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Preface

This User's Guide and Reference is a software document written to provide instructions and a

detailed reference necessary to use the Multiphase Subsurface Transport Simulator (MSTS) and a

closely associated utility, the MSTS Graphical Input. The design architecture and specific

computational algorithms that compose MSTS are delineated in a companion document, the MSTS

Theory Manual.

It is assumed in writing this User's Guide and Reference that the user of this code has received

advanced training in hydrogeology, heat transfer, and thermodynamics. It is also assumed that

users are familiar with the computing environment in which they will compile and use the MSTS

code.

Machine requirements for the MSTS code are dependent on the nature of the problem to be

solved. The MSTS code is not machine-dependent, and with essentially minor changes (detailed in

this User's Guide and Reference), the MSTS code may be compiled and run on many different

computer environments using a FORTRAN 77 compiler. NaturaUy, the speed with which problems

are solved depends on the capacity and speed of the computing platform and the size of the

problem. Small one-dimensional problems may be solved quickly on a desktop computer, but

large, complex two- or three-dimensional multiphase problems may be practically tackled only

using a workstation or mainframe. The MSTS Graphical Input may be used only with a Macintosh

computer.
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Summary

This User's Guide and Reference provides information and instructions on the use of the

Multiphase Subsurface Transport Simulator (MSTS) code and the associated MSTS Graphical

Input. The MSTS code is used to simulate water flow, air flow, heat transfer, and dilute species

mass transport in variably saturated geologic media fea one, two, or tl_-'_ dimensions using an

integrated finite-difference numerical scheme. Any or ali of these processes may be simulated in a

fully coupled manner. MSTS is a two-phase, two-component code with secondary processes that

include binary diffusion and vapor pressure lowering. The geologic media may be homogeneous

or heterogeneous, isotropic or anisotropic, and unfractured or highly fractured. A problem

geometry may be described by either Cartesian or cylindrical coordinates. MSTS is written in

FORTRAN 77, following the American National Standards Institute (ANSI) standards, and is

machine-independent with the exception of some time and date calls required for quality control

(provisions are made in the code for relatively easy adaption to a number of machines for these

calls).

KEYWORDS: multiphase, ground-water flow, multiple phase, variably saturate_ unsaturated,
finite difference, numerical modeling, Newton-Raphson iteration, equivalent-continuum model.
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Glossary of Symbols

Roman Symbols

Symbol Description Dimensions SI(a)Units ....

A,Ac,A8 functioncurve-fittingparameters - -

B,Be,B8 functioncurve-fittingparameters - -

Cs specific heat capacity of solid I.,2 t-2 T-1 J/kg K
phase

C, Ct, Cs species concentration (per total mol L-3 mol/m3
volume, per aqueous volume, per
gas volume)

Cr Com'ant Number - -

D diffusionconductance mol L-2t-1 mol/m2s

aw air water-vapor binary diffusivity 13. t-I m2/sD 8

species hydraulic-dispersion L2 t-1 m2/s
/) h t coefficient (aqueous)

D d t' D a species diffusion coefficient L2 t-1 m2/s
' (aqueous, gas)

g acceleration of gravity L t-2 m/s2

ht, h8 enthalpy (aqueous, gas) L2 t-2 J/kg

hw, ha enthalpy (water, air) L2 t-2 J/kg

HT_ Hf,, Ht, hydraulic head (total, elevational, L m
pressure)

/_ intrinsic permeabilitytensor L2 m2

kre, krg relative permeability (aqueous, - -
gas)

k rt_, k re1' k • t= aqueous relative permeability -(bulk, fracture, matrix)

(a) SystbmeInternational
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Roman Symbols (Contd)

.... Symbol Description Dimensions SI Units

/_ effectivethermalconductivity M L t-2T-1 W/m K• tensor

Kd partitioncoefficient (solid- - -
aqueous systems)

Kts partitioncoefficient (aqueous-gas - -
systems)

m moisture-retentioncurve-fitting - -
parameter

m l, mm moisture-retentioncurve-fitting - -
parameter (fracture,matrix)

w water mass (aqueous, gas phases) M kgm_,m 8

•., • a mass source rate per volume M L-3 t-1 kg/m3 sm ,m
(water,air)

ni t, ni s mass source rate (aqueous, gas) M t-1 kg/s

n moisture-retentioncurve-fitting - -
parameter

hf, nm moisture-retentioncurve-fitting - -
parameter (fracture,matrix)

no, hF.,nr porosity (diffusive,effective, total) -

fracture porosity (diffusive, - -
n v t' n Et' n T ! effective,total)

no., n E.' n T. matrix porosity (diffusive, - -
effective,total)

Pe, Ps pressure(liquid, gas) M L-1t-2 Pa

Pcap capillary pressure M L-I t-2 Pa

Pe Peclet Number - -

q thermalenergy M 1..2t-2 J



Roman Symbols (Contd)

Symbol , ,, Description Dimensions .... Sl Units ,,

thermal energy source power M I.,2 t-3 W/m3
density

, thermalenergyfluxrate M t-3 W/m2

e species flux rate mol L-2 t-1 mol/m2 s

mass flux rate (aqueous, gas M L-2 t-1 kg/m2 s
t, Q 8 phases)

r radialcoordinate (cylindrical radians radians
coordinate systems)

ro inner radius of model domain radians radians
(cylindrical coordinate systems)

Rw, Ra ideal gas constant (water, air) ].,2 t-2T-1 J/kg K

/_ species decay rate t-1 1/s
¢

s'e species source (mass basis) mol L-3 t-1 mott s

._ species source (concentration mol L-3 t-1 tool/m3 s
c.v basis)

st, ss saturation (aqueous, gas) - -

s t_, s tr, s t, aqueous saturation (bulk, fracture, -
matrix)

* effective aqueous saturation - -
S l

SZr residual aqueous saturation - -

z tr I' s tr,, residual aqueous saturation - -
(fracture. matrix)

Ssr entrapped air saturation - -

Ss coefficient of specific storage L-1 1/m

t time t s

T temperature T °C or K
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Roman Symbols (Contd)

Symbol Description Dimensions SI Units

Us solid-phaseinternalenergy I.,2t-2 J/kg

u _', u a gas-phaseinternal energy(water, I..2t-2 J/kg8 air)

u _..,u a/ aqueous-phaseinternal energy 13. t-z J_cg
(water,air)

u east-westDarcy velocity L t-1 m

V volume I.,3 m3

Ve, V8 phase velocity (aqueous,gas) L t-1 m/s

v south-north Darcy velocity L t-1 m/s

w bottom-topDarcyvelocity L t-1 m/s

x west-eastcoordinate (Cartesian L m
coordinate systems)

w a gas-phase mass fraction (water, - -
x8 'x8 air)

x _.,x a/ aqueous-phase mass fraction - -
(water,air)

y south-north coordinate (Cartesian L m
coordinate systems)

z bottom-top coordinate (Cartesian L m
andcylindricalcoordinate
systems)

^ elevationalgradient L L-1 m/mz

z* datum elevation L m
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Greek Symbols

,Symbol Description Dimensions SI Units

a moisture-retention curve-fitting L-1 1/m
parameter

at', am moisture-retention curve-fitting L-1 lhn
parameter (fracture, matrix)

moisture-retention curve-fitting - -
parameter

r/o total water content I.,3L-3 m3/m3

0 volumetric moisture content I.,3I.,-3 m3/m3

Or residual moisture content I.,3L-3 m3/m3

Os saturated moisture content I.,3L-3 m3/m3

0 angular coordinate (cylindrical radians radians
coordinate systems)

W

as , ta_ gas-phase component viscosity M L-1 t-2 Pa s(water,air)

tat, tag viscosity (aqueous, gas) M L-1 t-2 Pa s

Pe, Ps' ps mass density (aqueous, gas, solid) M L-3 kg/m3

oa,,, air-water surface tension M t-2 N/m

_t, _s tortuosity (aqueous, gas) - -

Z_, Z_ mole fraction of air (aqueous, gas) - -

tension head (negative pressure L rn
head)

_* minimum drainage capillary L m
pressure head
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Subscripts

., Symbol ,Description

cap capillary

D diffusive

e equivalent

E effective

f fracture

g gas phase

l aqueousphase

r residual

s solidphase;saturationstate

T total
..

Superscripts, Overscripts

Symbol , Description

- tensor

* referencevalue;effective

Mathematical Symbols

,, Symbol Description

V divergenceoperator

0 partialdifferentialoperator

( ) functionoperator

I I absolutevalueoperator

In(x) natural logarithmof variablex

xiv
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1.0 Introduction

The Multiphase Subsurface Transport Simulator (MSTS) is a numerical model and computer

code capable of solving fully coupled equations for conservation of water and air mass,

conservation of energy, and conservation of dilute species mass in variably saturated geologic

media. MSTS employs an integrated finite-difference numerical scheme in conjunction with a

Ncwton-Raphson iteration scheme to solve 6.¢ coupled eqvations for water conservation, air

conservation, and energy conservation. The species solute mass conservation equation is solved

sequentially to the coupled governing equations with a direct integrated finite-difference scheme.

One-, two-, or three-dimensional domains may be simulated in a time-transient fashion.

The MSTS Graphical Input is an extremely useful pre-processor for preparing the input files

ttlat direct MSTS simulations. The interface uses a "point-and-click" approach to speed entry of

geometry specification, numerical solution control, boundary and initial conditions, output

directions, and geologic property values. The MSTS Graphical Input also provides elementary

error checking and determines the minimum size of MSTS FORTRAN parameters required for an

MSTS input file. A distinct advantage of using the MSTS Graphical Input is that this pm-

processor observes all of the inout file format requirements, removing the burden from the code

user of learning the input file structure and constantly adhering to it.

MSTS and the MSTS Graphical Input were developed by Pacific Northwest Laboratory(,) at

the request of the Yucca Mountain Project Office of the U.S. Department of Energy to produce

numerical predictions of subsurface flow and transport phenomena at the potential high-level

nuclear waste repository site at Yucca Mountain, Nevada.

This document is designed to introduce the user to the MSTS code, demonstrate its use, and

provide a comprehensive reference of input commands used to build an MSTS input f'flc. New

users can follow the "Quick Tour" (Section 5.0) to see, step by step, how to build an input file and

run a small, one-dimensional simulation. Finally, input fries and results are provided for a variety

of example problems to demonstrate the range of MSTS applications. Several of these example

problems double as test problems, with the results compared either to analytic solutions or to other

computer models. The design architecture and specific computational algorithms that compo_

MSTS are delineated in a companion document, the MSTS Theory Manual (White and Nichols

1992).

(a) PacificNorthwestLaboratoryis operatedfor the U.S.Deparunentof EnergybyBattelleMemorialInstitute.
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2.0 MSTS Capabilities Overview

The Multiphase Subsurface Transport Simulator can solve a wide variety of single- or multiple-

phase problems for unsaturatedor saturatedgeologic media. The four basic governing equations it

solves are conservation of watermass, conservation of air mass, conservation of thermal energy, and

conservation of a dilute species mass. In this overview, the main features of the MSTS code are

introduced and the fundamental governing equations are presented. Additional details on the

mathematical basis and theory of the MSTS code are available in the MSTS Theory Manual (White

and Nichols 1992).

2.1 Main Features of MSTS

By the appropriate use of the features of the MSTS computer code, a wide range of porous

media problems can be solved. This section provides a brief overview of the majorfeatures of

MSTS. More detailed information on the use of these features is discussed in subsequent sections

of this document.

2.1.1 Spatial Dimensionality and Coordinate Systems

MSTS is designed to solve one-, two-, or three-dimensional problems. A problem can be

defined and solved using either Cartesian or cylindrical coordinates. In a Cartesian coordinate

problem, the horizontal plane is represented by x-y coordinates, but for cylindrical problems the

horizontal plane is represented by r-Ocoordinates. The vertical coordinate, coincident with the

gravity vector, is represented by z in both coordinate systems.

2.1.2 Time and Space Dependence

Ali MSTS solutions are time-dependent (transient); steady-state solutions are obtained with

MSTS either directly or with false transients. The values of certain parameters (e.g., sources of

fluid or gas mass, thermal energy, or species mass) can be varied in time. Time-varying inputs are

specified in tabular format. Time variance in parameters such as boundary conditions that are

constant in time can be accommodated through use of the restart feature in MSTS.

All physical properties of a porous medium can be spatially varied by rock or soil type to

model heterogeneity. There are no limits, within computer memory constraints, to the number of

rock or soil types that can be def'med. Certain physical properties, such as thermal or hydraulic

conductivity, can be anisotropic.

2.1



2.1.3 Equation Coupling

Thmcof the four governingequations solved by MSTS-watercon_rvation, gas conservation,

and thermalenergyconscrvatio_am solved in a fully coupledmanner. Thefourthequation,dilute

species massconservation, is Solvedsequentiallyto the othergoverningequations. Depending on

thenatureoftheproblem,anyorallofthefourgoverningequationsmay beactivatedfora

particularsimulation.Hence,problemsthatareconcernedonlywithisothermalfluidflowwould

r_luireactivatingonlythewaterconservationequation.Problemsinvolvingcontaminanttransport

inanisothermal,fullysaturatedenvironmentwouldre,quiresolutionofonlythewatermass

conservationandspeciesmassconservationequations.

2.1.4 Boundary Conditions

BoundaryconditionsthatcanbespecifiedusingMSTS includeDirichlet,Neumann,

saturated,andunit-gradientconditionsasapplicabletoeachphysicalprocess.Boundariescanbc

dcfmcdoveran entiresurface,over somesmallerportionof a surface,or at the interfaceberwecn

computational nodes and internal "inactive"(noncomputational) nodes. Boundariesanl separately

defined for aqueous-phase mass, gas-phase mass, vapormass, thermal energy,and species mass.
,.

2.1.5 Solution Methods for Governing Equations

Governingequations arcsolved by discrctizingthe governingequations over the spatial grid

for a discrete time step and solving the resulting system of nonlinearalgebraic equations.

Nonlinearities in the discretizcdgoverningequations arcresolved with Ncwton-Raphsoniteration.

Eithera banded matrixor conjugate gradientsolution schememay be used. V/hem iteration is

required to obtain a solution, the Newton-Raphson technique is employed.

2.1.6 Operational Control

Operationalcontrol is exercisedby means of commands included in the input file that specify

the length of simulation, time-step control, solution techniques,which of the governingequations to

solve, convergencecriteria for each governingequation, wallclockand CPU time limits for the

simulation execution, m_dotheraspects of simulationcontrol. A mst,artcapability is incorporated

into MSTS to add additional flexibility.

2.1.7 Output Control

Output is controlledthroughuse of commands included in the input file that permit a user to

specify which field variables arcrecordedat which simulationsteps and forwhich gridnodes.

OutputisseparatelycontroUcdforthegeneraloutputfile,theplotfile(whichmay beusedwitha
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variety of third-partygraphicalpost-processors),andreferencenode outputthat is producedduring
simulationexecution.

2.1.8 Variable Saturation

ThenumericalsolutionschemeemployedinMSTS allowsthesolutionoffluidflowinboth

thevadose(unsaturated)zoneandthefullysaturateddomain.Inthevadosczone,solutionofthe

waterconservationequationaloneassumesthatliquidwaterandgas(air)exist,butonlyliquid-

phasemovementismodeled.Ifboththewaterandgasconservationequationsarcactivated,then

bothwaterandgasmotionismodeled.

2.1.9Porosity

TheMSTS codeisbasedonathree-porosityconceptualmodelofporousmedia.These

porositiesaretermedeffective,total,anddiffusive.Effective,orkinematic,porosity(n_istheratio

ofthevolumeofvoidspaceinarepresentativeelementaryvolume(REV)throughwhichwater

effectivelyadvectstothetotalvolumeoftheREV. Totalporosity(hT)istheratioofthevolumeof

voidspaceofaREV tothetotalvolumeoftheREV. Diffusiveporosity(hz))istheratioofthe

volumeofconnectedporespacetothetotalvolumeoftheREV. Effective,diffusive,andtotal

porosityarcalwayssubjecttothephysicalconstraint,n___no_ rtr.

2.1.10 Sources and Sinks

Sourcesandsinksofthermalenergy,watermass,gasmass,anddilutespeciesmassmay be

includedinanMSTS simulation.Thestrengthofasourceorsinkeithermay bcconstantover

prescribedtimeperiodsormay varyintimefollowingatabularspecification.A sourceorsinkis

defined in relation to a node or range of nodes, giving spatialvariabilityas requir_

2.1.11 Graphical Input

A closely knit application that enhances the use of MSTS is the MSTS Graphical Input, a

graphical user interface that makes preparationand modification of consistent, format-error-fre_

input tiles radicallyeasier than for previous hydrogcologiccodes. The Graphical Input application
was available for the Macintosh at the time this document was written, but versions for other

computing environments may bc available; check the "read.me" file on any distributiondiskettes for
more recent information.
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2.1.12 Units

MSTS performs all internal calculations using Systeme International (SD units; ali data and

parameters are handled strictly in SI units. However, to allow for easy data entry, MSTS will read a

wide variety of units from input f'dcs, including SI-derived units and English Engin_ring units, lt

accomplishes this by converting ali input to SI units as it is imported. Hence, most information can

be entered in the units in which it was originally recorded, while the advantages of working with SI

units are retained.

2.2 Application Scope

The four fundamentalequations for conservation of component mass, energy, and species

mass that compose MSTS essentially define the simulator's application scope. A fundamental

restriction with respect to MSTS's application scope is that ali applications are strictly limited to

subsurface porous media environments. This restriction holds because of the application of

Darcy's law to compute phase volumetric fluxes. Furthermore, driving forces for fluid flow are

limited to pressure gradients and gravitational body forces. MSTS is classified as a two-

component, two-phase simulator. This classification indicates that the simulator is capable of

computing flow and transportprocesses for subsurface systems that contain no more than two

components and two phases. Moreover, components are confined to water and air, and phases are

confined to aqueous and gas. Subsurface systems contaminated with significant concentrations of

an organic compound fall outside of MSTS's application scope. Low solubilities are assumed in

expressing the quantity of air dissolved in the aqueous phase. Within the gas phase, component

mass fractions are completely variable. Liquid saturationsand relative permeabilities are computed

neglecting hysteretic and air entrapmenteffects. The flow model for highly fractured systems

assumes that the porous medium and the fracturesare continuously in thermal and hydraulic

equilibrium. Although dL,_:=etefracturescan be modeled with MSTS, the simulator is inappropriate

for modeling transient fr_mre-h'_ aix interactions with the dual-porosity model.

The energy conservation equation expands the application scope by allowing thermal gradients

to influence the flow fields. The energy equation formulation allows for both sensible and latent

heat transfer. Sensible heat transfer occurs by thermal diffusion through the solid and aqueous

phases and by advection through the aqueous phase. Diffusive heat transferthrough the gas phase

is neglected. Latent heat transferby evaporation and condensation processes is considered for the

water component. Because interphase mass transfercomputations depend on the assumption of

thermodynamic equilibrium, MSTS is not applicable for systems requiring disequilibrium or kinetic
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modeling of the thermodynamic processes. Sensible and latent heat transfer associated with

diffusing or dispersing components is neglected. Therefore, enhanced heat transfer by vapor

migration underthermal gradient conditions must bc included empirically into the effective thermal

conductivity coefficient.

Species transportprocesses arc solved by assuming loose coupling between multiphase fluid

flow and species transport processes. Be,cause of the strong dependence of phase pressures and

temperature on the secondary variables that compost the fundamental equations for mass and

energy conservation, these fluid flow and heat transport fundamental equations arc solved

simultaneously (coupled). The principal assumption associated with the species transport

processes is that the species arc numerically considered passive scalars. Physically, this

assumption implies that the secondary variables of the mass and energy conservation equations are

inticpcndcnt of species concentrations. A passive scalar species limits the applicability of the

engineering simulator to dilute species concentrations. Species concentrations may bc considered

dilute whenever the physical, thermal, or transportproperties of the transport fluid remain unaltered.

The dilute concentration assumption and decoupled solution approach also allow consideration of

multiple species and transport mode!ing of radioactive decay products. No accounting is made of

chemical reaction and/or radioactive decay products.

2.3 Governing Equations

MSTS employs four partial differential equations as the governing equations to

mathematically describe the transport of water, air,thermal energy, and a dilute species in the

subsurface environment. Each partial differential equation represents an expression of conservation

for either component mass, thermal energy, or the species mass. The conservation equations

balance the time rate of change in the conserved quantity within a control volume against the surface

fluxes of the conserved quantity entering or leaving the control volume. The conserved quantities

are water mass, air mass, thermal energy, and spe_cs mass. Transport of the four conserved

quantities through a porous medium is modeled within two distinct phases: aqueous and gas. The

aqueous phase is composed primarily of water, with relatively small amounts of dissolved air,

whereas the gas phase is composed of various compositions of air and water vapor.

2.3.1 Water Mass Conservation Equation

The conservation equation for water mass, expressed in partial differential equation form, is

shown in Equation (2.1). The term on the left-hand side of Equation (2.1) represents the time rate

of change of water mass within the control volume. Water occurs within the soil pores as liquid in
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the aqueous phase and as vapor in the gas phase. Unconnected pore spaces are considered to be

filled with liquid water but isolated from the continuous pore spaces, and therefore do not contribute

to the water mass accumulation term. Intcrphasc mass transfer of water between the aqueous and

gas phases is computed by assuming thermodynamic equilibrium conditions. This equilibrium

assumption implies that time scales for thermodynamic processes arc significantly shorterthan for

those associated with transport. The two gradient terms on the right-hand side of Equation (2.1)

represent the net mass flux of water mass into the control volume through the aqueous and gas

phases, respectively. Water mass flux occurs by advection in both phases and by diffusion through

the gas phase. Advcctivc transportis governed by Darcy's law for flow through porous media,

where phase pressure gradients and gravitational forces drive the flow fields. For unsaturated

porous media, advective transport depends on saturation-dependent relative permeabilities for each

phase. Component diffusion rates through the aqueous phase arc neglected as a transport

mechanism. Diffusion through the gas phase is governed by the classical mass diffusion equation,

modified by the porous media tortuosity. The driving forces behind diffusive transport are

component concentration or mass fraction gradients in the gas phase. The last term on the right-

hand side of Equation (2.1) represents the water mass source rate within the control volume.

os = ut

[" (:1 ]us

2.3.2 Air Mass Conservation Equation

The conservation equation for air mass, expressed in partial differential equation form, is

shown in Equation (2.2). The term on the left-hand side of Equation (2.2) represents the time rate

of change of air mass in the control volume. Air occurs within the soil pores as dissolved air in the

aqueous phase and as gaseous air the gas phase. Occluded air within the aqueous phase is

neglected, by assuming that air entrapped by imbibing water would eventually dissolve into the

aqueous phase. Unconnected pore spaces are considered to be filled with liquid water, but isolated
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fromdie continuousporespace.%and thereforedonotcontributeto the airmass accumulationterm.

Interphasemass transferof airbetweenthe aqueousandgas phasesis computedby assuming

thermodynamicequilibriumconditions. This equilibriumassumptionimpliesthatdme scalesfor

thermodynamicprocesses aresignificantlyshorterthanforthose associatedwith transport.The

two gradientterms on theright-handside of Equation(2.2) representthe massflux of airmassinto

thecontrol volume throughthe aqueousand gasphases,respectively. Airmass flux occursby

advectionin bothphasesandbydiffusionthroughthe gasphase. Advectivetransportis governed

by Darcy'slaw for flow throughpc"rousmedia,wherephasepressuregradientsand gravitational

forcesdrivethe flow fields. Forunsaturatedporousmedia,advectivctransportdependson

saturation-dependentrelativepermeabi!itiesfor eachphase. Componentdiffusionratesthroughthe

aqueousphase areneglectedas a .t,.-'isFortmechardsm. Diffusion throughthe gas phaseis

governed bytheclassical massdiffusionequation,modifiedby _e porous mediatortuosity.The

drivingforcesbehinddiffusivetransportarecomponentconcentrationor mass fractiongradientsin

the gas phase. The lastteI_ on _h¢right-handside of Equation(2.2) representstheairmass source
ratevdthin thecontrolvolume.

2.3.3 Thermal Energy Conservation Equation

The conservationequationfor thermalenergy, expressed in partialdifferentialform, ";sshown

in Equation(2.3), wherephasevelocities aredefined byEquations(2.4) and (2.5) for theaqueous

andgas phases,respectively. The termon the left-handside of Equation(2.3) representsthe time

rateof changeof heat contentin thecontrolvolume. Thetotalheatcontainedin the controlvolume

dependsdirectlyon temperature,liquid saturations,phasecompositions, and soil physical

properties. For thethermalenergyconservationequation,a modified aqueous-phasesaturation

appliesthataccountsfor the thermalcapacitanceof unconnectedpore spaces,which areassumed to
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be fined withliquid water. Internalenergies anddensities of the aqueousphasearethose for pure

liquidwater. Thisassumptionfollows directlyfromthe principalassumptionof relativelylow

solubilitiesof airin the aqueousphase. Disparately,the internal energyof the gas phaseis strongly

dependenton phasecomposition. Thefirst termon the fight-handside of Equation(2.3) represents)

heat transferinto thecontrolvolumebyadvection. Analogousto the evaluationof internalenergies,

theenthalpyof the aqueousphaseis that for pureliquidwater,whereasthe gas-phaseenthalpyis

stronglydependenton phasecomposition. The secondtermon the right-handside of Equation

(2.3) representsheat transferbyconductionandmechanicaldispersion. The equivalent

conductivitytensorrepresentsthe combinationof solid-and liquid-phaseconductividesalong with

themechanicaldispersioncoefficient. Typically,the mechanicaldispersiontensor is neglectedby

assigningzeroto the longitudinalandtransversedispersivities.Thermalconductivitythroughthe

gas phaseis neglected. The last threetermson the right-handside of Equation(2.3) represent

internalheat generationquantitiesfromthermalenergysourcesandsinkswithin the controlvolume,

and thechange in internalenergyassociatedwithwaterand airmass sourcesandsinkswithinthe

controlvolume, respectively. The internalheatgenerationfrommass sourcesrepresentthe enthalpy
associatedwith amass source.

0
0"7[ (1-nj.) p, us, r/Dp,,,ut, nDssPsus ] = (2.3)

where

k krt (V p,+ ;) (2.4)Vt = A ----- Ptg
IJt
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2.3.4 Species Mass Conservation Equation

Theconservationequationforspecies mass,expressedin partialdifferentialequationform, is

shownin Equation(2.6). The termon the left-handside of Equation(2.6) representsthe timerate

of changeof totalspecies mass withina controlvolume. Interphasespecies mass transferbetween

solid andfluidphasesis computed by assumingthat thermodynamicandgeochemicalequilibrium

conditionsapply. This assumptionof equilibriumconditionsrequiresthat timescales for

thermodynamicandgeochemical phenomenabe smallwhen comparedwith those fortransport

phenomena. Fortransportthroughgeologic media, these assumptionsaregenerallyappropriate.

The firsttermonthe right-handside of Equation(2.6)representsthe migrationof species mass into

thecontrolvolume by advectionthroughthe aqueousand gas phases. Advective transportis

dependenton thespecies concentrationandDarcyvelocity withineach phase. The secondtermon

the right-handside of Equation(2.6) representsthe hydrodynamicdispersionof species in the

aqueousphase. The thirdtermon theright-handside of Equation(2.6_representsthe diffusionof
species mass intothe controlvolume in the aqueousandgasphases. Typically,diffusion

coefficients for the gasphase will be severalordersof magnitudegreaterthan those for the aqueous

phase. Species diffusionfluxes arephasespecific anddependon the gradientsi, ._peciesphase

concentrations,phasepore areas,and phasetortuosities.The fourthtermon theright-handside of

Equation(2.6) representsthe generationof species within thecontrolvolume. The lasttermon the

right-handside of Equation(2.6) representstheradioactivedecay or consumptionrateof species
mass.

-g-: -v[c,v,+c,v,l+v ,,.,,5,rc,

2.4 Solution Options

One of the designgoals for MSTSwas to createan efficient numericalsimulatorfor

predictingflow and transportphenomenain the subsurfaceenvironment.Becauseof the diversity

of subsurfaceflow problems,a single-solutionoptionwould result in a numerical simulatorthat

was computationaUyinefficientfora majorityof problems. Forexample, if the simulationproblem

involvedgeneratingpredictionsof radionuclidetransportby groundwaterunderisothermal
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conditions, then it would be superfluous to include gas-phase transport and heat transfer in the

solution scheme. The preferred solution scheme in terms of computational efficiency would be to

sequentially solve the water mass conservation and species mass conservation equations. However,

if the simulation problem involves nonisothermal aspects and if species transport through the gas

phase is significant, then the solution scheme would require the coupled solution of both

component mass conservation equations and the energy equation, along with the sequential solution

of the species transport equation. To avoid simulating the negligible aspects of a particular

subsurface flow and transport problem, several solution options are available with MSTS. This

approach yields a simulator that depends on the problem characteristics.

Solution modes or options are characterized by the specific solved conservation equations.

The conservation equations are divided into coupled and auxiliary conservation equations according

to their interdependencics. The governing conservation equations for water mass, air mass, and

energy are considered coupled equations because they are solved simultaneously. The species
mass conservation equation is considered an auxiliary equation because it is solved sequentially to

the coupled conservation equations. The lowest-order solution modes are those that involve the

solution of a single coupled conservation equation (e.g., water mass conservation, air mass

conservation, or energy conservation). These lower-order solution modes generally require more

assumptions about the subsurface system to be applicable. The next-higher-order solution modes

are those that involve the coupled solution of a pair of conservation equations. These solution

modes typically eliminate one of the primary assumptions associated win a single-equation

solution mode. The highest-order solution mode requires the coupled solution of both component

mass conservation equations and the energy conservation equation. The computational effort

increases roughly with the square of the coupled equations solved (i.e., three coupled equations

require eight times the computational effort required for a single equation). Ali solution modes can

include the solution of the auxiliary species conservation equation.

Solution modes are chosen by the user according to the coupled conservation equations

selected for solution. Considerable computational savings may be achieved through the proper

choice of a solution mode for a particular application. Choosing lower-order solution modes (i.e.,

those with fewer equations) generally requires that some assumptions be made about the problem.

Some assumptions are obvious (e.g., eliminating the air mass conservation equation for isothermal

ground-water flow problems, or eliminating the energy conservation equation for isothermal

problems). Other assumptions require previous modeling experience, experimental evidence, or

field observations to support the elimination of a specific equation. For example, what thermal

gradients constitute the inclusion of vapor transport through the gas phase to accurately predict heat
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transfer rates? Answering this type of question requires specific property information about the

porous media and anticipated thermal gradients.

The following sections (2.4.1 through 2.4.7) describe the seven solution modes available in

MSTS. Each section is labeled with a solution mode title, followed by brief general description of

the solution mode and the type of problems to which it applies. Each section also contains primary,

secondary, and velocity variable lists. Primary variables refer to the principal unknowns for the

solution mode. The number of primary variables and the number of solved equations always

coincide. Fixed primary variables refer to primary variables that must be specified according to the

problem assumptions. Fixed primary variables are specified, not computed. For example, the gas-

phase pressure for a ground-water flow problem solved in the Water mode might be fixed to

atmospheric conditions, or 101,325.0 Pa. Secondary variables arephysical properties, transport

properties, and saturations that arc computed from the unknown and fixed primary variables. Fixed

secondary variables are physical properties, transport properties, and saturations, required for the

solved equations, that are independent of the unknown primary variables. For example, liquid

viscosities generally are considered independent of liquid pressures. Velocities refer to flow

velocities or diffusion mass fluxes computed by the engineering simulator from the solution of the

unknown pressure field. Fixed velocities a_mthose velocities or diffusion mass fluxes computed for

inactive phases flora fixed pressure fields, soil characteristics, and transport properties.
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2.4.1 Water

I2_ff,dlRi.o.II:The Watermode solves saturatedandunsaturatedground-waterflow problems
without aparticipatinggasphase. Soil characteristicsare computedfor a two-phaseair-water
system using nonhysteretic relations. Physical propertiesmay be specified invariantor
dependenton aqueous pressure. Species mms.portin the aqueous phasemay be modeled by
additionanysolving the speciesmassconservauon equation.

ADolication:Appropriateapplicationsfor the Water mode include saturatedandunsaturated
_o-und-waterflow problemswith negligible thermal andgas pressuregradi.'ents.

Specification: Solution Schemes card
Governing Equations

Thermal Energy ConservationEquation: off
Water ConservationEquation: on
Air ConservationEquation: off
Species ConservationEquation: off / on

Options
Binary Diffusion: off
Fixed Properties: off / on
Liquid Phase: on
Gas Phase: off
Vapor Pressure Lowering: off

Primary Variables: aqueous pressure

Fixed PrimaryVariables: gas pressure, temperature

$_ondary Variables: aqueous-phasedensity, aqueous-phasesaturation, aqueous-phase
relativepermeability,porosity, aqueous-phasetortuosity

Fixed SecondaryVariables: aqueous-phaseviscosity

Fluxes: aqueous-phasevelocity
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2.4.2 Air

_: The Air mode solves unsaturatedsubsurfacegasflow problemswithstatic
saturationfields. Liquidsaturationsaretemporallyinvariant,and areeitherspecifiedor
computedfrominitial fields of aqueouspressureandgaspressure. Fixedphysicalproperties
ere temporallyinvariant,computedfromthe initialfields of aqueouspressure,gas pressure,
andtemperature.Vapordiffusivetransportand convectivemasstransportmay becomputed
throughthe gas phasefor spatiallyvariant temperaturefields. Conservationof watermass and
energyis notensuredfor vapor transportproblems. Gas-phasedensity, gas-phasemass
fractions,and vapordiffusivitiesmay be specifiedinvariantor dependenton gas pressure.
Species transportin the gas phasecan bemodeledby additionallysolving the species mass
conservationequation.

Application:Appropriateapplicationsforthe Air mode includeunsaturatedsubsurfacegas
flow problemswith invariantliquid saturationand temperaturefields. Density-drivengas
flows resulting from steadythermalgradientswould be an appropriateproblemfor this mode.
For these types of applications,the influence of bothtemperatureand vapormass fractionson
gas-phasepropertiescouldbe investigated.An inappropriateapplication,however,would
result if eithertheliqt_idsaturationor the thermalfields were significantlyalteredby the
transportof vaporor heatthroughthegas phase.

Specificatiorl:Solution Schemescard
GoverningEquations

ThermalEnergyConservationEquation:off
WaterConservationEquation:off
AirConservationEquation:on
Species ConservationEquation:off / on

Options
BinaryDiffusion: off / on
Fixed Properties: off / on
Liquid Phase: off
Gas Phase: on
VaporPressureLowering: off / on

PrimaryVariables: gas pressure

Fixed primaryVariables: aqueous pressure, temperature

SecondaryVariables:water-vaporpartialpressure, airpartialpressure,water-vapordensity, air
density, gas-phase density, water-vapormass/molefraction, airmass/mole fraction,gas-phase
viscosity,water-vapordiffusivity

Fixed SecondaryVariables:aqueous-phase saturation

Fluxes: gas-phase velocity, water-vapordiffusion mass flux
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2.4.3 Water.Air

]_: The Water-Air mode solves saturatedand unsaturated ground-water flow
problems with a participatinggas phase. Soil characteristics are computed for a two-phase air-
water system using nonhysterctic relations. Physical properties are temporally invariant,
computed from the initial fields of aqueous pressure, gas pressure, and temperature. Water-
vapor transportthrough the gas phase is computed for spatially variant temperature fields.
Phase densities, mass fractions, and vapor diffusivities may be specified invariant or dependent
on pressure. Species transportin the aqueous and gas phases can be modeled by additionally
solving the species mass conservation equation.

Application: Appropriateapplications for the Water-Air mode include saturatc_and
unsaturated ground-water flow problems with steady or negligible thermal gradients. This
mode differs from the Water mode because it is applicable to problems involving gas pressure
gradients. For steady thermal conditions, this mode is appropriate for predicting the transport
of water vapor by diffusion and advection throughthe gas phase. The mode becomes
inappropriate when the liquid and mass transport influences the thermal field. Because heat
transfer associated with vaporization and condensation may be significant, thermal effects
should be considered carefully before applying this mode to a simulation problem.

Specification: Solution Schemes card
Governing Equations

Thermal Energy Conservation Equation: off
Water Conservation Equation: on
Air Conservation Equation: on
Species Conservation Equation: off / on

Options
Binary Diffusion: off / on
Fixed Properties: off / on
Liquid Phase: on
Gas Phase: on
Vapor Pressure Lowering: off / on

lh'imarv Variables: aqueous pressure, gas pressure

Fixed Pdm_ry_Variables: temperature

Second_¢ Variables: water-vapor partial pressure, air partial pressure, water-vapor density, air
density, gas-phase density, aqueous-phase density, air mass/mole fraction, water-vapor
mass/mole fraction, aqueous-phase air mass/mole fraction, gas-phase viscosity, aqueous-phase
saturation, gas-phase saturation, aqueous-phase relative permeability, gas-phase relative
permeability, porosity, aqueous-phase tortuosity, gas-phase tortuosity, water-vapor diffusivity

Fixed Secondary_Variables: aqueous-phase viscosity

Fluxes: aqueous-phase velocity, gas-phase velocity, water-vapor diffusion mass flux
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2.4.4 Energy

Description:The Energymode solves heat transferproblems for saturated and unsaturated
subsurface flow problems. Constant aqueous- and gas-phase flow fields may be prescribed.
Diffusive heat transferoccurs through the solid and liquidphases. Advective hc_t transfer
occurs through the fluid phases. No heat transfer occurs by vapor diffusion through the gas
phase. System pressures,phase saturations,and relativepermeabilitiesare invariant. Mass
continuity is not ensured for specified flow fields. Physical properties may be specified as
invariant or temperature aependent.

Application: Appropriate applicationsfor the Energy mode include subsurface heat transfer
through saturated and unsaturated porous media. Fixed saturation and fluid flow fields are the
principal assumptions associated with this mode. Saturationlevels and Darcy flow velocities
may be specified for the aqueous and gas phases through the initialpressure fields and soil
characteristics. An appropriateapplicationfor this mode could involve heat transfer through
completely dry or completely saturated porous media, or heat transfer through partially
saturated porous media with relatively high liquid mass flux rates. Without adjusting the
porous media thermal conductance for heat transfer enhancement by vapor diffusion, this
mode would be inappropriatefor predictingheat transfer for partially saturated media with low
liquid mass flux rates. "l'hemode would also be inappropriate for conditions where the
thermal field affected the saturation fields (e.g., heat-pipe flow phenomena).

Specification: Solution Schemescard
Governing Equations

Thermal Energy ConservationEquation: on
Water ConservationEquation: off
Air Conservation Equation: off
Species ConservationEquation: off

Options
Binary Diffusion: off
Fixed Properties: off / on
Liquid Phase: off / on
Gas Phase: off/on
Vapor Pressure Lowering: off

Primary_Variables:temperature

Fix_ PrimaryYlu'iables:aqueous pressure, gas pressure

Secondary_Variables: water-vaporpartialpressure, airpartial pressure, water-vapor density,air
density, gas-phase density, aqueous-phasedensity, water-vapor mass/mole fraction,air
mass/mole fraction, aqueous-phaseair mass fraction, water-vaporenthalpy, air enthalpy, gas-
phase enthalpy, aqueous-phaseenthalpy, water-vaporinternalenergy, air internal energy, gas-
phase internal energy, aqueous-phase internal energy, aqueous-phase thermal conductivity,
solid-phasethermal conductivity,equivalentthermalconductivity

Hxefl SecondaryVariables: aqueous-phase saturation

Huxes: thermal flux
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2.4.5 Water-Energy

_f,_: The Water-Energymode solves aqueousflow and heattransferproblemsfor
saturatedand unsaturatedsubsurfaceflow systems. Aqueous-phaseflow fields axecomputed
assuminga nonparticipatinggasphase. Soil characteristicsarecomputedfor an air-water
system using nonhysteretierelations.Diffusive heattransferoccursthroughthe solid and
aqueousphases. Advectiveheat transferoccursthroughthe aqueousphase. No heattransfer
occursby vapordiffusionthroughthe gas phase. Physicalpropertiesmay be specified
invariantor dependenton aqueouspressureand temperature.Species transportin the aqueous
phasemay be modeled byadditionallysolving the species mass conservationequation.

AnDlieation:Appropriateapplicationsfor the Water-Energymode include ground-waterflow
andheat transferthroughsaturatedandunsaturatedporous media. Typicalapplicationswould
involve concurrentsolutionsof the aqueouspressureand temperaturefields. Transportof heat
and watervapor throughthe gas phase is assumed negligiblewith thismode. An appropriate
applicationfor this mode could be the solutionof a density-drivenaqueousflow through
porous media. Inappropriateproblemsincludethose characterizedwith high latentheat
transferratesthroughthe gas phase.

Specification: SolutionSchemes card
GoverningEquations

Thermal EnergyConservationEquation: on
WaterConservationEquation: on
Air ConservationEquation: off
Species ConservationEquation: off/on

Options
BinaryDiffusion: off
Fixed Properties: off / on
Liquid Phase: on
Gas Phase: off/on
Vapor PressureLowering: off

primary Variables:aqueous pressure, temperature

Figed Primary_Varigbles:gas pressure

Se¢on_ Variables: aqueous-phasedensity, aqueous-phaseviscosity, aqueous-phase
enthalpy, aqueous-phase internalenergy,aqueous-phase thermalconductivity, solid-phase
thermalconductivity,equivalent thermalconductivity,aqueous-phasesaturation,trappedgas
saturation,aqueous-phaserelativepermeability,porosity,aqueous-phasetortuosity

Fluxes: aqueous-phasevelocity, thermal flux
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2.4.6 Air.Energy

D.f,ff,[ip.IiP_: The Air-Energy mode solves unsaturatedsubsurface gas flow and heat transfer
problems with static saturauon fields. Liquid saturations are temporally invariant, and are
either specified or computed from initial fields of aqueous pressure and gas pressure.
Diffusive heat transferoccurs throughthe solid and liquid phases. Advective heat transfer
occurs through the gas phase. No heat transfer occurs by vapor diffusion through the gas
phase. Conservation of water mass is not ensured for vapor transportproblems. Physical
properties may be specified invariant or dependent on gas pressure andtemperature. Species
transport in the gas phase may be modeled by additionally solving the species mass
conservation equation.

