPSTRE - determine upstream blocks
STORATIV - calculate initial mass and energy storativities
Determine appropriate length for new time step

khkkkhkkdhhk

ENDSUMRY -

khkkkhhkkhkkkkk*Bnd of time loop************************

list summary information about computer job
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Table 2. HYDROTHERM subroutines and functions for calculating
fluid properties and relative permeabilities and
defining the two-phase region

tblookup - determines which subset of the lookup table to call
for a given pressure (P) - enthalpy (h) pair.
The limits of the sub-tables are:
tablel - 0.5 < P < 240 bars; 1 < h< 1,600 kJ/kg
table2 - 0.5 < P < 240 bars; 2,600 < h £ 5,200 kJ/kg
table3 - 150 < P < 240 bars; 1,600 < h < 2,600 kJ/kg
tabled - 240 < P < 10,000 bars; 50 < h < 5,200 kJd/kg
bndyT0 - calculates the properties of water at OOC for

pressures between 240 and 10,000 bars. Used in
conjunction witg tabled4 to limit the lookup table to
temperatures >0C

The lookup table does not provide data for the two-phase region.
The following three subroutines provide data on the properties of
saturated liquid water and steam. For a given pressure, these
subroutines return:

phsbndyl - enthalpy

phsbndy2 - enthalpy, density, viscosity, and temperature, and the
derivatives of density, viscosity, and temperature
with respect to pressure and enthalpy for the one-
phase side of the saturation curves

phsbndy3 - enthalpy, density, viscosity, and temperature, and
their derivatives with respect to pressure along the
saturation curves

splined2 - interpolates fluid-property values for pressure-
enthalpy pairs that plot between the saturation curves
and the gridded data in the lookup table.
Interpolation is done via a cubic spline, using values
from phsbndy2 and the nearest point on the lookup
table

tempress - uses the steam tables (Haar and others, 1984) to
calculate the initial enthalpy when the user specifies
initial energy content in terms of temperature

relperm determines the relative permeabilities to liguid water
and steam, and their derivatives with respect to

pressure and enthalpy
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Table 3. Auxiliary files used in HYDROTHERM

These files are accessed from various subroutines via "include”

statements

common.stm

common . rdw

common. sol

common. tbs

common-block statements used by most of the
subroutines listed in table 1

common-block statements used by the "read and write"
subroutines (RD, WR)

common-block statements used in subroutines that
set up and solve the matrix equations (FORMEQ,
SOLVE, SSOR)

common-block statements used by the lookup table
and spline routines for the properties of water
(most of the subroutines listed in table 2)

hydrthrm.par-contains parameter statements that dimension arrays

used in HYDROTHERM

hydrthrm.ftn-contains unit-conversion functions
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features and the modified convergence criteria. We have also
standardized variable names throughout the program (see

and minimized the number of variables passed
All of these changes should facilitate

attachment A)
between subroutines.
future enhancements of the program.
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PRACTICAL CONSIDERATIONS FOR MODEL APPLICATION

This section summarizes the practical information needed to
apply HYDROTHERM. It begins with a discussion of initial and
boundary conditions, describes problem-size limitations and
discretization strategies, and includes instructions on
installing, compiling, and running the model. The section
concludes with detailed descriptions of the input and output

files.

Initial conditions
Initial conditions are the values of the dependent
variables, pressure and enthalpy, at the initial problem time.
Model runs may be initialized as new runs or as continuations of

previous runs.

For new runs, the user may specify initial energy conditions
in terms of temperature rather than enthalpy. The program will
then calculate initial enthalpies on the basis of pressures and
temperatures. If so desired, the program can also calculate an
initial hydrostatic pressure distribution on the basis of
pressures along the top of the problem domain and the initial

values for temperature/enthalpy.

For continuation runs, the user retrieves pressure and
enthalpy values at the end of the previous run from the output
file "HTpickup_ (plus user-supplied suffix)". This file also
contains the simulation time at the end of the previous run, and
the input parameter "tmstr" for the continuation run should be
set to this value. If a non-zero rock compressibility has been
specified (that 1is, input parameter "beta" > 0), then the
continuation run requires data on initial and final porosity from
the previous run. To access initial porosity values from the

previous run, the user needs only to supply the name of the file
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containing these data, which 1is usually "HTinitphi_ (plus user-
supplied suffix)". Values for final porosity from the previous
run are 1in the output file "HTpickup_ (plus user-supplied
suffix)", and must be used as initial porosity values for the

continuation run.

