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Changes: v1.1 to v2.0

The following changes to FACT v1.1 have been incorporated in FACT v2.0

1. Two-point Gauss Legendre quadrature option for the flow and transport equations.
This option is highly recommended for meshes with vertical distortion.  The influence
matrix formulation is still available.

2. A Dual-Domain mass transfer model (mobile-immobile water phase solute transport
model) option for the transport equation with linear adsorption and first-order
irreversible reactions.  The previous mobile-immobile boundary condition option has
been removed.

3. Streamline-Upwind Petrov-Galerkin (SUPG) weighting for the advection terms in the
transport equation.

4. Vertical recirculation well boundary condition option.  The recirculation well is
modeled as a single pass extraction well with an extraction and injection screen.  The
extracted solute is assumed to be well mixed, air-stripped (single pass extraction
efficiency factor), and injected back to the aquifer.

5. The vertical pumping/injection well boundary condition has been modified to work
for solute injection.
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Table of Notation
A Flow area, L2.
A Seepage (conductance) matrix.
b Aquifer thickness, L.

B Hantush’s leakage factor, Te K′ ′ , L.

B Storage (capacitance or mass) matrix.
Bi Immobile-phase transport storage matrix.
c Solute concentration, M/L3.
c Mobile-phase nodal solute concentration vector, M/L3

ci Immobile-phase nodal solute concentration vector, M/L3

cim Immobile-phase solute concentration, M/L3.
cm Mobile-phase solute concentration, M/L3.
c Mass of solute sorbed per dry unit weight of solid, M/M.

c* Incoming contaminant concentration at mass point source/sink, M/L3

C Specific moisture capacity, L–1.
D Apparent hydrodynamic dispersion tensor, mmDθ , L2/T.
Dka Hydrodynamic dispersion tensor with respect to phase k, L2/T.
Dwa Hydrodynamic dispersion tensor with respect to water phase, L2/T.
Dm Mobile-phase hydrodynamic dispersion tensor, L2/T.

D° Apparent molecular diffusion coefficient for an unsaturated media, L2/T.
D* Bulk molecular diffusion coefficient, L2/T.
e Thickness of an aquifer, measured in a direction orthogonal to its

confining beds, L.
E Advection-dispersion matrix.
f Fraction of adsorption sites that are in contact with the mobile water

phase.
F RHS forcing function vector, L/T.
Ff Boundary integral term of the RHS forcing function vector, L/T.
Fs Volume integral term of the RHS forcing function vector, L/T.
g Acceleration due to gravity, L/T2.
G Residual vector of flow equation or mobile-phase radioactive decay and

first-order reaction rate matrix.
Gi Immobile-phase radioactive decay and first-order reaction rate matrix.
h Hydraulic head, L.
h0 Prescribed hydraulic head, L.
hi Nodal hydraulic head, L.
H Height of rectangular prism element, L.
I Interfacial mass transfer matrix.
ja Dispersive flux of species “a”, ML-3T-1

Jn Bessel function of the first kind of order n.
J Jacobian coordinate transformation matrix.
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k Intrinsic permeability tensor.
kd Distribution coefficient (slope of the linear sorption isotherm), L/M.
krw Relative permeability with respect to the water phase.
K Saturated hydraulic conductivity tensor, L/T.
l Length of rectangular prism element, L.
m Width of rectangular prism element, L, or Picard/Newton iteration

number.
M Consistent mass matrix.
ML Lumped mass matrix.
n Vector normal to a surface, oriented outward.
n Time step number.
nka Total flux of species “a” within phase k, ML-3T-1

ne Number of elements in finite element mesh.
np Number of nodes in finite element mesh.
pa Air pressure, ML-1T-2.
pw Water pressure, ML-1T-2.
Pc Capillary suction head, L.
P Source/sink term matrix.
Pe Peclet number.
q Volumetric flow rate per unit volume of porous medium, T–1.
qβ Volumetric flow rate per unit length of line source/sink located at (xβ,yβ).

Q Volumetric flow rate per unit surface area withdrawn from the aquifer, L/T
or the constant flow rate of a well, L3/T.

Qβi Volumetric flow rate contribution at node I from point sink/source located

at xβ.

r Distance to the origin in polar coordinates, L.
rka Production of species “a” by homogeneous reactions within phase k, ML-

3T-1

rsa Production of species “a” by homogeneous reactions within solid phase,
ML -3T-1

rwa Production of species “a” by homogeneous reactions within water phase,
ML -3T-1

R Retardation coefficient in transport equation.
Rm Mobile-phase retardation coefficient.
Rim Immobile-phase retardation coefficient.
s Drawdown in an aquifer, L.
S Storage coefficient of a confined aquifer.
Se Effective water saturation

Ss Specific storage coefficient of a confined aquifer, L−1.
Sw Water saturation.
Swr Residual (irreducible) water saturation.
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t Time, T.
T Transmissivity of an aquifer,L2/T.
T Transmissivity tensor of an aquifer,L2/T.

u Theis’ dimensionless time, 4 2Tt r S .
u Phasic velocity vector of a fluid, L/T.
uk Phasic velocity of phase k, L/T.

′u Hantush and Thomas dimensionless time, ( )4 2 2T T t x T y T Sx y y x+ .

U Darcy’s velocity vector in a porous medium (or filtration velocity vector),
L/T.

Un Normal component of Darcy velocity vector, L/T.
wk Weight of the kth Gauss point.
W(u) Theis’ well function.
W’(u,r/B) Hantush’s well function.
x Position vector in 1, 2 or 3 dimensions, L.
xa Mass fraction of of species a.
ya Solute “a” concentration in solid phase, M/L3

ym Solute solid-phase mass fraction on surface in contact with the mobile

water phase, MM−1

yim Solute solid-phase mass fraction on surface in contact with the immobile

water phase, MM−1

z Elevation above a reference datum, L.