At_t_lication:Appropriateapplications f_ the Air-Energy mode include gas flow and heat
tr_sfer through unsaturatedporous media. Density-driven gas flows resulting from transient
or steady thermal fields would be an appropriateproblem for this mode. Fixed liquid
saturation fields may be specified for the aqueous phase through the initial aqueous and gas
pressure fields and the soil characteristics. For these types of applications, the influence of
both temperature and vapor mass fractions on gas-phase properties could be investigated. An
inappropriate application, however, would result if the liquid saturationfields were significantly
altered by the transportof vapor or heat through the gas phase.

Specification: Solution Schemes card
Governing Equations

Thermal Energy Conservation Equation: on
Water Conservation Equation: off
Air Conservation Equation: on
Species Conservation Equation: off / on

Options
Binary Diffusion: off / on
Fixed Properties: off / on
Liquid Phase: off
Gas Phase: on
Vapor Pressure Lowering: off / on

Primary Variables: gas pressure, temperature

Fixe41Primary_Vi_'iables: aqueous pressure

Secondary Variables: water-vapor partial pressure, air partialpressure, water-vapor density, air
density, gas-phase density, water-vapor mass/mole fraction, air mass/mole fraction, gas-phase
viscosity, water-vapor enthalpy, air enthalpy, gas-phase enthalpy, aqueous-phase enthalpy,
water-vapor internal energy, air internal energy, gas-phase internal energy, aqueous-phase
internal energy, aqueous-phase thermal conductivity, solid-phase thermal conductivity,
equivalent thermal conductivity, water-vapordiffusivity

Fixed Secondary_Variables: aqueous-phase saturation

]_2_: gas-phase velocity, water-vapordiffusion mass flux, thermal flux
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2.4.7 Water.Air-Energy

_,,_: The Water-Air-Energy mode solves aqueous flow and heat transferproblems for
saturated and unsaturated subsurface flow systems. Aqueous-phase flow fields are computed

• assuming a participating gas phase. Soil characteristics arc computed for an air-water system
using nonhysteretic relations. Diffusive heat transfer occurs through the solid and aqueous
phases. Advective heat transfer occurs through the aqueous and gas phases. Diffusive heat
transfer through the gas phase includes both sensible and latent components for water vapor.
No heat transfer occurs by vapor diffusion through the gas phase. Physical properties may.be
specified invariantor dependent on aqueous pressure, gas pressure, and temperature. Species
transport in the aqueous and gas phases can be modeled by additionally solving the species
mass conservation equation.

Avvlication: Appropriate applications for the Water-Air-Energy mode include aqueous and
g_- flow and heat transferthrough saturated and unsaturated porous media. Because of the
coupled solution of the water, air, and energy equations, this mode is applicable to problems
involving both sensible and latent heat transferthrough the gas phase (e.g., heat-pipe flow).
This mode eliminates the isothermal assumptions associated with the Water-Air mode and the
assumptions of zero latent heat transferassociated with the Water-Energy mode, at a cost of
additional computational effort.

Specification: Solution Schemes card
- Governing Equations

Thermal Energy Conservation Equation: on
Water Conservation Equation: on
Air Conservation Equation: on
Species Conservation Equation: off/on

Options
Binary Diffusion: off / on
Fixed Properties: off / on
Liquid Phase: on
Gas Phase: on
Vapor Pressure Lowering: off / on

Primary_Variables: aqueous pressure (water-vapor mass fraction), gas pressure, temperature

Secondary_V_ables: water-vapor partial pressure, air partialpressure, water-vapor density, air
density, gas-phase density, aqueous-phase density, air mass/mole fraction, water-vapor
mass/mole fraction, aqueous-phase air mass/mole fraction, gas-phase viscosity, aqueous-phase
viscosity, water-vapor enthalpy, air enthalpy, gas-phase enthalpy, aqueous-phase enthalpy,
water-vapor internal energy, air internal energy, gas-ph.ase.internal energy, aqueous-phase
internal energy, aqueous-phase thermal conductivity, solid-phase thermal conductivity,
equivalent thermal conductivity, aqueous-phase saturation, gas-phase saturation,trappedgas
saturation, aqueous-phase relative permeability, gas,phase relative permeability, porosity,
aqueous-phase tortuosity, gas-phase tortuosity, water-vapor diffusivity

Fluxes: aqueous-phase velocity, gas-phase velocity, water-vapor diffusion mass flux, thermal
flux
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3.0 Graphical Input Overview

The MSTS GraphicalInput is an independentapplicationthatprovidesa relativelyeasy way to

prepareMSTS input files. The traditionalway to prepare simulation input/controlflies for

numericalsimulatorsis to use a text editorandtype in the necessary informationfonowing the

formatrequiredby the particularsimulationcode to be used. This is still possible with the MSTS

code, butthe MSTSGraphicalInput providesan alternativepoint-and-clickmethod that simplifies

inputfile preparation.

The MSTSGraphical Inputhas threefunctions:1) to prepareMSTS inputfiles, 2) to perform

a few elementaryconsistencychecks on these files, and3) to compute the minimumsize of certain

MSTScode parametersfor a particularinput file. The input file writtenby MSTSGraphicalInput

is an ASCIItextfile that exactlymeets theinputfile formatrequirementsof the MSTScode. This

formatis given in detail in Section6.0 (InputFile Structure).

The MSTSGraphicalInput includes another featureto enhance its usefulness;online, context-

sensitivehelp is availableat any time the Graphical Inputis in use. To activate thisfeature,press

__ (commandand H keys together)or select Helpfromthe Windowmenu. The help window

thatappearswillcontain informationon the inputcardthatis currentlyopen. Informationon other

subjects is availableby selecting topicsfrom the main Helpmenuor by searchingon keywords.
Close the helpwindow when f'mishedto returnto the inputcardlastactive.

Fora complete introductionto the useof the MSTSGraphicalInput,refer to Section5.0

(MSTSQuick Tour). The QuickTourwill guide you througha small,butcomplete, numerical

simulationof verticalwaterinfiltrationto demonstratetheuseof the MSTSGraphical Inputand the
MSTScomputercode.

3.1



4.0 File Management

MSTS input/output and source code fde management is relatively straightforwardandsimple.

This section is not highly specific about file management because MSTS can be used on such a

variety of platforms (e.g., Macintosh, Cray, Sun, Convex, and HP). Instead, a few general

guidelines common to the use of MSTS on any computing platform arc provided. It is the

responsibilityoftheuserstoadapttheseguidelinestotheirparticularcomputerplatformsand

operatingsystems.

4.1 MSTS Input and Output Files

Ali input and output f'tlesused by the MSTS code are listed in Table 4.1 with a brief

description of the function or contents of each. Ali input and simulation control is accomplished

using the "input" file, whereas output is directed to several of the files named in Table 4.1. This

"input" f'demay be prepared either with a text editor or by using the MSTS Graphical Input. The

Graphical Input is described in Section 3.0, and a detailed reference of the input file format is

provided in Section 6.0. The MSTS code always searches for the file names listed in Table 4.1 in

the default directory during execution.

If an output file already exists in the default directory with the same file name as one MSTS

must use, it will overwrite the existing file. Therefore, to keep copies of output files from previous

simulations, the user must either 1) maintain ali input and output f'desassociated with a single

simulation in a separate directory or 2) rename the input and output files that are to be kept with f'de

names that do not appear in Table 4.1. In the first approach, the user typically would give the

directory a name descriptive of the simulation (e.g., "siml" or "run03"). In the second approach,

the user should give file names that group the simulation together, such as renaming the "output,"

':surface," and "_bug" files to "run01.out," "run01.stf," and "run01.dbg," respectively.

The restart file requires special attention. If a simulation requires a restart file, the file must be

in the default directory and must be named "restart". Be cautious, however, MSTS will read the

existing restart file, perform the simulation, and then overwrite the restart file with the conditions at

the end of the new simulation. Hence, to keep a copy of the original restart file, which is

recommended in case the restarted simulation must be repeated for any reason, the user should

make a copy of the restart f'deprior to using it. If using a separatedirectory for each simulation,

simply copy the restart the to the directory intended for the new simulation. If renaming files by
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Table 4.1. MSTS InputandOutputFile Name Convention

File Name Type(a) Contents

input i parameterinput andsimulationcontrolcommands

output o echo of simulationinput,simulationprogress,andselected
f_eldvariableoutput

restart io valuesof fieldvariablesin model domainat endof simulation

surface o surfaceflux integratoroutput

debug o optionaldebugginginformation

(a) i ffiinputfile (readby MsTs)
o = outputfile (writtenby MSTS)
io - both input andoutput(writtenby MSTSfor lateruse)

simulation,copy the restartfile (ratherthanrenamingit) to some non-MSTSfile name(e.g.,
"nm01.res").

4.2 MSTS Source Code Parameterization

The MS'TSsourcecode,file, "msts.f," is a text file thatcontainsapproximately20,000 lines of

sourcecode andcommentswrittenin FORTRAN77, following the AmericanNationalStandards

Institute (ANSD standards.A usermustusuallymake two generalmodificationsto the source code

beforeexecutingthe code: parameterizationand machine specification(discussedin Section4.3).

Parameterizationinvolves modifyingthe parameterstatementsin the _ourcecode to fit a particular

class of problems. This section pre'sumesthat usersare familiarwith the operatingsystems and

text editorsfor theircomputingenvironments.

To p_xameterizea code, fast determinethesize of each parameter.Table4.2 providesa list of

MST$ parametersand theirfunctionsand computations. The computationsprovidedin Table4.2

give theminimumuizeof eachparameter,these can be larger,but largerparameterswill increasethe

size of the executablefile. It is usually best tocompute thelargestvalue of eachparameterforali

simulationsof a particularproblemyou wish to l-anandparameterizetheMST$ code with those

values. Onceyou havedeterminedthe parametervalues,use a texteditorto openthe MST$ source

code file and_avigate to the firstparameterstatementblock (usuallyw.thin the first50 lines of
sourcecode); it will look like this:
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Table 4.2. MSTS Parameters

Parameter , Description

LFX maximum number of x- or r-nodes

LFY maximum number of y- or O-nodes

LFZ maximum number of z-nodes

LFLD maximum number of nodes (IXLDfLFX*LFY*ISZ)

LROW Minimum valueofLROW dependsonthesolution schemechosen.Forany
method,ISLVS isthenumberofcoupledequationsthatwillbesolvedand
rangesfromIto3 (addIeachforthermalenergy,watermass,andairmass
conservationequations;speciesmassisnotacoupledequationanddoesnot
affectISLVS).

Banded Matrix: Compute IJFLD ffiLFX * LFY
Compute JKFLD = LFY * LFZ
Compute KIFLD = LFX * LFZ
If IJFLD < JKFLD and IJFI.D < KIFLD, then
LROW ffi3 * (ISLVS * IJFLD + ISLVS - 1) + 2
Else if JKH.,D < KIFLD and JKFLD < IJFLD then
LROW = 3 * (ISLVS * JKFLD + ISLVS - 1) + 2
Else if KIFLD _<IJFLD and KIFLD a JKFLD then
LROW -- 3 * (ISLVS * KIFLD + ISLVS - 1) + 2

Conjugate Gradient: ROW = ISLVS * LFLD + 1

LCOUP (LP'LD - NPX) * ISLVS + 1, where NPX is the total number of inactive
nodes

LZN maximum number of rock or soil type declarations

LSN maximum number of source term declarations

LBC maximum numberofboundarynodeconditionsdeclaredforanyone
boundaryconditioncard(maximum numberofnodeswithspecifiedboundary
conditionsinliquidboundary,gasboundary,vaporboundary,thermalenergy
boundary,orspeciesboundaryconditioncards).

LST maximum numberofentriesinallsourcetermtablestogether

LSCT maximum number of rock or soil characteristic declarations

LRPT maximum number of relative-permeability declarations

LSF maximum number of surface flux integrator declarations

LCHR maximum number of characters in any input card (usually set to 1000 for
convenience)
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C -_" 'C

C Parameter Statements.
C ..... C

PARAMETER( LFX-91, LFY-1, LFZ-50, LX=LFX+2, LY-LFY+2, LZ-LFZ+2 )
PARAMETER( LFLD-4550o LROW-458, LCOUP-13651, LZN-7, LSN-11 )

PARAMETER( LBC-728, LST-634, LSCT-I, LRPT-12, LSF=25, LCHR-IO00 )
PARAMETER( LSX-((LFX+I)*LFY*LFZ), LSY-[LFX* (LFY+I)*LFZ) )
PARAMETER( LSZ-(LFX*LF¥* (LFZ+I)) )

Only thefirst three statementsarceverchanged;the lasttwo (LSX,LSY andLSZ) neverrequire

modification. These parameterstatementsappearin exactlythis formin dozens of places in the

sourcecode; theeasiestway to changethemis to preparea blockof text thatreplaces the first three

lines .hd use the search-and-replacefeaturecommonto most texteditors. Forexample, ff we wish

to changethe parameterstatementsshownaboveso thatLFY is increasedto 5 and the numberof

rockor soil types (parameterLZN) is increasedto 9, then we beginby makinga copy of the three

lines of parameterstatementsand makingthe desiredchangesto the copy:

PARAMETER( LFX'91, LFY'5, LFZ'50, LX'LFX+2, LY'LFY+2, LZ"LFZ+2 )
PARAMETER( LFLD"4550, LROW=458, LCOUP"I3651, LZN'9, LSN=II )
PARAMETER( LBC-728, LST-634, LSCT-I, LRPT-12, LSF-25, LCHR=I000 )

Next,orderthetexteditortosearchforoccurrencesofthoseoriginalthreelinesinthefdeandto

replace _hemwith the threenew lines. Whenalioccurrencesarereplacedwith the new lines, save

the newly parameterizedsourcecode file to yourworkingdirectory(do not overwriteyouroriginal

sourcecode!).

A time-savingfeatureof theMSTS GraphicalInputis the "ComputeParameters"feature.

Onceyou havefinished preparinganinput file and have savedit, choose the "ComputeParameters"

featureand select the inputfile of interest. The GraphicalInputwill computethe minimumrequired

parametersfor thatinputfile anddisplay them on screen;moreusefulyet, it will writethe three

parameterstatementsto afile entitled"parameters"in thedefaultdirectory. Now aliyou haveto do

to parameterizethe code is open the MSTSsourcecode foe andthe parameterfile with yourtext

editor and use the contentsof theparameterfile as the textto replacetheold parameterstatements.

4.3 MSTS Source Code Machine Specification

Machine specificationinvolveschanging certaincommentedlines in the MSTS sourcecode

into executablestatementsso thatthecode is customizedfor aparticularcomputer. Ordinarily,

these lines of code areconcernedwith obtainingtheexecuationdme anddate from the host

computerfor qualityassurancepurposes. Because the way in whichthe computer'sclock is

accessed is different fromone computerto the next, some machine=specificcode is necessary.
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Suchcode has been includedfor a numberof machines in the "msts.f' file, and then "commented-

out" so that none of the machine-specificcode is active is the distribution "msts.f' file. A special

"comment block" name has been reservedfor eachcomputer supported by the MSTS code, such as

"CMAC"for Macintosh. Here is an example of Macintosh-specificcode in MSTS:

C m-_-m_-- C

C Macintosh Environment.
C......... C
CMAC ISC - 9

To make the code ready to compileon the Macintosh, remove the "CMAC" comment block:

C__w_I__. -------_ .... Q--------m_ c

C Macintosh Environment.
C ......... C

ISC = 9

This must be done for ali occurences of "CMAC" in the code. The efficient way to do this is to use

the search-and-replace feature of your text processor to find ali occurences of "CMAC" (or the

appropriate comment block for your machine) and replace it with four spaces.

Table 4.3 lists the machines and associated comment block names that were available in the

"msts.f' file at the time this document was written. Other machines may have been added since, so

check the source code f'tleif your machine does not appear in Table 4,3.

Table 4.3. MSTS-Supported Machines andAssociated Comment Blocks

Computer Comment Block Name

Apple Macintosh CMAC

Sun CSUN

mM (ADO CIBM

Stellar CSTLR

HP 9000 CHP

Convex CNVX

Cray CRAY
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5.0 MSTS Quick Tour

This section leads the new MSTS user througha quick tourof bothuse of the MSTS

GraphicalInputandan applicationof theMSTS code. Following the touroutlinedin this sectionis

highlyrecommendedfor new MSTS usersas a fast way to "come up to speed"on the use of
MSTS. The quick tour leadsthe readerthroughthe stepsnecessaryto create an input file for

performingaone-dimensionalsimulationof verticalwaterinfiltrationinto a genericsand. This
sectionassumesthatthereaderis usinga Macintoshcomputerwith a FORTRANcompiler

installedand has a basicmasteryof the Macintoshcomputingenvironment.Termssuch as "point

and click," "double-click,""drag,"and "launch"shouldbe familiarto thereader. Itis further

assumedthat the userunderstandsthefundamentalsof unsaturatedflow in porousmedia thatare

simulatedin this tour. The quick tourrequiresapproximately2 hoursto complete.

5.1 Installing MSTS on a Macintosh Computer

If not already done, install the MSTSsourcecode andthe MSTSGraphicalInputapplication

on yourMacintosh'shard disk. Insertthe distributiondisk containingtheMSTS sourcecode into

the floppydisk driveand dragthe "msts.f' icon to anappropriatefolderin your harddisk. After

the file is copied, eject the floppydisk andinsert the disk containingthe MSTSGraphicalInput

application. Copy this file to the same folderyouput the source code in and ejectthe seconddisk.

5.2 Launching the MSTS Graphical Input

Launch the MSTSGraphicalInputeitherfromthe menu(select the icon, then choose Open

fromthe File menu)or by double-clickingthe applicationicon. The MSTSGraphicalInput

informationwindow (Figure5.1) will be displayedwhile the applicationloads. A new menubar

(Figure5.2) replacesthe MacintoshFindermenuwhen the GraphicalInputis loaded. The menu

bar includestl',efamiliar Apple,File, and Editmenuitems,plus severalmenuitemsthat areunique

to the Graphical Input menu bar.

5.3 Creating a New Input File

To create a new simulation file, select New from the File menu. Specify the input file name

and folder using the dialog box ('Figure5.3) that appears next. Enter the name "input" in the box

rifled "NewInput Title" and choose a folder. Click the Save button to continue. When creating a
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Figure 5.1. Information Window from MSTS Graphical Input
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Figure 5.2. Menu Bar from MSTS Graphical Input

new input file, the Graphical Input responds with a dialog box that asks if you wish to initialize ali

cards (Figure 5.4). If the Yes button is selected, ali data-entry fields will be initialized to blank

fields or default values. Otherwise, ali data fields will contain the data entered most recently since

the last initialization (including previous Graphical Input sessions). Individual cards may be

initialized by selecting the Initialize item from the File menu while the card is open. _ick on the

Yes button. A feature of the Graphical Input is the ability to hold the most recent options and user

entries in memory until replaced or initialized. This feature can be useful if you are preparing a new

input file that is only slightly different from the last one you prepared, and saves recalling the old

file before modifying it. To begin with a clean slate, though, initialize ali cards.

Next, the Main Menu card will appear, centered on your screen (Figure 5.5). This card will

have the input file name on the window bar (top) and two columns of labeled buttons. Each button
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Figure 5.3. File Dialog Box from MSTS Graphical Input
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Figure 5.4. InitializationPrompt for New Input Files

correspondstoaparticularMSTS inputcardandwhenclicked,opensthatcard.We willbegin

preparingthesimulationinputfilewiththeSimulationTitlecard.Clickonthetopbuttonoftheleft

columnofbuttons,labeled"SimulationTitle."Thecardthatappears(Figure5.6)isusedtoenter

recordinformation(e.g.,simulationtit.lc,usersnameandaffiliation,filecreationdate,andnotes

aboutthesimulation).Completethesefieldswithyourownpersonalinformation,usingFigure5.6

asaguide.ClickingtheDatebuttonwillautomaticallyenterthefilecreationdateandtime.

5.4 Navigating Between Input Cards

The four arrowicons atthetop rightof the inputcard(Figure5.6) allow you to navigate

between input cards. When clicked,the firstarrowwill alwaysreturnyou tothe MainMenucard;

the second arrow (pointing left) will open the previous input card in the input card order (that is,
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Figure5.5.Main Menu CardfromMSTS GraphicalInput

the order in which the cards appear in Table 6.1 of Section 6.0, and in the MSTS "input" fde); the

third arrow (pointing right) will call the next input card in the input card order, and while the last

arrow will open the next-higher-level card returning up the hierarchy of card levels, Click the last

arrow to return to the Main Menu card. Reading down the left column of buttons on the Main

Menu card, the next button after Simulation Title is Solution Schemes; click on the Solution

Schemes button to navigate to that input card.

$.4.1 Solution Schemes

The Solution Schemes input card (Figure 5.7) allows you to specify the solution options, the

simulation time period, the solution technique, and other control information. Click on the Water
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Figure 5.6. Simulation Title Input CardExample

Conservationbox (but not the other three, ThermalEnergy, Air Conservation,or Species

Concentration) to invoke the Water mode (see Section 2.4 for more informationon solution

methods available). To fill the data arrays in MSTS and examine initial conditions without solving

the equations, check the Initial Conditions Only box. The initial conditions option is useful for

computing saturations and physical propertiesfrom the initial primary variables specified either in

the Initial Conditions card or in a restart file. We will avoid that option for now. Because we are

starting from the beginning, leave the Restart box unchecked.

To enter the solution limits information,click on the Units button, drag down the button menu,

and select "h" (hours). Enter in the respective boxes a time limit of 2.0 hours, an initial
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Figure 5.7. Solution Schemes Input Card Example

time step of 0.01 hour,a time-step accelerationfactorof 1.5,and a maximum dme step of 2.0 hours.

These numberscontrol,respectively,the timelength, the initialdme step, the accelerationfactor that

specifies how fast MSTSwill tryto increasethe timestep (a factorof 1.5would mean a 1-second

time step would be increasedto 1.5 seconds on the second step, 2.25 seconds on the third step, and

so on untila convergencelimitis exceeded), and the maximumtimestep. Because we chose hours

as the time unit,all solutionlimitsare expressed in unitsof "h".

Under "Solution Schemes,"check the Banded Mau'ixoption. This is usually acceptablefor

most simulations. Refer to Section 4.6 of the MSTSTheory Manual (Whiteand Nichols 1992)for

a discussionof the availablelinear-equationsolutionschemes.
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"Options"includeanassortmentof check boxes. Checkthe ScreenEcho box so that MSTS

will rep_ referencenode informationm yourcomputerscreenduringthe simulationexecution.

Also check theFixed Propertiesbox, whichis used to preventMSTS fromrecomputingcertain

physicalproperties(e.g., fluid density)each time step, thusachievinga fasterexecutionfor

problemswhere these propertiesdo notvary. The Fixed Propertiesoption _houldnot be invoked

for problemsinvolving variablephysicalproperties(e.g., density-drivenflow throughporous

media). The LiquidPhasebox was automaticallycheckedfor you when youa_tivatedthewater

conservationgoverningequation;leave this box checked. Because we arenotconsideringgas-

phase migrationof watervapor,do notcheck theGas Phasebox. Do _.otcheck anyof the "Debug

Options"either, these arenot needed for our quicktour.

5.4.2 Numerical Control

Click the thirdarrowatthetopright-handcomer of theSolution Schemesinputcardto

navigatem the NumericalControlcard. Enter8 in the MaximumIterationsper Step field. This

numberlimits the numberof Newton-Raphsoniterationsperconvergenceattempt. Select the
MaximumResidualconvergencemode fromthe nextbutton. Set the "CPULimit"and"Wallclock

Limit"to 1 hour each (rememberto set the timeunitstohourswith the Units buttons).Finally, set

theconvergencecriteriato 1.0 x 10-6(enterthisas 1.0E-06)for the waterequationand choose the

GeometricMean option for propertyaveragingforthe waterequation. Thecase of the "e"

exponent indicatoris unimportantforMSTS input,as areleadingzeros(e.g., 1.0E-06is the same

as 1.e-6). Convergencecriteriaandaveragingtechniquesmay be setfor the otherequationsas well

butarenotneeded becauseonly the waterconservationequationwill be solved. Navigate to the
nextcard(GridGeometry).

5.4.3 Grid Geometry

The quick tourproblemrequiresa one-dimensional,verticalmodel domain. Begin

constructingthe gridby checkingthatthe coordinatesystem is Cartesian;if the radio buttonnext to

the "CylindricalGrid" on the rightside of the GridGeometryinputcard (Figure5.8) is
hig.qlighted,check "CartesianGrid"instead. Enternumbersin the fields underthe "Numberof

Nodes" portionof the inputcardso that thereis I node in the x-direction, 1 node in they-direction,

and 20 nodes in the z-direction. Then indicate for "GridDimensions" that thex- and y-dimensions

are1 cm, and the z-dimensionis 20 cre. The datumelevationand the gridbottomelevation should

both be 0 cre. At this pointwe could enter the nodepositionsmanually,by enteringthevalues and

accepting them,buta fasterway to constructthe grid foruniformly spacednodes is toclick the

Uniformbutton. The GraphicalInputwill generatethe nodecoordinatesand recordthem in the
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Figure 5.8. Grid Geometry Input Card Example

appropriate fields at the bottom of the Grid Geometry card (see Fig,ac 5.8). There are no inactive

nodes in this problem, so navigate to the Rock or Soil Types card.

$.4.4 Rock or Soil Types

Our simulation domain comprises only one type of porous material, which we term generic

sand. Click in the blank field next to the box tiffed "Rock Name" and type "Generic Sand" to

identify the soil. If this medium filled only a portion of the domain, we would enter the node

number ranges in x, y, and z to indicate its extent. Because the generic sand extends over the whole

domain, we simply click theEntire Domain button to have the Graphical Input automatically fill

these fields with the maximum node range. Note that use of the Entire Domain button requires that
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the GridGeometrycardalreadybecompleted. Now the soil typeis specified butnot recorded;

pressI'_ (commandandA keys together)or select Acceptfrom theEditmenuto recordthe

rockor soil typein the RockList (more aboutthat later).After the entryis recorded,a linewill

appearin the scrollingbox atthe bottomof the cardthatlooks like this:

Generic Sand, 1,1,I,1,1,20,

Navigate to the nextcard(MechanicalProperties).

$.4.5 Mechanical Properties

Choose RockList fromthe Windowsmenu. A floatingwindowwill appear(Figure5.9) that

containsme namesof ali rocktypesyouhaverecorded. At thispoint,only one namewill appear:

"GenericSand." If youdouble-clickon "GenericSand"in the RockList, the name will be placed

in the RockType fieldof the MechanicalPropertiescard(or anyotherinputcardwitha field entry

titled "Rockname"). You may usethe RockList topick rockor soil typesfor anycardthat

requiresone. Close the RockList. Entertotalporosityof 0.40, diffusiveporosityof 0.50, and

effective porosityof 0.30. Ignorethe tortuosityoptionfields; these areunnecessaryfor this tour.

Now accept the entry(press fl'_ or selectAccept fromthe menu). Haveyou noticed the authors'

mistakeyet? Diffusive porositycannotexceed totalporosity;we havereversed these numbers,so

the two mustbe corrected. Thismay bedonein twoways. One is to select the record line thatwas

to be corrected(click once on the lineandit will highlight),and deleteit by pressing11"_'5_or

selectingDelete fromthe Edit menu. Thencorrectthe entryandaccept it again. Theotherway is to

replace the record line bycorrectingtheTotalPorosity and DiffusivePorosityfields, thenhighlight

the lineand press _{_ (or choose Replacefrom the Editmenuwith the linehighlighted). Using

eithermethod,correcttheporosityentriesforgenericsand. TheAccept,Delete, andReplace

functions are similar for ali input cards in the Graphical Input. Navigateto the next card (Hydraulic

Properties).

5.4.6 Hydraulic Properties

By now you should be able to see the pattern for input card preparation. Test your ability by

picking the rock type and entering a z-direction hydraulic conductivity of 1.0 x 10-2em/s (enter as

1.0E-02). Porous media transmissivity may be expressed with either a hydraulicconductivity at

20"Cor an intrinsic permeability. Units preceded by "he:" arefor hydraulic conductivity and are

expressed as length per time (L t-l), whereas intrinsic permeability units are measured in length

squared (1,2).Accept your entry and navigate to the Soil Characteristicscard (we will skip the
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Figure5.9.RockListfromMSTS GraphicalInput

Thermal Propertk_sand Species Properties cards because the quick tour problem is not concerned

with heat transferor species transport).

5.4.7 Soil Characteristics

Sele_:tC._neric Sand from the Rock List and choose van Genuchten from the Moisture

Retention button menu. Enter an a (alpha) parameter value of 0.05 l/m, an n parameter value of 1.5,

and a _aximum tension head value of 1.0 x 10s m (1.0E+5). The online help featur_ of the

Graphical Input may be used to inquire about the van Genuchten function. To invoke this feature,

press f'_ or choose Help from the Window menu. The help window will appear, displaying

information related to the input card currently open. Click on the Find button, type "van

Genuchten" in the Find Inf.... field, and then press the _ key. The help window will display

the van Genuchten equations (Figure 5.10). Information about many other topics may be found

through online help, When finished, click the Ok button to close the help window. Accept your

input entry and navigate to the next card (Liquid Relative Permeability).

$.4.8 Liquid Relative Permeability

Choose Genetic Sand from the Rock List. Select the Mualem w/van Genuchten option to

compute relative permeability, and enter the value of the parameter m. If you do not know how to

compute the value of m, check the help window on van Genuchten again where the value of m is

defined (remember, n = 1.5 for this problem; use the equation you see in the help screen to compute

m and enter that value). Finally, enter a minimum liquid relative permeability of 1.0 x 10-]0 m

(1.0E-10). Accept your entry and navigate to the Liquid Boundary Conditions card.
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Figure5.10. Example of MSTS Graphical Input Interactive Help Feature

5.4.9 Liquid Boundary Conditions

The quick tourproblem involves a fixed waterrecharge of 1.0 cm/h at the top of the column

and saturated conditions at the column bottom. To specify the top boundary condition as constant

recharge,chooseZ-Direction: Top Surfacefrom the OrientationIndex buttonmenu andclick the

Entire Surfacebutton. Choosethe Neumann@ Boundaryconditionfrom the BoundaryType

button menu. The mass flux is computed by multiplying the volumetric rechar/_eof 1.0 cm/h by the

density of water (998.32 kg/m3 at 20°C), as follows:

lm (: Mass Flux Rate= C1.0 -_3 C100 cre) C3_3 S) 998.32 _-_ = 2.773 x 10"3kg/m2 s
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Type 2.773E-3 in the Field Variablefield to represent the liquidmass flux and enter 998.32 kg/m3

as the liquiddensity (remember to select the appropriateunits!). The air mass fraction maybe

neglected for thisproblem. Accept the entry. For the lower boundary,choose the appropriateindex

(Z-Direction:Bottom),click the Entire Surface button, and select "Saturated@ Boundary" as the

boundarytype. Enterthe same liquiddensity asbefore andaccept this entryalso. Check that there

are two lines in the scrolling box at the bottom of the input card thatlook like this:

Z-Direction : Top Surface, Neumann @ Boundary, 2. 773E-3, kglm^2 s, 998.32, kg/m^3,, i, i, I, I, 20, 20
Z-Direction : Bottom Surface, Saturated @ Boundary, ,, 998.32, kg/m^3,, 3.,I, 1, i, 1,1

The liquidboundary conditionsare now prescribed. Because the quick tour problem does not

require boundaryconditions for vapor, gas,energy, or species transportand thereare no sources or

sinks specified for this problem, we will skip the other boundarycondition cards and the Sources

and Sinkscard. Navigate to the Initial Conditions card.

5.4.10 Initial Conditions

The initial state for hydrologic conditions can be completely defined by specifyingany pairof

the following field variables:gaspressure, liquid pressure, and liquid saturation. The unspecified

field variablewill by computed by MSTS from the water-retentioncharacteristicfunction. Choose

the option "Liquid Saturation& Gas Pressure" from the button menu labeled "Initial Saturation

Option" to indicatehow initial conditions will be specifiedfor this problem. Specify the first field

variableby choosing "GasPressure" from the button menu labeled"FieldVariable" and click the

Entire Domain button to specify the nodes to be initialized. The initial gas pressure throughout the

domain will be atmospheric, so enter 101325.0into the Gas Pressure box and select "Pa (abs)"

from the Unit button menu. Leave the gradientsat zero (uniforminitial conditions). Accept this

entry and observe the new line addedto the scrolling box below:

Gas Pressure, 101325.0, Pa (abs),0.0,1/m, 0.0,1/m, 0. 0,1/m, l,1,1,1,1, 20,

The liquidsaturationis specified in the same way;changethefield variableto 'l,iquid Saturation"

usingthe Field Variablebuttonmenuand enter0.50 for the liquidsaturation°The entiredomainis
stillset fromthe liquidpressureentry,so accept thisentryanda secondline is recorded:

Liquid Saturation, 0.50,,0.0,1/m, 0.0,1/m, 0.0,1/m,l,l,l,1,1,20,

These twolines togetherset the initialhydrologicconditionsforour problem. We have not

specifiedaninitial temperature,so MSTS will initializethe domainto 20°C. Navigate to the Output
Controlcard.
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5.4.11 Output Control

The OutputControlcardprovidesflexibility in the type and quantityof output producedby

MSTS duringa simulation. Three scrollingfield boxes appearonthe left side of theOutput

Controlcard(Figure5.11) thatdisplaythe field variablesto berecordedto the threeoutputdevices:

theoutput file, the plot file, andthereferencenodeoutput. Thereference nodeis limitedto a
maximumof seven fieldvariableoutputs. The outputandplot files may containany numberof

fieldvariables. To modify the fieldvariablesin each scrollingbox, click on the radiobutton

correspondingto the outputdevice anda listingof possiblefieldvariableswill appear. Clickthe
check box next toeach desiredfield variableto select thatvariableforoutput(clickagainto deselect

anyyou do not want) andclick the Okbuttonwhenfinished. Practicenow by choosingliquid

pressure,liquidsaturation,totalhydraulichead,volumetricmoisturecontent,and z-directionliquid

velocity for ali three outputdevices (output,plot,andreferencenode). We will wantoutputfor the
whole problem,so click the EntireDomainbuttonandclick the Z-X Planesradiobuttonto indicate

the orientationforoutput. It is possibleto requestoutputat severalsimulationtimes, butwe will
settle for the final conditionat the endof the simulation:enter2.0 andselect "h" as the time unitfor

field variableoutputtimes. Accept thisentry. Up to fourreference nodescan be monitoredduring
a simulationexecution. We will useone forthis tour, enter1 forx, 1 fory, and20 (thetop)for z.

Thiscauses the valuesto be displayedat everytimestepforali of the field variableschosenabove

fornode (1,1,20).

5.5 Saving an Input File

To save the completed input hie, press ff-_ (or select Save from the File menu). Make sure

that you use the name "input" for the saved file. While the file is being written, a "Writing Input

File" message will be displayed indicating the recordingprogress. Although you were not directed

to do so in this tour, it is wise to save the input file frequently while you develop it with the

Graphical Input to prevent loss in case of a power failure, a machine freeze, or other interruption

that could lose ali entries to that point.

5.6 Parameterization and Machine Specification

Although you have an input file now, you must still determinehow large the parametersmust

be in the MSTS code. The Graphical Input provides a quick way to do this: select "Compute

Parameters" from the Resource menu. The Graphical Input will prompt you to choose an input file:

5.13



= _ input

outputco_,_z I0 0:3 <3:1

F=UV=_b_ _ _ "11xo_ II 1 I
oW=_, 0 OutputDomainij,_ I _. I Iz'=aILL_.]
uq_P....= 'E I_-=1 I_..._uq_ s=tar_=. [tntire aomainJ V-T--] II z°l
To_ HyckaulicHead
vol=_ Mo=t=co,_t._ F=_Variablex-Yz,m=sJO [Y-xPm==iO
z-D=uq_v0=civ outp= Y-ZP_, io Iz-yP_, Io

Omn=_n z-xP=..I® ixzP_='Jo
P=tFile O FEU V_bE Z.0 ][ h ]1 Units !
L_ Pzessml _ Output_s

_ H__ Head
_oluzz=_MoistureCoz_nt
Z-Oir._ Velocity

Referer=eNode 0
outputmm_ x-No_,i IY-N°d'I !z-N°d'!Re_erenceNode @

I.o_11 i II i IL z0]
L_mdPressure O!

_HydraulicHe= IN'Ode'II I ! I I IVolumetricMo_ Con_nt
z-_.u_v.=o,v i"°d'_II J I t [ I

i

_Emnce Node I _ve_ li z IIS=_<=>l
Output Fmquer_y

i , I

Figure $.11. Output Control Input Card from MSTS Graphical Input

pick the file "input" that youjust saved. The GraphicalInput will proceed to read the input file and

compute the minimum size for each MSTS parameter (refer to Section 4.0 for details on

parameters) for this input file. The results will be displayed on the screen (Figure 5.12) and

recorded in the default directory in the file "parameter". You are now finished using the Graphical

Input; close it by clicking the Ok button on the parameter display, then choosing Quit from the File

menu. Choose No when prompted if you wish to save the input file (you have made no changes

since saving it last). With this, your Graphical Input session is closed.

Next you must parameterize the MSTS code. Using your preferred text editor, open the file

"msts.f" and locate the first block of parameter statements (within the first 100 lines of code). This

parameter block is repeated throughout the code in exactly the same way, so we can use the search-
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T$ Parameters

LFX - 1 .
LFY = !
LFZ ffi 20
LFLD - 20
LCOUP ffi 21
LROW - 5
LZH - 1
LSH = !
LBC ffi 2
LSCT - 1
LIqPT = 1
LST - 1
LSF - 2

Figure 5.12. Example of the "ComputeParameters" Resource of the MSTS Graphical Input

and-replacefeatureof your text editorto makeparameterizationeasy. Searchfor alloccurrencesof
thefirst three (not ali five) parameterstatements,andreplace themwith the threeparameter

statementsyouwill find in the file "parameter"that was written by the Graphical Input.

To make the code machine-specific, searchfor a set of comment lines that pertain to your code

and delete them. Assuming you will run the MSTS code for this tour on your Macintosh computer,

search for ali occurrencesof "CMAC" and delete these. This will make active statements out of the

time and date functions MSTS requires that varyfrom one computing environment to another.

Other machineshave differentcomment lines to alter: "CRAY" for the Cray computer, "CSUN" for

a Sun workstation, and so on (see Section 4.0 for a complete listing of these). When finished

deleting the "CMAC" occurrences, save the "msts.f" file. (Important:be careful you save an

original,unaltered copy of the "msts.f"file!) The code is now parameterized and specific to your

computer, lt is important to save the original"msts.f" file because making it machine-specific by

altering a fresh copy of the original each time is easier than tryingto restore one set of comments

and deleting another (e.g., restoring ali the "CMAC" occurrencesand deleting ali the "CSUN"

occurrencesto prepare for a simulationon a Sun workstation is more difficult than merely deleting

the "CSUN" occurrences on a new copy).
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5.7 Running a Simulation

Ensure that the "input" and "msts.f' files you have prepared are in the default directory you

wish to use for the simulation. Compile the "msts.f' using the FORTRAN compiler you have

available. Then invoke the application (executable file); no other action is requir_ MSTS will

read the file "input" andfollow its instructions.

5.8 Examining Output

General simulation output is contained in the "output" file, which is in ASCII format and may

be viewed with the text editor of your choice. The output file contains a unique run-identification

number and the time and date of the run as well as an "echo" of the information read from the input

file. Check the fh-stpartof the output file to ensure that the input information repeated there is what

you entered using the Graphical Input. Next, the output file records the reference node information

just as it appeared on the screen during the simulation execution. Finally, the field variables you

requested in the Output Control card of the input file are recorded.

Most often you will wish to graph the results of your simulation or prepare images (contour

plots or raster images) of the results. The "plot" file generated by MSTS makes this easier to do.

Any field variables separately requested for the plot file arerecorded in a format more conducive to

plotting tasks. Following some header information, the names of the variables in the plot file are

listed (one per line), followed by a listing of the field variables in increasing node order. The node

number and x-, y-, and z-coordinates of the node are always provided in the fast four columns and

the node volume in the fifth column.

5.9 More Sample Problems

Additional sample problems can be found in Section 8.0. The samples include single-node

evaporation and condensation tests, a heat pipe problem, flow from hot two-phase conditions,

vertical and horizontal infiltration problems, and an unsaturated transportproblem.
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6.0 Input File Structure

Control and model parameterspecification is accomplishedin MSTS through the "input"file.

An "input" file may be preparedeither by using the MSTS Graphical Input (see Section 3.0 for

details) or by using a text editor and complyingwith the MSTS inputfile format requirements.

This section provides detailed information for each card in an MSTS input file and is intended as a

reference. The typical MSTS user will commonly use the Graphical Input and therefore not need to

be intimately familiarwith ali the details providedin this sectionbut may refer to them as needed.

This section is grouped by card function (e.g., all of the cards that are used to specify

boundary conditions are together), and the cards are organized in the same order as in an MSTS

input file. Table 6.1 summarizes ali of the input cards contained in an MSTS input file in this
order.