Initializing new runs in the two-phase region can be
problematic because, for a given pressure, very small differences
in enthalpy or temperature can cause large differences in
volumetric liquid saturation and thus relative permeabilities.

It is difficult for the user to specify pressure/enthalpy values
that will give rise to stable distributions of saturation and
relative permeability. Continuation runs do not encounter this
problem because the model-generated pressure, enthalpy,
saturation, and relative-permeability values are internally
consistent. It 1s often adviseable to initialize new runs such
that nearly all active finite-difference blocks lie in single-
phase regions, even if the boundary conditions and source/sink
distribution are expected to create two-phase zones. Simulations
can be carried out to a quasi-steady "natural state" in order to
obtain reasonable initial conditions for analyses of geothermal

development.

Boundary conditions
In addition to the initial conditions, the user must specify

conditions at the boundaries of the system under investigation.
The choice of appropriate boundaries is extremely important, as
it often controls later-time solutions. The most common boundary
conditions are (1) constant pressure/enthalpy and (2) controlled
flux.

In vertical sections and three-dimensional models the top
boundary, which often represents the land surface (or water
table), is commonly treated as a constant pressure/enthalpy

boundary. The pressure 1s typically specified as one atmosphere
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and, if topographic relief is significant, the specified enthalpy
might vary with elevation, perhaps according to an adiabatic
lapse rate. Hydrostatic lateral boundaries are commonly
prescribed by column(s) of constant pressure/enthalpy blocks,
with enthalpy varying according to a geothermal gradient. Such
boundaries are typically placed at a large distance from the area

of interest, so as to minimize their effect on the solution.

For regional and subregional flow problems, the lateral and
bottom boundaries are commonly treated as controlled-flux
boundaries. The lateral boundaries might be associated with
topographic divides that can be treated as no-flow (symmetry)
boundaries or, for a problem involving cooling of a regularly
shaped pluton, symmetry might be invoked on a plane through the
center of the pluton. The most common lower boundary for large-
scale flow problems is one with no fluid flow and specified heat
flow. The lack of fluid input is justified by the assumption of
low permeability at midcrustal depths, and an appropriate heat
input can be estimated on the basis of regional heat flow.
Within the HYDROTHERM model, conductive heat flux along the base
of the grid ("cond") is actually implemented as a source within
the lowermost active blocks. It is usually much easier to
estimate fluxes at the lower boundary than it i1s to estimate
appropriate pressures and enthalpies, and constant
pressure/enthalpy lower boundaries tend to have an undesireable

controlling effect on the solution.

To set up constant-value and no-flow boundaries, HYDROTHERM
uses the following convention for indexing blocks and allowing
flow between blocks. In the input file, the user labels active
blocks with sequential positive-integer values, constant blocks
with -1, and inactive blocks with 0. Interfaces between active
(integer > 1) and inactive (0) blocks are no-flow boundaries, as
are the sides of active blocks that lie on the grid boundaries.

Flow between constant blocks and adjacent active blocks varies
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with the pressure/enthalpy conditions in the active block. Two-
dimensional examples showing grid index numbers and associated

boundary conditions are shown in figure 2.

Problem gize

The maximum feasible problem size 1s a function of the
memory and/or disk space available on the computer. In practice,
the time required to run large problems may prove to be a more
restrictive limit. HYDROTHERM can be set up for any dimensions
by changing the parameter statements in the file "hydrthrm.par".
Instructions for setting the parameter values are included in
"hydrthrm.par". The program must be recompiled after the maximum
dimensions are reset. The copy of "hydrthrm.par" distributed
with the program is designed to handle a 50 X 5 x 50 (x X y x z)

block (maximum) problem.