GREEK
α van Genuchten empirical constant, compressibility of the porous media

(L−1), mass transfer coefficient (T−1), or upstream weighting factor.

kα Volume fraction of phase k.

sα Volume fraction of solid phase.

wα Volume fraction of water phase.

LHα Longitudinal horizontal dispersivity of a porous medium, L.

LVα Longitudinal vertical dispersivity of a porous medium, L.

THα Transverse horizontal dispersivity of a porous medium, L.

TVα Transverse vertical dispersivity of a porous medium, L.

β Compressibility of the fluid, L−1

kΓ Input of species “a” into phase k at interface by mass transfer and
heterogeneous reactions, ML-3T-1

sΓ Input of species “a” into solid phase at interface by mass transfer and

heterogeneous reactions, ML-3T-1

smΓ Mass transfer rate from solid surface to mobile water phase, ML-3T-1
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siΓ Mass transfer rate from solid surface to immobile water phase, ML-3T-1

( )xδ Dirac delta function.
δ Kronecker delta.
ζ Mapping of z global coordinate into local coordinate system, 11 ≤ζ≤− .
η Mapping of y global coordinate into local coordinate system, 11 ≤η≤− .
θ Water content

mθ Mobile water content

imθ Immobile water content

mλ First-order reaction rate for the mobile phase, T-1.

imλ First-order reaction rate for the immobile phase, T-1.

rλ Solute radioactive decay constant, T-1.

wµ Dynamic viscosity of water, ML-1T-1.

ξ Mapping of x global coordinate into local coordinate system, 11 ≤ξ≤− .

bρ Bulk density of the solid, ML-3.

sρ Particle density of the solid, ML-3.

kρ Density of phase k, ML-3.

wρ Density of water, ML-3.

σ Elevation of the aquifer base, L, or solution boundary.
τ Tortuosity of the porous medium.
φ Porosity of the porous medium.

eφ Effective or drainage porosity of the porous medium.

Φ Fraction of water residing within the mobile phase.

minΦ Minimum fraction of water residing within the mobile phase.

satΦ Fraction of water residing within the mobile phase at saturation.

iϕ Basis function for the trilinear isoparametric element.
ψ Pressure head, L.

aψ Air entry pressure head, L.

iψ Asymmetric weighting functions for advection term in transport equation.
ω Time differencing parameter for transport equation, 10 ≤ω≤ .

dω Specific yield or drainage porosity.

Ω Solution domain.

x∇ Gradient operator in global coordinate system, L-1

ξ∇ Gradient operator in local coordinate system, L-1
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1 Introduction
his report documents a finite element code designed to model subsurface flow and
contaminant transport, named FACT.  FACT is a transient three-dimensional, finite

element code designed to simulate isothermal groundwater flow, moisture movement, and
solute transport in variably saturated and fully saturated subsurface porous media.  The
code is designed specifically to handle complex multi-layer and/or heterogeneous aquifer
systems in an efficient manner and accommodates a wide range of boundary conditions.
Additionally, 1-D and 2-D (in Cartesian coordinates) problems are handled in FACT by
simply limiting the number of elements in a particular direction(s) to one.  The governing
equations in FACT are formulated only in Cartesian coordinates.

Certain problems can, due to the physics, be reduced dimensionally by expressing them in
a different coordinate system (e.g., cylindrical coordinates). One such example would be
the 1-D axisymmetric flow to a single extraction well in a confined homogeneous aquifer.
In FACT this problem must be handled in Cartesian coordinates where the mesh chosen
would be one element long in the vertical z-direction and multiple elements in both
directions areally.  Even though the FACT model for this basically 1-D problem will
contain a far larger number of unknowns than necessary for a given accuracy level, FACT
still remains somewhat competitive computationally due to its efficiency.

Groundwater flow and solute transport simulations can be performed in one computer run
concurrently or in two sequential computer runs, whichever is more appropriate for the
particular problem being considered.  A wide range of aquifer conditions (e.g., confined,
unconfined or partially confined with storage conversion) commonly encountered in the
field can be handled.  Material heterogeneity and anisotropy are handled by taking
advantage of the finite element discretization approach.  Spatial discretization is either
performed automatically within FACT or read in through input. The code uses simple
rectangular (plane or brick) elements and also offers great flexibility in creating grids for
complex flow domains.

FACT handles groundwater flow and solute transport in an unconfined aquifer system
whose soil moisture retention functions and relative permeability relationships do not
exhibit hysteresis.  Spatial and temporal variations of water table elevations (due to
mounding, de-watering and pumping effects) are taken into account using a variably
saturated modeling approach with user supplied soil-water retention curves.  After a
converged numerical solution to the nonlinear flow problem is obtained, the position of
the water table can also be located by the code.

The groundwater flow equation is approximated using the Bubnov-Galerkin finite
element method in conjunction with an efficient symmetric PCG (Preconditioned
Conjugate Gradient, ICCG) matrix solver.  The solute transport equation is approximated
using an upstream-weighted residual finite element method designed to overcome (or
alleviate) numerical oscillations.  Transport mechanisms considered include: advection,
hydrodynamic dispersion, linear equilibrium adsorption, mobile/immobile first-order
mass transfer, first-order degradation and radioactive decay effects.  An efficient

T
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asymmetric PCG (ORTHOMIN) matrix solver is employed.  For both the flow and
transport equations, an efficient element matrix generation scheme (analytical) is utilized
based on the choice of simple rectangular prism elements (where vertical distortion of
each element is allowed) where element matrices are computed from influence coefficient
formulas or computed using two-point Gauss-Legendre quadrature.  For solving non-
linear flow problems Newton-Raphson linearization and Picard iteration options are
available along with under-relaxation formulas to further enhance convergence properties.