The "input" file itself must be an ASCIIfile and hence is portable between computing

environments. Therefore, a user may prepare an"input" file on a personal computer, transfer the

file to a mainframe, and run the simulation. The syntaxrules used in this section are presentedin

Table 6.2. MSTS avoids case-sensitive errors by converting ali input file contents to lower case as

the input is received by the code. Very little other error checking is performed on the input; hence

close attention to the format requirements presented in this section is necessary. The easiest way to

avoid format errors is to use the MSTS Graphical Input to prepare input files, as that application is

specificallydesigned to comply with ali of the format requirements contained in this section.
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Table 6.1. MSTS Input Cards

Input Card _ Information Specified

Simulation Title identification of simulation, user, notcs_file creation time anddate

Solution Schemes solution scheme, governingequations,simulation time control

Numerical Control iteration limits, convergence criteria, averaging techniques

Grid Geometry coordinate system, physical extent, number and location of nodes

Inactive Nodes location of noncomputational nodes

Rock or Soil Types identification of rock or soil types and node assignment

Mechanical Properties porosities and tortuosities

Hydraulic Properties hydraulic conductivities (or pcrmeabilities)

Thermal Properties thermalconductivities, rock or soil density, heat capacity

Species Properties identification of species, decay rates, coefficients

Soil Characteristics moisture-retention characteristics, tension head limits

Liquid Relative Permeability unsaturatedliquid relative-permeability parameters

GasRelativePermeability gasrelative-permeabilityparameters

LiquidBoundaryConditionstype,extent,andmagnitudeofboundaryconditionsforliquidwater

GasBoundaryConditions type,extent,andmagnitudeofboundaryconditionsforgas

VaporBoundaryConditionstype,extent,andmagnitudeofboundaryconditionsforvapor

EnergyBoundaryConditionstype,extent,andmagnitudeofboundaryconditionsforthermal
energy

SpeciesBoundaryConditionstype,extent,andmagnitudeofboundaryconditionsforspeciesmass

InitialConditions specificationoffieldvariableinitialvalues

SourcesandSinks location,temporalvariation,andstrengthofsourcesandsinks

LiquidPathlineTrace liquidpathlinesforwhichpathlineandtraveltimesarerequired

OutputControl fieldvariablestorecordinoutputfiles

Surface Flux Integrator planes to report fluxes of mass or energy as a function of time
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Table 6.2. Input ReferenceConventions
e

• ,NotaOon ........ ]nterpretaOon ............
Line 1 The firstline in an inputcardfollowingthe cardname.

Linen One of N line(s) in an inputcard,where N is declaredin the beginning
of the inputcardand 1 < n < N.

~ A tildealwaysprecedes thenameof aninputcardand signals the input
modulesof MSTSto the beginningof a new inputcard.

- , Commasseparateindividualentriesin a line withinan inputcard. A
terminatingcommais usuallyrequiredat the endof each line (inclusion
of a terminatingcommawhere it is not requireddoes notadverselyaffect
input).

I, J, K Indices for node ranges in thex-, y-, and z-directions for Cartesian
coordinate systems, or indices for node ranges in the r-, 0--,and z-
directions for cylindrical coordinate systems.

[ x I y ] Square brackets indicate a list of options separated by vertical lines.
Only one of the available optionsmay be used and must be written
precisely as shown in the option list except that the case of charactersis
unimportant(Aa, aa, and AA are ali equivalent).

{alpha } Braces enclosing the word "alpha" indicate field inputs of alphabetic
characters.

{alpha-numeric } Braces enclosing the words "alpha-numeric" indicate field inputs of
alphabetic and numeric characters.

{ integer } Braces enclosing the word "integer" indicate field inputs of integer
numbers.

{real } Braces enclosing the word "real" indicate field inputs of real numbers.

( text ) Text withinparentheses gives informal directions on what type of line, or
group of lines, maybe used in an input card.

text Italicizedtext defines inputoptions.

"text" Text within the quotationmarks is to be typedexactly as shown,except
that thecase of characters is unimportant(Aa, aa, and AA are ali
equivalent).
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Table 6.2. (Contd)

,, Notation _. Interpretation ,

text Courier typeface is used to dis.play text from any computer file, such as
an input me. In some cases, a line in a computer file is wider than can be
displayed within the margins of this document, in which case the
additional text is shown on subsequent indented Hne(s) to signify that it
is a continuation of the same line. To illustrate:

~Example Input Card
1 line of example input follows.
This is a single line in the input file but is too wide for the

margins of this reference, so the continuation of the line is
indented to indicate that it is actually one line.
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6.1 Simulation Documentation and Control

Simulationdocumentationand control areaccomplishedwith the SimulationTitle, Solution

Schemes,and NumericalControlcards. The fhst cardprovidesa way to identifyeach "input"file

by title,user, date and time of creation,and MSTSversionname andrevision number. The Solution

Schemes cardis usedto specifywhich combinationof the fourgoverning equations (thermal

energyconservation, waterconservation,air conservation,andspeciesmass conservation)is to be

solved,the period of timeto be simulated, and the solutionscheme(e.g., bandedmatrix). The

SolutionSchemes card also providescontroloverotheroptions likedebugging output, screen

echoing during a simulation,binarydiffusion,etc. The NumericalControl cardis used to enter

convergencecriteria,averagingoptions, computertime limits,and iterationlimits.

t_

/
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6.1.1 Simulation Title Card

The Simulation Title card is used to specify information that uniquely identifies an "input"

file, including the title of the simulation, the user's name and affiliation, the "input" file creation date

and time, and any notes the user may enter.

Format

Line 0 "-Simulation Title andNotes"

Line I Version Name [ alpha ( 4 characters ) }, Revision Number, [ integer ( 4 digits ) }

Line 2 Simulation Title { alpha-numeric },

Line 3 User Name{ alpha-numeric },

Line 4 Company Name[ alpha-numeric },

Line 5 "Input" File Creation Date | alpha-numeric ( 20 charactersmaximum ) },

Line 6 "Input" File Creation Time { alpha-numeric ( 20 characters maximum ) },

Line 7 Characters [ integer } "character(s)of simulation title notes follows."

Line(s) 8+ Simulation Title Notes [ alpha-numeric ( 80 characters per line, no returns) }

Comments

The versionnameandreleasenumberprovidepositiveidentificationof theparticularMSTS

codeused,preventinguseof inconsistentMSTS GraphicalInput andMSTS codeversions.The

versionname(e.g., "beta")andreleasenumber(e.g., "0001") pertainto boththeMSTS codeitself

and the MSTS GraphicalInput. The MSTS GraphicalInputwill acceptonly files that havethe
sameversionnameandreleasenumber.

The SimulationTitle field isa short,one-linedescriptionortitle thatwill allow the userto

quicklyrecognizewhichsimulationiscontrolledby this "input" file. The User Nameand

CompanyName fieldsareprovidedfor additionalbackgroundinformation. The SimulationTitle

Notesfield providesa spaceto entera moreextensivedescriptionof the "input" file.

In this exampleaverticalinfiltrationproblemisidentified. The inputcardbelongsto a file

createdwith thebetaversionof MSTS, release0001. The t'decreationdateandtimeareindicated,
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'andashortdescriptionoftheproblemisincludedintheSimulationTitleNotesficl&

-Simulation Title and Notes

beta, O001,
Philip's Vertical Infiltration Problem
W. E. Nichols

Battelle, Pacific Northwest Laboratory
Thursday, June 4, 1992
1:08:41 PM

200 character{s} of simulation title notes follows.

The objective of this test problem is to verify that the water conservation oqua
tlon of MST$ correctly computes the wetting front of the one-dimensions1, time-d

ependent, unsaturated pressure equation.
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6.1.2 Solution Schemes Card

Func_o.

The SolutionSchemescardis usedto invokerestartoptions,control_ relationtime

variables,select amatrixsolutionscheme, specifywhichgoverningequationsto solve, choose

secondaryprocessoptions, andinvokedebuggingassistanceoptions.

Format

Line0 "-Solution Schemes"

Line 1 InitialConditionsOnly [ trueIfalse ],
Restart[ maeIfalse ],
RestartfromTime Zero [ trueIfalse ],

Line2 MatrixSolutionScheme [ bandedmatrix!conjugategradient],

Line3 EnergyEquation[ truel false ],
WaterEquation[ trueIfalse ].,
AirEquation [ true Jfalse ],
Species ConcentrationEquation [ true l false ],

Line 4 SimulationTune Limit { real },
Units [ s Imin Ih Iday Iwkl yr ],

Line 5 InitialTime Step { real },
Units [ s Imin Ih Iday Iwkl yr ],

Line 6 Time StepAccelerationFactor{ real },

Line 7 MaximumTimeStep { real },
Units [ s Imin Ih Iday Iwk_ 3rr],

Line8 ScreenEcho [ trueIfalse ],
BinaryDiffusion [ truel false ],
FixedProperties[ trueIfalse ],

' LiquidPhase [ trueIfalse ],
GasPhase [ truel false ],
VaporPressureLowering [ trueIfalse ],

Line9 PrintSubroutineNames [ trueIfalse ],
PrintMatrixArrays[ trueIfalse ],
PrintTiming L'fformation[ nuc Ifalse ],
Undefined[ truel false ],
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The InitialConditionsOnlyoption, when invoked (true),will forceMSTSto read the

"input"file, computeaUsecondaryvariablesand fluxes(e.g., liquidsaturationand Darcyvelocities),

andstopexecution. This optionis useful if theuserwishes to conf'L,'mthat the initialconditionsare

co,.rectbeforeproceedingwitha lengthysimulation.

The Restartoptionpermitsa restartfrom aprevioussimulation. Whenevera simulationis

completed,MSTSrecordsa file named"restart,"whichcan be readto begin a new simulationfrom
the same conditions. To invoke this option,set theRestartoption to "true"and ensurethata valid

"restart"file is availablein the samedirectoryas the "input"file. The RestartfromTimeZero

optionappliesonly to restartedsimulations. If the RestartfromTime Zerooption is set to "true,"
then the simulationtimebegins at zerofor a simulationwheretheinitialconditionsaretakenfrom

the "restart"lte; if set to "false," thenthe time continuesfromthe simulationtimeof the "restart"

file.

The governingequationsforconservationof componentmass andthermal energyare

consideredcoupledequations. Seven solutionmodesor combinationsof thecoupled conservation

equationsareavailablewithMSTS. Referto Section2.4 for adescriptionof the seven solution
modes. Solutionof the species conservationequationcan be appendedto anyof the seven coupled-

equationsolution modes.

Exa,mples

In this example, a simulationis started from initial conditions specified in the "input" file

(not a "restart")and is solvedusing the banded matrixsolution scheme. Only the water

conservation equation will be solved for a simulated timeof 2 hoursbeginning with an initial time

step of 0.01 hour with a time-step accelerationfactorof 1.25 (i.e.,each time step will be 1.25 times

largerthan the previous unless the convergencecriterion is violated), up to a maximum time step of
0.10 hour. A screenecho of the progressof the simulation will be available, binary diffusion is not

included, and fluid properties are fixed (usually this is chosen for isothermal problems only). The

liquid phase will be simulated, but not the gas phase. The vapor-pressure-loweringfeature is not

activatedeither. No debugging output is requested (subroutinenames, array output, or timing

information).
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-Solution Schemes

false, false, false,
banded matrix

false, true, false, false,
2,h,
O.01,ho
1.25,
0.10,h,
true, false, true, true, false, false,
false, false, false, false,

We can modify the sameexamplefor a secondsimulationin which thermaleffectsandthe

gasphasearcmodeled.In this case,we invoke_o ro,rc equations(line 3), switchthf Fixed

Propcrdvsopdonto "false"becausefluid propcrdvswill changewith tcmpcratu_,andswitchthe

BinaryDiffusion,Gas Phase,and VaporPrcssm'cLoweringoptionsto "tnm," asfollows:

-Solution Schemes

false, false, false,
banded matrix

true, true, true, false,
2,h,
O.01,h,
1.25,
0.10, h,
true, true, false, true, true, true,
false, false, false, false,
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6.1.3NumericalControlCard

Function

TheNumericalControlcardisusedtocontroltheiterationprocess,constraintheuseof

computerresources(limits onboth total CPUusageandactual time), and specifythe numerical

convergencelimitsandaveraging techniqueused for solutionof each of thegoverningequations.

Format

Line0 ",-NumericalControl"

Line I Numberof Newton-RaphsonIterations { integer },
Residuals Convergence[ least squaresImaximumresidual],

Line 2 CPUExecution Time Limit{real },
Units[sIminIhIdayIwk Iyr],
ClockTimeLimit{real},
Units[sIminIhldaylwklyr],

Line 3 ThermalEnergyEquationConvergenceCriterion { real },
WaterEquationConvergence Criterion{real },
Air EquationConvergenceCri:erion{real},

Line4 ThermalEnergyEquationMean [harmonicIgeometricIarithmeticIupwind],
WaterEquationMean [harmonicIgeometricIarithmeticIupwind],
AirEquationMean[harmonicIgeometricIarithmeticIupwind],
SpeciesConcentrationEquationMean[harmonicIgeometricIarithmeticI

upwind],

Comments

The CPU execution time and clock time limitsareprovidedto give a userthe means to

preventa batch-processrunof the MSTScode fromexceedingqueuelimitsin a mainframe

computer. Forexample,if the hostcomputerqueuelimits a batchsubmissionto 4 CPU-hours,the
CPUexecution time limit can be set to 3.9 hoursto prevent an interruption.MSTSwill execute for

3.9 hoursand writetherequestedoutput files forthe lasttimestepcompletedat that time, including

a "restart"file. If additionaltime is requiredto finishthe simulation, the "restart"fde can then be
usedto continue. The clock timelimit worksin the same manner.

Convergencelimits need he specified onlyfor those coupled governingequations thatare to

be solved, as indicatedby options in the SolutionSchemes card.
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For this example,we choose to specify eight Newton-Raphsoniwrationsusing the

MaximumResidualConvergenceoption. The simulationwill bc stoppedanda "restart"file wri_n

for possible later use if the simulationconsumesmore than 1 hourof CPU timeor 5 hours of

wallclocktime. The ConvergenceCriterionfieldfor eachof the threecoupledgoverningequations

is 1.0x 10_, andali intcrnodalpropertieswill be computedusinga harmonicmean.

~Numerical Control

8, Maximum Residual,
1,h, 5,h,
I. 0E-06, 1.0E-06, 1.0E-06,
Harmonic Mean, Harmonic Mean, Harmonic Mean, Harmonic Mean,

The firstexamplecouldbe modifiedto allow 10Newton-Raphsoniterationspcrtimestep,extend

the CPUexecutionlimit to 6 hours,extend the clocklimitto 1day,andrequirea geometricmean

for solutionof the waterconservationequation,asfollows:

-Numerical Control

10,Maximum Residual,
6, h,l,day, _
1.0E-06,1.0E-06,1.0E-06,
Harmonic Mean,Geometric Mean,Harmonic Mean,Harmonic Mean,
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6.2 Computational Domain

The computationaldomain is defined using the GridGeometry,Inactive Nodes, and Rock

or Soil Typescards. Thefirst of these,GridGeometrycard,is used to specify thecoordinate

system (Cartesianandcylindricalareavailable),thetotalphysical lengthof themodeldomainin
eachdimension,thenumberofnodesineachdimension,the elevationdatum,andthelocationof

each node. Oftenthe rectangulargridrequiredby thefinite-differencemethodused in MSTS does

notprovidetheflexibilityneededtodescribecomplexgeometries;theInactiveNodescardprovides

awayto"blankout"noncomputationalnodes,whichMSTS willnottreatasapartoftheporous

mediacontinuuminasimulation.Theinactivenodesfeatureisuseful,forexample,whenmodeling

ageometryinwhichseveralnodesinthecornerofamodeldomainareintheatmosphere;

imperviousregionsalsocouldbemodeledasinactivenodes.TheRockorSoilTypescardisused

toassignrangesofnodestoarockorsoiltype.Therockorsoiltypeiscommonlyidentifiedbya

name,suchas"RingoldFormation"or'TiillamettcSiltLoam."Aliphysicalpropertiesofthese

rockorsoiltypesaredefinedinsubsequentinputcardsandassignedtothetypebytheidentifying

rlamc.

6.13



6.2.1 Grid Geometry Card

Function

TheGridGeometrycardis used to select the problemcoordinatesystem (Cartesianor

cylindrical),specify the numberof nodes,specify the physicalextent of the problemdomain, and

indicate the physical location of ali nodes in the problemdomain.

Format

Line 0 "...GridGeometry"

Line 1 CoordinateSystem [ CartesianIcylindrical ],

Line2 Numberof Grid Nodes in thex- or r-Direction { integer },
Numberof GridNodes in the y- or 0-Direction{ integer },
Numberof Grid Nodes in the z-Direction {integer },

Line 3 x- or r-DirectionPhysical Domain Length { re.al},
Units [ m Ift Icm ],
y- or 0-DirectionPhysical Domain Length or Arc { real },
Units [ m Ift lcm Idegrees ],
z-DirectionPhysical Domain Length { real },
Units [ m Ift Icm ],
z-DirectionDatum z* { real },
Units [ m Ift Icm ],
z-DirectionGridBottom Elevation fromDatum { real },
Units [ m Ift Icm ],

Line4 InnerRadius Length ro { real (cylindricalcoordinates; enter zerofor Cartesian) },
Units [ m Ift Icm ],

Line 5 I { integer } "line(s) of grid geometry input follows."

Line i "Nod_."i {integer },
x- or r-Direction Node Position { real },
Units [ m Ift lcre ],

Next Line J { integer } "line(s) of gridgeometry input follows."

Linej "Node "j { integer },
y- or 0-DirectionNode Position { real },
Units [ m Ift I cm Idegrees ],

NextLine K {integer}"line(s)ofgridgeometryinputfollows."

Linek "Node"k {integer},
z-DirectionNodePosition{real},
Units[m IftIcm ],
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f.omm.c.ala

The Cartesian coordinate system is used to represent any length, area, or volume in

rectangular grid volumes. Cartesian coordinates always imply the horizontal plane is represented

byx-andy-axes,andtheverticalplane(coincidingwiththegravityvector)bythez-axis.The

cylindricalcoordinatesystemcanbeusedtorepresentaradial,symmetricproblemonly,centered

onapoint.The horizontalplaneinthiscaseisrepresentedbytheradiusrandangle0.The vertical

planeisrepresentedbythez-axis,justasforCartesiancoordinates.Any portionofanarcgreater

than0 degreesbutlessthan360degreesmay berepresentedwithcylindricalcoordinates,though

thesymmetryrequirementwouldimplythatasmaller,representativearcwouldbesufficientfor

mostradialproblems.

Node positionsarereferencedfromthewest,south,orbottomboundariesforthex-,y-,and

z-coordinatedirections,respectively,forCartesiancoordinatesystems.Forcylindricalcoordinate

systems,nodepositionsarereferencedfromthewest,south,orbottomboundariesforther-,0--,z-

coordinatedirections,respectively.Surfacesbetweennodesarclocatedatthemidpointbetweentwo

adjacentnodspositions.Node volumesaredefinedbytheirboundingsurfaces.To illustrate,aone-

dimensionalproblem3 m inlengthcouldberepresentedby threeuniformlydistributednodesin

theappropriatedimension,locatedat0.5,1.5,and2.5m,asshowninFigure6.I.Foranonuniform

distributionofnodes,anodeisnotnecessarilycenteredinthegridcellJtrepresents.Figure6.2

illustratesthesameone-dimensional,three-cellproblemof3-m lengthrepresentedbynonuniform

nodespacingat1.0,1.5,and2.5m. The firstgridcell,whichisthelengthrepresentedbynodeI,

extendsfromtheleftdomainboundary(x--0)tothemidpointbetweenthefastandsecondnodes

(x= 1.25m).

InMSTS, thephysicalpositionofeverynodemustbeapositivenumber.MSTS grid

geometriesshouldgenerallyarrangeagridsuchthatthelowerboundaryineachdimensionisat

positionzero.The verticaldimensioncanbcoffsettoadifferentreferencebymeansofthez-

DirectionGridBottomElevationfromDatum fieldvalue.Forexample,ifthebottomofamodel

domainisatelevation700m abovemeanscalevelandthetopisat1000m,distributez-direction

nodesfromzeroto300m intheK dimensionandassignavalueof700m tothez-DirectionGrid

BottomElevationfromDatum field.
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GridCell] GridCell2 GridCell 3
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Figure 6.1. Example Grid Nodes and Associated Grid Cells for Uniform Node Distribution

GridCell] GridCell2 GridCell 3

_OV_l_OV_ _OD_ lo O O O

x= 1.0m x= 1.5m x= 2.5m

i

0 1 2 3meters

Figure6.2. ExampleGridNodesandAssociatedGridCeilsforNonuniformNode Distribution

]Examples

'lhcfirstexampleshowshow theproblemillustratedinFigure6.1wouldbedefinedusing

theGridGeometrycard.Thisproblemisasingle-dimension(inthex-direction)domain3m in

lengthtobcrepresentedbythreenodes.They-andz-directionnodesarcgivenasinglenodeeach

toindicatetheone-dimensionalaspectoflhcproblem.

-Grid Geometry
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cartesian

3, 1,1,
3.0, m, 1.0,m, 1.0,m, 0.0,m, 0.0,m,
0.0,m,
3 line(s) of grid geometry input follows.
Node i, 0.5,m,
Node 2,1.5,m,

Node 3, 2.5,m,
1 line(s) of grid geometry input follows.

Node 1, 0.0,m,
i line(s) of grid geometry input follows.

Node 1,0.0,m,

A verticaldomain is similar,except tho z-axis is the multiplonode direction. The next

¢xamploinustratcs use of theGridGeometrycardfora one-dimensional (vertical),five-node

problem that models a physical length of 10.0 cm. The top of the domain is taken as ¢lovation zero,
so rho bottomof thedomain is at elevadon =10.0cre.

-Grid Geometry
cartesian

1,1,5,
1,cre,I, cre,10.0, cre,0.0, cre,-10.0, cre,
O.O,m,
I line(s) of grid geometry input follows.
Node 1, 0.5, cre,

1 line(s) of grid geometry input follows.
Node 1,0.5, cre,
5 llne(s) of grid geometry input follows.
Node 1, 1.0, cre,
Node 2, 3.0, cre,
Node 3, 5.0, cre,
Node 4,7.0,cre,
Node 5,9.0,cm,

For a radiaUysymmetric, 10-m-tall,1-m-radiusproblemcentered on a borehole with inner

radius 10 cm and representedby a 10-dcgr¢_arc, the GridGeometrycardwould look [iko:

-Grid Geometry

cylindrical
5, 1,5,

i, m, I0, degrees, i0, m, 0.0,m, 0.0, m,
i0.0, cre,
5 line(s) of grid geometry input follows.
Node 1,0.i,m,
Node 2, 0.3,m,
Node 3, 0.5,m,

Node 4,0.7,m,
Node 5,0.9, m,
i line(s) of grid geometry input follows.
Node 1,5,degrees,
5 line(s) of grid geometry input follows.
Node I, l,m,
Node 2,3,m,
Node 3,5,m,

Node 4,7,m,
Node 5,9,m,
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6.2.2 Inactive Nodes Card

The Inactive Nodes card is used to designate inactive, or noncomputational.,nodes in the

problem domain. Inactive nodes may represent any portions of the model domain that are to be

excluded from the porous media continuum to be simulated. Examples might include nodes

representing the atmosphere or impervious rock. Inactive nodes can also be used to define internal

•boundaryconditions. A surface between an inactive and an active node can function as a boundary

surface for the active node. Normal boundary conditions may be applied to these internal surfaces.

Format

Line 0 "-Inactive Nodes"

Line 1 N { integer } "line(s) of inactive nodes input follows."

Line n I Start { integer },
I End { integer },
J Start { integer },
J End { integer },
K Start { integer },
K End { integer },

Comments

The restriction to rectangular elements imposed by the finite-difference method used in the

MSTS code makes descriptions of irregulargeometries difficult. The inactive nodes feature of

MSTS gives some flexibility in this regard by allowing the user to specify nodes at which the

governing equations will not be solved and which can be assigned boundary conditions. Although

grid cells hrestill restricted to rectangular elements, the model domain is _ot. Examples of

appropriateuses for inactive nodes include representation of the atmosphe_ for a sloping surface at

the upper partof a model, representation of a nonhorizontal saturated zone in a unsaturated model

domain, and representation of impervious zones within a model domain.

This example makes two groups of nodes inactive; one group will represent the atmosphere

in the upper left-hand portion of a two-dimensional (10 by 1 by 5 node) domain, and the other

group will represent an impervious region in the lower left-hand portion.
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-Inactive Nodes
2 line(s) of inactive nodes input follows.
8,10,1,1,5e5,
1,3,1,1,1,2,

The following exampledeclares thatthere arc noinactivenodes in the model domain:

-Inactive Nodes
0 line(s) of inactive nodes input follows.
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6.2.3 Rock or Soil Types Card

Eunatiaa

The Rock or Soll Types card is used to group computational node(s) with identical physical

properties into unique rock or soil types.

Eomax

Line 0 "-Rock or Soil Types"

Line I Characters { integer } "character(s) of rock or soil types notes follows."

Line 2+ Rock Notes { alpha-numeric (strictly 80 characters per line) }

Next Line M { integer } "line(s) of rock orsoil types input follows."

Line m Rock or Soil Type { alpha ( 80 characters maximum ) },
I Start { integer },
I End { integer },
J Start { integer },
J End { integer },
K Start [ integer },
K End { integer },

Comments

The Rock Notes field is used to include references or sources of information that help in

documenting where the user obtained the properties used to represent rock or soil types.

The Rock or Soil Types card is used to specify properties for similar groups of nodes, often

termed zones, units, or layers. Usually groupings follow hydrogeologically similar soils or rock

formations. The Rock or Soil Type field is a name that identifies the grouping to which properties

are assigned, e.g., "Tiva Canyon Welded" or "Yolo Light Clay." The next six numbers bound the

rectangular block of nodes that are assigned to that rock or soil type. Multiple lines can be used to

assign different groups of nodes to the same rock type (see the following examples).

Example8

In the lh'Stexample, a one-dimensional vertical column of Yolo light clay is specified as the

only soil type in the simulation and ali 100 nodes of the problem are assigned to this type:
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-Rock or Soil Types
52 character(s) of rock or soil types notes follows.
Yolo light clay was first described by Moore (1939).
1 line(s) of rock or soil types input follows.
¥olo Light Clay, 1,1,1,1,1,100,

Often it is necessaryto use multiplelines to assignali of the nodesbelonging to one rock or soil

tYl_. Her=the firstexampleis rcl_at_ witha middlelayerof 21 nodes assignezlto a differentrock

type(genericsand):

-Rock or Soil Types
52 character(s) of rock or soil types notes follows.
¥olo light clay was first described by Moore (1939).
3 line(s) of rock or soil types input follows.
¥01o Light Clay, i,i,i,I,1,39,
Generic Sand, 1,1, 1, 1,40, 60,
¥olo Light Clay, 1,1,1,1,61,100,
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6.3 Physical Properties

Physical properties include mechanical properties (porosity and tortuosity), hydraulic

properties (permeability or conductivity, and storativity), thermalpm_es (thermal conductivity,

density, and specific heat), species properties (species name, molecular diffusion, liquid-gas

partition coefficient, solid-liquid partitioncoefficient, and species half-life), soft characteristics

(moisture-retentionrelations), liquid relative permeability, andgas relative permeability. Ali of the

physical characteristics of a rock or soil ty_ used by the MSTS code are entered using these seven

physical properties input cards. In each card, the physical properties are assigned to a rock or soil

name that must match precisely (except that MSTS input is case-insensitive) one of the names

entew.A with the Rock or Soil Types card.
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6.3.1 Mechanical Properties Card

Eangtian

The MechanicalPropertiescardis usedto assignvalues of porosityand tormosityto rock

or soil types identifiedwiththeRockor Soil Typescard.

Format

Line0 "-Mechanical Properties"

Line I N { integer } "line(s) of mechanical propertiesinput follows."

Line n Rockor Soil Type { alpha( 80 charactersmaximum) },
MatrixTotal PorositynTor n T, { _ },
MatrixDiffusive PorositynDor n D, { real },
MatrixEffectivePorosity ng or n E, { real },

FractureTotal Porosityn 7"_ { real },
FractureDiffusive Porosityn D I { real },
FractureEffectivePorosity n g I { real },
Tortuosityvariabilityoption [ constantIsaturationdependent ],

Liquid Tortuosityre (not requiredforsatur.'a,tion-depe.ndento.pti.on){_ },Gas Tortuosity rs (not requiredfor saturauon-<iepenclentopuon) Ire I,

Mechanical propertiesareassignedby rockor soil type, which is input using the Rockor

Soil Types card. The Rockor Soil Type field mustcontain a name that exactly matches one

contained on the Rockor Soil Types card.

The (matrix)total,effective, anddiffusiveporositiesmustbe specifiedfor alirockor soil

typesnamed. The fractureporosities mustbe named only for rockor soil typesfor which the dual-

porosity (equivalent-continuum)model is to be used.

Tortuositiescan be specified undertwo options:"Constant"and "SaturationDependent". If

the Constantoptionis chosen, then a liquid-phaseand/orgas-phasetormositymustbe @ecified.

Zero valuesof tormosityeliminatebinarydiffusionof gas-phasecomponentsandeliminate

moleculardiffusionfor species transport.If the SaturationDependentoption is chosen, the liquid-

and gas-phasetortuositiesarecomputedfrom a modelproposedby Millington and Quirk(19:39),
wherethe tortuositiesarecomputedas a function of theporosity andphase saturation. Referto

Section 3.8 of the MSTSTheory Manual (White and Nichols 1992)for a model description.
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In this example a ingle soil typ,, Yolo light clay, is assignexta total porosity of 0.495, an

effective porosity of 0.371, and a diffusive porosity of 0.371. Only matrix flow is applicable to this

soil tyl_, so nothing is put between the three commas normally reserved for fracture porosities.

Tlm blank fields of tortuosity will result in constant tortuosidcs with ze_ value for both liquid and

gas phases (i.c., no binary diffusion and no species diffusion transport).

-Mechanical Properties
1 line(s) of mechanical properties input follows.
¥olo Light Clay, 0.495,0.371,0.371,,,,constant,,,

If the dual-porosity, equivalent-continuum approach is used for a rock type, then six porosity values

are require_ In this case, we specify two rock types, one that is fractured (Topopah Springs) and

one that is not (Calico Hills). We also specify constant liquid and gas tortuosities:

-Mechanical Properties
2 line(s) of mechanical properties input follows.
Topopah Springs nonlithophysal, 0.11,0.0088,0.11,0.43,0.0194,0.045,constant, 0.02,0.20,
Calico Hills nonwelded zeolitic, O.28,0.2493,0.28,,,,constant,0.01,0.10,

l
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6.3.2 Hydraulic Properties Card

Function

The Hydraulic Properties card is used to assign values of intrinsic permeability or hydraulic

conductivity to rock or soil typos i_ntifi_ with the Rock or Soil Types card.

Formpt

Line 0 "-Hydraulic Properties"

Line 1 N { integer } "line(s) of hydraulic properties input follows."

Line n Rock or Soil Type { alpha ( 80 charactersmaximum ) },
x- or r-Direction Matrix Intrinsic Permeability or Hydraulic Conductivity { real },
y- or O-DirectionMatrix Intrinsic Permeability or Hydraulic Conductivity { real },
z-Direction Matrix Intrinsic Permeability or Hydraulic Conductivity { real },
Units [ m^21 ft^21 cre^21 hc:m/s I hc:ft/s Ihc:cm/s Ihe:cre/day ],
x- or r-Direction Fracture Intrinsic Permeability or Hydraulic Conductivity { _l },
y- or 0-Direction FractureIntrinsic Permeability or Hydraulic Conductivity { real },
z-Direction FractureIntrinsic Permeability or Hydraulic Conductivity { real },
Units [ m^21 ft^21 cre^21 hc:m/s I hc:ft/s Ihc:cm/s Ihe:cre/day ],
Coefficient of Specific Storage Ss { real },
Units [ llm l llft l llcm ],

Comments

Hydraulic properties are assigned by rock or soil type, which is input using the Rock or

Soil Types card. The Rock or Soil Type field must contain a name that exactly matches one

contained on the Rock or Soil Types card.

Enter values for fracture permeability (conductivity) only if you wish to invoke the

equivalent-continuum, dual-porosity model (see Section 7.8 for details). Otherwise, enter only the

matrix values and leave no charact, rs between the commas for fracture values.

If only the water conservation equation is to be solved and it is preferable to enter hydraulic

conductivity values rather than intrinsic permeability, precede the units with "hc:" to alert the MSTS

code to this. For example, an isotropic hydraulic conductivity of 3.5 cm/s would be entered as:

~Hydraulic Properties

I line(s) of hydraulic properties input follows.
Generic $and, 3.5,3.5,3.5,hc:cm/s .... ,0.0,1/cm,
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Hydraulicconductivityis convened to intrinsicpermeabilityandstorativityis convertedto porous

mediacompressibilityinternallyin MSTSby assuminga referencetemperatureof 20°C. Notice

thatnofracturevalueswere includedin thisexample,so thismaterialwould be ueatedasa simple

porousmedium.

The followingexampleprovidesinputfor a singlerockor soil type,Yolo lightclay, with an

isotropichydraulicconductivityof 1.23 x 10-7m/s and a storativityof 0.124 l/ro.

~Hydraulic Properties
i 11ne(s) of hydraulic properties input follows.
Yolo Light Clay, 1.23e-7,1.23e-7,1.23e-7,hc:m/s0,,,hc:m/s,O.124,1/m,

If we entered the samepropertiesusingintrinsicpermeabilities,the inputcardwould looklike this:

-Hydraulic Properties

I 1lhC(S) of hydraulic properties input follows.
Yolo Light Clay, l.26E-14,1.26E-14,1.26E-14,m^2,,,,m^2,0.124,1/m,

The nextexample gives theparametersfor a simulationthatwill use the equivalent-

continuum,dual-porosityapproachfor one of two rockor soil types. The Vn'stlayeris the Calico

Hills nonweldedvitric,whichhas a saturated,isotropichydraulicconductivityof 8.0 x 10-11m/s

and is not fracune.A.The secondlayeris the TopopahSpringswelded nonlithophysalwith a

saturated,isotropicmatrixhydraulicconductivityof 2.00 x 10-11m/s anda saturated,isotropic
fracturehydraulicconductivityof 8.3 x 10.5m/s.

-Hydraulic Properties
2 line(s) of hydraulic properties input follows.
Calico Hill$,8.0E-11,8.0E-11,8.0E-11,hc:m/s,,,,hc:m/s,O.O344,1/m,
Topopah Springs, 2.0E-ll,2.0E-11,2.0E-11,hc:m/s,8.3E-5,8.3E-5,8.3E-5,hc:m/s,O.OO88,1/m,

i

6.26



6.3.3 Thermal Properties Card

Funcdon

TheThermalPropertiescardis used to assignvalues of thermalconductivity,density,and

specific heatto _ck or soil typesidentifiedwith theRock or Soil Types card.

Format

Line0 "-Thermal Properties"

Line 1 N { integer } "line(s) of thermal propertiesinputfollows."

Linen Rockor Soil Type { alpha ( 80 charactersmaximum) },
EffectiveThermalConductivityModel [ dependentIindependentIsomerton]
x- or r-DirectionUnsaturatedThermalConductivity{ real },
y- or 0-DirectionUnsaturatedThermal Conductivity{ real },
z-DirectionUnsaturatedThermalConductivity{ real },
x- or r-DirectionSaturatedThermal Conductivity{ real },
y- or 0-DirectionSatura_dThermalConductivity{ real },
z-DirectionSaturatedThermal Conductivity{ real },
Units [ W/m K IBtu/h ft F Ical/s cm K IBtuin/h ft^2 F ],
Rockor Soil DensityPs{ real },
Units [ kg/m^3 1Ibm/ft^31gm/cm^3 ],
Rockor Soil Specific Heatcs { real },
Units [ J/kgK IBtu/IbmF Ical/gm K ],

Thermal properties are assignedby rock or soil type, which is inputusing the Rock or Soil

Types card. The Rock or Soil Type field must contain a name that exactlymatches one contained

on the Rock or Soil Types card. The equivalent thermal conductivityof a partially saturated porous

mediumcan be computed using three different models in MSTS. These models are described in

Section 3.9 of the MSTS Theory Manual (White and Nichols 1992). The model choice is

specified with the second option as "Independent," "Dependent,"or "Somenon." The Dependent

option combines a temperature-dependent liquid conductivity with an unsaturatedsolid thermal

conductivityas a function of moisture content. The Independent option scales the saturated and

unsaturatedthermal conductivities with the liquid saturation. The Somertonoption scales the

saturatedand unsaturated thermal conductivities with the square root of the liquid saturation.
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The first example illustrates how to enter no thermal energy physical parameters at all for an

isothermal simulation:

~Thermal Properties
0 line(s} of thermal properties input follows.

A problem with one rock or soil type of an isotropic material thathas a thermal conductivity

of 2.19 W/m K, a density of 2650 kg/m3, and a specific heat of 1000 J/kg K would be entered as

this example shows:

-Thermal Properties
1 line(s) of thermal properties input follows.
Generic Rock,dependent,2.10,2.10,2.10,,,,W/m K, 2650, kg/m^3,1000, J/kg K,

If the same rock type were anisotropic, having a thermal conductivity twice as large in the vertical

dimension as in the horizontal dimensions, the above example would be modified to appear as

-Thermal Properties

1 line(s) of thermal properties input follows.
Generic Rock,dependent,2.10,2.10,4.20,,,,W/m k,2650,kg/m^3,1000,J/kg K,

Finally, a thr_'rock domain could be defined with the following Thermal Properties card:

-Thermal Properties
3 line(s) of thermal properties input follows.
Rock Unit 1, dependent, l.0,1.0,2.0,,,,W/m K, 2300,kg/m^3,1000,J/kg K,
Rock Unit 2,dependent,2.0,2.0,3.0,,,,W/m K, 2400, kg/m^3,1050, J/kg K,

Rock Unit 3, dependent, 3.0, 3.0, 4.0,,,, W/m K, 2500, kg/m^3, Ii00, J/kg K,
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6.3.4 Species Properties Card

The Species Properties card is used to assign a species name and associated molecular

diffusion coefficients, partitioncoefficients, andradioactive half-life to each rock or soil type

identified with the Rock or Soil Types card. The ctm'ent version of MSTS can simulate only one

_es at a time, but the species properties need to be identified with respect to each rock or soil

type.

Line 0 "-Species Properties"

Line I N { integer } "line(s) of species properties input follows."

Line n Rock or Soil Type { alpha ( 80 characters maximum ) },
Species Name { alpha ( 80 characters maximum ) },
Liquid-Phase Molecular Diffusion Coefficient Dd/.at 20°C and 1 atm { real },
Units [ m^2/s Ift^2/s Icm^2/s ],

Gas-Phase Molecular Diffusion Coefficient Ddgat 20°C and 1 atm { real },
Units [ m^2/s Ift^2/s Icm^2/s ],
Liquid-Gas Partition Coefficient Kt &{ real },
Units [ crn^3 gas/gin liq. Iliter gas/gm liq. ],
Solid-Liquid Partition Coefficient Ka { real },
units [gmliq./gmsol.],
Species Half-Life 0/2 { real },
Units [ s Irain I h Iday Iwkl yr ],

(_omments

Species properties are indexed by rock or soil types because the molecular diffusion

coefficients and phase partition coefficients may be dependent on the local geochemical

environment. The Rock or Soil Type field must contain a name that exactly matches one contained

on the Rock or Soil Types card. The liquid-gas partition coefficient equals the ratio ofspecies

concentration in the liquid phase to that in the gas phase. Sirntlarly, the solid-liquid partition

coefficient equals the ratio of the species concentration adsorbed on the solid phase to that

dissolved in the liquid phase.

F.au lm

If the species mass conservation equation is not solved, the Species Properties card is
entered
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-Species Properties
0 line(s) of species properties input follows.

A simple example of species transport for a contaminant transportedin liquid phase only

through a single rock domain without retardationis

-Species Properties
I line(s) of species properties input follows.
Generic Sand, Lead, 1.0E-5, cm^2/s,,,,,,,,,

The following example illustrates the Species PropertiesL_rdfor ]'_, a radioactive isotope

of carbon with a half-Hreof 5730 years, in a five-rock domain of volcanic tufts. Carbon-14 is

wansported in both the liquid and the gas phases, so molecular diffusion and partition coefficients

areall specified.

-Species Properties

5 llne(s) of species properties input follows.

Welded, C14, 1.77e-05, cm^2/s, 0.152, cm^2/s,, carbon dioxide in water, 0.0, gm liq./gin
sol., 5730, yr,

Vitrophyre, C14,1.77e-05, cm^2/s, 0.152, cm^2/s, ,carbon dioxide in water, 0.0,gm liq./gm
sol., 5730, Fr,

Vitric, C14,1.77e-05, cm"2/s, 0.152, cm^2/s,, carbon dioxide in water, 0.0, gm liq. gin
sol., 5730, yr,

Zeolltic, C14,1.77e-05, cm^2/s, 0.152, cm^2/s,, carbon dioxide in water, 0.0, gm liq./gin
sol., 5730, yr,

Partially Welded, Oi4,1.77e-05, cm^2/s, 0o152, cm_2/s,, carbon dioxide in water, 0.0,gin
liq./gm sol.,5730,yr,

This example uses a spe_al MSTS feature, "carbon dioxide in water," to describe the phase

partition coefficients for the geochemical environment in the vadose zone at Yucca Mountain,
Nevad_
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6.3.$ Soil Characteristics Card

'lhc SoY Characteristicscard is used to specify the relationship between liquid-gas capillary

pressure and liquid saturationfor unsaturatedconditions for each rock or soil type identified on the

Rock or Soil Types card. Several functions are available to express the soil-moisture-retention

characteristics: van Genuchten, Brooks and Corey, Havcrkamp,Levitt, or dualporosity with van

Genuchten, as well a_tabularinput (see Section 7.0 for a description of these functions). The

maximum tension head for each rock or soil type is also specified on this card.

Format

Line 0 "-Soil Characteristics"

Line 1: N { integer } "line(s) of soil characteristics input follows."

vanGenuchtenrelation.