Notes on discretization

The x-, y-, and z-dimensions of finite-difference blocks may
vary along the axis of that dimension, but are held constant in
the other two dimensions. For example, in a two-dimensional
vertical (x-z) slice, each row may have a different z-dimension,
but along any row, the z-dimension may not vary as a function of
x. In order to improve the definition of the solution, it is
often desireable to set up a model with a higher density of
columns (x), rows (z) and slices (y) in areas of interest and
(or) areas where large gradients in pressure and enthalpy are
expected, 1in order to improve definition of the solution.
Conversely, using coarser grid spacing near poorly known
boundaries helps to minimize their influence on later-time
solutions. A useful and fairly conservative rule of thumb 1s
that boundary influence will be negligible when the distance to
the boundary i1s ten times greater than the width of the area of

interest.
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A. VERTICAL SECTION

newfmt actv n-out n-cnst

T, 80, 1, 19

1, 1, 0 Constant pressure/enthalpy

10, 1, 0

10, 2, O Ay ) | oaya) oa}al oy 1] oo
10, 3, 0

10, 4 O 72| 13| 4] 5]76| 170 78{ 9] 80| -1 2
10, 5, O 63/ 64| 65| 66| 67| 68f 69| 70| M| 1| @
:g' g' g 3 54| 55 56 571 58| 59] 60f 61| 62] -1 ;‘E
1 O: 8: 0 2 45| 46} 47| 48| 49| so| s1| s2| s3] -1 %
10, 9, 0 S [36] 37| 38| 39| 40| a1] 2| 43| 44| 1| 9
1, 10, 0 &
2, 10, 0 27| 281 29 30| 31| 32| 33| 34 35] -1 5
3, 10, O 18] 1920 21| 22| 23| 24| 25} 26| -1| B
* 4 10, 0 5
5 10. 0 ol 10| nf 1213} ujis| 6| 17} 1| &
6, 10, O -1 1| 2| 3| 4{ 5] 6 7 8| -1

7, 10, 0

8 10, O / Heat flow only

9, 10, 1 Constan

pressure/
enthaipy

B. VERTICAL SECTION WITH TOPOGRAPHY

newfmt n-actv n-out n-cnst

T, 58, 22, 10
1, 9, o0 Constant pressure/enthaipy
2, 9, 1
3, 8 1 -1 1 0 0 (]
4, 7, O
5 7 0 511 s8| 1] o] o of o
6, 7, 1 54 s5) s6) -1} -1] -1 o] o] o} o
7, 6, O
8 6 1 z 8| 49fsofsijs2fs3f af 1| of of =
9, 5 1 b 40| 41| 42| 43| 44| as| 46| 47| | o] T
10, 4, 1 z 3| 32| 3] %] 35| 36| 37| 8] »] 1| <
21| 22| 23| 24} 25| 26| 27| 28] 29} 30
| 2] 13} ) 15| 16| 177 18] 19} 20
1| 2| 3| a} s{ 6] 71| 8] 9| 10

Heat flow only

Figure 2. Example finite-difference grids for simulating
vertical sections, showing finite-difference-block index numbers,
resulting boundary conditions, and "newfmt" input format for
finite-difference-block indexing.
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Ingebritsen (1986) used the 1982 version of the code,
GEOTHER, to simulate the evolution of vapor-dominated zones and
noted (p. 166-170) some space-discretization effects. These
effects included unrealistic fluctuations in mass and heat
discharge from an evolving vapor-dominated zone and difficulty in
defining the "upstream" flow direction at the top of the vapor-
dominated zone, an area where the pressure gradient changes
radically. When strong discretization effects are suspected,
problems should be rerun with a revised, refined grid. The
orientation of the finite-difference grid can also have a major
influence on simulations of vapor-dominated zones (Pruess,
1991Db) .

Convergence and time-step control
HYDROTHERM allows the user to specify convergence criteria

for the Newton-Raphson iterations, as well as several other
factors that can act to control the size of the time step. The
choice of values affects the time required to run a problem, the

stability of the algorithm, and the accuracy of the solution.

Convergence to a solution is achieved when every block
satisfies user-specified mass- and energy-balance criteria.
These criteria define the acceptable level of error in the
solution of the two governing equations (egns. 1 and 2), each of
which should theoretically sum to zero. The residual 1s the
difference from zero. The convergence criteria for HYDROTHERM
specify the maximum residual mass flux per unit volume
(g/sec/cm3) and the maximum residual energy flux per unit volume
(ergs/sec/cm3). The value for the residual energy flux should
generally be about 10 orders of magnitude greater than that for
residual mass flux, because the enthalpy of liquid water at 225°C

0

is approximately 10l ergs/g. We have found that mass and energy

1419712 4ng 107421079,

respectively, give good results. Looser criteria (values up to
-10
10

residuals in the ranges of 10
and lOO, respectively) may produce adequate results and can
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significantly reduce computational time. In some cases, however,
the looser criteria lead to poor results. In practice, 1t 1is
sometimes useful to start new problems with loose criteria and

recheck the solution with tighter criteria.