Many types of boundary conditions can be treated conveniently.  For flow simulations,
the boundary conditions permitted include steady-state and/or transient prescribed values
of hydraulic head, fluid flux, pumping/injection wells, recirculation wells, head-
dependent source beds, vertical head-dependent line sources, recharge/drain combination
and groundwater recharge.  For transport simulations, the boundary conditions permitted
include prescribed concentration, prescribed solute mass fluxes, pumping/injection wells,
recirculation wells, recharge/drain combination and groundwater recharge.

Many of the modules in FACT are modified versions taken from the HydroGeoLogic,
Inc. codes:

• Saturated code named SAFT3D, Version 1.3, developed by Huyakorn, et. al. (1991)

• Variably saturated code named VAM3DCG, Version 2.4, developed by Huyakorn, et.
al. (1992)

The original FACT was a reduced version of SAFT3D that handles only three-
dimensional flow geometries.  This original FACT also had numerous improvements
made in its input/output structure, as well as, internal documentation within the source
listing.  The current version of FACT has incorporated a variety of improvements (e.g.,
new boundary condition options, improved numerics, dynamic memory allocation, binary
Tecplot files, and a physically based variably saturated model from VAM3DCG).

Comprehensive sets of verification test examples are presented to check various
formulations, aspects, and numerical schemes used in the code.  The given examples
range from simple one-dimensional to complex three-dimensional and multi-layer flow
and transport problems. This document is intended for use as a theory manual, a user’s
manual, and contains detailed information on the model performance and design
specifications, the structuring of the code, input/output organizations, input preparation
guides, as well as sample input and output files for the selected test problems.  Also
included are specific instructions for problem definition, job setup, and restart procedures.

1.1 Overview of Code Capabilities and Salient Features

Multi-dimensional modeling of water flow and waste migration in variably saturated
and/or fully saturated subsurface systems can be a formidable task unless one is equipped
with the proper code that accommodates various field conditions and does so in an
efficient manner.  Recognizing this point, FACT was developed to have not only the
essential modeling capabilities, but also some salient features that help facilitate its
practical use.  An overview of these aspects of FACT are:
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• FACT utilizes dynamic memory allocation features of Fortran 90 (allocate and
deallocate).

• FACT can perform transient analyses or single step steady-state analyses of both
variably saturated isothermal groundwater flow and isothermal solute transport
problems.  If the flow and transport problems are associated, a dual simulation can be
made by solving the problems concurrently or sequentially in a single computer run.

• Many of the finite element formulations and nonlinear solution procedures in FACT
are based on state-of-the-art technology designed to accommodate a wide range of
field conditions including highly nonlinear moisture characteristics, material
heterogeneity and anisotropy, and rapidly fluctuating transient boundary conditions.

• FACT uses highly efficient matrix generation and matrix solution techniques.
Elemental matrix generation is performed using analytical "influence matrix
coefficients" or computed using two-point Gauss-Legendre quadrature. Global matrix
solution is obtained with Pre-conditioned Conjugate Gradient-like (PCG) solvers (i.e.,
ICCG(0) for symmetric matrices and ORTHOMIN for asymmetric matrices).  These
PCG solvers are designed to efficiently handle problems with a large number of nodal
unknowns (on the order of several thousand or more).

• Several iteration strategies are available for solving the nonlinear flow equations.
These equations can be solved by Picard iteration, full Newton-Raphson iteration, or
modified Newton-Raphson iteration.  Under-relaxation of the solution at each
iteration is also performed to enhance convergence.

• For highly heterogeneous aquifers an option to incorporate some degree of upstream
weighting of the relative permeabilities is available.

• The flow simulator of FACT can handle various boundary conditions (type 1, type 2,
and type 3) and physical processes including infiltration, well pumping, seepage
faces, and varying water table conditions.  Temporal variations in head, mixture flow,
and recharge flux boundary conditions can be handled conveniently using either
Heaviside, linear or cubic spline representation of input data.

• FACT handles variably saturated conditions by use of user specified soil-water
retention curves.   The user supplies in tabular form for each soil:  (1)  water
saturation as a function of pressure head, and (2)  relative permeability as a function
of water saturation.

• The transport simulator of FACT is designed to handle both conservative and non-
conservative solutes.  Its formulation is designed to have an upstream weighting
capability as an option to help circumvent numerical oscillations typically observed at
high cell Peclet numbers for centered differencing (recommended).

• FACT handles linear homogeneous and heterogeneous solute reaction rates, such as
radioactive decay and linear sorption isotherms, respectively.

• The transport simulator of FACT is designed to handle the isothermal transport of a
single solute through a variably saturated porous media using a single or dual domain
(porosity) formulation with mobile/immobile first-order mass transfer.  Its current
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formulation does not account for potential interactions between multiple solutes (e.g.,
the impacts associated with mother-daughter radioactive chains).

1.2 Applicability of the Code

The FACT code has many practical applications.  Typical examples include the
following:

• Ground-water resource evaluation - used to predict the response of a ground-water
basin to different schemes of well pumping and recharge operations.  The program
computes spatial and temporal variations of piezometric head, groundwater flow
velocities, and flow rates.

• Assessment of well performance and pumping test analysis - used to analyze flow
in the vicinity of pumped wells, to predict well performance, and to prepare type
curves for evaluation of pumping test data.