Linen RockorSoilType {alpha(80charactersmaximum )},
"vanC-enuchten,"
van Genuchten a Parameter { real },
Units [ 1/cml 1/m I 1/ft ],
van Genuchten n { real ( dimensionless ) },
Maximum Tension Head { real },
Units [ m Ift lcm ],

Brooks and Corey relation.

Line n Rock or Soil Type { alpha ( 80 characters maximum ) },
"Brooks and Corey,"
Brooks and Corey _* parameter { real },
Units [ cm Im Ift ],
Brooks and Corey n parameter { real },
Maximum Tension Head { real },
Units [ m Ift Icm ],
t

9
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Haverkamp relation.

Line n Rock or Soil Type { alpha ( 80 characters maximum ) },
"Haverkamp,"
Haverkamp a Parameter{ real },
t

I-laverkamp_ { real ( dimensionless ) },
Maximum Tension Head { real },
Units [ m Ift l cm ],
9

$

Leverett relation.

Line n Rock or Soil Type { alpha ( 80 characters maximum ) },
"Leverett"
Residual Liquid Saturationst { real },
9

Reference Capillary Pressure { real ( Pa ) },
Maximum Tension Head { real },
Units [ m Ift Icm ],
t

9

Dual-Porosity model.

Line n Rock or Soil Type { alpha ( 80 characters maximum ) },
"Dual Porosity,"
van Genuchtcn am Parameter for Matrix { real },
Units [ I/cml I/ml lift ],
van Genuchten nm Parameter for Matrix { real },
Maximum Tension Head { real },
Units [ m Ift Icm ],
van Genuchten aS Parameterfor Fracture { real },
Units [ 1/cml 1/ml 1/ft ]
van Genuchten nI Parameter for Fracture{ real },

Tabular data.

Line n Rock or Soil Type { alpha ( 80 characters maximum ) },
'Tabular,"
"Table No. "M { integer },

Tables for tabular data follow all functional input lines. Tables must be ordered sequentially
according to their respective table numbers.

Line 1 N { integer} "line(s) of capillary tables input follows."

Line n Tension Head _, { real },
Liquid Saturation st { real ),
Tension Head Units [ m Ift Icm ],

6.32



Soil characteristics are assigned by rock or soil type, which is input using the Rock or Soil

Types card. The Rock or Soil Type field must contain a name thatexactly matches one contained
on the Rock or Soil Types card. Functional specifications of the soil-moisture-retention functions

arepreferred over tabulardescriptions.

One method to specify the relationship between liquid pressure and liquid saturationis to

use tabular input. For example, suppose the Haverkamp relations (Haverkamp et al. 1977) were not

available in MSTS to define the soil-moisture-retention characteristics of a soil and we wished to

use that function with the following parameters: a = 200, _ = 1.5, A = I00, and B = 2. We could

compute several pairs of tension head-liquid saturationpoints from the Haverkamp function (see

Section 7.3 for the equation) and enter these as tabular input in the MSTS "input" file. Points on

the soil-moisture-retention curve between tabular values are derived in MSTS by linear

interpolation; hence, the greaterthe accuracy required,the greaterthe number of points should be in

the tabular input that defines a nonlinear relationship such as this one. The resulting tabular input

might appear as follows:

-Soil Characteristics

i line{s) of soil characUeristics input follows.
Generic Sand, Tabular,Table No. 1,

11 line{s) of capillary tables input follows.
0°i, 0. 9998, m,
1.0, 0.995,m,
5, 0. 947,m,

10, 0. 863,m,
20, 0. 690,m,
40,0.441,m,
60, O. 300,m,
80, 0.218,m,
100, 0. 167,m,
1000, 0. 006,m,
10000, 0. 000, m,

If the parameters are available, functional relationships are preferred to tabular input because

dataentry is easier, the problems with linear interpolations are avoided, and solutions will be faster

than for tabular input. In the following example, the van Genuchten relations are used to define soil

characteristics for nine "zones," or rock types, as follows:
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-Soil Characteristics

9 line(a) of soil characteristics input _ollows.
Zone l,van Genuchten,.O456,11cm, l.3661,1.0E+16,m,,,,
Zone 2,van Genuchten,.l109,1/cm, 1.3428,1.0E+16,m,,,,
Zone 3,van Genuchten,.O427,Z/cm,3.1603, Z.OE+16,m,,,,
Zone 4,van Genuchten,.1533,1/cm,2.033,1.0E+16,m,,,,
Zone 5,van Genuchten,.0353,1/cm,2.8921,l.0E+16,m,,,,
Zone 6,van Genuchten,.O184,1/cm, 3.3059,1.OE+16,m,,,,
Zone 7,van Genuchten,.O605,I/cm,2.4414,1.OE+16,m,,,,
Zone 8,van Genuchten,.OZ44,1/cm, 5.4201,1.0E+16,m,,,,
Zone 9,van Genuchten, O.O810, l/cm, l.9709,1.0E+Z6,m,,,,

An example follows for the use of the Brooks and Corey function to define the soU-moisture-

re_ntion curve of sandy clay:

-Soil Characteristics
1 line(a) of soll characteristics input follows.

Sandy Clay, Brooks and Corey, 32.75, cm, 0.51,1.0E+12,m,,,

An example follows for theuse of the Leverett function to define the soil-moisture-retention curve

of sandy clay:

-Soil Characteristics
I line(s} of soil characteristics input follows.
Zone 3, Leverett, 0.05,,10132.0,1.0E+lS,m,,,
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6.3.6 Liquid Relative Permeability Card

The Liquid Relative Permeability card is used to specify the liquid relative-permeability

function for each rock or soil type identified on the Rock or Soil Types card. Several functions are

available to express the relationship between liquid relative permeability and liquid saturationor

between liquid relative permeability andcapillary pressure head: Mualem pore distribution function

integrated with the van Genuchten or Brooks and Corey soil-moisture-retention functions, Burdine

pore distribution function integrated with the van C-enuchtenor Brooks and Corey soil-moisture-

retention functions, Haverkamp function, Corey function, Fatt and Klikoff function, Touma and

Vauclin function, or a dual-porosity model. Alternatively, tabularinput may be used to define the

relationship between liquid relative permeability and liquid saturationor between liquid relative

Imrmeability and capillary pressure head. The minimum liquid relative permeability for each rock

or soil type is specified with the Liquid Relative Permeability card also.

Format

Line 0 "-Liquid Relative Permeability Properties"

Line I N { integer } "line(s) of liquid relative permeability input follows."

Mualem function with van Genuchten soil.moisture-retemion relation.

Line n Rock or Soil Type { alpha ( 80 characters maximum ) },
"Mualem w/van Genuchten,"
van Oenuchten m Parameter { real },
t

M_nimum Liquid Relative Permeability { real },

Mualem function with Brooks and Corey soil.moisture-retention relation.

Line n Rock or Soil Type { alpha ( 80 characters maximum ) },
"Mualem w/Brooks & Corey,"
Brooks and Corey fl Parameter { real },

_fimum Liquid Relative Permeability { real },

Burdine function with van Genuchten soil.moisture-retention relation.

Line n Rock or Soil Type { alpha ( 80 characters maximum ) },
"Burdine w/van Genuchten,"
van Oenuchten m Parameter { real },
t

Minimum Liquid Relative Permeability { real },
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Burdine function with Brooks and Corey soil-moisture-retention relation.

Line n Rock or Soil Type { alpha ( 80 charactersmaximum ) },
"Bun:line w/Brooks & Corey,"
Brooks and Corey/3 Parameter { real },
1

Minimum Liquid Relative Permeability { real },

Haverkamp relation.

Line n Rock or Soil Type { alpha ( 80 eharacte_ maximum ) },
'1-1avetkamp,"
Haverkamp A Parameter { real },
Haverkamp B Parameter { real },
Minimum Liquid Relative Permeability {real },

Corey relation.

Line n Rock or Soil Type { alpha ( 80 characters maximum ) },
"Corey's Cre'yes,"
Residual Liquid Saturation st { real },
Entrapped Air Saturation sts { real },
Minimum Liquid Relative Permeability { real },

Fatt and Klikoff relation.

Line n Rock or Soil Type { alpha ( 80 characters maximum ) },
"Faa and Klikoff"
Residual Liquid Saturation str { real },

_4inimum Liquid Relative Permeability { real },

Touma and Vauclin relation.

Line n Rock or Soil Type { alpha ( 80 characters maximum ) },
"Touma and Vauclin"
Fitting Parameter ,At { real },
Fitting Parameter Bt { real },
Minimum Liquid Relative Permeability { real },

Dual-porosity model.

Line n Rock or Soil Type { alpha ( 80 characters maximum ) },
"Dual Porosity"
van C-enuchten mm Parameter for Matrix { real },
I

Minimtnn Liquid Relative Permeability {real },
van Genuehten my Parameter for Fracture { real },

6.36



Tabular versus Liquid Saturation.

n Rock or Soil Type { alpha ( 80 character_maximum ) },
"Tabularvs Liquid Saturation,"
"Table No. "M [ integer },

Tables for tabular data follow all.functional input lines. Tables must be ordered sequentially
according to their respective table numbers.

Line 1 N { integer } "line(s) of liquid permeability tables input follows."

Line n Liquid Saturationst { real },
Liquid Relative Permeability krt { real },

Tabular versus Tension Head.

Line n Rock or Soil Type { alpha ( 80 characters maximum ) },
"Tabular vs Tension Head,"
"Table No. "M { integer },

Tables for tabular data follow all functional input lines. Tables must be ordered sequentially
according to their respective table numbers.

Line 1 N { integer } "line(s) of liquid permeability tables input follows."

Line n Tension Head _ { real },
LiquidRelativePermeabilitylcre{real},
TensionHeadUnits[m Iftlcre],

Liquidrelativepcrmeabilitiesareassignedbyrockorsoiltype,whichisinputusingthe

RockorSoilTypescard.The RockorSoilTypefieldmustcontainaname thatexactlymatches

onecontainedontheRockorSoilTypescard.Functionalspecificationsoftheliquidrelative-

permeabilityfunctionsarepreferredovertabulardescriptions.Foradditionaldetailsonthevarious

functionalrelationships(e.g.,Mualem,Burdine)availablewiththiscard,refertoSection7.0.

Examoles

TabularinputisthemostdifficulttoenterintoMSTS inputfiles,sothefirsttwoexamples

illustrate this type of specification for liquid relative permeability. The first example shows a

tabularformoftheliquidrelative-permeabilityfunctionproposedbyHaverkampctal.(1977),inthe

formofliquidrelativepermeabilityversusliquidsaturation,asfollows:
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-Liquid Relative Permeability Properties
1 line{s) of liquid relative permeability input follows.
Generic Sand, Tabular vs Liquid Saturation, Table No. 1,
11 line(s) of liquid permeability tables input follows.
1.000, 1.000,
0. 998, 0. 998,
0.947, 0.800,

0.863,0.500,
0.691, 0.200,
0. 442, 0. 059,
0.301,0.027,
0.218,0.015,
0.167,0.010,
0.006, 9.99E-5,
0. 000,1.00E-6,

Alternatively,we candefinethe liquidrelativepermeabilityasa functionof tensionhead,as follows:

-Liquid Relative Permeability Properties
1 line(s) of liquid relative permeability input follows.
Generic Sand, Tabular vs Tension Head, Table No. i,
12 line(s) of liquid permeability tables input follows.
0.00, 1.00,m,
0.1, 0. 999,m,
1.0, 0. 990,m,
5.0, 0.800, m,
10.0, 0.500,m,
20.0, 0.200,m,

40.0, 0.059,m,
60.0, 0.027, m,

80.0, 0.015,m,
100.0, 0.010, m,
1000.0, 1.00E-6,m,
10000.0, 1.00E-6, m,

Notice in both tabularexamples that the endpointsof the curvesareestablishedat zerocapillary

pressure(s_= ',.0)and at the minimumrelative conductivityforthe problem (1.Ox lO_ m in this

case); this practice serves to avoid undefinedregions of these relationships.

Functionalrelationsareeasier to enterthan tabularinput. An exampleof the liquid relative-

permeability function,specifiedusing the Corey functionappears as follows:

-Liquid Relative Permeability Properties

1 line{s) of liquid relative permeability input follows.
Generic Sand, Corey's Curves, 0.30,0.05,1.0E-10,,

Inthisexample,theminimumrelativeliquidpermeabilityis1.0x10-10,theparameterresidual

liquidsaturationequals0.30,andtheentrappedairatsaturationequals0.05.SeeSection7.0for

detailsontheparametersusedinCorey'sCurvesandotherrelative-permeabilityfunctions.

Thefinal example of liquidrelative-permeabilityinputis fora seven-rock-typeproblem

wheresome of therocktypes arcfracturedanduse thedual-porositymodel while othersarenot
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frac_ and use Mualcm functions with van Gcnuchtcn soil-moisture-retention relations.

-Liquid Relative Permeability Properties
7 line(s) of liquid relative permeability input follows.
Nonwelded Ash F1ow, Mualem w/ van Genuchten, 0.3333,,1.0e-12,,
Bedded Tuff,Nualem w/ van Genuchten, 0.900,,1.0e-12,,
Welded Nonlithophysala Dual Porosity, 0. 4438,, i. 0e-12, 0. 6269,
Vitrophyre, Dual Porosity, 0.4438,,1.0e-12,0.6269,
Vitric, Dual Porosity,0.5502,,1.0e-12,0.6269,

Zeolitic, Dual Porosity, 0.1909,, 1.0e-12,0. 6269,
Partially Welded, Dual Porosity, 0.6212,, 1.0e-12,0.6269,
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6.3.7 Gas Relative Permeability Card

Function
o

The Gas RelativePermeabilitycardis used to specifythe gas permeabilityfunctionfor

eachrock or soil type identifiedonthe Rock or Soil Typescard. Severalfunctionsareavailableto

expressthe relationshipbetweengasrelativepermeabilityand liquidsaturationor between gas

relativepermeabilityandcapillarypressurehead:Coreyfunction,FattandKlikoff function,Touma

andVauclinfunction,or a linearrelationshipwith theliquidrelativepermeabilityof the samerock

or soil type. Alternatively,tabularinputmay be used todefinethe relationshipbetweengas relative

permeabilityandliquidsaturationorbetweengasrelativepermeabilityand capillarypressurehead.

TheminimumgasrelativepermeabilityforeachrockorsoiltypeisalsospecifiedwiththeGas

RelativePermeabilitycard.

Format

Line0 "--GasRelativePermeabilityProperties"

LineI N {integer}"line(s)ofgasrelativepermeabilityinputfollows."

Core,#,relation.

Linen RockorSoilType{alpha(80charactersmaximum)},
"Corey'sC'm'ves,"
ResidualLiquidSaturationStr{real},
EntrappedAirSaturationsn {real},
MinhnumGasRelativePermeability{real },

Fan andKlikoff relation.

Linen RockorSoilType{alpha(80charactersmaximum)},
"FauandKlikoff"
ResidualLiquidSaturationser{real},
I

MinimumGasRelativePermeability{real}1

Touma and Vauclin relation.

Linen Rockor Soil Type {alpha ( 80 charactersmaximum) }1
'Touma andVauclin"
FittingParameterAg {real},
FittingParameterB_ {real},
MinimumGasRelativePermeability{real}1
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Linear with liquid relativepermeability.

Linen Rockor Soil Type { alpha( 80 charactersmaximum ) },
"Linearw/Liq. Rel. Pcrm.,"

Tabular versus Liquid Saturation.

Linen Rockor Soil Type { alpha ( 80 charactersmaximum ) ],
''Tabularvs Liquid Saturation,"
"TableNo. "M { integer },

Tables for tabular data follow allfunctional input lines. Tables must be ordered sequentially
according to their respective table numbers.

Line I N { integer } "line(s) of gas permeabilitytables inputfollows."

Line n LiquidSaturationst { real },
Gas RelativePermeabilitykrs { real },

Tabular versus Tension Head.

Line n Rockor Soil Type { alpha ( 80 charactersmaximum) },
"Tabularvs Tension Head,"
'"FableNo. "M { integer },

Tables for tabular datafollow ali functional input lines. Tables must be ordered sequentially
according to their respective table numbers.

Line 1 N { integer} "line(s) of gas permeabilitytables input fonows."

Linen Tension Head _,{ real },
Gas Relative Permeabilityk,R{ re.al},
Tension HeadUnits [ m Ift gem ],

.C.ozllmr,

Gas relative pcrmeabilities arc assigned by rockor soil type, which is input using the Rock

orSoil Types card. The Rockor Soil Type fieldmust contain a name that exactly matches one

containedon the Rockor Soil Types card. Functionalspecificationsof the gas relative-permeability

functions arcprefenv.Aover tabulardescriptions. For additionaldetailson the various functional

relationships(e.g., Corey, Fatt and Klikoff) availablewith this card,refer to Section7.0.

As with liquidpermeabilityrelations,mbuiar input forgas permeabilityrelations is the most

complex type of entry. This exampleillustrateshow to make gas relative permeability varylinearly

withliquid saturationusing tabularinput fora single-rock-typeproblem:
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-Gas Relative Permeability Properties
I line(s) of gas relative permeability input follows.
Generic Sand, Tabular vs Liquid Saturation,Table No. 1,
2 line(s) of gas permeability tables input follows.
0.0, 1.0,
1.0, 1.0,

Gas relativepermeabilitycanbe expressedin teamsof tension head(liquid-gascapillarypressure

head),as well as liquid saturation.Of course,nonlinearrelationshipsrequiremorethantwodata

pointstoadequatelydefine a curve.

Anotheroptionforgas relativepermeabilityis to relateit linearlyto liquidrelative
permeability,as forthis clay problem:

-Gas Relative Permeability Properties
1 line(s) of gas relative permeability input follows.

Yolo Light Clay, Linear w/ Liq. Rel. Perm.,

The method used todefine gas relativepermeabilitycan be differentfordifferentrockor soil types

as weil. Here,one rocktype is describedbya FattandKlikoff relationwhile a secondis described

by tabularinputas a functionof liquidsaturation.

-Gas Relative Permeability Properties
2 line(s) of gas relative permeability input follows.
Sample,Fatt and Klikoff,0.15,,1.0E-06,
Slick Rock,Tabular vs Liquid Saturation, Table No. 2,

3 line(s) of gas permeability tables input follows.
0.0,0.4286,
0.15,0.4286,
1.0,0.4286,
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6.4 Boundary Conditions

Boundary conditions arc specifi_ through five distinct boundarycondition cards: liquid,

gas, vapor, thermal energy, and species. The Liquid Boundary Conditions card specifies boundary

conditions for aqueous pressure, aqueous component mass fractions, aqueous density, and aqueous

fluxes. The Gas Boundary Conditions card specifics boundary conditions for gas pressure, gas

component mass fractions, gas density, and gas fluxes. The Vapor Boundary Condition card

specifics boundary conditions only with respect to diffusion of components through the gas phase;

the advection of components in the gas phase at boundary surfaces is specified through the gas

boundary conditions. Having unique boundary conditions for the advection anddiffusion wansport

mechanisms for gas components allows greater flexibility in creating problem definitions. For

example, this approach allows the user to simulate boundaries that azo impermeable to advectivc

flow but permit gas component diffusion. The Energy Boundary Conditions card specifies

boundary conditions for temperatm_, volumetric enthalpics for liquid and gas, and heat fluxes. The

Species Boundary Conditions card specifies boundary conditions for species concentrations in the

aqueous and gas phases and species boundary surface fluxes individually for the aqueous- and gas-

phase fluxes. The default boundary condition for every undeclared boundary surface is a zero-flux

condition for liquid-phase mass, gas-phase mass, vapor diffusion, heat, and species mass.
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6.4.1 Liquid Boundary Conditions Card

Function

The Liquid Boundary Conditions card is used to specify boundary conditions for aqueous

pressure, aqueous component mass fractions, aqueous density, and aqueous fluxes at the external

boundaries of the problem domain and at the boundaries of inactive nodes. Four boundary

conditiontypesarcavailable:Dirichlet,Neumann,saturated,andunitgradient.

Format

IZ_ 0 "-Liquid Boundary Conditions"

LineI N {integer}"line(s)ofliquidboundaryconditionsinputfollows."

DirichletBoundary.

Line n Direction [ X-Direction IY-Direction IZ-Diction ]"
Surface [ Top l Bottom IEast IWest I North ISouth ] "Surface," ..
"Dirichlet @ Boundary,"
Liquid Pressure Pe { _ },
Units [ Pa (absolute) IPsi (absolute) IAtm (absolute) IBar (absolute) ],
Liquid Density Pt { re,al },
Units [ kg/m^31 Ibm/ft^3 1gin/cre^3 ],
Air Mass Fmcdon x _ { real },
I Start { integer },
I End { integer },
JStart{integer},
JEnd {integer},
K Start{integer},
K End {integer},

Neumann Boundary.

Linen Direction[X-DirectionIY-Dirr.ctionIZ-Direction]:
Surface[Top lBottomIEastlWestlNorthISouth]"Surface,"
"Neumann@ Boundary,"
LiquidMassHux Q / {real},
Units[kg/m^2slIbm/ft^2slgm/cm^2s],
P

t

AirMassFractionx_ {real},
IStart{integer},
IEnd {integer},
JStart{integer},
J End {integer},
K Start{integer},
K End {integer},
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Saturated Boundary.

Line n Direction [ X-DirectionIY-Direction{Z-Direction]:
Surface [ Top IBottom IEast l West INorth ISouth ] "Surface,"
"Saturated @ Boundary,"
it

Liquid Density pe {real },
Units [ kg/m^31Ibm/ft^3i gm/cm^3 ],
Air Mass Fractionx _,{ real },
I Start{ integer },
IEnd { integer},
J Start{ integer },
J End { integer },
K Start{ integer }, _"....
K End { integer },

Unit-Gradient Boundary.

Linen Direction [ X-DirectionIY-DirectionIZ.Direction]:
Surface [ Top IBottom IEast l West INorth ISouth ] "Surface,"
"Unit Gradient @ Boundary,"

9

Liquid Density Pe { real },
Units [ kg/ma311btu/ft^31gm/cma3 ],
Air Mass Fraction x _ { real },
I Start { integer },
I End { integer },
J Start { integer },
J End { integer },
K Start { integer },
K End { integer },

Comm¢nts ..i.

Boundaryconditions must be appliedto active nodesadjacentto exteriorboundarysurfaces
or inactive nodes. The surfaceorientationsrefer to a boundarysurfacewith respectto the active

node. Dirichlet-type boundaryconditions are used to specify liquid pressuresat a boundary

surface. The phasedensity andcomponentmass fractionswill be used for boundarysurfacemes"
fluxes that aredirectedinto the active node. Neumann-typeboundaryconditions areused to

specify liquid-phasemass fluxes at a boundarysurface. "Emcdirectionsare aligned with the
coordinatedirections. A positivefluxin thex- or r-directionis towardthe east, in they- or O-
directionis ,_owardthe north,andin the z-directionis towardthe top. Saturatedboundary

conditionsmaintaina zerocapillarypressureheadat the boundarysurface(i.e., liquidpressureis
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maintained equal to the gas pressure). Unit-gradient-type boundary conditions are used to specify

surface fluxes at the boundary thatresult from gravitational body forces only. Unit-gradient-type

boundary conditions applied to vertical surfaces are equivalent to zero-flux boundary conditions.

A one-dimensional problem re,quires boundaries to be defined only at the ends of the

problem, because the default boundary conditions for undeclared surfaces are zero-flux boundaries.

Hero a one-dimensional, vertically oriented problem is assigned a constant liquid mass flux in the

negative z-dir_tion (the sign of the flux indicates direction) into the domain at the top of the porous

medium column and a constant saturation condition (water table) at the bottom.

-Liquid Boundary Conditions
2 line(s) of liquid boundary conditions input follows.
Z-Direction: Top Surface, Neumann 0 Boundary,-2.0, kg/m^2 s,,,0, i,1,1,I,9,9,
Z-Direction: Bottom Surface, Saturated @ Boundary,,,998.3,kg/m^3,,l,l,l,l,l, I,
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6.4.2 Gas Boundary Conditions Card

Funcdor_

The Gas Boundaiy Conditionscardis used to specify boundaryconditions for gas

pressure,gas componentmass fractions,gas density, andgas fluxes at the external boundaries of

the problemdomain and at the boundariesof inactive nodes. Threeboundarycondition types are

available:Dirichlet,Neumann,andunitgradienL

Format

Line0 "--GasBoundaryConditions"

LineI N {integer}"line(s)ofgasboundaryconditionsinputfollows."

Dirichlet Boundary.

Linen Direction[ X-DirectionIY-DirectionIZ-Direction]:
Surface [ Top IBottom IEast l West l North ISouth ] "Surface,"
"Dirichlet@ Boundary,"
Gas PressureP8 { real },
Units [ Pa (absolute) IPsi (absolute) IAtm (absolute) IBar (absohte) ],
GasDensityp_{real},
Units[kg/m^31Ibm/ft^31gm/cm^3],

w {real}Water-VaporMassFractionxs
I Start{ integer },
I End { integer},
J Start{integer },
J End { integer },
K Start{ integer },
K End {integer },

Neumann Boundary.

Line n Direction [ X-DirectionIY-DirectionIZ-Direction]:
Surface [ Top IBottom IEast IWest l North ISouth ] "Surface,"
"Neumann@ Boundary,"

Gas Mass Flux Qs { real },
Units [ kt/m^2 s IIbm/ft^2 sl gm/cm^2 s ],

J

{real},Water-VaporMass Fractionx s
I Start { integer },
I End { integer },
JStart { integer },
JEnd { integer },
K Start { integer },
K End { integer },
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Unit-Gradient Boundary.

Linen Direction[X-DirectionIY-DirectionIZ-Direction]"
Surface [ Top IBottom IEast l West l North ISouth ] "Surface,"
"UnitGradient@ Boundary,"

t

GasDensityOn{real},
Units[kghn^311bm/ft_31gm/cmA3],

Water-VaporMassFractionx_ {real},
IStart{integer},
IEnd {integer},
J Start{integer},
JEnd {integer},
K Start{integer},
K End {integer},

  mmram

Boundaryconditionsmustbeappliedtoactivenodesadjacenttoexteriorboundarysurfaces

or inactive nodes. The surface orientations refer to a boundary surface with respect to the active

node. Dirichlet-type boundary conditions are used to specify gas pressures at a boundary surface.

The phase density and component mass fractions will be used for boundary surface mass fluxes

that are directed into the active node. Neumann=typeboundary conditions are used to specify gas=

phase mass fluxes at a boundary surface. Fiux directions arealigned with the coordinate directions.

A positive flux in the x- or r-direction is toward the east, in the y- or O<limction is toward the north,

and in the z-direction is toward the top. Unit-gradient-type boundary conditions are used to _y

surface fluxes at the boundary thatresult from gravitational body forces only. Unit-gradient-type

boundaryconditionsappliedtoverticalsurfacesareequivalenttozero-fluxboundaryconditions.

Examvles

The first example is for a problem that does not require a gas boundary condition to be

defined:

-Gas Boundary Conditions
0 llne(s) of gas boundary conditions input follows.

A common gas boundary condition is constant atmospheric pressure. Here, a Dirichlet boundary is

defined on the west surface of a problem domain with constant gas pressure of 101,330 Pa, gas

density at this boundary of 0.91944 kg/m3, and vapor mass fraction 0.21395:
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-Gas Boundary Conditions
1 llne(s) of gas boundary conditions input follows.
X-Direction: West Surface,Dirichlet @Boundary, 101330.O, Pa

(absolute),0.91944,kg/m^3,0.21395,1,1,1,1,1,1,
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6.4.3 Vapor Boundary Conditions Card

The VaporBoundaryConditionscardspecifiesboundaryconditionsonlywithrespect to

diffusionof componentsthroughthe gasphase;the advectionof components in the gas phase at

boundarysurfacesis specifiedthroughgas boundaryconditions. Vaporboundaryconditionscan
bedeclaredattheexternalboundarysurfacesof theproblemdomainandat the boundariesbetween

activeandinactivenodes. Only Dirichlet-typeboundaryconditionsareavailableforvapor
boundaryconditions.

Format

Line0 "-Vapor BoundaryConditions"

Line 1 N { integer } "line(s) of vaporboundaryconditions inputfollows."

Dirichlet Boundary.

Linen Direction [ X-DirectionIY-DirectionIZ-Direction]:
Surface[ Top IBottom IEast l West INorthISouth ] "Surface,"
"Dirichlet@ Boundary,"

{real}.Water-Vapor Mass Fractionx 8
/ I Start{ integer },

I End { integer },
J Start{ integer },
J End { integer ),
K Start{ integer},
K End { integer },

Comment_

Boundaryconditionsmust be appliedto activenodes adjacentto exteriorboundarysurfaces

or inactivenodes. The surfaceorientationsreferto a boundarysurfacewith respect to the active

node. Dirichlet-typeboundaryconditionsareused to specify water-vapormass fractionata

boundarysurface. Water-vapormass fractionsdeclared throughthe VaporBoundaryConditions

cardareused only to compute the diffusionof watervaporacrossa boundarysurface. Advection

of watervaporacrossa boundarysurfaceis controlledthroughthe Gas BoundaryConditionscard.

Normally,thewater-vapormass fractionsdeclaredon theVaporBoundaryConditionsand Gas

BoundaryConditionscardswill be equivalent.
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If no vapor boundaryconditions are to be declared in an "input" file, the Vapor Boundary

Conditionscardwouldbeenteredas

-Vapor Boundary Conditions
0 line(s) of vapor boundary conditions input follows.

In the next example, the Vapor Boundary Conditions card is provided for a model domain with an

upper boundary that is the interface with the atmosphere. "lhc upper boundary is a sloping surface,

so inactive nodes (refer to Section 6.2.2 for information on inacdve node declaration) arc used to

representtheatmosphere,andtheboundaryisdefinedattheedgeoftheinactiveregion.The vapor

boundaryconditioninthisexampleisaconstantvapormassfractionof0.003.

-Vapor Boundary Conditions
21 line{s) of vapor boundary conditions input follows.
Z-Direction : Top Surface, Dirichlet @ Boundary, 0. 003, 1, 1,1, i, 50, 50,
Z-Directlon: Top Surface,Dirichlet @ Boundary, 0.003,2,4,1,1,49,49,
Z-Direction : Top Surface, Dirichlet ta Boundary, 0.003,5, 8, 1,1, 48, 48,
Z-Direction: Top Surface, Dirichlet @Boundary, O.003, 9,11,1,1, 47, 47,
Z-Direction: Top Surface, Dirichlet @ Boundary, 0.003,12,14,1,1,46,46,
Z-Direction: Top Surface, Dirichlet @ Boundary, 0.003,15,17,1,1,45,45,
Z-Direction: Top Sur face,Dirichlet @ Boundary, 0.003,18,21,1,1,44,44,
Z-Direction: Top Surface, Dirichlet @ Boundary, 0.003,22,24,1,1,43,43,
Z-Direction: Top Surface, Dirichlet @ Boundary, 0.003,25,27,1,1,42,42,
Z-Direction: Top Surface, Dirichlet @ Boundary, 0.003,28,30,1,1,41,41,
Z-Direction: Top Surface, Dirichlet @ Boundary, 0.003,31,34,1,1,40,40,
Z-Direction: Top Surface, Dirichlet @ Boundary, 0.003,35,37,1,1,39,39,

. Z-Direction : Top Surface, Dirichlet @ Boundary, 0. 003, 3B, 40, I, I, 38, 38,
Z-Direction: Top Surface, Dirichlet @ Boundary, 0.003,41,42,1,1,37,37,

Z-Direction: Top Surface, Dirichlet @ Boundary, 0.003,43,47,1,1,36,36,
Z-Direction: Top Surface, Dirichlet @Boundary, O. 003, 48, 54,1,1, 35, 35,
Z-Direction: Top Surface,Dirichlet @ Boundary, 0.O03,55, 60,1,1,34,34,
Z-Direction: Top Surface, Dirichlet @ Boundary, 0.003,61,67,1,1,33,33,
Z-Direction: Top Surface,Dirichlet @ Boundary, 0.003,68,73,1,1,32,32,
Z-Direction: Top Surface,Dirichlet @ Boundary, 0.003,74,83,1,1,31,31,
Z-Direction: Top Surface, Dirichlet @ Boundary, 0.003,84,91,1,1,30,30,
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6.4.4 Energy Boundary Conditions Card

Function

The Energy Boundary Conditions card specifies boundary conditions for temperature,

volumetric enthalpies for liquid and gas, and heat fluxes at the external boundaries of the problem

domain and at the boundaries of inactive nodes (if any). Two boundarycondition types are

available: Dirichlet and Neumann.

Format

Line 0 "--Energy Boundary Conditions"

Line 1 N { integer } "line(s) of energy boundary conditions input follows."

Din'cider Boundary.

Line n Direction [ X-Direction IY-Direction IZ-Direction ]:
Surface [ Top IBottom IEast IWest INorth ISouth ] "Surface,"
"Dirichlet @ Boundary,"
Temperature T { real },
Units [ Celsius IFahrenheit IRankine IKelvin ],
Liquid Volumetric Enthalpy ht { real },
Units [ J/m^31 Btu/ft^3 1caYcm^3 ],
Gas Volumetric Enthalpy hg { real },
Units [ J/m^31 Btu/ft^31 ca]/cm^3 ],
I Start { integer },
I End { integer },
J Start { integer },
J End { integer },
K Start { integer },
K End { integer },
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Neumann Boundary.

Line n Direction [ X-Direction IY-Direction IZ-Direction ]:
Surface [ Top IBottom IEast l West l North I South ] "Surface,"
"Neumann@ Boundary,"

HeatFluxQ e,-.{real},
Units[W/m^21Btu_ ft^21cal/cma2s],
LiquidVolumetricEnthalpyht{real},
Units[J/m^31Btu/ft^31cal/cm^3],
Gas VolumetricEnthalpyhg{real},
Units[J/m^31Btu_t^31ca3/cm^3],
I Start { integer },
I End [ integer },
J Start { integer },
J End { integer },
K Start { integer },
K End { integer },

f.omamm

Boundary conditions must be applied to active nodes adjacent to exterior boundary surfaces

or inactive nodes. The surface orientations refer to a boundary surface with respect to the active

node. Dirichlet-type boundary conditions are used to specify temperatures at a boundary surface.

The liquid and gas volumetric enthalpies will be used for boundary surface mass fluxes that are

directed into the active node. Neumann-type boundary conditions are used to specify heat fluxes at

a boundary surface. Flux directions are aligned with the coordinate directions. A positive flux in

the x- or r-direction is toward the east, in the y- or 0-direction is toward the north, and in the z-

direction is toward the top.

F, tma

These are the boundary conditions for a one-dimensional, horizontally oriented heat pipe

problem (see Section 8.0 for a complete description of the heat pipe problem). The east side is

assigned a constant energy flux of 100 W/m2 directed into the domain (the negative sign indicates

the direction of the flux) while the west side is assigned a constant temperature of 70°C.

-Energy Boundary Conditions
2 line(s) of energy boundary conditions input follows.
X-Direction: West Surface,Dirichlet @Boundary, 70,Celsius,2.864e+8,J/m^3, 5.2098e+5,

Jlm^3,1,1,1,1,1,1,
X-Direction: East Surface,Neumann @ Boundary,-lOO,W/m^2,,J/m^3,,J/m^3, 50,50,1,1,1,1,
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Any boundaryconditioncan be appliedeitherto the domainboundaryorto the surfaceof

inactivenodes (see Section6.2.2 forinformationondeclaringinactive nodes). In the following

exampleof anEnergyBoundaryConditionscar_ a boundaryat a constanttemperatureof 20°C is

assigned to the topof a two-dimensional(x-z),5 by 5 nodedomainthathas inactivenodes in the

lower left-handside. A constanttemperatureof 30°C is assigned to the top of each inactivenode

thatis adjacentto a computationalnodetoforma diagonalboundaryin the problem.

-Energy Boundary Conditions
5 line(s) of energy boundary conditions input follows.
Z-Direction : Top Surface, Dirichlet @ Boundary, 20. ,Celsius, 8. 379e+07, J/m^3, 2 .e+04,

J/m^3, 1,5, 1, 1,5, 5,
Z-Direction : Bottom Surface, Dirichlet 0 Boundary, 30., Celsius, 1.252e+08, J/m^3, 0.,

Jim^3, 4,5, 1, 1, 1, 1,
Z-Direction: Bottom Surface, Dirichlet @ Boundary, 30.,Celsius, l.252e+08, O/m^3,0.,

J/m^3, 3, 3, i, I, 2, 2,

Z-Directlon" Bottom Surface, Dirichlet @ Boundary, 30.,Celsius, l.252e+08,J/m^3,0.,
J/m^3, 2,2, I, I, 3,3,

Z-Direction: Bottom Surface, Dirichlet 8 Boundary, 30.,Celsius,1.252e+08,J/m^3,0.,
J/m^3, 1, I, I, 1, 4,4,
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6.4.5SpeciesBoundary ConditionsCard

Function

The SpeciesBoundaryConditionscardspecifiesboundaryconditionsforspecies

concentrationsintheaqueousandgasphasesandSl_cciesboundarysurfacefluxesindividuallyfor

theaqueous-andgas-phasefluxesattheexternalboundariesoftheproblemdomainandatthe

boundariesofinactivenodes.Two boundaryconditiontypesareavailable:DirichletandNeumann.

Format

Line 0 "-Species Boundary Conditions"

Line 1 N { integer } "line(s) of species boundary conditions input follows."

Dirichlet Boundary.

Line n Direction [ X-Direction IY-Direction I Z-Direction ]:
Surface [ Top IBottom IEast l West l North ISouth ] "Surface,"
"Dirichlet@ Boundary,"
Liquid-PhaseSpeciesConcentrationCt {real},
Units[(mol;Ci)/m^31(mol;Ci)/ft^31(mol;Ci)/literI(mol;Ci)/cm^3)],
Gas-PhaseSpeciesConcentrationCs {real},
Units[(mol;Ci)/m^31(mol;Ci)/ft^3-1(mol;Ci)/literI(mol;Ci)/cm^3)]_
I Start{integer},
IEnd {integer},
JStart{integer},
JEnd {integer},
K Start{integer},
K End {integer},

Neumann Boundary.

Line n Direction [ X-Direction IY-Direction IZ-Direction ]:
Surface [ Top IBottom IEast l West l North ISouth ] "Surface,"
"Neumann @ Boundary,"

Liquid-Phase Species Flux Q c { real },
Units [ (mol;Ci)/m^2 s I(mol;_i)/ft^2 s I(mol;Ci)/cm^2 s) ],

Gas-PhaseSpeciesHux Q %{re_il},
Units[(mol;Ci)/m^2sI(mol;Ci)/ft^2sl(mol;Ci)/cm^2s)],
IStart{integer},
IEnd {integer},
JStart{integer},
JEnd {integer},
K Start{integer},
K End {integer},
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Comments

Boundaryconditionsmust bc appliedto activenodesadjacenttO exterior boundary surfaces

orinactivenodes.Thesurfaceorientationsrefertoaboundarysurfacewithrespecttotheactive

node.Dirichlet-typeboundaryconditionsarcusedtospecifyspeciesconcenlrationsataboundary

surface.Neumann-typeboundaryconditionsarcusedtospecifyspeciesfluxesatfiboundary

surface.Fluxdirectionsarcalignedwiththecoordinatedirections.A positivefluxinthex-orr-

directionistowardtheoas4inthey-ore-directionistowardthenorth,andinthez-dircclionis

towardthe top.

A two-dimensional,horizontallyoriented,75-nodeIzansponproblemwithconstant

concenwationsateachend(1.0mol/litcratthewestside,0.Imol/litcrattheeastside)isenteredas

-Species Boundary Conditions
2 line(s) of species boundary conditions input follows.
X-Direction: West Surface, Dirlchlet @Boundary, l.0,(mol;ci)/liter,,,l,l,l,l,l,l,
X-Direction: East Surface, Dirichlet @Boundary, 0.1,(mol;ci)/liter,,,75,75,1,1,1,1,

If default boundary conditions (zero-flux) arc desired, or the species transportequation is not

activated,then the Species Boundary Conditionscard is entered as

-Species Boundary Conditions

0 line(s) of species boundary conditions input follows.

6.56



6.5 Initial Conditions and Sources

The initial conditions for a simulation problem can be specified either through a "restart"

file or with the Initial Conditions card. When the initial conditions are specified v_itha "restarf' fdc,

information on the Initial Conditions card is ignored. The Initial Conditions card allows users to

specify values for the primaryvariables andDarcy velocities, when appropriate. For added

flexibility, the Initial Conditions card provides three methods for specifying the liquid pressure, gas

pressure, and liquid saturation. Because the soil-moisture-retention functions relate these variables,

only two of three variables are requix_ to completely specify the hydrologic state of the system.

For example, the user may specify the liquid saturationand gas pressure on the Initial Conditions

card, and the corresponding liquid pressure field would be computed internally by MSTS.

Alternatively, the gas pressure and liquid pressure could be specified and MSTS would compute the

corresponding liquid saturation.

The Sources and Sinks card is used to define sources or sinks for water mass, air mass,

thermal energy, and species mass or concentration. Sources may be defined as constant for a

certain time period or may vary following a table of values as a function of time. Each source is

defined with respect to a rectangular range of source node(s), though multiple Sources and Sinks

cards can be used to give geometric flexibility in defining a source.
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6.$.1 Initial Conditions Card

Function

The InitialCondi_onscardis usedto specifythevaluesof field variablesat computational

nodes at the startof a simulation(time zero). No primaryvariableinitialconditionsarerequiredfor

restartsimulations.Fieldvariablesare definedat node points,whereasfield velocitiesor fluxes atc

definedonnodesurfaces.Thefieldvelocityassociatedwithaparticularnodeindexisdefinedfor

the lower surface (e.g., west, south, bottom).Forexample,x-directionvelocitiesdefinedata node

with (I,J,If) indices refersto thex-directionvelocity at the west surfaceof thenode with the same

indices. Uncomputedvelocity variablesmustbe specifiedforboth normalandrestartsimulations.