A total of nine factors control the size of a new time step.
Table 4 lists each factor, along with suggested values, and also
lists the eight factors that can cause the program to discard a
solution and re-enter the Newton-Raphson loop with a smaller time

step.

HYDROTHERM sets the time-step length by determining which
factor i1s likely to be most restrictive and setting the size for
the next time step accordingly. Maximum changes in saturation,
pressure, and enthalpy are estimated on the basis of the previous
time step. As with the convergence criteria, 1t 1s sometimes
convenient to start a new problem with loose limits (larger
values) that allow the program to run relatively fast, and then

recheck solutions with tighter limits.

HYDROTHERM will decrease the size of a time step if there is
a problem with convergence to a solution, or if other time-step-
control factors exceed the user-specified limits. Six of the
eight reasons for decreasing time-step size depend on user-
specified criteria (Table 4). For example, the program will stop
if a particular time step 1is cut more than a user-specified
number of times ("n-tmcut") or if the time step becomes smaller
than "deltmin". The program will reduce the time step
automatically if the pressure or enthalpy of a block exceeds the
limits of the lookup table, or if the Newton-Raphson iterations
do not appear to be converging toward a solution: 1if the mass
and energy residuals for the current iteration are both larger
than those from the second-previous iteration, the program stops
iterating and re-enters the Newton-Raphson loop with a smaller

time step.
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Table 4. Factors that control the time step in HYDROTHERM

The one-letter abbreviations are used in output file HTout(O when

the short report ("long" = 0) 1s selected. In longer reports
("long" = 1 or 2), the controlling factor is written out
Factor Abbrev. Suggested range
Maximum water saturation change 0.02 - 0.10
Maximum percent pressure change 10 - 30
Maximum percent enthalpy change 4 - 10
Maximum increase in time step size 1.1 - 2.0

highly variable
program controlled
program controlled
program controlled
program controlled

Input value for initial step

Time to read new input data

Time to plot or print data

Reset to value before printing

Reset to value before reading new data

WO OH R DTS,

Reasons for cutting the time step

Saturation change exceeded maximum allowed

Pressure change exceeded maximum allowed

Enthalpy change exceeded maximum allowed

Multiple blocks changing phase in a Newton-Raphson iteration
Multiple blocks changing phase in a time step

Maximum Newton-Raphson iterations reached without convergence
Newton-Raphson iterations not converging

Pressure or enthalpy exceeds limits of lookup table
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Installing and compiling the program
HYDROTHERM is written in an extended, UNIX-compatible

version of Fortran. We did most of the development and testing
on a Silicon Graphics Iris Indigo work station. We also compiled
and ran this version on a Data General work station. Hayba
(1993) designed and ran an earlier version on an Alliant
supercomputer, and others used that same version on Sun, Prime,
and Hewlett-Packard computers. Some of the program revisions
take advantage of the parallel- and vector-processing
capabilities of the Alliant supercomputer, but these
modifications do not have an adverse affect on non-parallel or

non-vectorizing machines.

To install HYDROTHERM, some code modification may be
necessary, especially on machines than do not use the UNIX
operating system, or for Fortran compilers that do not support
some of the Fortran extensions. The required changes are listed
below. Revision dates should be recorded in the comment
statement at the head of each file. We request that users advise
the senior author of any additional machine- or Fortran-version-

specific problems.

Users must first copy all of the files listed in table 5 to
an appropriate sub-directory in their file-space, or to a
publicly accessible directory such as "/usr/local/bin" on UNIX
machines. When copying the files with the "ftp" utility, 1t 1is
necessary to use the ascii mode for all but the six files
designéted as binary in table 5. The user must edit "gfiles.f"
(lines 120-131), and make sure that the directory names for units
21 to 26 are correct. As noted above under "Prob<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>