• Ground-water contamination investigations - used to predict extent of
contaminant plumes and the rate of plume migration, to aid in the design of
ground-water quality monitoring programs, and to design and assess the
effectiveness of remedial schemes for ground-water contamination.

• Hazardous waste subsurface disposal - used to perform a risk analysis by
assessing ground-water flow and potential migration from a waste site, and used
to evaluate tracer test data.

• Regional aquifer studies - because of the special design feature of the FACT code,
it is ideally suited for use in studying large regional multi-aquifer systems.

1.3 Code User Requirements

In order to apply the FACT code effectively, the user will need:
• a thorough understanding of hydrogeological principles
• a basic understanding of finite element techniques
• an awareness of the code’s capabilities and limitations
• familiarity with the editor, operating system, and file handling concepts of the

computer system used.

It is also recommended that the user run some of the test problems provided to gain
confidence and understanding in using the code.

1.4 Computer Equipment Requirements

FACT is mostly written in ANSI Standard Fortran 77 with Fortran 90 features.  The
Fortran 90 features include the use of modules, procedures and dynamic memory
allocation (allocate and deallocate).  The binary Tecplot functions require a C compiler.

The source code was developed and tested on a Silicon Graphics Indigo2 workstation and
an IBM PC.  FACT was compiled on the SGI workstation using f90 and cc under IRIX
6.5.  FACT was ported without source changes to the IBM PC using Microsoft Visual
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Studio 97 as the development environment under Windows 95.  The Fortran complier is
Digital Visual Fortran 5.0 and the C complier is Microsoft Visual C++ 5.0.

All memory allocation is dynamic in FACT.  There are fixed array sizes, such as the 8x8
elemental matrices, which do not depend on the size of the problem.  Therefore memory
requirements depend mainly on whether the chosen problem and solution technique
(Picard versus Newton) yield a symmetric or non-symmetric matrix, the number of
nodes/elements, boundary conditions and number of observation nodes and/or well
groups.
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2 Governing Mathematical Models
he FACT code can perform three-dimensional finite element simulations of water
flow and solute (contaminant) transport in variably saturated and fully saturated

porous media.  The code employs state-of-the-art numerical technology to provide
efficient steady-state and transient solutions of practical problems encountered in the
assessment, mitigation, and remediation of soil and groundwater contamination due to the
disposal or accidental releases of chemicals and/or nuclear wastes.  Due to the level of
implicitness employed in solving these equations, steady-state analyses can be performed
by disregarding all storage terms of the governing equations, thus avoiding the necessity
of time marching.  Transient analyses are performed by time marching until the
prescribed number of time steps is reached.  For water flow simulations, FACT can
handle a variety of boundary conditions including well pumping or injection, groundwater
recharge, leakage from seepage faces, homogeneous/heterogeneous aquifer and aquitard
units, and a variety of source bed types.  For solute transport simulations, FACT accounts
for advection, hydrodynamic dispersion, equilibrium linear adsorption, mobile/immobile
first-order mass transfer, first-order reaction rates and radioactive decay.  Single
component transport of conservative and non-conservative solutes can be treated.

FACT employs a right-handed Cartesian coordinate system (x,y,z) to generate a three-
dimensional rectangular grid for finite element analysis.  The grid is oriented such that the
z-axis points in the vertical upward direction.  In the areal extent the grid is confined to be
comprised of rectangular elements, while in the vertical direction distorted elements are
handled.  Based upon the formulation chosen and accuracy considerations, the level of
vertical elemental distortion from a rectangular shape should be kept to a minimum.  As a
general rule of thumb, the majority of elements within the domain should maintain their

vertical angles within the range oo 1090 ± .  In the majority of practical situations, this
limitation on mesh distortion will not be reached.

2.1 Governing and Auxiliary Equations for Variably Saturated
Groundwater Flow

The governing equation for water flow in variably saturated soils (containing water and
air) can be obtained by combining a special form of Darcy’s law (derived from the water
phasic momentum balance) and the continuity equation written for the water phase.
Darcy’s law takes the form

)zgp(
k

ww
w

rw ∇ρ+∇
µ

−= k
U (2.1.1)

where k are components of the intrinsic permeability tensor, krw is relative permeability
with respect to the water phase, ρw and µw are density and dynamic viscosity of water, pw

is the water pressure, g is the gravitational acceleration and z is the elevation above a
reference datum.

T
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The continuity equation for the mobile water phase is presented in the form

q)()(
t wwmw ρ=ρ⋅∇+θρ

∂
∂

U (2.1.2)

where wem Sφ=θ  is the mobile water content, eφ  is the effective or kinematic porosity of

the soil medium, wS  is the water saturation and q is the volumetric flow rate via sources

(or sinks) per unit volume of the porous medium.

Substituting Eq. (2.1.2) into (2.1.1), we obtain
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(2.1.3)

Equation (2.1.3) can be written in terms of a pressure head ψ , defined as

g)pp( waw ρ−=ψ (2.1.4)

where ap  is pressure in the air phase, assumed to be constant and equal to the

atmospheric pressure.  Instead, to eliminate the spatial derivative of the elevation in Eq.
(2.1.3), we choose to define Eq. (2.1.3) in terms of piezometric or hydraulic head defined
as

zh +ψ= (2.1.5)

Substitution of Eqs. (2.1.4) and (2.1.5) into (2.1.3) results in
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∂=∇ρ⋅∇ K (2.1.6)

where K is the saturated hydraulic conductivity tensor, defined as

wwg µρ= kK (2.1.7)