The InitialSaturationoptiondeclareswhichtwovariablesamongthe liquidpressure,gas pressure,

andliquid saturationwill be used to specifytheinitialhydrologicconditions.

Format

Line0 "~Initial Conditions"

Line 1 InitialSaturation[ LiquidSaturation& Gas Pressure!LiquidSaturation& Liquid
Pressure i Gas Pressure & LiquidPressure]

Line 2 N { integer } "line(s) of initialconditions inputfollows."

Linen FieldVariableName [LiquidPressureIGasPressureILiquidSaturationI
Temperature[SpeciesConccnwationIX-Dir.LiquidVelocityIY-Dir.
LiquidVelocityIZ--Dir.LiquidVelocitylX-Dir.GasVelocityIY-Dir.Gas
VelocitylZ-Dir.GasVelocity[VaporMassFraction],

FieldVariableValue{_ },
UnitsPressure.[Pa(absolute)IPsi(absolute)IAtm (absolute)IBar(absolute)],

Saturation. (dimensionless),
Temperature. [ Celsius IFahrenheit IRankine IKelvin ],
Concentration. [ (mol;ci)/m^31 (mol;ei)/ft^31(mol;ci)/liter I (tool;oi)Icru^3]
Velocity. [ m/sl ft/sl cm/sl rn_l ft/h I crn/h Im/day Ift/day Icre/day ],
Vapor Mass Fraction. (dimensionless),

x-Direction Gradient {real },
Units [ l/m I 1/ftl 1/cm ],
y-Direction Gradient {real },
Units [ 1/mI l/ftl 1/era ],
z-Direction Gradient { real },
Units [ 1/ml 1/ftl 1/crn],
I Start { integer },
I End { integer },
J Start { integer },
J End { integer },
K Start { integer },
K End { integer },
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Unless the simulation is beginning from a "restart" file, primaryvariable initial conditions

must be specified. Default initial conditions for the primaryvariables arc the following: liquid

pressure (101325 Pa), gas pressure (101325 Pa), temperature (20 °C), andspecies concentration

(0 mol/m3). Default initial conditions for the secondary variables arc the following: liquid

saturation (0 m3/m3) and vapor mass fraction (thermodynamic saturationconditions for two-phase

conditions, 0 kg/kg for gas-phase-only conditions). Default initial conditions for Darcy velocities

arc 0 m/s. Before being used in MSTS, initial conditions are checked for thermodynamic

consistency and operational limits. The following reslzictions apply to the primary variable initial

conditions: liquid pressure (611.25 Pa < Pt _ 2.212 x 107 Pa), gas pressure (611.25 Pa < Pg

2.212 x 10"/Pa), temperature (0.01°C _T g 374.14°C). Thermodynamic consistency checks arc

performed on two-phase nodes for evaporation and on g_s-phase-only nodes for condensation. To

satisfy thermodynamic equilibrium conditions for two-phase nodes (i.e., nodes with both liquid and

gas phases present), the specified gas pressure must be greater than the saturated water-vapor partial

pressure. To satisfy thermodynamic equilibrium conditions for gas.phase-only nodes (i.e., nodes

with only the gas phase present), the specified vapor mass fraction must be less than the saturated

vapor mass fraction. If either of these conditions is violated, the simulation is aborted, with an error

message printed to the "output" file.

Initial species concentrations arc expressed in terms of the total volume, rather than gas- or

aqueous-phase volumes. For example, initial concentrations expressed per unit aqueous-phase

volume must bc converted to concentrations pcr unit total volume by multiplying the aqueous-phase

concentration by the product of the diffusive porosity (nD) and the liquid saturation under initial

conditions (s,,).

To simplify the specification of initial conditions, the Initial Conditions card accepts initial

conditions expressed in terms of linear gradients. Gradients are expressed in terms of dimensional

length and startat the node position of she node indexed on the InitialConditions card. An

excellent example of specifying initial condidons in terms of gradients results from the specification

of an initial liquid saturationfield under static equilibrium conditions. For a simulation involving

the Water mode, specifying a constant gradient to the liquid pressure field thatdecreases with

elevation by the product of the aqueous-phase density and acceleration of gravity (-9793.5 Pa/m @

20°C ) will result in an initial liquid saturation field at static equilibrium. The water table height for

such initial conditions will be located at the point of zero capillary p._ssurc.
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The initialconditionfora 100-nodeverticallyoriented,one-dimensionalproblemis

atmosphericgas pressureanda liquidpressureof 42000 Pa (absolute)throughout.The Initial

Conditionscardfor thiscase appearsas

-Initial Conditions

Gas Pressure & Liquid Pressure,
2 line(s) of initial conditions input follows.
Gas Pressure, 101325.0, Pa (absolute),O.O, 1/m,O.O,1/m,O.O,1/m,l,l,1,1,1,100,
Liquid Pressure, 42000.O,Pa (absolute),O.O, 1/m,O.O,1/m,O.O,1/m,l,l,l,l,l,lO0,

The initialconditionis not restrictedtoa single value for thewholeproblemdomain. One way to

varythe conditionis by specifyingdifferentvaluesfor differentrangesof nodes. Forexample, the

previouscard can be modifiedto give the sameliquidpressureat timezerofor the lowerhalfof the

nodes, but a lowerpressurefor the upperhalf:

-Initial Conditions

Gas Pressure & Liquid Pressure,
3 line(s) of initial conditions input follows.
Gas Pressure, 101325.0, Pa (absolute), 0.0, l/m, 0.0, 1/m,O.O,1/m, 1,1, I, 1,1, I00,

Liquid Pressure, 42000.0, Pa (absolute) ,0. 0,1/m, 0.0,1/m, 0.0,1/m,l, l, l,l, l, 50,
Liquid Pressure, 21000.0, Pa (absolute) ,0. 0,1/m, 0.0,1/m, 0.0,1/m,l, l, l, l,51,100,

If a uniformvariationof initialconditionsis desired,use the gradientutility. Forexample, if the

initialconditionsof a one-dimensional,IO-m-long,horizontallyorientedproblem,with a uniform

grid,varylinearlyfrom zeroliquidsaturationatthe left side to fully saturatedat the rightside,the

initialconditioncouldbe specifiedas

-Initial Conditions

Gas Pressure & Liquid Saturation,
2 line(s) of initial conditions input follows.
Gas Pressure, 101325.0, Pa (absolute),0.0,1/m, 0.0,1/m, 0.0,1/m,l,50,1,1,1,1,
Liquid Saturation,O.Ol,,O.l,i/m,O.O,1/m,O.O,1/m,l,50,1,1,1,1,

which would causethe initialconditionof zero saturationat the westboundaryto be increased O.1

permeteruntilreaching1.0 (fully saturated)at 10ra,whichis the east boundary.The gradient

featuremay be used with anyinitial condition in anydimension(s).
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6.5.2 Sources and Sinks Card

Eanf,tian

The Sourcesand Sinkscardis used toidentifythe locationand strengthof sourcesand/or

sinksof liquidmass, airmass,thermalenergy,andspecies mass. The strengthof a sourceor sink

eithermaybe constantin timeor mayvaryfollowingtabularinput.

Form_

Line 0 "-Sources& Sinks"

Line 1 N { integer } "line(s) of sources& sinksinputfollows."

Line n SourceType [ LiquidMass IGas Mass IThermalEnergy ISpecies ISpecies
Concentration],
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la'quid Mass.

Source Variation [ Constant ITabular ],

Constant.

Liquid Mass Sou:ce Rate _e { real },
Units [ kg/s Ilbm/s ;gnffs I_._g/hIlbnffh Igm/h Ikg/day JIbm/day Ignffday ],
Liquig Enthalpy h_ | _ },
Units [ J/kgl Btu/lbm i cal/gm ],
Air Mass Frac_:n x _ { real },
Source..Sta_ Time { real },
Units [ s I rain Ih tday Iwkl _" ],
Source End T_e { _al },
Units [ s Im!a i r,; day l wkl yr ],
I Stm { integer },
I End { integer },
J Start{ integer},
J End { in.get ),
K Start { integer },
KEnd t inter.er},

Tabular.

Table Number { integer ],
}

$

9

t

t

$

Stm { integer },
I End { integer },
J Start { integer l,
J E_,d { integer },
K Start [ integer },
K End { integer },

Line n M { integer } "line(s) of source tables input follows."

Line m Time { real },
Units [ s Irain I h Iday I wkl yr ],
Liquid Mass Sour¢_ Rate n_ ,, { real },
Units [ kg/s Ilbm/s Igrn/s Ikg/h Ilbm/h i ,gm/h Ikg/day IIbm/day Igm/day ],
Liquid Enthalpy ht { real },
Units [ J/kgl Btu/Ibm Ical/gm ],
Air Mass Fraction { ,,¢al },
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Gas Mass.

Source Variation [ Constant ITabular ],

Constant.

Gas Mass Source Rate n_s { real },
Units [ kg/s Ilbm/s Ignffs Ikg/h Ilbm/h Igm/h Iks/day IIbm/day Ignffday ],
Gas Enthalpy hs { real },
Units [ J/kg IBti_/lbm Ical/gm ],
Vapor Mass Fraction x w { real },#
Source StartTime { real },
Units [ s I min I hl day Iwkl yr ],
Source End Time { real },
Units [ s Imin I h Iday Iwkl yr ],
I Start { integer },
I End { integer },
J Start { integer },
J End { integer },
K Start { integer },
K End { integer ),

Tabular.

Table Number { integer },
9

#

t

t

I Start { integer ),
I End { integer },
J Start { integer },
J End { integer },
K Start { integer },
K End { integer },

Line n M { integer } "line(s) of source tables input follows."

Line m Time { real },
Units [ s Imin I h Iday I wk I yr ],

Gas Mass Source Rate n_s { real }'
Units [ kg/sl Ibm/s I gm/s Ikg/h IIbm/h Igm/h Ikg/day IIbm/day I gm/day ],
Gas Enthalpy hs { real },
Units [ J/kgl Btu/Ibm Ical/gm ],
Vapor Mass Fraction { real ),
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Thermal Energy.

SourceVariation[ Constanti Tabular],

Constant.

EnergySourceRateQ [ real },
Units [ W/m^31Btu/h ft^3 1cal/s cm^3 ],
t

P

t

§o e StartTime(real),
Units [ s Imin Ih Iday Iwk Iyr ],
SourceEndTime { real ),
Units [ s Imin Ih IdayIwkl yr ],
I Start{ integer ),
I End { integer ),
J Start[ integer ),
J End { integer ],
K Start[ integer ],
K End [ integer ],

Tabular.

TableNumber{ integer ),

I Start[ integer ),
IEnd ( integer ),
J Start[ integer ),
JEnd ( integer },
K Start( integer },
K End ( integer ),

Line n M { integer ] "line(s) of sourcetablesinputfollows."

Linem Time [ real ),
Units [ s Imin Ih Iday Iwkl yr],
EnergySourceRate { real ),
Units [ W/m^3 1Btu/hft^3 1cal/s cm^3 ],
9

t
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Species.

SourceVariation[ ConstantITabular],

Constant.

Species MassSourceRates"c { real },
[ (mol;Ci)/sI (mol;Ci)/hI (mol;Ci)/day],
t

t

[ourceStartTime{_ },
Units [ s Imin Ihl day l wkl yr ],
Source End Time { real },
Units [ s Imin Ihl day Iwkl yr ],
I Start{ integer},
I End { integer },
J Start{ integer },
JEnd { integer },
K Start{ integer},
K End { integer },

Tabular.

Table Number{ integer },
9

9

9

9

Start{ integer },
I End{ integer},
J Start{ integer },
J End { integer },
K Start{ integer},
K End { integer },

Line n M { integer } "line(s) of sourcetablesinputfollows."

Linem Time {real},
Units [ s Imin Ihl day Iwkl yr ],
Species MassSourceRate ic { real },
[ (mol;Ci)/sI (mol;Ci)/hI (mol;Oi)/day],
t

t

t
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Species Concentration.

Source Variation [ Constant ITabular ],

Constant.

Species Mass Concentration Source Rate ic, v { real },
[ (mol;Ci)/m^3 sl (mol;Ci)/m^3 h I (mol;Ci)hn^3 day ],
t

t

t

Source StartTime { real },
Units [ s Imin Ih Iday I wkl yr ],
Source End Time { real },
Units [ s Imin Ih Iday l wk Iyr ],
I Start { integer },
I End { integer },
J Start { integer },
J End { integer },
K Start { integer },
K End { integer },

Tabular.

Table Number { integer },
9

9

9

9

9

9

t

Start { integer }9
I End { integer }9
J Start { integer },
J End { integer },
K Start { integer },
K End { integer },

Line n M { integer } "line(s) of source tables input follows."

Line m Time { real },
Units [ s Imin I h Iday l wkl yr ],
SpeciesMassConcentrationSourceRates c { real },
[ (mol;Ci)/m^3 sl (mol;Ci)/m^3 hl (mol;Ci)/m^3 day ]9

tt

9
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Thesourcequantity(liquidmass, gas mass, thermalenergy,or species mass) is P.f,Lgiil;I.iY_

overtherangeof gridnodesidentifiedby the I Start,IEnd,J Start,J End,K Start,and K End

integerfields. Therefore,ff 1.0kg/s of liquidmassis the sourcefor the rangeof nodes (1,3,1,1,1,1),

then a totalof 3.0 kg/s of mass will be introducedto the problemdomain. Sourcetermrates

between tabularinputsareobtainedwith linear interpolation;therefore, the integratedsource

quantitywill be dependenton the simulationtimestep. Stronglyvaryingsourceterms will require

smallertimesteps to accuratelymodel the integratedsourcequantity.

Enthalpyinputsassociatedwith the liquidandgas mass sourcesareused only if the

solutionoptionincludesanactiveenergyequation. If theenergyequationis inactive (i.e.,

unsolved),thenthesevalues areunusedandblankentriesmaybe used. Enthalpyinputsinclude

both waterandaircomponentsfor thegasphase,butonly watercomponentsfor the liquidphase.

Componententhalpiesarecombinedbymass fractionweighting. The reference pointfor water

enthalpyis liquidwaterat0.01°C whereasthereferencepointfor airenthalpyis gaseous airat O°C.

Species "mass"may representeither thenumberof moles of the substance(e.g., mol/s

representsthe numberof moles introducedper second)or the activityof aradionuclide,expressed

in curies (Ci). Inputand ou_ut aremarkedin bothunits(e.g., mo1,Ci/s). The actualunitis based

on the use of the code, so thatif the inputreflectsactivity,so does theoutput.

: Species sourcesmay be expressed as eitherconcentrationper unittimeor mass per unit
4

time. Sourcesexpressedas concentrationperunittime areusuallypreferredfor sourceregions

comprisingseveralgridnodes of varyingsize, becauseMSTS will introducea mass sourceequally

to nodes regardlessof cell volume. Thiswouldresultin artificialconcentrationvariationduepurely

to cell volume. This is notaproblemif all gridcells in the sourceregion(defined byI Start,IEnd,

J Start,J End,K Start,and K End) arethe samevolumeor if only one node is defined as a source

region.

Examoles

A problemthathasnointernalsourcesorsinkswillhaveaSourcesandSinkscardthat

appearsas

-Sources & Sinks

0 line(s) of sources & sinks input follows.
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The followingexample is for a problem with a time-varying source that releases nothing at

time zero and increases the release by an additional 1.0 Ci/m3 s each year for a period of 5 years.

The time variationof the source is expressed in tabularinput (Table I).

-Sources & Sinks

I line(s) of sources & sinks input follows.

Species Concentration, Tabular, l,,,,,,,,,l,4,1,1,21,21,
6 line(s} of source tables input to follow.

0.00E+00,yr,0.00E+00, (mol;cl)/m^3 s,,,,,
l.OOE+00,yr, 1.00E+O0, (mol;ci)/m^3 s,,,,,
2.00E+O0,yr,2.00E+00. (mol;ci)/m^3 s,,,,,

3.00E+00,yr, 3.00E+O0, (mol;ci)/m^3 s.....
4.00E+00,yr,4.0OE+O0, {mol;ci)/m^3 s,,,,,
5.00E+O0,yr,5.00E+00, (mol;ci)/m^3 s,,,,,

A thermal-energy source of 20,000 W/m3 that is constant from time zero to 1875 seconds

for a single grid node might look like the last example:

-Sources & Sinks
i line(s) of sources & sinks input follows.

Thermal Energy,Constant,2.0E+5,W/m^3,,,,,O,s,1875.0, s,l,l,l,l,l,l,
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6.6 Output Control

OutputcontroloccursinMSTS usingtheLiquidPathlincTracecard,OutputControlcard,

andSurfaceFluxInwgratorcard.TheLiquidPathlincTracecardinvokesanalgorithmforground-

watertraveltimethatisbasedonthemeanvelocityofwaterthough)hemodeldomain.Thestarting

coordinamsofapathlincarcdcfmcdalongwiththecircumstancesunderwhichtocoastau'acc,

suchasreachingacertainpianoorcrossingaspecifieddistance.TheOutputControlcardisused

m indicatepreciselywhatfieldvariablesshouldbcrccord_atwhattimesandoverwhatrangeof

computationalnodes.Separateoutputcanbcmqucsmdforthe"output"and"plot"files,andfor

referencenodercpo_ngduringasimulationexecution.TheSurfaceFluxInmgratorcardisuseful

forobtainingthefluxofliquidmass,gasmass,speciesmassorconccnu'ation,orenergyacross

specifiedplanes.
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6.6.1 Liquid Pathline Trace Card

Function

The Liquid Pathline Trace card is used to define pathline beginning locations and

termination conditions to be traced by MSTS to produce the pathline geometry andcharacteristic

travel times based on mean liquid velocities.

Format

Line 0 "-Liquid Pathline Trace"

Line I N [ integer ] "line(s) of liquid pathline traceinput follows."

IAne n Pathline Identification Number { integer },
StartTime { real },
Units [ s Imin i hl day Iwkl yr ],
Initialx- or r-Direction _ate { real },
Units [ m [ ft lcm ],
Initial y- or 0-Direction Coordinate [ real },
Units [ m Ift lcm ],
Initial z-Direction Coord_late { real },
Units [ m Ift lcm ],
Termination Condition [ Boundary ISaturation IX IY IZ ],
Termination-Plane Index { integer },

Comments

The pathline identification number is purely for differentiating between pathliaes. The

identification numbers do not need to be in strictly increasing order or follow other restrictions.

The boundary termination condition directs MSTS to tracea pathline until the pathline

encounters a problem domain boundary (including boundaries represented by internal nodes) or the

end of the simulation. This is the default termination condition.

A saturation termination condition may be used only for pathlines that begin in an

unsaturatedregion. The pathline is traced until fully saturatedconditions are encountered, a grid

boundary is reached, or the simulation ends. L

The termination-plane conditions (X, Y, and Z) are used to force MSTS to stop tracing a

pathline when a particularX, Y, or Z plane is encountered andrecord the travel time. If this

condition is used, the value of the index of the surface plane must also be provided. The

termination-plane associated with a particular node index is defined for the lower cell surface (e.g.,

west, south, bottom).
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Herothreepathlinesaredcf'medfor traveltimecalculationsin a two-dimensional(x-z)

unsaturateddomainproblem. Ali threeareinitiallyatthe topof the domain(z = 10m). The first

pathlinewill be traceduntil a boundaryis encountered.The secondwill be traceduntil it reaches

thewatertableatthebottomof theproblemdomainor a boundary.The thirdwill terminatewhen

(andiOit encountersthe pointhalf-waydown at z ffi5 m. All arestartedat time zero.

-Liquid Pathline Trace
3 llne(s) of liquid pathline trace input follows.
I, 0.0, yr, l.O,m, l.O,m, lO.O,m, Boundary,,
2,0.0, yr,2.0,m, O.O,m, lO.O,m, Saturation,,
3, O. O, yr, 3. O, m, O. O,m, lO. O,m, Z, 5. O,
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6.6.2Output CordrolCard

TheOutputControlcardisusedtospecifyconventionaloutput,plottingoutput,and

referencenodesoutput.Outputcontrolledthroughthiscardisreconledon the"output"file,the

"plot"file,andtheoutputscreen.Conventionaloutput,whichincludesinputrecords,simulation

process data, reference node data, and field variable data is recorded on the "output" file. Plotting

output, which contains condensed formats of field data, is reconled on the "plot" file. Reference

nodes output, which includes selected field variables data for a maximum of four nodes is recorded

both on the "output" file and output screen. Output times, structures, and formats are also

controlled with the Output Control card. The "output" file contains records of specified field

variables over a specified domain, presented as two-dimensional arrays of information. Conversely,

the "plot" file contains records of specified field variables for every node (including inactive nodes),

ordered sequentially by node number. Node numbers are ordered in the sequence row, column, tier,

where rows represent east-west directions, columns represent north-south directions, and tiers

represent top-bottom directions.

Format

Line 0 ".-Output Control"

Line 1 Field Variable Domain ("output" file) I Start { integer },
Field Variable Domain ("output" file) I End{ integer },
Field Variable Domain ("output" file) J Start { integer },
Field Variable Domain ("output" file) J End { integer },
Field Variable Domain ("output" file) K Start { integer },
Field Variable Domain ("output" file) K End { integer },
Plane [ xyplane Iyzplane Izxplane !yxplane I zyplane Ixzplane ],

Line 2 N { integer } "line(s) of output control input follows."

Line n Field Variable Output Time ("output" file and "plot" file) { real },
Units [ s Imin I h Iday l wkl yr ],

Next Line Reference Node I I-index { integer },
Reference Node I J-index { integer },
Reference Node I K-index { integer },
Reference Node 2 I-index { integer },
Reference Node 2 J-index { integer },
Reference Node 2 K-index { integer },
Reference Node 3 I-index { integer },
Reference Node 3 J-index { integer },
Reference Node 3 K-index { integer },
Reference Node 4 I-index { integer },
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ReferenceNode4 J-index{ integer },
Reference Node 4 K-index { integer ),
ReferenceNode OutputFrequency(TimeStepsperOutput){integer ),

NextLine N { integer ) "line(s) of outputcontrolinputfollows."

Line n {"output"file fieldvariable-see Table 6.3 foracceptablefield variablenames},

Next Line N { integer ) "fine(s)of output controlinputfollows."

Line n {"plot"file fieldvariable-see Table6.3 foracceptablefield variablenames),

Next Line N { integer } "fine(s) of outputcontrolinputfollows."

Linen (reference nodefieldvariable-see Table6.3 for acceptablefield variablenames),

F,mnmr,lm

Because of line widthrestrictionsoncomputerscreens,a maximumof seven fieldvariables

maybe selectedforreference nodeoutput. Althoughthereis nolimit to thenumberof field

variablesthatmay be selectedfor "output"file and "plot"file output,the numberof selectedfield

variablesshouldbe limited to maintainconvenientlysized files. Theoutputfield velocities

associatedwitha particularnodeindex aredef'medfor the lowersurface(e.g., west, south,bottom).

Forexample, anx-directionvelocity definedat a particularnodewith (I,J,K) indicesrefersto thex-

directionvelocity atthewest surfaceof the nodewith the same indices.
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Table 6.3. MSTS FieldVariablesAvailablefor"Output"File,"Plot"File, midReferenceNode
Records

FieldVariable NameUsed in Ou_ut ControlCard

Pt LiquidPressure

P# Gas Pressure

T Temperature

C Species Concentration

st LiquidSaturation

ss GasSaturation

X at LiquidPhase AirMassFraction

a

x s Gas Phase VaporMass Fraction

krt LiquidPhaseRelativePermeability

kt& GasPhaseRelativePermeability

Pt LiquidDensity

Ps Gas Density

HT TotalHydraulicHead

0 VolumetricMoistureContent

Z_. SpeciesLiquidPhaseMole Fracdon

Z_ Species Gas PhaseMole Fraction

Vt X-DirectionLiquidVelocity

Vt Y-DirectionLiquidVelocity

Vt Z-DirectionLiquidVelocity

Vs X-DirectionGas Velocity

Vs Y-DirectionGasVelocity

Vs Z-DirectionGas Velocity

e,_, X-DirectionHeatTransferRate
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Table 6.3. (Contd)

FieldVariable NameUsed in Ou_ut ControlCard ......

e.,t Y-DirectionHeatTransferRate

,;t Z-DirectionHeatTransferRate

c.'t X-DirectionSpecies Flux

c.'t Y-DirectionSpeciesFlux

c,_ Z-DirectionSpeciesFlux

?.ataaa

Carefuluse of the OutputControlcardwill yieldoutputto meet theuser'sneexlswithout

swamping files andcomputermonitorswith undesiredinformation.Hereis anexampleof an

OutputControlcard:

-Output Control
1, 91, I, 1,1,50, zxplane,
4 line(s) of output control input follows.

4000,yr,
6000, yr,
8000, yr,
10000, yr,
1, 1,21, 66, 1, 21, 1, I, 50, 66, 1,33, 1,
0 line(s) of output control input follows.
I line(s) of output control input follows.

Species Concentration,
5 line(s) of output control input follows.

Liquid Pressure,
Gas Pressure,

Temperature,
Species Concentration,
Liquid Saturation,

In the example,MSTS outputis specifiedfor theregion betweennodes 1and 91 in thex- or r-

direction,nodes 1and 1in the y- or O-direction,andnodes 1 and50 in the z-direction.Output is

requestedatfoursimulationtimes:4000, 6000, 8000, and 10,000years. Fourreferencenodes are

designatedatnodepositions(1,1,21),(66,1,21),(1,1,50), and (66,1,33). No field variableswill be

outputto "output"file. Only species concentrationwill be recordedto the "plot"file. Five field
variableswill be displayedon the computermonitorduringthesimulationforthe reference nodes:

liquidpressure,gaspressure,temperature,speciesconcentration,and liquidsaturation.
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6.6.3 Surface Flux Inte_ator Card

The SurfaceFlux Integratorcardis use,to _ify two-dimensionalplanesacrosswhich

fluxes of liquidmass, gasmass, thermalenergy,andspecies mass arereconkd andintegratedafter

each simulationtimestep. Surface-.fientationis withrespectto an activenode.

Line0 "-Surface Flux Integrator"

Line 1 N { integer } "line(s) of surfaceflux integratorinputfo_,,ws."

Line n _]urfaceOrientation[ X-Dir_tion: West SurfaceIX-Direction:EastSurfaceIY-
D:',cction:South SurfaceIY-Direction:NorthSurfaceIZ-Direction:Bottom
SurfaceIZ-Direction:TopSurface],

SurfaceFlux Type [ Liquid PhaseIGas Phase IThermalEnergyISpecies
Concentration],

I Start{ integer },
IEnd { integer },
J Start{ integer },
JEnd ( integer },
K Start { integer },
it End { in:egcr },

Comments

The surfaceflux integratorserves severalpurposes. Forexample,the surfacefluxintegrator

featurecan be used to test for steady.stateconditionsby comparinginflux and outflowof a quantity

atdomainboundaries. Morecommonly, the surfaceflux integratoris _ w determinethe flux of

a contaminantor the heattransferacrossan outflowboundaryas a functionof simulationtime. The

surfaceflux integratorconsidersthediffusive,advective,anddispersivecomponentsof flux. The
release of a radionuclideto the watertablefroman unsaturatedmodelwith a saturatedlower

boundz_-ycondition is anexampleof this use.

If no surfaceflux integrationis desired,enter the follo_g for the SurfaceFlux Integrator
card:

-Surface Flux Integzator
0 line(a) of surface flux £nteqrator input follows.
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The following input card could be used to obtain a _.._ordof water flux ©ntcringand leaving a one-

dimensional, vertically oriented, 50-node problem in which the waterdirection is downward:

-Surface Flux Integrator
2 llne(s} of surface flux integrator input follows.
Z-Directlon: Top Surface, Liquid Phase, l, 1,1,1,50,50,
Z-Direction: Bottom Surface, Liquid Phase, l,1,1,1,1,1,
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7.0 Water.Retention and Relative-Permeability Functions

A number of functional relations are availablefor use in MSTSto define the water-retention

andrelative-permeabilitycharacteristicsof a porousmedium. The availablefunctionsaredefinedin
thissectionfor reference.

7.1 van GenuchtenRelations

The vanGenuchten(1980) relationsareavailablein MSTSfor definingwater-retentionand

liquidrelative-permeabilityfunctions. Forthisfunctionaldescription,effective liquid saturation
(sd') is defined as

* $ t- $ tr (7.1)
St= ..........

1 -Str

wherest is the liquid saturationand Str is theresidualliquid saturation,with therestriction

0 < Str _ st _ 1. The effective liquid saturationis expressed as afunction of tension head (_) in

the followingmanner.

s" =[1K_)"] -_ v,<o <7.2a)/

s/. = 1 _ _.0 (7.2b)

where a andn areempiricallydeterminedvanGenuchtenfittingparameters(a has thedimension

L-t and n is dimensionless)and m is a functionof n:

m = 1- 1 (7.2c)
n

The equationusedto computeliquidrelativepermeabilityunderthevanGenuchtenrelations

dependson whether the formula of Burdine(1953) or Mualem(1976) is chosen. IfBurdine's

equationis specified,the liquidrelativehydraulicconductivity(krt) underunsaturatedconditions is

expressedas

.L m,,,,Cs;)=Cs;)2 ]
but if Mualem's equation is specified, thentheexpressionfor krz is
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.L_,n12 (7.4),,-C,-cs,)..jj
¢,

Section 6.3.6 (Liquid Relative Permeability Ou'd) indicates how m specify Mualem's or Burdine's

formula in MSTS input.

• 7.2 Brooks and Corey Relations

The Brooks and Corey relations are available in MSTS for defining water-retention and liquid

relative-permeability functions. For this functional description, effective liquid saturation (st*) is

defined as

. St- $tr , ?; (7.5)
St = , '

1-s tr .

wherestistheliquidsaturationands# istheresidualliquidsamrati0n,withtherestriction

0 _;st,< st< I.The effectiveliquidsaturationisexpressedasafunCtionoftensionhead(vg)inthe

followingmanner:. _

s t ffi vg< V'* (7.6a)
vg* ':

lt

st = I vg_: (7.6b)

where_ istheair-entryhead(minimumdrainagecapillarypressureatwhichacontinuous

nonwettingphaseexists)andm isanempiricalconstant.The constantm isameasureofthepore-

sizedistributionofthemedia.

The liquidrelative-permeabilltyfunctiondependsonwhetherBurdine(1953)orMualem

(1976)relationsarespecified.IfBtu'dinerelationsarechosen,thenliquidrelativepermeability(krt)

iscomputedfrom

k, t(s ,t) = s ,t(3+ _m) (7.7)

while if Mualem relations are chosen, the equation used is

CTS)
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Section 6.3.6 (LiquidRelativePermeabilityCard)indicateshow tospecify Mualem'sor Burdine's

formulain MS'IS input.

7.3 Haverkamp Relations

The Havcrkamprelations(Haverkampet al. 1977)areavailablein MSTS for definingwater-

retentionandliquidrelative-permeabilityfunctions. Forthis functionaldescription,effective liquid

saun'ation(st*) is defined as

s* s t- $ tr (7.9)g=
1 --Str

wherest is the liquidsaturationandstr is the residual liquidsaturation,with the restriction

0 < Str< st < 1. The effective liquidsaturationis expressedas a function of tensionhead(qf)in the

followingmanner:.

* ffi _ lC< 0 (7.10a)
s t a + (In[100_,l)p

s/. = 1 _ 20 (7.10b)

wherea and _ arecurve-fittingparametersand tensionheadis expressedin meters. The liquid

relativepermeability(krt) is computedfrom

kr t = A (7.11)
A +(100

whereA andB arecurve-fittingparametersandtensionheadis againexpressedin meters.

7.4 Corey Relations

Corey'sCurvesareavailablein MSTSfor definingwater-retention,liquidrelative-permeability,
and gas relative-permeabilityfunctions. For this functionaldescription,effective liquid saturation

(st*) is defined as

, s t- s tr (7.12)
St=

1-str -s_

wherest is the liquid saturation,Str is theresidual liquidsaturation,andssris the entrappedair
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saturationwiththerestrictionthat(str + ssr) < I. The relativeliquidpermeability(ktt) is

andthe relativegaspermeability(/crg)is

krg =C1 _s;32[l_ Cs;)2] (7.14)

7.5 Fatt and Klikoff Relations

The relationsof FattandKlikoff (1959) areavailablein MSTSfor definingwater-retention,

liquidrelative-permeability,andgas relative-permeabilityfunctions. Forthis functionaldescription,

effectiveliquidsaturation(st*) is defined as

, s t- s t, (7.15)
S t -

1 -Str

wherest is theliquidsaturationandstr is theliquidresidual saturationwith the restriction

0 < str <st < 1. Liquidrelativepermeability(ktt) is computedas

krt=Cs,t)3 (7.16)

and gas relative permeability (/crg)is expressedas

kr &=(l_s_)3 (7.17)

7.6 Leverett Relations

Leverett'sfunction(Leverett1941;Udell andFitch 1985)is availablein MSTSfor defining

water-retention,liquidrelative-permeability,andgas relative-permeabilityfunctions. For this

functionaldescription,effective liquidsaturation(st*) is def'medas

, st-str (7.18)

St = 1 -Sg r

with the restrictionthat 0 <Str < st < I. The capiUa_ pressure(Pc_) is computedfrom

p s _p t =_p . tyawf (7.19)cap
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where oawis the surface tension of water (supplied internally by MSTS as a function of

temperature) andf is computed from

f = l.417 (l _ s,t)_ 2.12O (l _ s,t)2 + l.263 (l _s,t)3 (7.20)

7.7 Touma and Vauclin Relations

Touma and Vauclin (1986) used, for modeling purposes, analytical expressions fitted to

experimental data to describe the dependence of liquid andgas relative permeabilities on liquid

saturation. The MSTS form of their expression to describe liquid relative permeability as function

of volumetric moisture content 0 is

krt =A t 0B ' (7.21)

where At andBt are empirical fitting parameters. The gas relative permeability is expressed as a

function of the capillary pressure head, or tension head _.

A s (7.22)

rs As +_B,

where As and Bs are empirical fitting parameters. This function was introduced to MSTS for the

explicit purpose of simulating problems for Section 8.6 (One-Dimensional Two-Phase Infiltration).

7.8 Dual-Porosity Model With van Genuchten Relations

An equivalent-continuum (dual-porosity) model is available in MSTS to define water-retention

and liquid relative-permeability functions. The model represents a composite domain that includes

the effects of both fracture- and matrix-flow regimes. The equivalent bulk aqueous saturation (s t_)

is approximated as

stinT/+S t,.(1-n r t) nT = (7.23)

( )+ 1-n T nT=nTr t

where stt is the liquid saturation of the fractures,._t. is the liquid saturation of the matrix, n r t is

the total porosity of the fractures (ratio of the fracture volume to the total bulk volume), and n r is
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the totalporosityof thematrix(ratioof the volumeof the voids in the matrixto the totalbulk

volume). Theequivalentbulkaqueousrelativepermeability(k r t_) is defined as

( )+k _ _7._4>krLb=krtm l'nT ! r/I T!

where k r tl and k •tm _ the fl"_tU,_ and matrix relative liquidpermeabilities,respectively.
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8.0 SampleProblems

Eight sampleproblemsarepresentedin this section. The sampleproblemswere selectedto

demonstratethe applicationof MSTSto a varietyof thermalandhydrogcologictransportproblems.

Theeight sampleproblemsaresummarizedin Table8.1 andincludesingle-phaseflow and

transport,multiphaseflow and heattransfer,interphasemass transfer,andphase transition.The

sampleproblemsdemonstratethe applicationof the code's varioussolutionmodesand provide

completeexamples of MSTS inputfiles. Sampleproblemresultsarecomparedto analytical, semi-

analytical,independentnumerical,andexperimentalresults.

In aliof these sampleproblems,the inputfiles for the MSTS code used to directthe

simulationsdescribedin each section (and in some cases theoutputfiles) areshown as "exhibits."

Eachexhibitis a verbatimcopy of an inputor outputfile providedtoassist in understandinghow

the inputfile is preparedfor a specific problem and to show completefile examples. Line numbers

areprovidedon the left side of each exhibit;these arenota partof theactualfile. The line numbers

areavailableonly to aid in readingthe inputfile and referencingportionsof it in thediscussion.

Whentheline that appearsin aninputfile is too wide to displayin thisdocument,the continuation

is shownindentedon thesubsequentlinewithout a linenumber.

Where comparisonsaremade to analyticalor semi-analyticalresults,the relative rootmean

square(RRM$) was adoptedas theperformanceindicator. Thisstatisticis computedas

where a/= analytic solutionparametervalue (e.g., liquid satttration)at point i, ni = numerical

solutionparameter value (liquid saturation) at point i, and k = number of comparison points. To

judge the accuracy level of this verificationtest, the performancecategories set by Baca and

Magnuson (1990) are adopted. These ranges are "somewhatarbitrarybut nevertheless represent a

consistent basis for evaluating the quality of the comparison" (Baca and Magnuson 1990). The

rangesare:
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• Excellent- RRM$ < 0.01

• Good- RRMS _ 0.05

• Acceptable- RRMS < 0.10

° Unacceptable- RRM$ > 0.10

Table 8.1. Summaryof SampleProblems

ProblemDescfivtion _ SolutionMode Issues

1 Single-NodeEvaporation 1 Energy phasetransitions,
componentappearance
anddisappearance,mass
conservation

2 Single-NodeCondensation 1 Energy phasetransitions,
componentappearance
anddisappearance,mass
conservation

3 HotTwo-PhaseFlow 1 Water-Air-Energy energyconservation

4 Philip'sVerticalInfiltration 1 Water code verificationagainst
semi-analyticsolution
(Philip 1957)

5 Two-DimensionalInfiltration 2 Water code comparisonto
numericalresults (Pruess
1987)

6 Two-PhaseInfilu'ation 1 Water,Water-Air air-floweffects onwater
infiltration;code
comparisonto
experimentaland
numericalresults(Touma
and Vauclin 1986)

7 One-DimensionalHeatPipe 1 Water-Air-Energy code verificationagainst
knownsemi-analytical
solution(Udell andFitch
1985)

8 UnsaturatedTransport 1 Water(Species) code verificationagainst
semi-analyticalsolution
(Ross ct al. 1982;Smiles
et al. 1977)
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8.1 Single-Node Evaporation

The single-node-evaporationprobleminvolvestheevaporationof liquidwaterwithina closed

adiabaticvolume of partiallysaturatedporousmedium. Theevaporationprocessoccursthroughthe

additionof heat into thecontrolvolume. Sufficientheatis addedto the system to desaturatethe

porousmedium. Because thecontrolvolume surfacesareclosed and adiabatic,the initialquantifies

of airandwatermass shouldremainconstantthroughoutthe simulation. Upondesaturationof a

node,MSTSswitchestheprimaryvariableforthewatermassconservationequationfromtheliquid

pressureto the water-vapormass fraction.Thisproblemdemonstratesthisnumericaltransition

fromtwo-phaseconditions to gas-phase-onlyconditions.The problemrequiresthecoupled

solutionof thewatermass, airmass,andenergyconservationequations.

8.1.1 Problem Domain and Input Parameters

This probleminvolves a 10-m3cubeof porousmedia,witha totalporosityof 0.50, rock

densityof 2650 kg/m3,andspecificheatof 1000J/kgK. The initial gaspressure,liquid saturation,
andtemperatureare 105Pa (absolute),0.01, _d 90°C, respectively. A constantinternalheatsource

of 2 MW was applied. All boundarysurfacesareadiabatic,no-flow surfaces. A comOete
descriptionof theproblemspecifics is given in the "input"file shownin Exhibit8.1.

8.1.2 Simulation Results

Simulationresultsin termsof the system temperatureandliquidsaturationareshownin

Fi_ 8.1. The systembeginsat aninitiallyfully saturatedstate,andliquidsaturationdeclineswith

timeto a completelydesaturatedstateaswaterundergoesphasechangewithincreasingtemperature.

The simulationis haltedat 1875 secondsat a finaltemperatureof 363.9°C, whichis slightlybelow

thecriticaltemperatureforwater. The outputfile generatedby MSTSfor the single-node-

evaporationproblemis shownin Exhibit8.2.

8.1.3 Mass Balance Check

This problemconcernsa closed systemin whichmass mustbe conserved. To testthatMSTS

conservesmass in simulatinga phasechange,a mass balancecheck was performed.The check

comparesthetotalmass of waterin thecuberepresentedby the single nodeattheinitialconditions
to thetotalmassof waterat 1875 seconds,theendof the simulationtime. The totalmass of water

in thenode(m _) is thesumof thewaterin theaqueous(m_) andvapor(m_) phases.
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Figure 8.1. MS'IS-PredictedTemperatureandLiquidSaturationVariationwithTime for the
Single-Node-EvaporationProblem

The mass of waterin theaqueousphaseis given by

m_ _tlD V pt=(nr-nD +$tno)V Pt (8.2)

and the mass of water in the gasphase by

W

m s =(1-st)noV x_ Ps (8.3)

In mathematicalterms,the total massin the domainis thesumof the water in eachphase:

,,, (8.4)
m_-mt +%

The initialconditionswerederived fromtheproblemdefinitionandthe finalconditionswere

obtainedfromthe plot file generatedby theMSTScode; both areshownin Table 8.2. Substituting

the valuesfromTable8.2 into Equation(8.2), thetotalwatermass in the aqueousphaseat time zero
(inkiaDis

m_ =(nr -n o +Stno) V Pt

= [0.50-0.50+ (0.01)(0.50)]{I0m3)(965.1kg/m3)
=48.255kg
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Table 8.2. Single-Node-EvaporationProblemInitialandFinalConditions

_ _itial Conditions FinalConditions

V m3 10.0 10.0

nz - 0.50 0.50

no - 0.50 0.50

T °C 90.0 363.86

st - 0.01 9.6219 x 10-5

pt kg/m3 965.1 473.72

p& kg/m3 0.7102 10.307

xtW . 0.5964 0.97170

SubstitutingvaluesfromTable 8.2 intoEquation(8.3), the watermass in the gasphase atdme zero
is

m_f (1-s,) nuVx'_sp,

ffi(1- 0.01) (0.50) (lOre 3) (0.5964)(0.7102 kg/m3)
= 2.09664 kg

Therefore,the totalwatermassin thenodeattimezerois 50.352 kg. Whenthesimulationis

completed,thetemperatureis 363.9°C andthewatermassin the aqueousphaseis

m_' ffi(n r -n u +stnL) ) VPt

ffi[0.50- 0.50 + (9.6219 x 10-5) (0.50)] (I0 m3) (473.72 kg/m3)
=0.2279 kg

(i.e., thereis essentiallynowatermass in the aqueousphase) andthewatermass in the gasphase is

m_-(1-s,,)nDVqP,

= (1- 9.6219 x 10-s) (0.50) (10m 3) (0.97170)(10.307 kg/m3)
= 50.0717 kg

8.5



The_ two valuessum to a total watermass in the node at final conditionsof 50.300 kg. The mass

difference between initial and final conditions is therefore 50.352 - 50.300 - 0.052 kg, or 0.10%.
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Exhibit 8.1. MSTS InputFile for Single-Node-EvaporationProblem

Iap.uLFak
i -Simulation Title and Notes

2 beta, 0001,
3 Single-Node-Evaporation Problem
4 L.E. Peele

5 Battelle, Par:ific Northwest Laboratory
6 Wednesday, July I, 19.r'_
7 2-43:50 PM

8 32 character(a) of simulation title notes follo_s.