The first term of the right-hand side of Eq. (2.1.6) can be restated in terms of hydraulic
head through the use of additional constitutive assumptions.  Expansion of the time
derivative in Eq. (2.1.6) yields
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The compressibility of the porous media is defined as
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where the second term in Eq. (2.1.8) becomes
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To evaluate the temporal change in fluid density the compressibility of the fluid defined
as
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is invoked to give
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Substitution of Eq. (2.1.10) and (2.1.12) into (2.1.8) yields
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Combination of Eq. (2.1.6) and (2.1.13) and assuming that the gradient of the fluid
density is negligible, reduces the flow equation to
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where )(gS ews βφ+αρ=  is the coefficient of specific storage.  Equation (2.1.14)

contains three unknowns:  h, wS , and rwk .  Thus to solve it, we require two auxiliary

equations.  These equations depend on the soil properties and may be written in
functional form as follows:

)(SS ww ψ= (2.1.15a)

)S(kk wrwrw = (2.1.15b)

By neglecting hysteresis effects in the wetting and drying of soils, wS , and rwk  may be

considered as single-valued functions.  Differentiation of Eq. (2.1.15a) with respect to
time gives
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where C is called the specific moisture capacity, defined as

)ddS(C we ψφ= (2.1.16b)

Substitution of Eq. (2.1.16a) into (2.1.14) yields
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Equations (2.1.17), (2.1.15a), and (2.1.15b) form the required governing equation and
auxiliary equations for variably saturated flow problems.  Because of the highly nonlinear
nature of the relations between relative permeability, water saturation, and pressure head,
the governing equation is highly nonlinear in the unsaturated zone.
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For a complete description of a particular flow situation, Eq. (2.1.17) must be
supplemented by the appropriate initial and boundary conditions.  The initial conditions
are simply

)(h)0,(h o xx = (2.1.18a)

where 0h  is a prescribed function of x.

The boundary conditions take the form of either prescribed head or prescribed normal
flux, and these are given by

1Bonh)t,(h =x (2.1.18b)

2rw Bonqhk =⋅∇− nK (2.1.18c)

where h  and q are prescribed functions of x and t, and n  is the unit outward normal
vector on B2.

In order to solve the variably saturated flow problem, it is also necessary to specify the
relationships of relative permeability versus water saturation, and water saturation versus
pressure head.  Two alternative functional expressions are widely used to describe the
relationship of relative permeability versus water saturation.  These functions are given by
(Brooks and Corey, 1966):

n
erw Sk = (2.1.19a)

and van Genuchten (1980):
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where n and γ are empirical parameters and Se is the effective water saturation defined as
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with Swr being referred to as the residual water saturation.

The relationship of pressure head versus water saturation is described by the following
function:
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where α and β are empirical parameters, ψa is the air entry pressure head.  The parameters
β and γ are usually related by γ = 1–1/β.  The van Genuchten functions for the relative
permeability and moisture retention characteristics can be measured in the laboratory for
a given soil.  The second functional expressions are called pseudo soil functions.  The
pseudo soil functions are used when the relative permeability and moisture retention
functions of a soil are unknown.  The pseudo soil functions given below are also used
when the water table levels are desired but the moisture behavior in the unsaturated zone
is unimportant.

wrw Sk = (2.1.20a)
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where rw is the approximate ramp width.  The actual ramp width is )S1(r wrw − .

2.2 Governing and Auxiliary Equations for Variably Saturated
Solute Transport

The governing equation describing the transport of a particular species through a variably
saturated porous media is obtained by the formal integration (i.e., space and time
averaging over a small representative volume of the porous media) of that solute's local
and instantaneous phasic transport equation for each phase, k, contained within the
porous medium.  Typically, this transport equation is referred to as the scalar advection-
dispersion transport equation.  In this context each immiscible fluid represents a phase
and the solid is considered a separate phase.  Typically, we are concerned with at most
three phases, which we shall denote as liquid (w), gas (g), and solid (s).  For species "a"
in phase k we can write the (after space/time averaging) transport equation as

*
akkkakkakakk )x(qr)()x(

t
ρ+Γ+α=α⋅∇+ρα

∂
∂

n (2.2.1)

where

akakka x jun +ρ= (2.2.2)

akaka x∇ρ−= Dj (2.2.3)

and the terms of Eq. (2.2.1) are defined as

)x(
t akkρα

∂
∂

........ accumulation term,

)( kaknα⋅∇ .......... total flux of species "a" within phase k with respect to a fixed

coordinate system,

kakrα ................... creation of species "a" by homogeneous reactions within phase k,
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kΓ ........................ input of species "a" into phase k at interface by mass transfer and
heterogeneous reactions,

*
ak )x(q ρ ............. source of species "a" by injection or withdrawal.

In Eq. (2.2.1), αk is the volume fraction of phase k, ρk the phase density, xa the mass
fraction of species "a".  In Eq. (2.2.2), ku  is the phasic velocity.  In Eq. (2.2.3), kaD  is

the hydrodynamic dispersion tensor with respect to phase k.

Equation (2.2.1) describes the transport of species "a" through a porous media under very
general conditions.  In FACT, we shall consider the transport of species "a" limited to the
following assumptions:

• We shall restrict ourselves to situations where the concentration level of species "a" is
sufficiently small (typically referred to then as a solute) to have negligible effect on
the liquid’s (typically referred to then as the solvent) mixture density.

• We limit ourselves to only binary dispersion.  Only diffusive and dispersive effects
associated with a binary system have been considered. The molecular diffusion
coefficient requested as input represents the system’s binary mass diffusion
coefficient.

• In FACT, there are only three phases present: a gas phase (typically atmospheric air in
the subsurface), a liquid phase (typically groundwater), and a solid phase (typically
the soil).

• We shall restrict ourselves to the transport of a single solute that is dissolved in the
liquid phase.  Therefore, potential interactions that might occur between multiple
transported solutes is not addressed.

• We shall assume that the solute does not exist in the gas phase and that the solute has
infinite diffusive capability within the solid phase (i.e., no concentration gradients of
species "a" within the solid phase).

• We will assume that the solid phase is stationary )0s =(v  and that the liquid phase

compressibility to be negligible.

• No energy balance calculations are performed within FACT; therefore, the transport
of solute "a" is restricted to isothermal (or nearly isothermal) conditions.

Using the general balance given by Eq. (2.2.1), and employing the listed assumptions, we
can write out for each phase its species "a" continuity (mass) balance:

f–fluid balance (we shall use the symbol w)

*
aww

wawawwawwwawaww
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(2.2.4)

s-solid balance (we shall use ya for solute "a" concentration in solid)
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(2.2.5)

g-gas balance

00 = (2.2.6)

A mass balance for solute "a" at the interface between the liquid and solid phases
becomes (where it is assumed that no heterogeneous reactions are occurring):

0RHeterosw ==Γ+Γ (2.2.7)

An overall mass balance for solute "a" is obtained by summing up Eqs. (2.2.4), (2.2.5),
and applying the constraint in Eq. (2.2.7) to give
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Redefining some terms as

mw θ=α (2.2.9a)

φ−=α 1s (2.2.9b)

wwuU α= (2.2.9c)

wam DD = (2.2.9d)

where U is the Darcy velocity for phase w and assuming that the only homogeneous
reaction taking place within each phase is the radioactive decay of solute "a" (i.e., first
order reaction rates)

awrmwa x)(r ρλ+λ−= (2.2.10a)

asrsa yr ρλ−= (2.2.10b)

where λm  first-order reaction rate for the mobile phase and λr is the decay constant and is
defined in terms of the half-life 21t  as

21r t)2(ln=λ (2.2.10c)

we substitute Eqs. (2.2.9)-(2.2.10) into Eq. (2.2.8) to obtain

[ ]
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where
q........................... volumetric flow source per unit volume of porous medium,
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awxc ρ= ............. solute "a" conc. in w-phase, mass of "a" per unit volume of w-

phase,

ayc = .................. solute "a" concentration in s-phase, mass of "a" per unit mass of s-

phase,
*........................... evaluated within source/sink flow term.

Equation (2.2.11) contains the two unknown concentrations, c  and c .  Therefore, some
auxiliary equations are required to relate these two variables.  We shall constrain these
concentrations through a commonly used empirical relationship for the absorption of
solute "a", the Freundlich equilibrium (sorption) isotherm

m
1

m
1

)x(kcor)x(y adwaa ρ=β= (2.2.12a)

If m = 1 then the expression becomes the linear equilibrium sorption isotherm used by
FACT

ckc d= (2.2.12b)

where kd is the distribution coefficient.

For the following derivations we shall assume that Eq. (2.2.12b) applies.  Substituting Eq.
(2.2.12b) into Eq. (2.2.11) yields

∗+λθ−λθ−∇⋅∇=⋅∇+θ
∂
∂

qcccR)c()c()Rc(
t mmrmm DU (2.2.13)

where mdsk)1(1R θρφ−+=  is the retardation coefficient and mmDD θ=  is the

apparent hydrodynamic dispersion tensor.  In an open laminar flow field the spreading of
a solute from the path determined by advection (e.g., along its streamline) is the result of
molecular diffusion.  In a porous media an additional process referred to as mechanical
dispersion (or hydraulic dispersion) occurs and may become dominant.  The sum of the
two processes, molecular diffusion and mechanical dispersion, is called hydrodynamic
dispersion.

Molecular diffusion is caused by the thermal-kinetic energy (i.e., Brownian motion of
particles) of the solute molecules within the flowing solvent mixture and is dependent on
local solute concentration gradients.  This diffusion process is independent of fluid
velocity and is important only in areas of low fluid (phasic) velocity.  For a binary
mixture the microscopic process of molecular diffusion results in the molecular diffusion
flux

cwaa ∇−=∗ Dj (2.2.14a)

known as Fick’s first law of diffusion (Bird, et. al. (1960)).  The molecular diffusion
coefficient is a scalar that is a function of local fluid properties.

In a porous media as the interstitial velocity (also referred to as phasic, average pore,
average linear, or seepage velocity) increases mechanical dispersion becomes dominant.
At the macroscopic level, mechanical dispersion is caused entirely by the motion of the
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fluid about the solid substrate.  Dispersion is a process whereby mixing occurs due to
differing interstitial velocities at the pore level:

• Velocity profiles within pore channels exist across adjacent solid particles.

• Neighboring pore channel bulk velocities differ due to pore sizes.

• Complex pathways due to tortuosity, branching, and inter-fingering of pore channels.

The spreading of a solute in the direction of bulk flow is known as longitudinal
dispersion; while, spreading in directions perpendicular to the bulk flow is called
transverse dispersion.  Typically, longitudinal dispersion is much stronger than transverse
dispersion.  At the aquifer level, further dispersive effects can occur due to aquifer
heterogeneity.  Overall, mechanical dispersion is dependent on interstitial velocity  and in
general is a tensor quantity for an aquifer unit.  Bear (1972) and Freeze and Cherry (1979)
provide additional descriptions of hydrodynamic dispersion.

The functional form for the overall dispersion tensor that is in general use is that for an
isotropic porous media that is also isotropic with respect to dispersivity.  For a binary
mixture the overall process of mechanical dispersion plus molecular diffusion results in
the dispersive flux

ca ∇−= Dj (2.2.14b)

where the functional form for the overall dispersion tensor becomes velocity dependent.