9 Single-node-evaporation problem.
10 -Solution Schemes
II false, false, false,
12 banded matrix

13 true, true, true, false,
14 1875., s,
15 25.0, s,
16 1.0,
17 25.0, s,

18 true,true, false, true, true,true,
19 false, false, false, false,
20 -Numerical Control

21 8,Maximum Residual,
22 1.0,h, 1.0,h,
23 1.0e-6, 1.0_-6, I. 0e-6,

24 Harmonic Mean,Harmonic Mean, Harmonlc Mean,Harmonic Mean,
25 -Grid Geometry
26 cartesian

27 1,1,1,
28 2.1544,m,2.1544,m,2.1544,m,O.O,m,O.O,.a,
29 0.0,m,
30 _ line(s) of grid geometry input follows.
31 L, Je I,i.0772,m,
32 I line(s) of grid geometry input follows.
33 Node i, 1.0777,m,
34 i llne(s) of grid geometry input follows.
35 Node 1,1._772,m,
36 -Inactive Nodes

37 0 l_ne(s) of inactive nodes input follows.
38 -Rock or Soil Types
39 0 character(s) of rock _r soll types notes follows.
40 i line(_,) of rock or soil types inp,t follows.
41 Gcnerl.: $,_nd, 1,1, 1, 1,1,1,
42 -Mechanical Propertie_
43 i line(s) of _echanical properties input follows.
44 Generic Sand, O.S,O.5,C.5,,,,dependent,,,
45 -Hydraulic Properties

46 I line(s) of hydraulic properties input follows.
47 Generic Sand, l.0E-14,1.0E-14,1.0E-14,m_2,,_,m^2,0.O, 1/m,
48 -Thermal Properties
49 I llne(s) of thermal properties input follows.

50 Generic Sand, dependent,2.10,2.10,2.10,,,,W/m K, 2650.0,kg/m^3,1000.0,J/kg K,
51 -Species Properties

52 0 line(s) of species properties input follows.
53 -Soil Characteristics

54 I line(s) of soil characteristics input follows.
55 Generic Sand, van Genuchten,0.5, 1/m, 2.0,1.0E+6,m,,,,
56 -Liquid Relati'Je Permeability Properties
57 I llne(s) of liquid relative permeability input follows.
58 Generic Sand, Corey's Curves, 0.30,0.05,1.0E-10,,
59 -Gas Relative Permeability Properties
60 0 llne(s) of gas relative permeability input follows.
61 -Liquid Boundary Conditions

62 0 line(s) of liquid boundary conditions input follows.
63 -Gas Boundary Conditions
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Exhibit 8.1. (Con)

64 0 line(s) of gas boundary conditions input follows.

65 -Vapor Boundary Conditions
66 0 line(s) of vapor boundary conditions input follows.
67 -Energy Boundary Conditions
68 0 line(s) of energy boundary conditions input follows.
69 -Species Boundary Conditions
70 0 line(s) of species boundary conditions input follows.
71 -Initial Conditions

72 Liquid Saturation & Gas Pressure,
73 3 line(s) of initial conditions input follows.
74 Gas Pressure, l.0E+5,Pa (absolute),,llm,,1/m,,1/m,l:l,l,l,l,l,

75 Liquid Saturatlon, 0.01,,, l/m,, i/m,, l/m, 1, i, 1_ 1, 1, 1,
76 Temperature, 90. O, Celslus,, i/m,, 1/m,, 1/m, 1,1, 1, I, I, i,
77 -Sources & Sinks
78 I line(s) of sources & sinks input follows.

79 Thermal Energy,Constant,2.0E+5,W/m^3,,,,,0, s,1875.0, s,1,1,1,1,1, I,
80 -Liquid Pathline Trace
81 0 llne(s) of liquid pathline trace input fc_llows.

82 -Output Control
83 1,1,1,1,1,1, zxplane,
84 0 line(s) of output control input follows.

85 1,1,1,,,,,,,,,,1,
86 3 llne(s) of output control inpu_ follows.

87 Liquid Pressure,
88 Temperature,
89 Liquid Saturation,
90 8 llne(s) of output control input follows.
91 Liquid Pressure,
92 Gas Pressure,
93 Temperature,
94 Liquid Saturation,
95 Liquid Phase Air Mass Fraction,
96 Gas Phase Vapor Mass Fraction,
97 Liquid Density,
98 Gas Density,
99 3 line(s) of output control input follows.

I00 Liquid Pressure,
101 Temperature,
102 Liquid Saturation,
103 -Surface Flux Integrator
104 0 line(s) of surface flux integrator input follows.
105 -Rock List

106 I line(s) of rock list input follows.
: 107 Generic Sand,

108 -
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Exhibit 8.2. MSTS OutputFile for Single-Node-EvaporationProblem

1
2
3
4 MM MM SSSSS S TTTTTTTTT SSSSS S
5 MM MM S SS T T T S SS
6 M M M M SS S T SS S
? M M M M SSSS T SSSS
8 M M M S SS T S SS
9 M M SS S T SS S

10 _ MMM S SSSSS TTT S SSSSS
11
12
13
14 *******************************************************************************

15
16 THIS OUTPUT FILE WAS PRODUCED BY THE NUMERICAL MODEL

18 M S T S
19
20 MULTIPHASE SUBSURFACE TRANSPORT SIMULATOR
21
22
23
24 DEVELOPED BY BATTELLE, PACIFIC NORTHWEST LABORATORY
25
26
27
28 THIS COMPUTER CODE WAS DEVELOPED UNDER CONTRACT TO
29
30 THE UNITED STATES DEPARTMENT OF ENERGY
31
32
33
34 FOR ENOUIRIES OR ASSISTANCE: CALL 509 375-2183 USA
35 OR 509 376-8315 USA
36

- 37 VERSION: beta REVISION: 0001
38
39 EXECUTION DATE: 12/ 7/1992
40
41 EXECUTION TIME: 15:45:5

= 42
43 EXECUTION IDENTIFICATION: 12 7921545
44I

45 RESULTS FROM THIS VERSION OF MSTS SHOULD NOT BE USED
46 FOR LICENSE RELATED APPLICATIONS.
47
46 ***********333***33,3**********3********************************3*********3****
49
50
51
52 RECORD OF INPUT DATA
53
54
55-

56 Simulation Title and Notes
57

58 Simulation Title: Single-Node-Evaporation Problem
59 User Name: L.E. Peele
60 Company Name: Battelle, Pacific Northwest Laboratory
61 Input Creation Date: Wednesday, July 1, 1992
62 Input Creation Time: 2:43:50 PM
63

_
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Exhibit 8.2. (Contd)

64

65 Simulation notes:
66
67

68 Single-node-evaporation problem.
69
70

71 Solution Schemes and Options
72

73 solution Algorithm: Banded Matrix
74 Simulation Control: Full Execution
75 _imulation Type: New Simulation
76
77

78 Solved Equations:

79 Thermal Energy Equation: solution on
80 Water Equation: solution on
81 Air Equation: solution on
82 Species Cont. Equation: solution off
83
84

85 Time Advancement and Limits
86 Maximum Time: 1.8750E+03

87 Inltial Time Step: 2.5000E+01
88 Time Step Acceleration Factor: 1.0000E+00
89 Maximum Time Step: 2.5000E+01
90
91

92 Solution Options
93 Screen Printing: On
94 Binary Diffusion: On

95 Fixed Physical Properties: Off
96 Liquid Phase: On
97 Gas Phase: On

98 Vapor Pressure Lowering: On
99

100
101 Numerical Control
102

103
104

105 Convergence criteria

106 Maximum Number of Iterations per Step : 8
107 Convergence Mode Index: Maximum Residual
108 CPU Limit, s: 3.6000E+03

109 Clock Limit, s: 3.6000E+03
110 Temperature Residual: 1.0000E-06
III Liquid Pressure Residual: 1.0000E-06
112 Gas Pressure Residual: 1.0000E-06
113
114

115 Node Boundary Averaging Schemes
116 Thermal Energy Equation: harmonic mean
117 Liquid Phase: harmonic mean
118 Gas Phase: harmonic mean

119 Species Concentration Equation: harmonic mean
120

121

122 Grid Geometry
123

124 Grid Type: Cartesian
125
126
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Exhibit 8.2. (Contd)

Qm.ulY_
127 Grid Dimensions
128 Number of X-direction Nodes: 1
129 Number of Y-direction Nodes: 1
130 Number of Z-direction Nodes: 1
131
132

133 Physical Dimensions
134 X-directlon Length,m: 2.1544E+00
135 Y-direction Length_m: 2.1544E+00

136 Z-direction Length,m: 2.1544E+00
137 Z-directlon Datum, m; 0.O000E+00

138 Grid Bottom Elevation,m: 0.0000E+00
139 Inner Radius Length, m: 0.0000E+00
140
141
142 X-Direction Node Positions
143 Node: 1 Node Position, m: 1.0772E.00

144
145
146 Y-Direction Node Positions
147 Node: 1 Node Position, m: 1.0772E.00
148
149
150 Z-Direction Node Positions
151 Node: i Node Position, m: 1.0772E+00
152
153
154 Rock or Soil Types
155
156 Rock Notes :
157
158
159
160

161 Rock Types and Domains
162 Rock Number: 1

163 Rock Type: generic sand
164 Rock Domain_ I - 1 to 1
165 J - I to 1

166 K = I to 1
167
168
169 Mechanical Properties
170
171
172

173 Rock type: generic sand
174 Total Porosity: 5.0000E-01
175 Diffusive Porosity: 5.0000E-01

176 Effective Porosity: 5.0000E-01
177 Saturation Dependent Tortuosities

178 Liquid Phase Tortuosity: Millington and Quirk Model
179 Gas Phase Tortuosity: Millington and Quirk Model
180
181

182 Hydraulic Properties
183
184
185

186 Rock type:generic sand
187 X-Direction Intrinsic Permeability, m^2:1.0000E-14
188 Y-Direction Intrinsic Permeability, m^2:1.0000E-14
189 Z-Direction Intrinsic Permeability, m^2:1.0000E-14
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Exhibit 8.2. (Con_)

No.

190 Specific Storativity, I/m: O.O000E+O0
191 Porous Media Compressibility, 1/Pa: O.O000E+O0
192
193
194 Thermal Properties
195
196
197

198 Rock type: generic sand
199 Rock Thermal Conductivity Model: Temperature Dependent
200 X-Dir. Unsaturated Thermal Cond., Wlm K: 2.1000E+00
201 ¥-Dir. Unsaturated Thermal Cond., Wlm K: 2.1000E+00
202 Z-Dir. Unsaturated Thermal Cond., Wlm K: 2.1000E+00

203 Rock Density, kg/m^3: 2.6500E+03
204 Specific heat, J/kg K: 1.0000E+03
205
206

207 Species Properties
208
209
210
211 Soil Characteristics
212

213
214

215 Rock type: generic sand
216 Characteristic Function: van Genuchten
217 van Genuchten [Alpha] Parameter, l/m: 5.0000E-01
218 van Genuchten [Beta] Parameter: 2.0000E+00
219 Maximum Tension Head, m: 1.0000E+06
220
221

222 Liquid Relative Permeability
223
224
225

226 Rock type: generic sand
227 Liquid Relative Permeability Function: Corey's Curves
228 Residual Saturation: 3.0000E-01

229 Entrapped Air Saturation: 5.0000E-02
230 Minimum Liquid Relative Permeability: 1.0000E-10
231
232
233 Gas Relative Permeability Functions
234
235
236

237 Liquid Boundary Conditions
238

239
240

241 Gas Boundary Conditions
242
243
244

245 Vapor Boundary Conditions
246
247
248

249 Thermal Energy Boundary Conditions
250

251
252
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Exhibit 8.2. (Contd)

253 Species Boundary Conditions
254
255
256
257 Initial Conditions
258
259 Initial Saturation Option: liquid saturation & gas pressure
260
261

262 Gas Pressure (absolute), Pa
263 PG( 1, 1, 1): 1.0000E+05
264 X-direction Gradient: 0.0000E+00
265 Y-direction Gradient: 0.0000E+00

266 Z-direction Gradient: 0.0000E+00
267 Domain: I - 1 to I

268 J - 1 to 1
269 K - i to 1

270
271
272 Liquid Saturation
273 SL( i, I, i): 1.0000E-02
274 X-direction Gradient: 0.0000E+00
275 Y-direction Gradient: 0.0000E+00
276 Z-direction Gradient: 0.0000E+00
277 Domain: I - 1 to 1
278 J - I to 1
279 K - 1 to 1
280
281

282 Temperature, C
283 T( I, i, I): 9.0000E+01
284 X-direction Gradient: 0.0000E+00
285 Y-direction Gradient: 0.0000E+00
286 Z-direction Gradient: 0.0000E+00
287 Domain: I - 1 to 1
288 O - 1 to 1
289 K - I to 1
290
291

292 Sources and Sinks
293

294 Thermal Energy Source
295 Temporal Variation: Constant
296 Source Power Density, W/m^3: 2.0000E+05
297 Source Start Time, s: 0.0000E+00

298 Source Stop Time, s: 1.8750E+03
299 Domain: I - I to 1

300 O - 1 to 1
301 K - 1 to 1
302
303

304 Output Control
305
306
307

308 Output File Variables
309
310

311 liquid pressure
312 temperature
313 liquid saturation
314
315
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316 Plot File Variables
317

318
319 liquid pressure

320 gas pressure
321 temperature
322 liquid saturation
323 liquid phase air mass fraction
324 gas phase vapor mass fraction
325 liquid density
326 gas density
327
328
329 Reference Node File Variables
330
331

332 liquid pressure
333 temperature
334 liquid saturation
335
336
337 Field Variable Output Frequency:
338 After the Final Time Step
339

340

341 Output Orientation: Z-X Planes
342 Output Domain: I - i to 1
343 J - I to 1
344 K - I to 1
345
346
347 Reference Node No. 1: I - 1, J - 1, K - 1
348 Reference Node Output Frequency: Every i Time Step(s)
349
350
351
352 REFERENCE NODE OUTPUT RECORD
353
354

355 REFERENCE NODE(S) ( 1, 1, 1)
356
357 STEP TIME ITER EQUA TIMESTEP P T SL
358 0 0.O00E+00 0 0 2.500E+01 -1.859E+06 9.000E+01 1.000E-02
359 1 2.500E+01 3 3 2.500E+01 -1.855E+06 9.367E+01 9.967E-03
360 2 5.000E+01 3 3 2.500E+01 -1.851E+06 9.734E+01 9.928E-03
361 3 7.500E+01 3 2 2.500E+01 -1.847E+06 1.010E+02 9.882E-03
362 4 I.O00E+02 3 2 2.500E+01 -1.843E+06 1.047E+02 9.829E-03

363 5 1.250E+02 3 2 2.500E+01 -1.839E+06 1.083E+02 9.768E-03
364 6 1.500E+02 3 2 2.500E+01 -1.836E+06 1.120E+02 9.698E-03

365 7 1.750E+02 3 2 2.500E+01 -1.833E+06 1.156E+02 9.620E-03
366 8 2.000E+02 3 2 2.500E+01 -1.830E+06 1.192E+02 9.531E-03
367 9 2.250E+02 3 2 2.500E+01 -1.828E+06 1.229E+02 9.432E-03
368 10 2.500E+02 3 2 2.500E+01 -1.827E+06 1.265E+02 9.321E-03
369 11 2.750E+02 3 2 2.500E+01 -1.827E+06 1.301E+02 9.199E-03
370 12 3.000E+02 3 2 2.500E+01 -1.829E+06 1.337E+02 9.063E-03
371 13 3.250E+02 4 3 2.500E+01 -1.832E+06 1.373E+02 8.914E-03
372 14 3.500E+02 4 3 2.500E+01 -1.837E+06 1.409E+02 8.749E-03

373 15 3.750E+02 4 3 2.500E+01 -1.846E+06 1.445E+02 8.570E-03
374 16 4.000E+02 4 2 2.500E+01 -1.858E+06 1.480E+02 8.373E-03

375 17 4.250E+02 4 2 2.500E+01 -1.874E+06 1.516E+02 8.159E-03
376 18 4.500E+02 4 2 2.500E+01 -1.896E+06 1.552E+02 7.927E-03
377 19 4.750E+02 4 2 2.500E+01 -1.925E+06 1.587E+02 7.675E-03
378 20 5.000E+02 4 2 2.500E+01 -1.964E+06 1.622E+02 7.402E-03
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Q zw,
379 21 5.250E+02 4 2 2.500E+01 -2.014E+06 1.658E+02 7.108E-03
380 22 5.500E+02 4 2 2.500E+01 -2.080E+06 1.693E+02 6.791E-03
381 23 5.750E+02 4 2 2.500E+01 -2.165E+06 1.728E+02 6.450E-03
382
383 REFERENCE NODE(S) ( i, i, I)
384
385 STEP TIME ITER EQUA TIMESTEP P T SL
386 24 6.000E+02 4 2 2.500E+01 -2.275E+06 1.763E+02 6.085E-03
387 25 6.250E+02 4 2 _.500E+01 -2.420E+06 1.798E+02 5.695E-03
388 26 6.500E+02 4 2 2.500E+01 -2.612E+06 1.832E+02 5.278E-03
389 27 6.750E.02 4 2 2.500E+01 -2.868E+06 1.867E+02 4.834E-03

390 28 7.000E+02 4 2 2.500E+01 -3.217E+06 1.901E+02 4.363E-03
391 29 7.250E+02 4 2 2.500E+01 -3.700E+06 1.936E+02 3.867E-03

392 30 7.500E+02 4 2 2.500E+01 -4.391E+06 1.970E+02 3.347E-03
393 31 7.750E+02 4 2 2.500E+01 -5.415E+06 2.005E+02 2.808E-03

394 32 8.000E+02 5 2 2.500E+01 -6.997E+06 2.039E+02 2.262E-03
395 33 8.250E+02 5 2 2.500E+01 -9.550E+06 2.074E+02 1.732E-03

396 34 8.500E+02 5 2 2.500E+01 -1.375E+07 2.109E+02 1.256E-03
397 35 8.750E+02 5 2 2.500E+01 -2.031E+07 2.144E+02 8.807E-04

398 36 9.000E+02 4 2 2.500E+01 -2.938E+07 2.180E+02 6.245E-04
399 37 9.250E+02 4 2 2.500E+01 -4.032E+07 2.217E+02 4.625E-04
400 38 9.500E+02 4 2 2.500E+01 -5.239E+07 2.254E+02 3.596E-04
401 39 9.750E+02 4 2 2.500E+01 -6.512E+07 2.291E+02 2.914E-04
402 40 1.000E+03 4 2 2.500E+01 -7.824E+07 2.328E+02 2.437E-04
403 41 1.025E+03 3 2 2.500E+01 -9.158E+07 2.365E+02 2.090E-04
404 42 1.050E+03 3 2 2.500E+01 -1.051E+08 2.402E+02 1.826E-04
405 43 1.075E+03 3 2 2.500E+01 -1.187E+08 2.440E+02 1.620E-04
406 44 1.100E+03 3 2 2.500E+01 -1.323E+08 2.477E+02 1.455E-04
407 45 1.125E.03 3 2 2.500E+01 -1.461E+08 2.515E+02 1.321E-04
408 46 1.150E+03 3 2 2.500E+01 -1.598E+08 2.552E+02 1.208E-04
409 47 1.175E+03 3 2 2.500E+01 -1.736E+08 2.589E+02 I.I14E-04

410
411 REFERENCE NODE(S) ( 1, 1, 1)

412
413 STEP TIME ITER EQUA TIMESTEP P T SL
414 48 1.200E+03 3 2 2.500E+01 -1.874E+08 2.627E+02 1.032E-04
415 49 1.225E+03 3 2 2.500E+01 -2.012E+08 2.664E+02 9.622E-05
416 50 1.250E+03 3 3 2.500E+01 -2.012E+08 2.702E+02 9.622E-05
417 51 1.275E+03 3 3 2.500E+01 -2.012E+08 2.739E+02 9.622E-05
418 52 1.300E+03 3 3 2.500E+01 -2.012E+08 2.777E+02 9.622E-05
419 53 1.325E+03 3 3 2.500E+01 -2.011E+08 2.814E+02 9.622E-05
420 54 1.350E+03 3 3 2.500E+01 -2.011E+08 2.852E+02 9.622E-05
421 55 1.375E+03 3 3 2.500E+01 -2.011E+08 2.889E+02 9.622E-05
422 56 1.400E+03 3 3 2.500E+01 -2.011E+08 2.927E+02 9.622E-05
423 57 1.425E+03 3 3 2.500E+01 -2.011E+08 2.964E+02 9.622E-05

424 58 1.450E+03 3 3 2.500E+01 -2.010E+08 3.002E+02 9.622E-05
425 59 1.475E+03 3 3 2.500E+01 -2.010E+08 3.039E+02 9.622E-05
426 60 1.500E+03 3 3 2.500E+01 -2.010E+08 3.076E+02 9.622E-05
427 61 1.525E+03 3 3 2.500E+01 -2.010E+08 3.114E+02 9.622E-05
428 62 1.550E+03 3 3 2.500E+01 -2.010E+08 3o151E+02 9.622E-05
429 63 1.575E+03 3 2 2.500E+01 -2.009E+08 3.189E+02 9.622E-05
430 64 1.600E+03 3 3 2.500E+01 -2.009E+08 3.226E+02 9.622E-05
431 65 1.625E.03 3 3 2.500E+01 -2.009E+08 3.264E+02 9.622E-05
432 66 1.650E+03 3 3 2.500E+01 -2.009E+08 3.301E+02 9.622E-05
433 67 1.675E+03 3 3 2.500E+01 -2.009E+08 3.339E+02 9.622E-05

434 68 1.700E+03 3 3 2.500E+01 -2.008E+08 3.376E+02 9.622E-05
435 69 1.725E+03 3 3 2.500E+01 -2.008E+08 3.414E+02 9.622E-05
436 70 1.750E+03 3 3 2.500E+01 -2.008E+08 3.451E+02 9.622E-05
437 71 1.775E+03 3 3 2.500E+01 -2.008E+08 3.489E+02 9.622E-05
438
439 REFERENCE NODE(S) ( I, I, I)
440
441 STEP TIME ITER EQUA TIMESTEP P T SL
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Exhibit 8.2. (Contd)

442 72 1.800E+03 3 3 2.500E+01 -2.008E+08 3.526E+02 9.622E-05
443 73 1.825E+03 3 3 2.500E+01 -2.007E+08 3.564E+02 9.622E-05
444 74 1.850E+03 3 3 2.500E+01 -2.007E+08 3.601E+02 9.622E-05
445 75 1.875E+03 3 3 2.500E+01 -2.007E+08 3.639E+02 9.622E-05
446 '
447
448 FIELD AND FLUX VARIABLE RESULTS e

449
450 75 steps
451 1.8750E+03 s
452 5.2083E-01 h

453 2.1701E-02 day
454 3.1002E-03 wk
455 5.9415E-05 yr
456
457 Execution time from start: 0:0:12

458 Execution performance, s/node/step : 1.6173E-01
459
460
461 I

462 0 Liquid Pressure (absolute), Pa
463 0 J - 1
464 Distance - 1.077 m
465
466 Node Dist. 1.077 m
467 No. m - 1
468
469 i - 1 1.077 -2.0071E+08
470 0
471 1

472 0 Temperature, C.

473 0 J - 1
474 Distance - 1o077 m
475
476 Node Dist. 1.077 m
477 No. m - 1
478
479 i - 1 1.077 3.6386E+02
480 0
481 1

482 0 Liquid Saturation.

483 0 J - 1
484 Distance - 1.077 m

485
486 Node Dist. 1.077 m
487 No. m - 1
488
489 i - I 1.077 9.6219E-05
490 0
491
492 END OF SIMULATION
493
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8.2 Single-Node Condensation

The single-node-condensationprobleminvolvesthecondensationof watervaporwithina
closed adiabaticvolume of porousmediuminitiallydesaturated.The condensationprocessoccurs

throughtheremovalof heatfromthecontrolvolume. Sufficientheatis removedfromthe systemto
causecondensationandpartiallysaturatethe porousmedium. Becausethe controlvolume surfaces
LTeclosed andadiabatic,the initialquantifiesof airandwatermass shouldremainconstant

throughoutthe simulation.Upon partialsaturationof a desaturatednode,MSTS switchesthe

primaryvariablefor thewatermass conservationequationfromthe thewater-vapormassfractionto

the liquidpressure.Thisproblemdemonstratesthisnumericaltransitionfrom gas-phase-only
conditionsto two-phaseconditions. The problemrequiresthe coupledsolutionof thewatermass,

airmass, and energyconservationequations.

8.2.1 Problem Domain and Input Parameters

Thisprobleminvolves a 10-m3cubeof porousmedia,with a totalporosityof 0.50, rock

densityof 2650 kg/m3,andspecific heatof 1000 J/kgK. Theinitial gas pressure,liquidsaturation,

andtemperatureare4 MPa(absolute),2 x 10-s,and280°C, respectively. A constantinternalheat
removalrateof-0.5 MW was applied. Atl boundarysurfacesareadiabatic,no-flow surfaces. A

completedescriptionof theproblemspecifics is given in the "input"file shown in Exhibit8.3.

8.2.2 Simulation Results

Simulationresultsin termsof the system temperatureand liquidsaturationareshownin

Figure8.2. The liquidsaturationremainsatzero (the initialcondition)untilnear1000 seconds,at
whichtime the numericalswitchof primaryvariablesoccurswhen temperaturehasdeclinedto a

pointwhere phasechange fromgas to aqueousbegins. The simulationis haltedat 1875 seconds at

a fmal temperatureof 214.7°C.

8.2.3 Mass Balance Check

As for the single-node-evaporationproblem,this problemconcerns a closed systemin which
mass must be conserved. Themass balancecheck is repeatedfor the condensationproblemusing

Equations(8.2) through(8.4) withvalues from the single-node-condensationproblem(Table 8.3).
For the initial conditions,the mass of waterin the aqueousphaseis computedas

8.17



300,.........................................r........•........•.................•........r.......-.....--_.._"........r........•.................__O.OlO
LL t I I J
i_ i t / /4

2so_ ...............................f..............................................t.............................................f................7":......t o.oos
[_ _ [ Tem_mtu_ | Liquid | ..." _]

2_ot_.................:....._ ...........7............................!.............s..__............!..::2.......................-to.o06

...........................................!.......................................................to.+i.
+.f-.............................................!..............................................................................t........o.oo,
2O0 0.000

0 500 1000 1500

Simulation Time (s)

Figure 8.2. MSTS-Pt_cted Temperature andLiquid SaturationVariation with Time for the
Single-Node-Condensation Problem

Table 8.3. Single-Node-CondensationProblem Initial and Final Conditions
._.

Variable _ Initial Copditions Final CQnditions

V m3 10.0 10.0

nT - 0.50 0.50

nD - 0.50 0.50

T °(2 280.00 214.68

st - O.(X)(X300 0.(X39000

Pt kg/m_ 746.3 847.1

pg kg/m3 18.04 10.64
..

I@
x t - 1.00_ 1.0000
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m_ =(nT -n D +stnz))V Ot

= [0.50-0.50+ (0.0)(0.50)](I0m3)(746.3kg/m3)
ffi0.0kg

(i.e., themis no water in theaqueousphase),while the watermassin the gasphaseat time zerois

-=(z_st)n,ovx_'p_m I

ffi(1-0.0)(0.50)(lOm3)(l.O)(18.04kg/ms)
-90.200kg

Therefore,thetotalwater massat the startof the simulationperiodis 90.200 kg. At the endof the

simulation(after1875 seconds),the temperatureis reducedto214.7 °C andthewatermass in the

aqueousphaseis

m7 =(rtr-._ +stno}vpt
= [0.50-0.50+(0.0090)(0.50)](10m 3)(847.1kg/m3)
= 38.120kg

while the watermassremainingin the gas phaseis

,,=(1_st)novx,_psm B

= (1- 0.0090)(0.50) (10m 3) (1.0)(10.64 kg/m3}
= 52.721 kg

Summing,the totalwatermass in the system at the end of the simulationis 38.120 + 52.721 =

90.841 kg. The differencebetweeninitialandfinal mass is 90.200 - 90.841 ffi-0.641 kg, whichis
0.71%of the initialmass.
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Exhibit 8.3. MSTS InputFile for Single-Nodo-CondensationProblem

I -Simulation Title and Notes
2 beta, 0001,
3 Single-Node-Conden sat Ion Problem
4 L.£. Peele
5 Battelle, Pacific Northwest Laboratory
6 Wednesday, June 24, 1992
? 1:19:00 PM
8 245 character(s) of simulation title notes follows.

9 Single-node-condensation problem. A vapor-pressure-lowering scheme will be used
10 to restrict the minimum liquid saturation level. This problem will test the ab
11 ility of the Newton-Raphson scheme to handle low air mass fractions in the gas p
12 base.
13 -Solution Schemes
14 false, false, false,
15 banded matrix
16 true, true, true, false,
17 1875., s,
18 25.0, s,
19 1.5,
20 25.0, s,
21 true, true, false, true,true, false,
22 false, false, false, false,
23 -Numerical Control

24 8, Maximum Residual,
25 l.O,h, 1.0, h,
26 i. Oe-6, I. 0e-6, 1.0e-6,
27 Harmonic Mean,Harmonlc Mean,Harmonic Mean,Harmonic Mean,
28 -Grid Geometry
29 cartesian

30 1, 1, 1,
31 2. 1544, m, 2.1544,m, 2.1544, m, 0.0, m, 0.0, m,
32 0. O, m,
33 I line(s) of grid geometry input follows.
34 Node 1, 1.0772,m,

35 i line(s) of grid geometry input follows.
36 Node 1,1.0772,m,

37 1 line(s) of grid geometry input follows.
38 Node I, 1.0772,m,
39 -Inactive Nodes

40 0 line(s) of inactive nodes input follows.
41 -Rock or Soil Types

42 0 character(s) of rock or soil types notes follows.
43 I line(s) of rock or soil types input follows.
44 Generic Sand, 1, 1, 1, 1,1,1,
45 ~Mechanical Properties

46 I llne(s) of mechanical properties input follows.
47 Generic Sand, 0.5, 0.5, 0.5,,,, dependent,,,
48 -Hydraulic Properties

49 i line(s) of hydraulic properties input follows.
50 Generic Sand, l.0E-14,1.0E-14,1.0E-14,m^2,,,,m^2,0.O, 1/m,
51 -Thermal Properties

52 I llne(s) of thermal properties input follows.

53 Generic Sand, dependent,2.10,2.10,2.10,,,,W/m K,2650.O,kg/m^3,1000.O,J/kg K,
54 -Species Properties
55 0 line(s) of species properties input follows.
56 -Soil Characteristics

57 i line(s) of soil characteristics input follows.

58 Generic Sand, van Genuchten,0.5, l/m, 2.0,1.0E+8,m,,,,
59 -Liquid Relative Permeability Properties

60 I llne(s) of liquid relative Permeability input follows.
61 Generic Sand, Corey's Curves, 0.3,0.05,1.0E-10,,

62 -Gas Relati'_e Permeability Properties
63 0 llne(s) of gas relative permeability input follows.
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Exhibit 8.3. (Contd)

64 -Liquid Boundary Conditions
65 0 line(s) of liquid boundary conditions input follows.
66 -Gas Boundary Conditions
67 0 llne(s) of gas boundary conditions input follows.

68 -Vapor Boundary Conditions
69 0 line(s) of vapor boundary conditions input follows.

70 -.Energy Boundary Conditions
71 0 llne(s) of energy boundary conditions input follows.

72 -Species Boundary Conditions
73 0 li_e(s) of species boundary conditions input follows.
74 -Initial Conditions

75 Liquid Saturation & Gas Pressure,
76 4 lineis) of initial conditions input follows.
77 Gas Pressure, 4.0E+06,Pa (absolute),,1/m,,I/m,,I/m,l,l,l,l,1,1,

78 Liquid Saturation, O.O,,,1/m,,i/m,,i/m,l,l,l,l,i,l,
79 Temperature, 280.O_Celsius,,i/m,,I/m,,i/m,l,l,l,l,l,l,
80 Vapor Mass FractSon, l.0,,,1/m,,1/m,,1/m,l,1,1,1,1,1,
81 -Sources & Sinks
82 i line(s) of sources & sinks input follows.

83 Thermal Energy,Constant,-5.0E+4,W/m^3,,,,,0,s, 1875.0,s,1,1,1,1,1,1,
84 -Liquid Pathline Trace
85 0 line(s) of liquid pathline trace input follows.
86 -Output Control
87 l,l,l,1,1,1,zxplane,
88 0 line(s) of output control input follows.
89 1,1,1,,,,,,,,,,1,
90 _ line(s) of output control input follows.
31 Liquid Pressure,
92 Temperature,
93 Liquid Saturation,
94 8 line(s) of output control input follow_.
95 Liquid Pressure,
96 Gas Pressure,

97 Temperature,
98 Liquid Saturation,i ,

99 Gas Phase Vapor Mass Fraction,

100 Liquid Phase Rel. Permeability,
I01 Liquid Density,
102 Gas Density,
103 3 line(s) of output control input foll..ws.

104 Liquid Pressure,
105 Temperature,
106 Liquid Saturation,
107 -Surface Flux Integrator
108 0 line(s) of surface flux integrator input follows.
109 -Rock List

110 1 line(s) of rock list input follows.
111 Generic Sand,
112 -
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8.3 FlowfromHotTwo.PhaseConditions

This problem is concernedwithtwo-phaseflow betweentwo adjacentcubesof porous

mediumwithsharplydifferinginitialconditions. Theproblemstartswithboth nodesin two-phase

conditions;however,one nodeis nearlysaturatedwith relativelycool waterandtheotheris nearly

desammte_atanelevatedtemperature.Theprobleminvolvessimulatingimbibitionand

Valmfizafionof the liquidwaterfromrelativelycool saturatedconditionsto hot dryconditions. The
controlvolume surfacessurroundingthe two nodes areadiabaticandimpermeableto fluid flow.

The problem_ untilequilibriumconditionsarereached. The problemdemonstratesthe

conservationof watermass,airmass, andthermal energyfortwo-phaseflow conditions. An energy

balanceerroranalysis is presentedfromthe simulationresultsof thisproblem.

8.3.1 Problem Domain and Input Parameters

Theprobleminvolves two cubesof porousmedium,bothwith porosity0.50, volume 10 m3,

andhydraulicconductivity1.0 x 10-14m2. Therock thermalconductivity,density,and specificheat

are2.10 W/m K, 2650 kghn3,and 1000J/kg K, respectively. The initialconditionsfor the first

(west)cube are:gas pressure,1.0x 105Pa (absolute);liquidsaturation,0.999; temperature,99.5°C.

For the second(east)cube, the initialconditionsare:gas pressure,9.9 x 106Pa (absolute);liquid

saturation,0.001; temperature,310.0°C. The inputfile is shown in Exhibit8.4.

8.3.2 Energy Balance Check

Let qi representthe thermalenergy in computationalnode i; qi is the sumof therock or soil

internalenergy,aqueous-phase-waterinternalenergy,water-vaporinternalenergy,and airinternal

energy (the contributionfromairdissolved in the aqueousphaseis negligible):

qi=(l_nT)CspsT +stPtQD UV_+ (8.5)

C ;3Wn u w+sgpg 1-x n D ugss pgxg D g

The totalenergy in theproblemdomainat timet is the sumof ali computationalnodes,or 7-qi.

Table8.4 lists the valuesof ali of the parametersr_quir_ byEquation(8.5) for both initialand final

w u a were obtainedfromconditions. Ali parametervaluesexcept the internalenergies (u _, u g, g)

MS'rS-generated"plot" f'desusing the "input"file shown in Exhibit8.4. Theplot file for initial

conditionswas obtainedbychanging the InitialConditionsOnly optionin the "input"file (Exhibit

8.4, SolutionSchemes card,line 11, firstoption)from "false" to "lrue"and runningMSTSagain.

The valuesforthe internalenergiesof waterin the aqueousand gasphaseswere
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Table 8.4. Hot Two-PhaseFlow ProblemInitialandFinal Conditions

InitialConditions FinalConditions '
Variable Units West Node EastNode West Node East Node

i , i i i ii | ii l

cs J/kg K 1000.0 1000.0 1000.0 1000.0

nr - 0.50 0.50 0.50 0.50

Ps kg/m3 2650.0 2650.0 2650.0 2650.0

Pt kg/m3 958.48 690.68 898.49 898.49

Ps kg/m3 0.59213 54.724 4.2060 4.2060

st - 0.999 0.001 0.56160 0.56160

ss - 0.001 0.999 0.43840 0.43840

T °C 99.5 3_0.0 168.83 168.83

W
u t kJ/kg 416.83 1387.1 713.24 713.24

W

u s kJ/kg 2505.91 2546.4 2575.56 2575.56

U as kJ/kg 266.39 421.96 316.79 316.79
W

x s - 0.99290 0.99686 0.95439 0.95439

obtainedfromsteamtables(TableA.1, vanWylen and Sonntag 1985). The values forthe internal

energyof airin the gas phasewereobtainedfroma tableof idealgas integralsfor air (TableA.10,
vanWylen and Sonntag 1985).

Computingthe totalinternalenergyperunitvolumefor the west nodeatinitial conditions:

_ we...n m3]
_

+ (0.001) (0.59213 kg _ (0.99290) (0.50) (2,505,910 k_ )m3]

+ (0.001} (0.59213 _3) (1--0.99290) (0.50, (266,390 k-_)

= 6.9332 x l0 s J/m 3
--
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which,whenmultipliedbythe nodevolume (10 m3),yields the totalnode energyattime zeroof

6.9332 x 109J. Repeatingfor the castnode,we obtain

+ (0"999)(54"724 kg_ (1-0"99686) (0"50) (421'960 _g)m3j

-8.4258 x 108J/m 3

for whichthe totalenergyis therefore8.4258 x 109J. The totalenergyin the problemdomainis
the sum of these two nodes, or 15,359.0Ml. Forthe final conditions,the two nodes are in

equilibrium;henceonly one calculationis necessary:

qfma/= (1_0.50) (1000 _) (2650 kg_(441.98iQm3j

+ (0.56160) (898.49 _3) (0.50) (713,240 k_ )

m3J

+ (0.43840) (4.2060 kg _ (1--0.95439, (0.50) (316,790 k-_)m3J

-7.6785 x 10s J/m 3

Thisappliesforbothnodes, or a totalvolumeof 20 m3;hence the totalenergyin the system

predictedbyMSTSat the endof the simulationfor equilibriumconditionsis 15,357.0MI. The

differencebetweenthetotalenergy in the domainatthebeginningandat the endof the simulation

(2.0 MT)is the errorintroducedduringthe simulationby MSTS throughnumericalapproximation,

andis equalto 0.013% of the initialtotalenergy.
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Exhibit 8.4. MSTSInputFile for Hot Two-PhaseProblem

i -Simulation Title and Notes
2 beta, 0001,
3 Flow from hot two-phase conditions
4 L.E. Peele
5 Battelle, Pacific _orthwest Laboratory

6 Thursday, July 16, 1992
7 I0:08:19 AM
8 34 charac_cer(s) of simulation title notes follows.
9 Flow from hot two-phase conditions

10 -Solution Schemes
II false, false, false,
12 banded matrix

13 true,true, true,false,
14 1.875E+8, s,
15 10.0, s,

16 1.1,
17 I. 875E+8, s,
18 true, true, false, true,true, false,
19 false, false, false, false,
20 -Numerical Control

21 8, Maximum Residual,
22 1.0, h, 1.0, h,
23 1.0e-6, 1. Oe-6, 1.0e-6,
24 Geometric Mean,Geometric Mean,Geometric Mean,Geometrlc Mean,
25 -Grid Geometry
26 cartesian

27 2,1,1,
28 4.3088,m,2.1544,m, 2.1544,m,O.O,m,O.O,m,
29 0.0,m,
30 2 line(s) of grid geometry input follows.
31 Node i, 1.0772,m,
32 Node 2,3.2316,m,
33 I llne(s) of grid geometry input follows.
34 Node 1,1.0772,m,
35 1 line(s) of grid geometry input follows.
36 Node 1,1.0772,m,
37 -Inactive Nodes
38 0 line(s) of inactive nodes input follows.
39 -Rock or Soil Types
40 0 character(s) of rock or soil types notes follows.
41 I line(s) of rock or soil types input follows.
42 Generic Sand, 1,1,1,1,1,1,

43 -Mechanical Properties
44 1 line(s) of mechanical properties input follows.
45 Generic Sand, 0.5, 0.5,0.5,,,, constant, 1.0, 1.0,

46 -Hydraulic Properties
47 I line(s) of hydraulic properties input follows.
48 Generic Sand, l.0E-14,1.0E-14,1.0E-14, m^2,,,,m^2,0"O'l/m'
49 -Thermal Properties
50 1 line(s) of thermal properties input follows.
51 Generic Sand, dependent,2.10,2.10,2.10,,,,W/m K, 2650.O,kg/m^3,1000"O'J/kg K,

52 -Species Properties
53 0 line(s) of species properties input follows.
54 -Soil Characteristics
55 1 line(s) of soil characteristics input follows.