The following is a simple derivation (see Scheidegger, 1961) for the mechanical
dispersion tensor in two dimensions that can be extended to the general three dimensional
case.  For the case of a three dimensional isotropic medium, the mechanical dispersion
tensor takes the following form when orientated along the principle axes of dispersion:
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(2.2.15)

If one assumes that the principle axes of dispersion coincide locally with the velocity
field, then in 2D the coordinate transformation becomes the rotation operator









θθ−
θθ
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R (2.2.16a)
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and the above refer to Darcy velocity components.

We can obtain the local mechanical dispersion tensor from the principle axes tensor, Eq.
(2.2.15), by the coordinate tensor transformation

RDRD M
P

TM = (2.2.17)

Substituting in the rotation operator and its direction cosine definition, results in











α−α+











α

α
= 2

yyx

yx
2
xTL

L

TM

UUU

UUU)(
0

0

U
UD (2.2.18)

The extension to 3D is straight forward given the 3D rotation operator.  Note that the 3D
rotation operator can be generated by three sequential 2D orthogonal operations

αφθ= RRRR D3 (2.2.19)

and when applied to Eq. (2.2.17) results in the general expression

U
UD ji

TLijT
M
ij

M UU
)(D α−α+δα=→ (2.2.20)

where αL and αT are longitudinal and transverse dispersivities, respectively, and δij is the
Kronecker delta.

The apparent molecular diffusion coefficient for an unsaturated media takes the form

∗τθ= D)(D m
o (2.2.21)

where D* is the bulk molecular diffusion coefficient and τ is the tortuosity through the
unsaturated porous media.  Milllington and Quirk (1961) provide an expression for
evaluating τ given by

3
1

3
7

3
4

3
10

)S()S()S( www φ=τ⇒φ=φτ (2.2.22)

Collecting terms, the overall (“hydrodynamic”) dispersion tensor for an isotropic porous
media that is also isotropic with respect to dispersivity becomes (i.e., the sum of the
mechanical and molecular contributions)

U
UD ji

TLij
*

mT
M
ij

o
ij

UU
)()D(DDD α−α+δτθ+α=+≡→ (2.2.23)

In deriving Eq. (2.2.23) the porous media was assumed to be isotropic (in addition to the
assumption of isotropic dispersion).  The correct form for anisotropic systems (see Bear
and Bachmat, 1986) unfortunately requires five independent dispersivities, which may be
difficult to obtain in most field situations.  In many situations the model domain will
consist of many aquifer units layered one on top of the other.  To account for this limited
type of anisotropic porous media (e.g., vertically stratified porous media), and in the
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absence of any clear alternatives, Burnett and Frind (1987) suggest a slightly modified
form of the conventional dispersion tensor that at least allows the use of two transverse
dispersivities, a transverse horizontal dispersivity αTH and a transverse vertical
dispersivity αTV.  We further modify this dispersion tensor by defining two longitudinal
dispersivities, a longitudinal horizontal dispersivity αTH and a longitudinal vertical
dispersivity αTV.  The above approximations for the hydrodynamic dispersion tensor
components become:
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mxx
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DD α+α+α+τθ= (2.2.24a)
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mzz
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)(DD α−α== (2.2.24d)

U
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TVLzxxz
UU

)ˆ(DD α−α== (2.2.24e)

U
zy

TVLzyyz
UU

)ˆ(DD α−α== (2.2.24f)

where
2

ˆ LVLH
L

α+α≡α (2.2.24g)

and z is the index for the vertical direction.  Note that Eqs. (2.2.24a) to (2.2.24f) collapse
back to Eq. (2.2.23) when

TTVTHLLVLH and α=α=αα=α=α (2.2.24h)

Also note that Eqs. (2.2.24a) to (2.2.24f) assume isotropic dispersion.  The current
version of FACT does not account for anisotropic dispersion.  Anisotropic dispersion
would result in dispersivities that were dependent upon the angle between the velocity
vector and the principle axes of the aniostropic media.

For the linear isotherm approximation (m=1), Eq. (2.2.12b), the "effective" retardation
coefficient is defined as

m

db

m

ds k
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k)1(
1R

θ
ρ+=

θ
ρφ−+= (2.2.25)



WESTINGHOUSE SAVANNAH RIVER COMPANY Manual: WSRC-TR-99-00282
Section: 2, Rev. 0
Date: 3/2000

FACT CODE MANUAL Page: 12 of 24

where the bulk density of the solid, bρ , is defined as s)1( ρφ− .  When solving retardation

problems, care should be taken in applying appropriate (consistent) concentration and
adsorption units.

Equation (2.2.13) is in conservative form and the non-conservative form is considered to
be more convenient for finite element discretization.  To accomplish the transformation,
use is made of the flow (mixture mass balance) equation, Eq. (2.1.2) in its incompressible
form:

q
t
m +⋅−∇=

∂
∂θ

U (2.2.26)

Substituting Eq. (2.2.26) into (2.2.13), with expanded advective and mass accumulation
terms, yields
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mmrm

m
db

m
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D

U
(2.2.27)

Assuming that the time derivative of ρbkd is negligible, Eq. (2.2.27) reduces to

)cc(qc)c(c)c
t

c
(R mmrm

∗−−λθ−∇⋅∇=∇⋅+λ+
∂
∂θ DU (2.2.28)

which is the equation used in FACT.