56 Generic Sand, van Genuchten,5.67E-Ol,1/m,l.798,1.0E+20,m,,,,

57 -Liquid Relative Permeability Properties
58 I line(s) of liquid relative permeability input follows.

= 59 Generic Sand, Corey's Curves, 0.0,0.0,1.0E-6,,
60 -Gas Relative Permeability Properties
61 i line(s) of gas relative permeability input follows.
62 Generic Sand, Corey's Curves, 0.0,0.0,1.0E-6,

63 -Liquid Boundary Conditions

-

8.25
=

,r



Exhibit 8.4. (Omr)

64 0 llne(s) of liquid boundary conditions input follows.
65 -Gas Boundary Conditions
66 0 line(s) of gas boundary conditions input follows.
67 -Vapor Boundary Conditions
68 0 line(s) of vapor boundary conditions input follows.

69 -Energy Boundary Conditions
70 0 llne(s) of energy boundary conditions input follows.

71 -Species Boundary Conditions
72 0 line(s) of species boundary conditions input follows.
73 -Initial Conditions

74 Liquid Saturation & Gas Pressure,
75 6 line(s) of initial conditions input follows.
76 Gas Pressure, 1.0E+05,Pa (absolute),,i/m,,1/m,,I/m,l,l,l,l,l,l,
77 Gas Pressure, 99. 0E+05, Pa (absolute),,1/m,,I/m,,1/m, 2,2,1,1,1,1,
78 Liquid Saturation,O.OOl,,,i/m,,l/m,,i/m,2,2,1,1,1,1,

79 Liquid Saturation,O.999,,,1/m,,1/m,,1/m,l,l,l,l,1,1,
80 Temperature, 310.O,Celsius,,1/m,,1/m,,1/m,2,2,1,1,1,1,
81 Temperature, 99.5,Celsius,,1/m,,1/m,,1/m,l,1,1,1,1,1,
82 -Sources & Sinks

83 0 line(s) of sources & sinks input follows.
84 -Liquid Pathline Trace
85 0 llne(s) of liquid pathline trace input follows.
86 -Output Control
87 1,2,!,l,l,l, zxplane,
88 0 llne(s) of output control input follows.
89 1,1,1,,,,,,,,,,1,
90 9 line(s) of output control input follows.
91 Liquid Pressure,
92 Gas Pressure,
93 Temperature,
94 Liquid Saturation,
95 Gas Saturation,
96 Liquid Phase Air Mass Fraction,

97 Gas Phase Vapor Mass Fraction,
98 Liquid Density,

99 Gas Density,
100 9 line(s) of output control input follows.
101 Liquid Pressure,
102 Gas Pressure,

103 Temperature,
104 Liquid Saturation,
105 Gas Saturation,
106 Liquid Phase Air MassFractlon,
107 Gas Phase Vapor Mass Fraction,
108 Liquid Density,
109 Gas Density,

110 3 line(s) of output control input follows.
111 Liquid Pressure,
112 Temperature,
113 Liquid Saturation,

114 -Surface Flux Integrator

115 0 llne(s) of surface flux integrator input follows.
116 -Rock List

117 1 line(s) of rock list input follows.
118 Generic Sand,
119 -
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8.4 Philip's Vertical Infiltration Problem

This problem demonstrates that the MSTS code correctly computes a wetting front

propagation with gravitational effects. Results obtained with MSTS are compared to those of a

semi-analytic solution reported by Philip (1957).

8.4.1 Purpose

The purpose of this one-dimensional, time-dependent, unsaturated, single-phase, vertical

infiltrationproblem is to demonstrate thatMSTS cortex'flysolves the water conservationequation

for a wetting front in a semi-infinite porous medium. The problem involves a 15-cre column filled

with Yolo light clay, first described by Moore (1939). The governing equation for this problem is

the one-dimensional form of Richards'Equation:

at=_ ev,) _-

where V =tension head (L)

k(W) = unsaturatedhydraulic conductivity (L t-l)

t =time(t)

z = distance along the vertical coordinate (L).

The specific moisture capacity C(_) is given by

(8.7)
c (¢)=a-2-°

a_

whereeisthevolumetricmoisturecontent.

The analytic results used for this comparison were generated by the INFIL computer code (El-

Kadi 1987) for conditions at the end of 2.0 hours of infiltration.

8.4.2 Model Domain and Input Parameters

The functional relationships used for the moisture-retention curves are described by=

Havcrkamp ct al. (1977). The formulae for these relationships are provided in Section 7.3. The

parameter values used arc as follows:
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Osffi0.495 saturatedvolumetricmoisturecontent

Or=0.124 residualvolumetricmoisturecontent

ks = 0.04428 saturatedhydraulicconductivity(cre/h)

a =739 curve-fittingparameter

# =4.0 curve-fittingparameter

A ffi124.6 curve-fittingparameter

B = 1.77 curve-fittingparameter

TheseparametervalueswereenteredintotheSoil Characteristicscard(Exhibit8.5, lines 153-155)

andLiquidRelativePermeabilitycard(Exhibit8.5, lines 156-158).

Theinitial conditionsfor the problemareauniformpressureheadof-601.8 cm, which

correspondsto a moisturecontentof 0.238. The boundaryconditionsaresaturationatthe upper

boundaryandconstantpressureatthe initialvalue for the lowerboundary. Thus,infiltrationbegins
attime zerofromthe saturatedupperboundary.

A totalof 99 nodes arespecifiedin thez-diction torepresent the 15cm of sou (Exhibit8.5,

lines 27-135). The distributionof these nodes was madeto match those availablefrom the INFIL

computercode output,andis notpreciselyuniformas it wouldbe if it wereassigned by the MSTS

GraphicalInput'sUniform option.

Because MSTS is a multiphasecode, we wish to express the theinitialpressure asa pressure

ratherthan a pressurehead. To convert this, assuming standardconditions(20°C), we compute

P t =Ps +Pcap
= 101,325 Pa + V/Pt g

=lO1,325Pa-[(601.Scm)( lm _]_998.32 kg_(9.81 s_)lOOcm/J_ m3J_,
= 101,325 Pa- 58,937.4 Pa
= 42,387.6 Pa

wherePt is theliquid-phasepressure,Ps is the gas-phase(atmospheric)pressure,Pew is the
capillarypressure,and v/is the tensionhead(negativeof pressurehead). This result is enteredas

liquidpressure for the initial conditions (Exhibit8.5, line 177),alongwith the uniform gas pressure

of 101,325 Pa (absolute),which is the atmosphericpressure(Exhibit8.5, line 176).
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8.4.3 Simulation Results and Comparison to Semi-Analytic Solution

The Philip'sverticalinfiltrationproblemwas simulatedby MSTSin 183 timesteps. The input
file was also modifiedto use thegeometricmean andarithmeticmeantechniquesforcomputing

intemodalhydraulicconductivities.The liquidpressurespredictedby MSTSfor ali threeaveraging

techniquesarecomparedto the Philip'sanalytical solutionin Figure8.3 in termsof liquidpressure

head. Table 8.5 summarizesthe relativerootmeansquarescomputedfor the liquidsaturation

predictionsof the threeMSTS solutions. The RRMS for theharmonicmeantechniqueachievedan

"excellent"ratingaccordingto thecriteriaset forthin Baca andMagnuson(1990) while the RRMS

forthe geometricandarithmeticaveragingtechniqueswere rated"good."

Table 8.5. Comparisonof MSTSLiquidSaturationPredictionsto Philip'sSemi-Analytical
Solutionfor VerScal Infiltrationof WaterIntoYolo Light ClayAfter2 Houxs

HydraulicConductivityAvera_ngTechnioue RRM$

Harmonic 0.0093

Geometric 0.0124

Arithmetic 0.0154
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Exhibit 8.$. MSTS Input File for Philip's Vertical Infiltration Problem

Input File

1 -Simulation Title and Notes
2 beta, 0001,
3 Philip's Vertical Infiltration Problem
4 W.E. Nichols

5 Battelle, Pacific Northwest Laboratory

6 Monday, August 24, 1992
7 1:08:41 PM

8 200 character(s) of simulation title notes follows.

9 The objective of this test problem is to verify that the water conservation equa
10 tion of MSTS correctly computes the wetting front of the one-dimensional, time-d

Ii ependent, unsaturated pressure equation.
12 -Solution Schemes

13 false, false, false,
14 banded matrix
15 false,true, false, false,
16 2.0, h,
17 0.01,h,
18 1.001,
19 0.10, h,
20 true, false, true, true, false, false,
21 false, false, false, false,
22 -Numerical Control

23 8, Maximum Residual,
24 1.0, h, 1.0, h,
25 I. 0E-06, 1.0E-06, 1.0E-06,
26 Harmonic Mean, Harmonic Mean, Harmonic Mean, Harmonic Mean,
27 -Grid Geometry
28 cartesian

29 i, i, 99,
30 l,cm, l,cm, 15.0,cm, O.O, cm,-15.0, cm,
31 0.0,m,

32 I line(s} of grid geometry input follows.
33 Node 1,0.5, cre,

34 I line(s) of grid geometry input follows.
35 Node 1,0.5, cre,

36 99 line(s) of grid geometry input follows.
37 Node I, 0. 150, cre,

38 Node 2, 0. 300, cre,
39 Node 3, 0. 450, cre,
40 Node 4,0. 600, cre,
41 Node 5, 0. 750, cre,
42 Node 6, 0. 900, cre,
43 Node 7, 1.050, cre,
44 Node 8, 1.200, cre,
45 Node 9, i. 350, cre,

46 Node 10, 1. 500, cre,
47 Node Ii, i. 650, cre,
48 Node 12,1.800,cm,
49 Node 13,1. 950, cre,
50 Node 14,2.100, cre,
51 Node 15,2.250, cm,
52 Node 16,2. 400, cre,
53 Node 17,2. 550, cre,

54 Node 18,2. 700, cre,
55 Node 19, 2. 850, cre,
56 Node 20, 3. 000, cre,
57 Node 21,3.150, cre,
58 Node 22,3. 300, cre,
59 Node 23, 3. 450, cre,
60 Node 24,3.600,cm,
61 Node 25, 3. 750, cm,

62 Node 2 6,3. 900, cre,
63 Node 27, 4.050, cre,
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64 Node 28,. 4.200, cre,,
65 Node 29, 4.350,cm,
66 Node 30, 4.500, cre,
67 Node 31,4. 650, cre,
68 Node 32,4.800,cm,
69 Node 33, 4. 950,cm,
70 Node 34,5.1N0,cm,
71 Node 35,5.25_. ,:.m,
72 Node 36, 5.400, cre,
73 Node 37,5.550, cre,
74 Node 38,5.700, cm,
"/5 Node 39,5.850,cm,
76 Node 40,6.000,cm,
77 Node 41, 6.150, cre,
78 Node 42, 6. 300,cm,
79 Node 43, 6.450,cm,
80 Node 44,6. 600, cm,
81 Node 45, 6.750, cre,
82 Node 46,6.900, cm,
83 Node 47,7.050,cm,
84 Node 48,7.200,cm,

85 Node 49,7.350, cm,
86 Node 50, 7. 500,cm,

87 Node 51,7. 650, cre,
88 Node 52,7.800,cm,
89 Node 53,7.950,cm,
90 Node 54,8.100,cm,
91 Node 55, 8.250,cm,
92 Node 56, 8. 400, cre,
93 I_ode 57,8.550, cre,
94 Node 58, 8.700, cre,
95 Node 59, 8. 850, cre,
96 Node 60, 9. 000, cre,

97 Node 61, 9.150, cre,
98 Node 62, 9. 300, cre,

99 Node 63, 9. 450, cre,
100 Node 64,9. 600, cre,

101 Node 65, 9. 750, cre,
102 Node 66, 9. 900, cre,
103 Node 67, 10. 050, cre,
104 Node 68, 10. 200, cre,
105 Node 69, 10. 350, cre,
106 Node 70, 10. 500, cre,
107 Node 71, 10. 650, cre,

108 Node 72, 10. 800, cre,
109 Node 73, 10. 950, cm,
110 Node 74,11.100, cre,
111 Node 75, 11.250, cre,
112 Node 76, 11.400, cre,
113 Node 77,11.550, cre,

114 Node 78, 11. 700, cre,
115 Node 79, 11. 850, cre,
116 Node 80, 12.000, cre,
117 Node 81,12.150, cm,
118 Node 82, 12. 300, cre,
119 Node 83, 12. 450, cre,
120 Node 84,12.600, cm,
121 Node 85, 12.750, cm,
122 Node 86,12.900, cm,

123 Node 87, 13. 050, cre,
124 Node 88, 13. 200, cre,

125 Node 89, 13. 350, cre,
126 Node 90, 13. 500, cre,
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127 Node 91, X3. 650, cre,
128 Node 92,13. 800, cre,
129 Node 93, 13. 950, cre,
130 Node 94,14.100, cre,
131 Node 95, 14.250, cre,
132 Node 96, 14.400, cre,
133 Node 97,14.550,cm,
134 Node 98,14.700, cm,
135 Node 99,14.850, cm,
136 -Inactive Nodes
137 0 line(s) of inactive no_s input follows.
138 -Rock or Soil Types
139 52 character(s) of rock or soil types notes follows.

140 ¥olo light clay was first described by Moore (1939).
141 I line(s) of rock or soil types input follows.

142 ¥olo Light Clay, 1,1,1,1,1,99,
143 -Mechanical Properties
144 i line(s) of mechanical properties input follows.

145 ¥olo Light Clay, 0.495,0.371,0.371,,,,constant,,,
146 -Hydraulic Properties
147 i line(s) of hydraulic properties input follows.

148 ¥olo Light Clay, l.2300e-7,1.2300e-7, 1.2300e'7,hc:m/s''''m^2,O'124'l/m'
149 -Thermal Properties
150 0 line(s) of thermal properties input follows.

151 -Species Properties
152 0 line(s) of species properties input follows.
153 -Soll Characteristics

154 i line(s) of soil characteristics input follows.
155 ¥olo Light Clay, Haverkamp, 739.0,,4.0,1.0E+20,m,,,,

156 -Liquid Relative Permeability Properties
157 1 line(s) of liquid relative permeability input follows.

158 ¥olo Light Clay, Haverkamp, 124.6,1.77,1.0E-20,,
159 -Gas Relative Permeability Properties
160 0 line(s) of gas relative Permeability input follows.

161 -Liquid Boundary Conditions
162 2 line(s) of liquid boundary conditions input follows.
163 Z-Direction: Top Surface,Dirichlet @Boundary, 101325.0,Pa (absolute),998.32,

kg/m^3,,1,1,1,1,99,99,
164 Z-Direction: Bottom Surface, Dirichlet @Boundary, 42387.6,Pa (absolute),998.32,

kg/m^3,,1,1,1,1,1,1,
165 -Gas Boundary Conditions
166 0 line(s) of gas boundary conditions input follows.

167 -Vapor Boundary Conditions
168 0 line(s) of vapor boundary conditions input follows.

169 -Energy Boundary Conditions
170 0 line(s) of energy boundary conditions input follows.

171 -Species Boundary Conditions
172 0 line(s) of species boundary conditions input follows.
173 -Initial Conditions
174 Gas Pressure & Liquid Pressure,
175 2 line(s) of initial conditions input follows.
176 Gas Pressure, 101325.0, Pa (absolute),0.0,1/m, 0.0,1/m, 0.0,1/m,l,l,l,l,l,99,

177 Liquid Pressure, 42387.6015,Pa (absolute),O.O,I/m,O.O,i/m,O.O,1/m,l,l,l,l,l,99,
178 -Sources & Sinks
179 0 line(s) of sources & sinks input follows.

180 -Liquid Pathline Trace
181 0 line(s) of liquid pathline trace input follows.

182 -Output Control
183 1,1,1,1,1,99, zxplane,
184 I line(s) of output control input follows.
185 2.0,h,

186 1,1,90,1,1,80,1,1,70,1,1,60,1,
187 0 line(s) of output control input follows.
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157 6 linels) of output control input follows.
158 Liquid Pressure, "
159 Liquid Saturation,

160 Liquid Phase Rel. Permeability,
161 Total Hydraulic Head,
162 Volumetric Moisture Content,
163 Z-Dir. Liquid Velocity,

164 5 line(s) of output control input follows.
165 Liquid Pressure,
166 Liquid Saturation,
167 Total Hydraulic Head,
168 Volumetric Moisture Content,

169 Z-Dir. Liquid Velocity,
170 -Surface Flux Integrator
171 0 llne(s) of surface flux integrator input follows.
172 -Rock List

173 1 llne(s) of rock list input follows.
174 Yolo Light Clay,
175 ~
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8.5 Two-Dimensional Infiltration

This is a two-dimensionalinfiltrationproblemproposedby Ross et al. (1982) thatis

concernedwithliquidflow througha two-dimensionalrectangularsection(10 cm highby 15cm

w_de)of partiallysaturatedsoil withuniforminitialconditions. A wettingsurfaceis propagated

_n'oughthedomainby imposinga wettingsurfaceon a portionof a boundaryandallowing the
waterintroducedat the boundaryto infiltrateover time. The purposeof theproblemis to

demonstratehow MSTSpropagatesa wettingfrontin twodimensionswith gravitationaleffects.

8.5.1 Problem Domain1and Input Parameters

The top 4 cm of theleft boundaryis maintainedat aprescribedcapillary(tension)headof-y=

6 - z (6 cm < z < 10cm). Thewhole rightboundaryis maintainedat a prescribedcapillary

(tension)headof -_= 90 cre. Ali other boundarysurfacesaredefined as zero-fluxsurfaces.

Figure8.4 providesa schematicof the problemandillustratesthe discretizationandboundary

conditionplacement(unmarkedboundariesare zero-flux).
i

The input file for this problemis shown in Exhibit8.6. The soil-moisture tension

characteristicandrelative-permeabilitycurvesfor the soil areprovidedas tabularinput;these are

_ shown graphicallyin Figure8.5.
m

8.5.2 Simulation Results

Figure 8.6 shows two capillarypressureprofiles, along the top (z = 9.5 cm) and the bottom (z

- 0.5 cm) of the domain at the same time. Figure 8.7 shows the liquid saturationcontours for the

domain at the end of the simulation attime 0.508 day. Ross et al. (1982) only proposedthis

problem; they did not provide a solution (it hadnot yet been simulated). Pruess (1987)

demonstratedthe solution to this problemusing the TOUGH code. The results reported here are

essentially the same as those reported by Pruess (1987).

=
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Exhibit 8.6. MSTS InputFile forTwo-DimensionalInfillradonProblem

I -Simulation Title and Notes

2 beta, 0001,
3 Two-Dimensional Infil_ration With Gravity
4 W.E. Nichols

5 Battelle, Pacific Northwest Laboratory

6 Thursday, August 27, 1992
7 1:05:00 PM

8 94 character is) of simulation title notes follows.
9 Two-dimensional infiltration into a column of soil I0 centimeters high by 15 cen

10 timeters wide.
11 -Solution Schemes

12 false, false, false,
13 banded matrix

14 false, true, false, false,
15 0.508,day,

16 0.001, day,
17 1.25,

18 0.508,day,
19 true, false, true, true, false, false,
20 false, false, false, false,
21 -Numerical Control

22 8, Maximum Residual,
23 2.0, h, 2.0, h,
24 1.0E-06, 1.0E-06, I. or-06,
25 Harmonic Mean, Harmonic Mean, Harmonlc Mean,Harmonic Mean,

26 -Grid Geometry
27 cartesian

28 15,1,10,

29 15.0, cre,i. 0, cre,I0. O, cre,0. O,cre,0.0, cre,
30 O.O,m,
31 15 line(s) of grid geometry input follows.
32 Node I, 0.5, cre,
33 Node 2, 1.5, cre,
34 Node 3,2.5,cm,
35 Node 4,3.5, cre,
36 Node 5, 4.5, cre,
37 Node 6, 5.5, cre,
38 Node 7, 6.5, cre,
39 Node 8, 7.5, cre,

40 Node 9, 8.5, cre,
41 Node i0, 9.5, cre,
42 Node 11,10.5, cre,
43 Node 12,11.5, cre,
44 Node 13, 12.5, cre,
45 Node 14,13.5, cre,
46 Node 15, 14.5, cre,

47 1 line is) of grid geometry input follows.
48 Node I, 0°5, cre,

49 10 line(s) of grid geometry input follows.
50 Node 1,0.5, cre,
51 Node 2, 1.5, cre,
52 Node 3, 2.5, cre,
53 Node 4,3.5, cre,
54 Node 5, 4.5, cre,
55 Node 6, 5.5, cre,
56 Node 7, 6.5, cre,
57 Node 8, 7.5, cre,
58 Node 9, 8.5, cre,
59 Node 10, 9.5, cre,
60 -Inactive Nodes

61 0 llne(s) of inactive nodes input follows.
62 -Rock or Soil Types

63 33 character(s) of rock or soil types notes follows.
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64 Problem 4.2 of Ross et al. (1982}
65 i line(s) of rock or soil types input follows.
66 Homogeneous Soil, i, 15, 1,1, 1, 10,
67 -Mechanical Properties
68 i line(s) of mechanical properties input follows.

69 Homogeneous Soil, 0.45, 0.45, 0.30,,,, dependenU,,,
70 -Hydraulic Properties
71 I line(s) of hydraulic properties input follows.

72 Homogeneous Soil, l.2E-14,1.2E-14,1"2E-14'm^2"'''m^2'l'9'I/m'
73 -Thermal Properties

74 1 line(s) of thermal properties input follows.
75 Homogeneous Soil, independent,l.0e+5,1.0e+5,1.0e+5,1.0e+5,1.0e+5,1.0e+5,W/m K,

2385, kg/m^3, 1030, J/kg K,

7 6 -Species Properties
77 0 line(s) of species properties input follows.
78 -Soil Characteristics
79 1 line(s) of soil characteristics input follows.
80 Homogeneous Soil, Tabular,Table No. i,
81 2 line(s} of capillary tables input follows.
82 0.0, 1.0,m,
83 1.0, 0.333,m,

84 -Liquid Relative Permeability Properties
85 I line(s) of liquid relative permeability input follows.
86 Homogeneous Soil,Tabular vs Liquid Saturation,Table No. 1,
87 3 line(s) of liquid permeability tables input follows.
88 0.0, 0.0,
89 0.333,0.0,
90 1.0, 1.0,
91 -Gas Relative Permeability Properties
92 1 line(s) of gas relative permeability input follows.

93 Homogeneous Soil, Tabular vs Liquid Saturation,Table No. 1,
94 2 line(s) of gas permeability tables input follows.
95 0.0, 1.0,

96 1.0,1.0,
97 -Liquid Boundary Conditions
98 5 line(s) of liquid boundary conditions input follows.
99 X-Direction: West Surface, Dirichlet @Boundary, 101276.06, Pa (absolute),998.32,

kg/m^3, ,i, I, I, I, 7,7,
100 X-Direction: West Surface, Dirichlet @Boundary, 101178.17,Pa (absolute),998.32,

kg/m^3, ,i, I, I, i, 8, 8,
101 X-Direction: West Surface,Dirichlet @ Boundary, 101080.28,Pa (absolute), 998.32,

kg/m^3, ,i,i, I, I, 9, 9,
102 X-Direction: West Surface,Dirichlet @Boundary, 100982.39,Pa (absolute),998.32,

kg/m^3,, I, I, I, i, i0, i0,
103 X-Direction: East Surface,Dirichlet @Boundary, 92514.90,Pa (absolute),998.32,

kg/m^3, ,15, 15, I, I, i, 10,
104 -Gas Boundary Conditions

105 0 line(s} of gas boundary conditions input follows.
106 -Vapor Boundary Conditions
107 0 line(s) of vapor boundary conditions input follows.
108 -Energy Boundary Conditions
109 0 llne(s) of energy boundary conditions input follows.

110 -Species Boundary Conditions
111 0 line(s) of species boundary conditions input follows.
112 -Initial Conditions

113 Liquid Saturation & Gas Pressure,
= 114 2 line(s) of initial conditions input follows.

115 Gas Pressure, 101325.0, Pa (absolute),,llm,,llm,,llr.i,l,15,1,1,1,10,
116 Liquid Saturation, O.3333,,,1/m,,1/m,,1/m,l,15,1,1,1,10,
117 -Sources & Sinks
118 0 line(s) of sources & sinks input follows.

119 -Liquid Pathline Trace
120 0 line(s) of liquid pathline trace input follows.

I
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, kine,._ InputFil_

121 -Output Control
122 1,15,1,1,1,10, zxplane,
123 I line(s) of output control input follows.
124 0.508,day,
125 5,1,2,5,1,9,10,1,2,10,1,9,1,
126 6 line(s) of output control input follows.
127 Liquid Pressure,
128 Liquid Saturation,
129 Liquid Phase Rel. Permeability,
130 Volumetric Moisture Content,
131 X-Dir. Liquid Velocity,

132 Z-Dir. Liquid Velocity,
133 6 line(s) of output control input follows.
134 Liquid Pressure,
135 Liquid Saturation,

136 Liquid Phase Re1. Permeability,
137 Volumetric Moisture Content,
138 X-Dir. Liquid Velocity,

139 Z-Dir. Liquid Velocity,
140 5 line(s) of output control input follows.
141 Liquid Pressure,
142 Liquid Saturation,

143 Liquid Phase Rel. Permeability,
144 X-Dir. Liquid Velocity,
145 Z-Dir. Liquid Velocity,
146 -Surface Flux Integrator
147 0 llne(s) of surface flux integrator input follows.
148 -Rock List

149 1 line(s) of rock list input follows.
150 Homogeneous Soil,
151 -
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8.6 One.Dimensional Two-Phase Infiltration

ToumaandVauclin(1986) demonstrated,bothexperimentallyandnumerically,theeffects of

air flow on waterinfiltrationin a 93.5-cm columnof soil. ToumaandVauclin(1986) appliedthree

typesof boundaryconditionsto thetopof thesoftcolumn:1)positive time-constantliquidhead,2)

positivetime-constantliquidflux less thanthesaturatedsoil hydraulicconductivity,and3) positive
time-constantliquidflux greaterthanthe saturatedhydraulicconductivity.In thissection,the

positive time-constantliquidhead(referredto as pondedinfikration)simulationsof Toumaand
Vauclin(1986) arerepeatedusing MSTStodemonstratetheimpactof air flow on waterinfiltration
rates. Two simulationsaredescribed:onefor a columnopento airflow atthebase,andone closed

atthe baseso thatairmustflow outthe topaswater infiltrates.

8.6.1 Problem Domain and Input Parameters

The problemdomainis a columnof soil of heightL = 93.5 cm for whichhydraulicproperties

wereexperimentallydeterminedbyToumaandVauclin(1986). Theexperimentaldatafor the

relationshipbetweencapillarypressureheadandwatercontentwere statisticallyfit byToumaand

Vauclin (1986) withthevanGenuchtenanalyticalexpression(vanG-enuchten1980). No
distinctionwas madebetweendrainageand infiltrationin thisexpression(i.e.,hysteresiswas not

modeled). The relationshipsbetweensoil-moisturetensionandliquidsaturationused in the MSTS
simulationareshowninFigure8.8a. Therelationshipsbetweenairandwaterrelativepermeability

andliquidsaturationwereexperimentallydeterminedandareshownin Figure8.8b.

The firstcase is theopen column,which representsthe traditionalsingle-phasesolutionfor

waterinfiltrationneglectingair-floweffects. TheMSTS input file for thisproblemis providedin
: Exhibit8.7. The Watermode (Section 2.4.1) is used in this solution. The upperboundaryis

specifiedas a Dirichletconditionequivalentto a constanthydraulicheadof 2.3 cm while thelower

boundaryis specifiedas a Dirichletconditionequal to theinitialcondition(Exhibit8.7, Liquid

BoundaryConditionscard,lines 157-160). ToumaandVauclin (1986) specifiedthatthe initial
conditionof the softcolumnwas reachedby drainingthe saturatedcolumnto the staticequilibrium

correspondingto a piezometriclevel at 120cm below the surface(top)of thecolumn. The initial

hydrologicconditionsarespecifiedas a uniformgaspressureof 101,325 Pa anda liquidpressure
thatis computeddirectlyfromthe vanGenuchtenrelationfor a zerohydraulicgradient(pressure

headandelevationheadequalthroughout).Examinetheactualinputcard(Exhibit8.7, Initial

Conditionscard,lines 169-173) to see how the inputcondition is specifiedusing the gradient
featureof the InitialConditionscard.

_
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The secondsimulationincludestheeffectsof airflow in thecolumn. TheWater-Airmode

(Section 2.4.3) is used and the gas boundaryconditionsaredefined to addressthis issue. Exhibit

8.8 shows the MSTSinputfile for this simulation. A longertimeis simulatedthanfor the open

column case (1.2 hourratherthan0.4 hour)because the inclusionof air flow slows thewetting

frontgreatly,asreportedby ToumaandVauclin(1986). ToumaandVauclinalso reportedthatthe

air-entrypressure was estimatedto be 14 cm for thisproblem. Hence, thegas pressureat the upper

boundaryis specified as the pressureequivalentof theliquid pressureboundary(2.3 cm) plus the

air-entrypressure(14.0 cm), or 101,550.25Pa (Exhibit8.8, Gas BoundaryConditionscard,lines
161-164).

8.6.2 Simulation Results

The watercontentprofilesfor theopen-columncase, whichrepresentstraditionalsingle-phase

infiltrationmodels,aredepictedin Figure8.9. Thewatercontentprofilesfor the bounded-column

case aredepictedin Figure8.10. Comparingthe two figures,we observeas ToumaandVauclin

(1986) reportedthatthe rate of advan_eof the wettingfrontis dra_;ticallyreducedwhen aircannot

escape. Noticealso the reductionin the maximumsaturationof the watercontentprofiles
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from0.312 cm3/cm3in theopen-columncase to approximately0.27 cm3/cm 3 in the bounded-

columncase, an effectcausedby the flow of escapingair. Finally,we notethatthewettingfronts

shown in Figure8.10 forthe bounded-columncase are less steep than forthe open-columncase

shown in Figure8.9.
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Exhibit 8.7. MSTSInputHIe forTwo-Phase InfiltrationProblem,OpenColumn

1 -Simulation Title and Notes

2 beta, 0001,
3 19 Ponded Boundary Infiltration in Open Column
4 W.E. Nichols

5 Battelle, Pacific Northwest Laboratory
6 Tuesday, October 6, 1992
? 3:24:00 PM
8 225 character(a) of simulation title notes follows.

9 Simulation of infiltration in an open column after numerical and experimental re
I0 sulfa reported in Touma and Vauclin (1986). IniUlal conditions are computed fro
11 m the zero-hydraulic-gradient condition. The Water mode is used.
12 -Solution Schemes
13 false, false, false,
14 banded matrix

15 false, true, false, false,
16 0.40, h,
17 0.0001,h,
18 1.5,
19 0.005, h,
20 true, false, true, true, false, false,
21 false, false, false, false,
22 -Numerical Control

23 8, Maximum Residual,
24 1.0, h, 1.0, h,
25 1.0E-06, 1.0E-06,1 •0E-06,

26 Geometric Mean,Geometric Mean,Geometric Mean,Geometric Mean,
27 -Grid Geometry
28 cartesian

29 1, i, 94,

30 1.0, cre,1.0, cre,94.0, cre,0.0, cm,-94.0, cre,
31 0.0, cre,
32 1 llne(s) of grid geometry input follows.
33 Node 1,0.5, cre,

34 1 line(s) of grid geometry input follows.
35 Node 1, 0.5, cm,

36 94 line(s) of grid geometry input follows.
37 Node I, 0.5, cm,
38 Node 2, 1.5, cm,
39 Node 3, 2.5, cm,
40 Node 4, 3.5, cm,
41 Node 5, 4.5, cm,
42 Node 6, 5.5,cre,
43 Node 7, 6.5, cre,

44 Node 8, 7.5,cm,
45 Node 9, 8.5,cre,
46 Node 10, 9.5,cre,
47 Node 11,10.5, cre,
48 Node 12,11.5, cre,
49 Node 13,12.5, cre,

50 Node 14,13.5, cm,
51 Node 15,14.5, cm,
52 Node 16,15.5, cre,
53 Node 17,16.5, cre,
54 Node 18,17.5, cre,
55 Node 19,18.5, cre,
56 Node 20,19.5, cre,
57 Node 21,20.5, cre,
58 Node 22,21.5, cre,
59 Node 23, 22.5, cre,

60 Node 24,23.5, cre,
61 Node 25,24.5, cre,
62 Node 26, 25.5, cre,
63 Node 27,26.5, cre,
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Exhibit 8.7. (Contd)

64 Node 28,27.5, cre,
65 Node 29, 28.5, cre,
66 Node 30,29.5, c'm,
67 Node 31,30.5, cre,
68 Node 32,31.5, cm,
69 Node 33,32.5, cm,
70 Node 34,33.5, cre,
71 Node 35,34.5,cm,
72 Node 36, 35.5, cre,
"/3 Node 37,36.5, cre,
74 Node 38, 37.5, cre,

75 Node 39, 38.5, cre,
-/6 Node 40, 39.5, cre,
77 Node 41, 40.5, cre,
78 Node 42, 41.5, cre,
79 Node 43, 42.5, cre,
80 Node 44,43.5, cm,
81 Node 45, 44.5, cre,
82 Node 46,45.5, cm,
83 Node 47,46.5, cre,
84 Node 48,47.5, cre,
85 Node 49, 48.5, cre,
86 Node 50, 49.5, cre,

87 Node 51,50.5, cre,
88 Node 52,51.5, cre,
89 Node 53,52.5, cre,
90 Node 54,53.5, cm,
91 Node 55,54.5, cre,
92 Node 56, 55.5, cre,
93 Node 57,56.5, cre,
94 Node 58,57.5, cre,

95 Node 59, 58.5, cre,
96 Node 60, 59.5, cre,

97 Node 61,60.5, cre,
98 Node 62, 61.5, cre,
99 Node 63, 62.5, cre,

100 Node 64,63.5, cre,
101 Node 65, 64.5, cre,
102 Node 66, 65.5, cre,
103 Node 67,66.5, cre,
104 Node 68, 67.5, cm,
105 Node 69, 68.5, cre,
106 Node 70, 69.5, cre,

107 Node 71,70.5, cre,
108 Node 72,71.5, cm,

109 Node 73, 72.5, cm,
110 Node 74,73.5, cm,
111 Node 75,74.5, cre,
112 Node 76, 75.5, cre,
113 Node 77,76.5, cre,
114 Node 78, 77.5, cre,
115 Node 79, 78.5, cre,
116 Node 80,-/9.5, cre,
117 Node 81,80.5, cm,
118 Node 82,81.5, cre,

119 Node 83, 82.5, cre,
120 Node 84,83.5, cre,
121 Node 85,84rS, cre,

J

122 Node 86, 85.5, cre,
123 Node 87,86.5, cm,
124 Node 88,87.5, cre,

125 Node 89, 88.5, cre,
126 Node 90, 89.5, cre,
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Exhibit 8.7. (Contd)

127 Node 91,90.5,cm,
128 Node 92, 91.5, cm,
129 Node 93, 92.5, am,
130 Node 94,93.5, cre,
131 -Inactive Nodes
132 0 line(s) of inactive nodes input follows.
133 -Rock or Soil Types
134 46 character(_) of rock or soil types notes follows.
135 Sand Properties from Touma and Vauclin (1986).
136 1 line(s) of rock or soil types input follows.
137 Sand, 1, 1,1, 1, 1,94,
138 -Mechanical Properties
139 I line(s) of mechanical properties input follows.
140 Sand, 0.370, 0.312,0.2855,,,, constant, i. O, 1.0,

141 -Hydraulic Properties
142 I line(s) of hydraulic properties input follows.
143 Sand, 4.2778e-3,4.2778e-3,4.2778e-3,hc:cm/s,,,,m^2,,llm,
144 -Thermal Properties
145 0 line(s) of thermal properties input follows.

146 -Species Properties
147 0 line(s) of species properties input follows.
148 -Soil Characteristics
149 I line_s) of soil characteristics input follows.

150 Sand, van Genuchten,O.O44,1/cm, 2.2,1.0E+20,m,,,,
151 -Liquid Relative Permeability Properties
152 i line(s) of liquid relative permeability input follows.
153 Sand, Tcuma and Vauclin, 1176.2012,6.07,1.0E-6,,
154 -Gas Relative Permeability Properties
155 I line(s) of gas relative permeability input follows.
156 Sand, Touma and Vauclin, 3.86e-5,-2.4,1.0e-20,

157 -Liquid Boundary Conditions
158 2 line(s) of liquid boundary conditions input follows.
159 Z-Direction: Top Surface, Dirichlet @Boundary, 101550.25,Pa (absolute),998.32,

kg/m^3, 0.0, 1,1,1, 1, 94, 94,
160 Z-Direction: Bottom Surface, Dirichlet @Boundary, 98778.685,Pa (absolute),998.32,

kg/m^3, 0.0, l, i, I, I, i, i,
161 -Gas Boundary Conditions
162 0 line(s) of gas boundary conditions input follows.
163 -Vapor Boundary Conditions
164 0 line(s) of vapor boundary conditions input follows.

165 -Energy Boundary Conditions
166 0 line(s) of energy boundary conditions input follows.
167 -Species Boundary Conditions
168 0 line(s) of species boundary conditions input follows.
169 -Initial Conditions

170 Gas Pressure & Liquid Pressure,
171 2 line(s) of initial conditions input follows.
172 Gas Pressure, 101325.0, Pa (absolute),O.O,1/m,O.O,I/m,O.O,1/m,l,1,1,1,1,94,

173 Liquid Pressure, 98778.685, Pa (absolute),O.O,I/cm, O.O,1/cm,-97.935192,
1/cre,i, 1,1, i, I, 94,

174 -Sources & Sinks
175 0 line(s) of sources & sinks input follows.

176 -Liquid Pathline Trace
177 0 line(s) of liquid pathline trace input follows.
178 -Output Control
179 1, 1, i, 1, I, 94, zxplane,
180 8 line(s) of output control input follows.
181 O.05, h,
182 0.10, h,
183 0.15,h,
184 0.20,h,
185 0.25,h,
186 0.30, h,
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Exhibit 8.7. (Contd)

InputFile

127 Node 91,90.5, cre,
128 Node 9_, 91.5, eta,
129 Node 93, 92.5, cre,
130 Node 94,93.5, cre,
131 -Inactive Nodes
132 0 line(s) of inactive nodes input follows.
133 -Rock or Soil Types
134 46 character(s) of rock or soil types notes follows.
135 Sand Properties from Touma and Vauclin (1986).
136 I line(s) of rock or soil types input follows.
137 Sand, 1, 1,1, 1, I, 94,
138 -Mechanical Properties
139 i line(s) of mechanical properties input follows.

140 Sand, 0. 370, 0. 312,0.2855,,, ,constant, 1.0, 1.0,
141 -Hydraulic Properties
142 1 line(s) of hydraulic properties input follows.
143 Sand, 4.2778e-3,4.2778e-3,4.2778e-3,hc:cm/s,,,,m^2,, 1lm,
144 -Thermal Properties
145 0 line(s) of thermal properties input follows.

146 -Species Properties
147 0 line(s) of species properties input follows.
148 -Soil Characteristics
149 1 line(s) of soil characteristics input follows.

150 Sand, van Genuchten, 0. 044,1/cre, 2.2, i. or+20, m,,,,
151 -Liquid Relative Permeability Properties
152 1 line(s) of liquid relative permeability input follows.
153 Sand,Touma and Vauclin, l176.2012,6.07,1.0E-6,,
154 -Gas Relative Permeability Properties
155 1 line(s) of gas relative permeability input follows.
156 Sand, Touma and Vauclin,3.86e-5,-2.4,1.0e-20,

157 -Liquid Boundary Conditions
158 2 line(s) of liquid boundary conditions input follows.
159 Z-Direction: Top Surface, Dirichlet @Boundary, 101550.25,Pa (absolute),998.32,

kg/m^3, 0.0, 1, 1,1, 1, 94, 94,
160 Z-Direction: Bottom Surface, Dirichlet @Boundary, 98778.685,Pa (absolute),998.32,

kg/m^3, 0.0, I, 1,1, I, I, 1,
161 -Gas Boundary Conditions
162 0 line(s) of gas boundary conditions input follows.

163 -Vapor Boundary Conditions
164 0 line(s) of vapor boundary conditions input follows.
165 -Energy Boundary Conditions
166 0 line(s) of energy boundary conditions input follows.
167 -Species Boundary Conditions
168 0 line(s) of species boundary conditions input follows.
169 -Initial Conditions
170 Gas Pressure & Liquid Pressure,
171 2 line(s) of initial conditions input follows.
172 Gas Pressure, lO1325.0,Pa (absolute),O.O,I/m,O.O,i/m,O.O,i/m,l,l,l,l,l,94,

173 Liquid Pressure, 98778.685, Pa (absolute),O.O,i/cm, O.O,I/cm,-97.935192,
I/cre,i, I, I, I, I, 94,

174 -Sources & Sinks
175 0 line(s) of sources & sinks input follows.

176 -Liquid Pathline Trace
177 0 line(s) of liquid pathline trace input follows.

178 -Output Control
179 I, I, I, I, I, 94, zxplane,
180 8 line(s) of output control input follows.
181 O.05,h,
182 O.lO,h,
183 0.15,h,
184 0.20,h,

185 0.25,h,
186 0.30, h,
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Exhibit 8.7. (Contd)

LineNo. Input File

187 0.35,h,
188 0.40,h,
189 I,i, 90, i,I,80, i,I,70, I,i,60, i,
190 0 line(s) of output control input follows.
191 4 line(s) of output control input follows.
192 Liquid Pressure,
193 Gas Pressure,

194 Liquid Saturation,
195 Volumetric Moisture Content,
196 4 line(s) of output control input follows.
197 Liquid Pressure,
198 Gas Pressure,
199 Liquid Saturation,
200 Liquid Phase Rel. Permeability,
201 -Surface Flux Integrator
202 0 llne(s) of surface flux integrator input follows.
203 -Rock List

204 1 line(s) of rock list input follows.
205 Sand,
206
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Exhibit 8.8. MSTS Input File for Two-Phase Infiltration Problem, Bounded Column

No. Intmt File

1 ~Simulation Title and Notes

2 beta, 0001,
3 ID Ponded Boundary Infiltration in Bounded Column
4 W.E. Nichols

5 Battelle, Pacific Northwest Laboratory

6 Wednesday, October 7, 1992
7 1:41:05 PM

8 231 character(s) of simulation title notes follows.
9 Simulation of infiltration in a bounded column after numerical and experimental

I0 results reported in Touma and Vauclin (1986). Initial conditions are computed f
Ii rom the zero-hydraulic-gradient condition. The Water-Air mode is used.
12 ~Solution Schemes

13 false, false, false,
14 banded matrix
15 false,true, true, false,
16 1.20,h,
17 0.0001,h,
18 1.5,
19 0.010, h,
20 true, false, true, true, true, false,
21 false, false, false, false,
22 ~Numerical Control

23 8,Maximum Residual,
24 1.0, h, 1.0, h,
25 1.0E-06, 1.0E-06,1.0E-06,
26 Geometric Mean,Geometric Mean,Geometric Mean,Geometric Mean,
27 ~Grid Geometry
28 cartesian

29 1,1,94,
30 i. 0, cre,1.0, cre,94 .0,cre,0.0, cre,-94.0, cre,
31 0.0, cre,
32 1 line(s) of grid geometry input follows.
33 Node l,O.5, cm,
34 1 line(s) of grid geometry input follows.
35 Node I, 0.5, cm,
36 94 line{s) of grid geometry input follows.
37 Node i, 0.5, cre,
38 Node 2,1.5,cm,
39 Node 3,2.5, cre,
40 Node 4,3.5, cre,
41 Node 5, 4.5,cm,
42 Node 6, 5.5, cm,
43 Node 7, 6.5, cre,
44 Node 8, 7.5,cm,
45 Node 9, 8.5,cm,
46 Node I0, 9.5,cm,
47 Node II, i0.5, cm,
48 Node 12, ii.5, cre,
49 Node 13, 12.5, cm,
50 Node 14,13.5, cre,
51 Node 15, 14.5, cm,
52 Node 16, 15.5, cre,
53 Node 17,16.5, cre,
54 Node 18, 17.5, cre,
55 Node 19, 18.5, cre,
56 Node 20, 19.5, cre,
57 Node 21,20.5, cm,
58 Node 22,21.5, cm,
59 Node 23,22.5, cre,
60 Node 24,23.5, cm,
61 Node 25,24.5, cm,
62 Node 26,25.5, cm,
63 Node 27,26.5, cm,
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Exhibit 8.8. (Contd)

Input File

64 Node 28, 27.5, cre,
65 Node 29, 28.5, cre,
66 Node 30,29.5, cm,
67 Node 31,30.5, cre,
68 Node 32,31.5, cre,
69 Node 33, 32.5, cre,
70 Node 34,33.5, cre,
71 Node 35, 34.5, cre,
72 Node 36, 35.5, cre,
73 Node 37, 36.5, cre,
74 Node 38, 37.5, cre,
75 Node 39, 38.5, cm,
76 Node 40, 39.5, cre,
77 Node 41,40.5, cre,
78 Node 42,41.5, cm,
79 Node 43,42.5, cre,
80 Node 44,43.5,cm,
81 Node 45, 44.5, cre,
82 Node 46, 45.5, cre,
83 Node 47,46.5,cm,
84 Node 48, 47.5, cm,
85 Node 49, 48.5, cre,
86 Node 50, 49.5, cre,
87 Node 51,50.5, cre,
88 Node 52,51.5, cre,
89 Node 53,52.5, cre,
90 Node 54,53.5, cre,
91 Node 55, 54.5, cm,
92 Node 56, 55.5, cre,
93 Node 57,56.5, cre,
94 Node 58, 57.5, cm,
95 Node 59, 58.5, cre,
96 Node 60, 59.5, cm,
97 Node 61,60.5, cm,
98 Node 62,61.5, cre,
99 Node 63, 62.5, cre,

I00 Node 64,63.5, cm,
i01 Node 65, 64.5, cm,
102 Node 66, 65.5, cre,
103 Node 67,66.5, cre,
104 Node 68, 67.5, cre,
105 Node 69, 68.5, cre,
106 Node 70, 69.5, cre,
107 Node 71,70.5, cm,
108 Node 72,71.5, cre,
109 Node 73, 72.5, cre,
Ii0 Node 74,73.5, cre,
III Node 75, 74.5, cre,
112 Node 76, 75.5, cre,
113 Node 77,76.5, cre,
114 Node 78, 77.5, cre,
115 Node 79, 78°5, cre,
116 Node 80, 79.5, cre,
117 Node 81,80.5, cm,
118 Node 82,81.5, cre,
119 Node 83, 82.5, cre,
120 Node 84,83.5, cre,
121 Node 85, 84.5, cre,
122 Node 86, 85.5, cre,
123 Node 87,86.5, cre,
124 Node 88, 87.5, cre,
125 Node 89, 88.5, cre,
126 Node 90, 89.5, cre,
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Exhibit 8.8. (Contd)

LineNo. Inout File

127 Node 9!, 90.5, cre,
128 Node 92,91.5, cre,
129 Node 93, 92.5, cm,

130 Node 94,93.5, cre,
131 -Inactive Nodes

132 0 line(s) of inactive nodes input follows.
133 -Rock or Soil Types

134 46 character(s) of rock or soil types notes follows.
135 Sand Properties from Touma and Vauclin (1986).
136 1 line(s) of rock or soil types input follows.
137 Sand, i, I,I, i, i,94,
138 -Mechanical Properties
139 1 line(s) of mechanical properties input follows.
140 Sand, 0. 370, 0. 312,0. 2855,,,, constant, I. 0, i. 0,
141 -Hydraulic Properties
142 1 line(s) of hydraulic properties input follows.
143 Sand, 4.2778e-3,4.2778e-3,4.2778e-3,hc:cm/s,,,,m^2,,I/m,

144 -Thermal Properties
145 0 line(s) of thermal properties input follows.
146 -Species Properties
147 0 line(s) of species properties input follows.
148 -Soil Characteristics

149 1 line(s) of soil characteristics input follows.
150 Sand, van Genuchten, O.044, i/cm, 2.2, 1.0E+20, m,,,,

151 -Liquid Relative Permeability Properties
152 I line(s) of liquid relative permeability input follows.
153 Sand, Touma and Vauclin, l176.2012,6.07,1.0E-6,,

154 -Gas Relative Permeability Properties
155 1 line(s) of gas relative permeability input follows.
156 Zand, Touma and Vauclin, 3.86e-5,-2.4,1.0e-20,
157 -Liquid Boundary Conditions
158 2 line(s) of liquid boundary conditions input follows.
159 Z-Direction: Top Surface,Dirichlet @Boundary, 101550 .25, Pa (absolute),998.32,

kg/m^3, 0.0,1,1,1,1, 94, 94,
160 Z-Direction: Bottom Surface, Dirichlet @ Boundary, 98778. 685, Pa (absolute), 998.32,

kg/m^3, 0.0, I, i,I, i, i, I,
161 -Gas Boundary Conditions
162 2 line(s) of gas boundary conditions input follows.
163 Z-Direction: Top Surface,Dirichlet @Boundary, 102921.3436, Pa (absolute),l.225,

kg/m^3, 0.0,1,1,1,1, 94, 94,

164 Z-Direction: Bottom Surface, Neumann @ Boundary, 0.0, kg/m^2 s, ,kg/m^3,0.0,1,1,
I,i,I,I,

165 -Vapor Boundary Conditions

166 0 line(s) of vapor boundary conditions input follows.
167 -Energy Boundary Conditions
168 0 line(s) of energy boundary conditions input follows.
169 -Species Boundary Conditions

170 0 llne(s) of species boundary conditions input follows.
171 -Initial Conditions

172 Gas Pressure & Liquid Pressure,
173 2 line(s) of initial conditions input follows.
174 Gas Pressure, 101325.0, Pa (absolute),O.O,I/m,O.O,I/m,O.O,I/m,l,l,l,l,l,94,
175 Liquid Pressure, 98778. 685, Pa (absolute),0.0,1/cm, 0.0,1/cm,-97.935192,1/cm, l,l,

1,1,1,94,
176 -Sources & Sinks

177 0 line(s) of sources & sinks input follows.
178 -Liquid Pathline Trace

179 0 llne(s) of liquid pathline trace input follows.
180 -Output Control

181 I, I,i, I, i,94, zxplane,
182 12 line(s) of output control input follows.
183 0.10,h,
184 0.20,h,
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Exhibit 8.8. (Contd)

Input File

185 0.30, h,
186 0.40, h,
187 0.50, h,
188 0.60, h,
189 0.70,h,
190 0.80,h,
191 0.90,h,
192 1.00, h,
193 1.10,h,
194 1.20,h,
195 I, I, 90, i, i, 80, I, I,70, I, i, 60, i,
196 0 llne(s) of output control input follows.
197 4 line(s) of output control input follows.
198 Liquid Pressure,
199 Gas Pressure,
200 Liquid Saturation,
201 Volumetric Moisture Content,

202 4 line(s) of output control input follows.
203 Liquid Pressure,
204 Gas Pressure,

205 Liquid Saturation,
206 Liquid Phase Rel. Permeability,
207 -Surface Flux Integrator
208 1 line(s) of surface flux integrator input follows.

209 Z-Direction: Top Surface, Gas Phase, l, l,l, l, 94, 94,
210 -Rock List
211 1 line(s) of rock list input follows.
212 Sand,
213 -
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8.7 One-Dimensional Heat Pipe

The heat pipe problem involves a one-dimensional horizontal layer of porous medium

subjected to a heat flux on one end and is characterized by high heat transfer rates and

countercurrent flow of liquid and gas phases• Both phases are composed of water and air

components (e.g., liquid water and dissolved air for the liquid phase, and air and water vapor for the

gas phase). The specifics of the subject problem were described and solved by UdeU and Fitch

(1985) for constant physical properties at steady state. The Udell and Fitch model used a two-

component gas phase made up of nitrogen and water vapor. A schematic of the problem proposed

by Udell and Fitch is shown in Figure 8.11. The problem geometry consists of a tube, with an

adiabatic wall, fiUedwith a partially saturated porous medium. "lhc right end of the tube is closed

and subjected to a heat flux of 100 W/mL Conditions at the left end of the tube are maintained

constant at total saturation, 70°C, and 101,330 Pa (absolute) gas pressure. Initial conditions within

the tube are 0.7 liquid saturation, 70°C, and 101,330 Pa (absolute) gas pressure. The problem

involves solving the transient response of the heat pipe from the initial conditions to steady-state

conditions. The problem was selected to test the simulator's capability to model coupled two-phase

flow, heat transport, and evaporation and condensation processes.

8.7.1 Problem Parameters and Input File

The soil-moisture-retention characteristics and saturation-relative-permeability functions for

the porous media were described as shown in Equations (8.8) through (8.12). The UdeU and Fitch

model used a constant water-air surface tension value of 0.05878 N/m, instead of the

Adiabatic/Zero-Flux Horizontal Boundaries

Initial Conditions' Liquid Saturation s t = 0.5
Gas Pressure P - 101,330 Pag

Temperature T = 70 °C
iI I

-" 2 25 "-• m

Liquid Saturation s t = 1.0 Liquid Flux Q t = 0.0

Gas Pressure P g = 101,330 Pa Gas Flux Q g =0.0

Temperature T = 70.0 °C Heat Flux Q • =-100.0 W/m2

Figure 8.11• Schematic Describing the Heat Pipe Problem

8.54



temperature dependent model shown in Equation (8.9). The thermal conductivity of the porous

medium was considered a function of the effective liquid saturation as shown in Equation (8.12).

Properties for density, viscosity, heat of vaporization, and molecular diffusion coefficient were

computed in MSTS as functions of local temperature and pressures; for the UdeU and Fitch model,

these parameters were considered constants. These constants, and other physical properties

required to define the heat pipe problem, according to Udell and Fitch, are listed in Table 8.6. The

input file for this problem is shown in Exhibit 8.9.

(8.8)
Pcap = Pg'Pt = a_' 1.417 1-s -2.12 1-s +1.263 1-s

krt = (s;)3 (8.10)

krg = (1-s t)3 (8.11)

ke = kdry + ( kwet-kdry ) (8.12)

W W
where kdry = 0.582----- and kwet = 1.130-----mK mK
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Table 8.6. Heat Pipe Problem Physical Properties

_Property Description Symbol Property Value

Dry-rock thermal conductivity kary 0.582 W/m K

Wet-rock thermal conductivity kwet 1.130 W/m K

Gas density P8 0.960 kg/m3

Liquid density pt 958.4 kg/m3

Gas kinematic viscosity v8 21.0 x 10-6m2/s

Liquid kinematic viscosity vt 0.3066 x 10-6 m2/s

Heat of vaporization hvap 2.257 x 106 J/kg

Intrinsic permeability k 1.0 x 10-12m2

Surface tension a 0.05878 Nim

a,, 26.0 x 10-6 m2/s
Molecular diffusion coefficient D s

Nitrogen gas constant R 461.52 J/kg tool K

Diffusive porosity no 0.4

Gas tortuosity zg 0.5

Heat flux Q, 100.0 W/m2

8.7.2 Simulation Results

The transient simulation begins by imbibing liquid water from the saturated boundary into the

porous medium and increasing the temperature of the porous medium near the aeat flux boundary.

Liquid saturations near the heat flux boundary initially decrease because of the increased gas

pressures. This initial decrease is fo,uwed by a short period of liquid saturation increase as the

imbibed water from the saturated boundary reaches the other end of the pipe. The liquid saturations

near the heat flux boundary then decrease to residual saturation levels as the temperature and

pressures increase. The steady-state solution is characterized by three distinct regions within the

heat pipe, as shown in Figures 8.12 through 8.14. Starting from the saturated boundary (left-hand

side), the fast region spans the distance from 0.0 to 0.5 m. This region is characterized by sharp

gradients in temperature and air mole fractions as shown in Figures 8.12 and 8.13. Both
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diffusive and advective heat transport mechanisms contribute to the overall heat transport. The

second region spans from 0.5 m to 2.0 m, and is characterized by strong countercurrent gas- and

liquid-phase flow and near-isothermal conditions. The gas phase flows toward the left end of the

pipe and is composed primarily of pure water vapor. The liquid phase returns the condensed water

to the desaturated region at the left end of the pipe. Heat transport in this region of the pipe is

dominated by advection, as indicated by the near-isothermal conditions. The third region of the heat

pipe spans from 2.0 m to 2.25 m, and is characterized by desaturated conditions. Heat transport in

this region of the pipe is dominated by conduction. The MSTS results agree well with those

computed by Udell and Fitch using a semi-analytical model with constant physical properties.

8.58



Exhibit 8.9. MSTS Input File forHeat PipeProblem

InoutFile

I -Simulation Title and Notes

2 beta, 0001,
3 Heat Pipe Problem
4 Mark White

5 Battelle, Pacific Northwest Laboratory
6 Wednesday, September 30, 1992
7 8:43:25 AM
8 199 character(s) of simulation title notes follows.

9 One-dimensional, horizontal, heat pipe problem. Liquid-gas countercurrent flow
10 with strong binary diffusion. Code verification against known analytical soluti
11 on (Odell and Fitch 1985; Pruess 1987).
12 -Solution Schemes

13 false, false, false,
14 banded matrix

15 true, true, true, false,
16 876.6,day,
17 0.005, day,
18 1.25,

19 i00. O, day,
20 true,true, false, true,true, false,
21 false, false, false, false,
22 -Numerical Control

23 8,Maximum Residual,
24 1.0E+20, s,1. or+20, s,
25 i.0E-06, I.0E-06, 1. or-06,
26 Harmonic Mean,Harmonic Mean, Harmonlc Mean,Harmonic Mean,
27 -Grid Geometry
28 cartesian

29 50, i, i,
30 2.25, m, 1.0, m, 1.0, m, 0.0, m, 0.0, m,
31 0.O,m,

32 50 llne(s) of grid geometry input follows.
33 Node 1, 0.0225, m,
34 Node 2,0. 0675,m,
35 Node 3, 0.1125,m,
36 Node 4,0. 1575,m,
37 Node 5, 0.2025,m,
38 Node 6,0.2475,m,
39 Node 7,0.2925,m,
40 Node 8,0.3375,m,
41 Node 9, 0.3825,m,
42 Node I0, O. 4275, m,
43 Node Ii, 0. 4725,m,
44 Node 12,0.5175, m,
45 Node 13,0.5625,m,
46 Node 14,0. 6075, m,
47 Node 15, 0. 6525, m,
48 Node 16, O. 6975, m,
49 Node 17, O. 7425, m,
50 Node 18, O. 7875,m,
51 Node 19, O. 8325,m,
52 Node 20, 0. 8775,m,
53 Node 21,0. 9225,m,
54 Node 22, O. 9675,m,
55 Node 23_ 1.0125,m,
56 Node 24, 1.0575,m,
57 Node 25, 1.1025, m,
58 Node 26, 1. 1475, m,
59 Node 27, 1.1925,m,
60 Node 28, 1.2375,m,
61 Node 29, 1.2825,m,
62 Node 30, i. 3275, m,
63 Node 31,1.3725,m,
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Exhibit 8.9. (Contd)

InputFile

64 Node 32,1.4175, m,
65 Node 33, 1. 4625, m,
66 Node 34,1.5075, m,
67 Node 35, 1.5525,m,
68 Node 36,1. 5975, m,
69 Node 37,1. 6425,m,
70 Node 38, 1. 6875, m,
71 Node 39, 1.7325,m,
72 Node 40, 1.7775,m,

73 Node 41, 1.8225,m,
74 Node 42, 1.8675,m,
75 Node 43, 1. 9125; _..
76 Node 44,1.9575,m,
77 Node 45, 2.0025, m,
78 Node 46,2.0475,m,
79 Node 47,2.0925, m,
80 Node 48,2.1375,m,
81 Node 49, 2. 1825,m,
32 Node 50,2.2275,m,
83 1 line(s) of grid geometry input follows.
84 Node 1, 0.5,m,
85 1 line(s) of grid geometry input follows.
86 Node I, 0.5,m,
87 -Inactive Nodes
88 0 line(s) of inactive nodes input follows.

89 -Rock or Soil Types
90 0 character(s) of rock or soil types notes follows.

91 1 line(s) of rock or soil types input follows.
92 Porous Media, 1,50, 1, 1, 1, I,

93 -Mechanical Properties
94 1 line(s) of mechanical properties input follows.
95 Porous Media, 0.4,0.4,0.34,,,, constant,, 0.5,

96 -Hydraulic Properties
97 1 line(s) of hydraulic properties input fol'ows.
98 Porous Media, 1.0e-12, i. 0e-12, i. 0e-12, m^2,,,, m^2,, I/m,
99 -Thermal Properties

100 1 line(s) of thermal properties input follows.
101 Porous Media, somerton, 0.582,0.582,0.582,1.13,1.13,1.13,W/m K, 2600 .0,kg/m^3, 700 .0,

J/kg K,

102 -Species Properties
103 0 line(s) of species properties input follows.
104 -Soil Characteristics
105 I line(s) of soil characteristics input follows.
106 Porous Media, Leverett, 0.15,, 632455.53, 2. 73582, m,,,,

107 -Liquid Relative Permeability Properties
108 1 line(s) of liquid relative permeability input follows.
109 Porous Media, Fatt and Klikoff, 0.15,,loe-6,,
II0 -Gas Relative Permeability Properties
Iii I llne(s) of gas relative permeability input follows.
112 Porous Media,Fatt and Klikoff,0.15,,l.e-6,
113 -Liquid Boundary Conditions
114 1 line(s) of liquid boundary conditions input follows.
115 X-Direction: West Surface, Dirichlet @Boundary, 101330.,Pa (absolute),998.32,

kg/m^3, 0.0, i, I, I, I, I,i,
116 -Gas Boundary Conditions
117 I line(s) of gas boundary conditions input follows.
118 X-Direction: West Surface, Dirichlet 6 Boundary, 101330.,Pa (absolute),0.91944,

kg/m^3, .21802, 1, 1, 1,1, 1,1,
119 -Vapor Boundary Conditions
120 1 line(s) of vapor boundary conditions input follows.
121 X-Direction: West Surface, Dirichlet @ Boundary, 0.21802,1,1,1,1,1,1,

122 -Energy Boundary Conditions
123 2 line(s) of energy boundary conditions input follows.
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, i , iJ .i , , .......

Exhibit 8.9. (Contd)

Input File

124 X-Direction: West Surface,Dirichlet @Boundary, 70,Celsius,2.864e+8, J/m^3,

5.2098e+5,J/m^3,1,1,1,1,1,1,
125 X-Direction: East Surface,Neumann @ Boundary,-lOO,W/m^2,,J/m^3,,J/m^3,50,50,

1,1,1,1,
126 -Species Boundary Conditions
127 0 line(s) of species boundary conditions input follows.
128 -Initial Conditions

129 Liquid Saturation & Gas Pressure,
130 3 line(s) of initial conditions input fellows.
131 Gas Pressure, lO1330.0,Pa (absolute),0.0,1/m,O.0,1/m,O.O,1/m,l,50,1,1,1,1,
132 Liquid Saturation, O.5,,O.O,1/m,O.O,1/m,O.O,I/m,l,50, l,l,l,lr
133 Temperature, 70.O,Celsius,O.O,1/m,O.O,1/m,O.O,1/m,l,50,1,1,1,1,
134 -Sources & Sinks

135 0 line(s) of sources & sinks input follows.
136 -Liquid Pathline Trace
137 0 line(s) of liquid pathline trace input follows.
138 -Output Control

139 1,50,1,1,1,1,xyplane,
140 0 line(s) of output control input follows.
141 35,1,1,40,1,1,45,1,1,50,1,1,1,
142 0 line(s) of output control input follows.
143 7 line(s) of output control input follows.
144 Liquid Pressure,
145 Gas Pressure,
146 Temperature,
147 Liquid Saturation,
148 Gas Phase Vapor Mass Fraction,

149 X-Dir. Liquid Velocity,
150 X-Dir. Gas Velocity,
151 7 line(s) of output control input follows.
152 Liquid Pressure,
153 Gas Pressure,

154 Temperature,
155 Liquid Saturation,
156 Gas Phase Vapor Mass Fraction,
157 X-Dir. Liquid Velocity,
158 X-Dir. Gas Velocity,
159 -Surface Flux Integrator
160 0 line(s) of surface flux integrator input follows.
161 -Rock List

162 1 line(s) of rock list input follows.
163 Porous Media,
164 ~
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8.8 Unsaturated Transport

This problem considers transportin a one-dimensional, semi-infinite, horizontal tube of

partially saturated soil. The object is to determine the concentration field in a tube of soil that has a

uniform initial concentration and moisture content and in which the upstream boundary is subject to

a prescribed moisture content and solute concentration. Transport processes includ_ both advection

and hydrodynamic dispersion, with both the hydraulic diffusivity and the hydraulic dispersion

being functions of moisture content. This problem was proposed by Ross et al. (1982) as a test

problem, and results are compared with those obtained from a semi-analytical solution reported by

Smiles et al. (1977). The water transport problem on which this transport case is imposed is the

horizontal infiltration problem for which Philip (1955) provided a semi-analytical solution.

8.8.1 Problem Domain and Input Parameters

This problem considers transport in an unsaturated flow field calculated for a one-dimensional,

horizontal pipe. The objective is to determine the species concentration field in a tube of soil with

porosity 0.45, a uniform initial species concentration and moisture content, and an upstream

boundary that is maintained at a prescribed moisture content and a prescribed solute concentration.

Transport processes includes both advection and hydrodynamic dispersion, with both hydraulic

diffusivity and hydraulic dispersion as functions of moisture content (Ds(O)= aO, where D is equal

to 1.0 cm2/day in this problem).

The liquid-phase boundary conditions are saturation commencing at time zero on the west

(left, or x = 0 crn) boundary and a constant saturation of 0.444 (initial condition) at the east (fight,

or x = 20 cm) boundary. The species boundary conditions are 1.0 g/L concentration commencing

at time zero at the west boundary and 0.1 g/L at the east boundary. MSTS species concentrations

are always indicated in terms of moles or curies per volume, but mass per volume (g/L in this case)

may also be used so long as this usage is consistent. Note that concentrations at boundaries are

expressed with respect to the volume of the phase (i.e., 1.0 g/L of water at the west boundary) while

concentrations for initial conditions are expressed with respect to total volume. The initial

conditions arc: gas pressure, 101,325 Pa (absolute); liquid saturation, 0.444; species concentration,

0.1 g/L; and temperature, 20.0°C. The species concentration proposed by Ross ct al. (1982) (0.1

g/L) is in terms of water volume, so we must express this value in terms of total volume for MSTS.

Multiplying 0.1 g/L by the moisture content (which is the ratio of water volume to total volume), we

obtain 0.1 g/Lwtrx 0.2 Lwtr/Ltot= 0.02 g/Ltot.
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8.8.2 Semi-Analytic Solution

Philip (1955) introduced a semi-analytical solution to theone-dimensional flow domain

represented in this unsamratezl transport problem. Smiles ct al. (1977) reported the semi-analytical

solution for the transport.

8.8.3 Numerical Accuracy

The spatialandtemporaldiscretizationrequirescarefulattentionsothatstabilityisenstn_in

solvingthedilutespeciesmassconservationequation.A discrctizationortimesteppingthatistoo

largemay resultinexcessivenumericaldispersion,whichwouldresultinunacceptableerrorin

predictionsofsolutetransport.We basethemaximum gridsizeforthedomaininwhichdilute

speciestransportistobemodeledonthecriterion(HuyakomandPinder1983;Pricectal.1966)

Pe=- u Ax _2 (8.13)
"ct s t n D D

where Pe = Peclet Number

u = Darcy velocity in x-dir_tion, cre/day

A_ = grid cell length in x-direction, cm

zt = liquid-phase tortuosity

st = liquid saturation

nD= diffusive porosity

D = molecular diffusivity, cm2/day.

The expression in Equation (8.13) reflects the one-dimensional nature of this problem (i.e., we are

not concerned with the Peclet Number in other dimensions). The liquid-phase tortuosity in this

problem is 1, the diffusive porosity is 0.45, and the molecular diffusivity is 1.0 cm2/day. To

determine the maximum permissible ax requires values for the Darcy velocity in the x-direction and_

the liquid saturation, both of which are time-varying in this problem. By performing preliminary

simulations with MSTS for the water conservation equation only, we find that early peak velocities

- are on the order of 22.3 era/day, and the associated volumetric moisture content (equal to the

product senD) is 0.445. Substituting these values into Equation (8.13), we obtain
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2_tstn o D 2 (I"0}(0"445){l'Ocm21day)=O.0399cm=O.O4cmAX <<. =
U 22.3 cre/day

The maximum permissible time step is similarly determined by following the criterion

Cr =u At <1 (8.14)
AX

where Cr is the Courant Number. This is merely a mathematical expression for the criterion that tl

the time required for fluid to transit the grid cell length must be less than the time-step duration.

Again, substituting:

A t <_.A x _ 0.04 cm =0.00179 day ==150 seconds
u 22.3 cm/day

Therefore, the input file shown in Exhibit 8.10 uses a grid cell length of 0°04 crn for the portion of

the domain between 0.0 and 4.5 cm (Exhibit 8.10, Grid Geometry card, lines 31-190). Somewhat

larger grid cells are used beyond 4.5 cm because that is the maximum distance we expect the solute

front to reach in the 0.11 day; hence, the 0.04-cm resolution is not required beyond 4.5 cm. The

maximum time step is restricted to 150 seconds (Exhibit 8.10, Solution Schemes card, line 23). A

final caution: nothing in the MSTS code will prevent the user from exceeding the Peclet or Courant

limits discussed here. It is the responsibility of the modeler to ensure numerical accuracy through

appropriate spatial- and temporal-discretization choices.

8.8.4 Simulation Results and Comparison to Semi.Analytic Solution

The total time simulated for this problem was 9504 seconds (0.11 day). The "dimensionless

concentrations" at 0.01, 0.06, and 0.11 day reported in Ross et al. (1982) for the Smiles et al.

(1977) semi-analytical solution are shown as solid lines in Figm'e 8.15. The MSTS solution for the

input file shown in Exhibit 8.10 is shown as one dashed line (labeled "Ax =0.04 cm" in the legend),

while a second MSTS solution using a grid spacing of only 0.02 cm and a maximum time step of

75 seconds is shown as a second dashed line ("ax = 0.02 cm" in the legend). Note that decreasing

the grid spacing (and hence the time spacing) to meet the Courant limit reduces the numerical

dispersion for this strongly advection-driven problem. Further reductions in the time and space

stepping would bring even better predictions compared to the semi-analytical solution, but at the

price of greater computer time requirements to solve the problem.
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Figure 8.15. DimensionlessSoluteConcentrationVersusDistanceatVariousTimes Using
the Semi-Analytical Solutionof Smiles ct al. (1977) and MSTS SolutionsWith
Two Spatial andTemporalDiscretizations

The dimensionlessconcentrationwas not a directoutputof MSTS,butwas computedusing

MSTS output. MSTSreportsspeciesconcentrationin unitsof tool/L,where the volumetric
measure(liters)refers to total volume (notwatervolume,as Smiles et al. [1977]reportsit).

Therefore,we divide eachconcentrationreportedby MSTSby the correspondingmoisturecontent
forthe timeandcell to obtainthe concentrationwith respectto the aqueousphase. This valueis

convertedinto a dimensionlessconcentrationbyscalingit betweenthevaluesat each boundaryso
that ali concentrationshave a valuebetween0 (initialcondition)and I (maximumconcentration).
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Exhibit 8.10. MSTS Input File for Unsaturated Transport Problem

Input File

I -Simulation Title and Notes

2 beta, 0001,

3 Specie Transport
4 W.E. Nichols

5 Battelle, Pacific t_rthwest Laboratory
6 Friday, September 18, 1992
7 2:48:00 PM
8 505 character(s) of simulation _itle notes follows.

9 This problem considers transport in the flow field calculated for a horizontal u
I0 nsaturated pipe. The object is to determine the specie concentration field in a
Ii tube of soll that has a uniform initial specie concentration and moisture conte

12 ht, with an upstream boundary that has a prescribed moisture content and solute
13 concentration. Transport processes include both advection and hydrodynamic disp
14 ersion, with both the hydraulic diffusivity and hydraulic dispersion being funct
15 ions of moisture content.
16 -Solution Schemes
17 false, false, false,
18 banded matrix

19 false,true, false,true,
20 9504.0, s,
21 1.0, s,
22 1.5,
23 150.0, s,
24 true, false, true, true, false, false,
25 false, false, false, false,
26 -Numerical Control

27 8, Maximum Residual,
28 1.0, h, 1.0, h,
29 1.0e-6, 1.0e-6, I. 0e-6,
30 Harmonic Mean, Harmonic Mean, Harmonic Mean, Harmonic Mean,
31 -Grid Geometry
32 cartesian

33 150, i, I,
34 20.0, cre,I,m, i,m, 0.0, m, O. 0,m,
35 0.0, m,
36 150 line(s) of grid geometry input follows.
37 Node I, 0.02, cre,
38 Node 2,0.06, cm,
39 Node 3,0.i, cre,
40 Node 4,0.14,cre,
41 Node 5, 0.18, cre,

42 Node 6, 0.22,cm,
43 Node 7,0.26, cm,
44 Node 8, 0.3, cre,
45 Node 9, 0.34, cre,
46 Node i0, 0.38, cre,
47 Node II, 0.42, cre,
48 Node 12, 0.46, cre,
49 Node 13, 0.5, cre,
50 Node 14,0.54, cm,
51 Node 15, 0.58, cre,
52 Node 16, 0.62, cre,
53 Node 17,0.66, cm,
54 Node 18, 0.7, cre,
55 Node 19, 0.74, cre,
56 Node 20, 0.78, cre,
57 Node 2!, 0.82, cre,
58 Node 22,0.86, cre,
59 Node 23,0.9, cm,
60 Node 24,0.94,cm,
61 Node 25,0.98, cm,
62 Node 26, 1.02, cre,
63 Node 27,1.06,cm,
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Exhibit 8.10. (Contd)

Inpl_tFile

64 Node 28, 1.1,cre,
65 Node 29, 1.14, cre,
66 Node 30, 1.18, cre,
67 Node 31,1.22, cm,
68 Node 32,1.26, cre,
69 Node 33,1.3,cm,
70 Noae 34,1.34, cre,
71 Node 35,1.38,cm,
72 Node 36, 1.42, cre,
73 Node 37, 1.46, cre,
74 Node 38,1.5, cm,
75 Node 39,1.54,cm,
76 Node 40, 1.58, cre,
77 Node 41, i. 62, cre,
78 Node 42, i. 66, cre,
79 Node 43, 1.7,cm,
80 Node 44,1.74, cre,
81 Node 45, 1.78, cre,
82 Node 46, 1.82, cre,
83 Node 47, 1.86, cm,
84 Node 48, 1.9, cm,
85 Node 49,1.94,cm,
86 Node 50,1.98, cm,
87 Node 51,2.02, cre,
88 Node 52,2.06, cre,
89 Node 53,2.1,cm,
90 Node 54,2.14, cre,
91 Node 55,2.18, cm,
92 Node 56, 2.22, cre,
93 Node 57,2.26, cm,
94 Node 58,2.3, cre,
95 Node 59, 2.34, cre,
96 Node 60,2.38, cre,
97 Node 61,2.42, cre,
98 Node 62,2.46, cre,
99 Node 63, 2.5, cre,

100 Node 64,2.54,cm,
101 Node 65, 2.58, cre,
102 Node 66, 2.62, cre,
103 Node 67,2.66, cre,
104 Node 68, 2.7, cm,
105 Node 69, 2.74, cre,
106 Node 70, 2.78, cre,
107 Node 71,2.82, cre,
108 Node 72,2.86, cre,
109 Node 73,2.9, cm,
ii0 Node 74,2.94, cre,
111 Node 75, 2.98, cre,
112 Node 76, 3.02, cre,
I13 Node 77, 3.06, cre,
114 Node 78, 3. i, cre,
115 Node 79, 3.14, cre,
116 Node 80, 3.18, cre,
117 Node 81,3_22,cm,
118 Node 82, 3.26, cre,
119 Node 83, 3.3, cre,
120 Node 84,3.34, cre,
121 Node 85, 3.38, cre,
122 Node 86, 3.42, cre,
123 Node 87, 3.46, cre,
124 Node 88, 3.5, cm0

125 Node 89, 3.54, cre,
126 Node 90, 3.58, cre,
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Exhibit 8.10. (Contd)

Input File

127 Node 91,3.62, cre,
128 Node 92,3.66, cre,
129 Node 93,3.7,cm,
130 Node 94,3.74, cre,
131 Node 95, 3.78,cm,
132 Node 96, 3.82, cre,
133 Node 97, 3.86, cre,
134 Node 98, 3.9, cre,
135 Node 99, 3.94, cre,

136 Node 100,3.98,cm,
137 Node 101,4.02, cre,
138 Node 102,4.06, cre,
139 Node I03, 4.1, cre,
140 Node i04,4.14,cm,
141 Node 105, 4.18, cre,
142 Node 106, 4.22, cre,
143 Node I07, 4.26, cre,
144 Node 108,4.3,cm,
145 Node 109, 4.34, cre,
146 Node 110, 4.38, cre,
147 Node iii,4.42,cm,
148 Node 112, 4.46, cre,
149 Node 113,4.5, cre,
150 NOde 114,4.6, cre,
151 Node 115, 4.7, cre,
152 Node 116, 4.8, cre,
153 Node 117,4.9, cre,
154 Node 118, 5, cre,
155 Node 119,5.1, cre,
156 Node 120, 5.2, cre,
157 Node 121,5.3, cm,
158 Node 122,5.4,cm,
159 Node 123,5.5,cm,
160 Node 124,5.6, cre,
161 Node 125,5.7, cre,

162 Node 126, 5.8, cre,
163 Node 127,5.9, cre,

164 Node 128, 6, cre,
165 Node 129, 6.2, cre,
166 Node 130, 6.4, cre,
167 Node 131, 6.6, cm,
168 Node 132, 6.8,cre,
169 Node 133,7, cre,
170 Node 134,7.2, cre,
171 Node 135,7.4, cre,
172 Node 136,7.6, cm,
173 Node 137,7.8,cm,
174 Node 138,8, cre,
175 Node 139, 8.5, cre,
176 Node 140, 9.5, cre,
177 Node 141, I0.5, cm,

178 Node 142,11.5, cm,
179 Node 143, 12.5, cm,
180 Node 144,13.5,cm,
181 Node 145, 14.5, cre,
182 Node 146, 15.5, cre0
183 Node 147, 16.5, cm,
184 Node 148, 17.5, cre,
185 Node 149,18.5, cre,
186 Node 150, 19.5, cre,

187 I line{s) of grid geometry input follows.
188 Node 1,0.5,m,

189 I llne(s) of grid geometry input follows.
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Lino No. Input Fi]_

190 Node 1,0.5,m,
191 -Inactive Nodes

192 0 line(s) of inactive nodes input follows.
193 -Rock or Soll Types

194 0 character(s) of rock or soil types notes follows.
195 1 line(s) of rock or soil types input follows.
196 Generic Sand, l,150,1,1,1,1,
197 -Mechanical Properties
198 1 line(s) of mechanical properties input follows.
199 Generic Sand, O. 45, O. 45, 0.30,,,, constant, 1. O, 0.0,
200 -Hydraulic Properties
201 i line(s) of hydraulic properties input follows.
202 Generic Sand, l.O,l.O,l.O,hc:cm/day,,,,hc:cm/day, O.O,I/m,
203 -Thermal Properties
204 0 line(s) of thermal properties input follows.
205 -Species Properties
206 I llne(s) of species properties input follows.
207 Generic Sand, Generic Solute, l.1574074E-9,m^2/s,l.1574074E-9,m^2/s,l.Oe+20,

cm^3 gas/gm liq.,0.0,gm liq./gm sol.,,s,
208 -Soll Characteristics

209 1 line(s) of soil characteristics input follows.
210 Generic Sand, Tabular,Table No. I,

211 2 line(s) of capillary tables input follows.
212 I .0, .333333, m,
213 0.0, 1.0, m,

214 -Liquid Relative Permeability Properties
215 1 line(s) of liquid relative permeability input follows.
216 Generic Sand, Tabular vs Liquid Saturation,Table No. I,
217 2 line(s) of liquid permeability tables input follows.
218 0.33333, 0.0,
219 1.0,1.0,

220 -Gas Relative Permeability Properties
221 0 llne(s) of gas relative permeability input follows.
222 -Liquid Boundary Conditions
223 1 line(s) of liquid boundary conditions input follows.
224 X-Direction: West Surface,Dirichlet @ Boundary, 101325 .0, Pa (absolute),998.31,

kg/m^3, 0.0,1,1,1,1,1,1,
225 -Gas Boundary Conditions

226 0 line(s) of gas boundary conditions input follows.
227 -Vapor Boundary Conditions
228 0 line(s) of vapor boundary conditions input follows.
229 -Energy Boundary Conditions
230 0 line(s) of energy boundary conditions input follows.
231 -Species Boundary Conditions
232 2 line(s) of species boundary conditions input follows.
233 X-Direction: West Surface,Dirichlet @ Boundary, l.0,(mol;ci)/liter,,,l,l,l,l,l,l,
234 X-Direction: East Surface, Dirichlet @ Boundary, O.l, (mol;ci)/llter,,,150,150,

1,1,1,1,
235 -Initial Conditions

236 Liquid Saturation & Gas Pressure,
237 3 line(s) of initial conditions input follows.
238 Gas Pressure, 101325.0, Pa (absolute),O.O,I/m,O.O,I/m,O.O,I/m,l,150,1,1,1,1,
239 Liquid Saturation, O.4444,,O.O,I/m,O.O,I/m,O.O,1/m,l,150,1,1,1,1,

240 Species Concentration, 0.02, (mol;ci) /liter, O.0,1/m, 0.0,1/m, O.0,1/m, l,150,1,1,1,1,
241 -Sources & Sinks

242 0 line(s) of sources & sinks input follows.
243 -Liquid Pathline Trace

244 0 line(s) of liquid pathline trace input follows.
245 -Output control
246 i, 150, I, I, I, I, xyplane,
247 3 line(s) of output control input follows.
248 0.01,day,
24 9 O. 06, day,
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250 ' 0. ll,day,
251 5, I, I, i0, i, I, 15, I, 1,20, I, 1,i,
252 0 line(s) of output control input follows.
253 2 line(s) of output control inFut follows.

254 Species Concentration,
255 Volumetric Moisture Content,
256 q line(s) of output control input follows.

257 Liquid Pressure,
258 Species Concentration,
259 Volumetric Moisture Content,

260 X-Dir. Liquid Velocity,
261 -Surface Flux Integratoz
262 0 line(s) of surface flux integrator input follows.
263 -Rock List
264 1 line(s) of rock list input follows.
265 Generic Sand,
266 -
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