In obtaining the solution of the solute transport equation, one must specify as an initial
condition the concentration distribution at some initial time, say t = 0, at all points in the
flow domain.  In addition, boundary conditions must also be specified at all times.  The
types of boundary conditions of practical interest include the conditions of prescribed
concentration and prescribed material flux.  The initial and boundary conditions
associated with Eq. (2.2.28) are as follows:

Initial condition )(c)0,(c 0 xx = (2.2.29a)

Dirichlet 1Bportion boundary on c~)t,(c ′=x (2.2.29b)

Neumann 2n Bportion boundary on c ′=∇⋅ jDn (2.2.29c)

Cauchy 3n Bportion boundary on )cc( ′=−∇⋅ NUDn (2.2.29d)

where 1B′  is the portion of the boundary where concentration is prescribed as c~ , and 2B′
and 3B′  are portions of the boundary where the dispersive and the total solute mass fluxes

are prescribed as nj  and nN , respectively.  Note that incoming is positive by convention.
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2.3 Governing Equations for Variably Saturated Mobile/
Immobile Solute Transport

Accurately simulating macrodispersion in field-scale solute transport applications is a
challenge.  Explicitly modeling the smaller scale heterogeneities that cause
macrodispersion is often not practical due to computer and/or data limitations.  A
common alternative is to employ a second-order (Fickian) dispersion term in the solute
transport formulation to deal with heterogeneity at a sub-grid level, as shown in the
previous section (e.g. Eq. (2.2.28)).  With the proper selection of dispersitivies, bulk
aspects of plume behavior can often be adequately simulated.  However, this
conventional advection-dispersion formulation exhibits well-known deficiencies such as
excessive upstream dispersion and the absence of heavy-tailing in simulated plumes.
These deficiencies become more pronounced with increasing natural heterogeneity.

Recent studies suggest that the mobile-immobile concept of solute transport is a more
effective alternative for dealing with heterogeneity at the sub-grid level, especially for
highly heterogeneous applications (Harvey and Gorelick, 2000; see also Nkedi-Kizza et
al., 1983 and Van Genuchten, 1976).  The mobile-immobile formulation, also referred to
as a ‘dual-domain’ or ‘dual-porosity’, is particularly effective at describing the extensive
tailing typically observed in the field and laboratory column experiments.  With this
approach, the subsurface is divided into ‘mobile’ and ‘immobile’ regions corresponding
to relatively high (e.g. sand) and low (e.g. clay, silt) conductivity regions, respectively.
Only mobile groundwater advects across computational cells, while intra-cell solute mass
transfer occurs between the mobile and immobile regions.

In this section we present the mobile-immobile water phase model and derive our specific
implementation of this model for incorporating it into the FACT code.

2.3.1 Background

The following is a derivation of the implementation within FACT of the mobile-
immobile water-phase solute transport model.  A listing of the assumptions comprising
this conceptual model is provided in Bear and Bachmat (1991).  Our conceptual model is
shown in Fig. 2.3.1.  We consider the general case of a mobile and immobile water phase
system within an unsaturated zone in the soil.  We model the spatial transport of a dilute
contaminant (solute species) in the mobile water phase by advection, dispersion, and
diffusion.  The immobile water phase does not transport solute spatially; instead, the
immobile phase acts as a storage tank either supplying or receiving solute (i.e.,
source/sink) to or from the neighboring mobile water phase.  Solid surface adsorption
based on a linear adsorption isotherm model is used to account for water-solid reactions.
Also, distributed first-order decay reactions can occur in both the mobile and immobile
water phases.

Interfacial mass transfer of solute between the mobile and immobile water phases is
handled through a linear film model where the mass transfer rate is proportional to the
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solute concentration difference between the two water phases.  The fluid mixture density
is assumed to be constant, while the solid matrix is assumed to be rigid and stationary.

In Fig. 2.3.1, the mobile water phase is considered to be a continuous phase, while the
immobile water phase is modeled as a discrete phase.  Consider for purposes of the
derivations to follow that the domain shown in Fig. 2.3.1 represents one finite element
within the elemental mesh where immobile water exists.  Figure 2.3.1 represents a plan
view of this particular element (e).

surface
adsorption

solid phase
(s)

immobile water
phase (i)

mobile water
phase (m)

surface
adsorption

mass
transfer

advection & dispersion

gas
phase

gas
phase

α

kd

kd

Fig. 2.3.1. Schematic Illustrating the Various Processes Addressed in the Variably
Saturated Mobile/Immobile Transport Model at the Element Level

Algorithmically, the existence of the immobile water phase is established on an elemental
basis.  Through input the user specifies which of the finite elements are to have an
immobile water phase in addition to the mobile phase.  The properties associated with the
immobile water phase are considered to be constant within the domain of a finite element.
Since spatial transport of the solute through the immobile phase is prohibited, then the
specified elements having immobile water can be placed at any location within the finite
element mesh (i.e., no spatial continuity requirements are placed on their locations).

2.3.2 Parameter Definitions

The variably saturated mobile-immobile water phase transport model increases the
number of modeling input parameters.  Below a definition of these additional parameters
is provided.
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The mobile-immobile transport model also conforms to and encompasses what is
typically called a dual porosity domain model in the MT3DMS transport code (see Zheng,
C., and P. P. Wang, 1998).  Some of the key processes being modeled are shown in the
schematic provided in Figure 2.3.1.  Material properties are defined on an elemental basis
and generally these properties are specified as elemental (centroidal) averaged values.

As shown in Figure 2.3.1, a specified fraction of the solid phase surface, f, is in direct
contact with the mobile water phase.  The remaining surface area is in direct contact with
the immobile water phase.  Adsorption is assumed to take place on the entire surface of
the solid material, since this surface is assumed to be in contact with water everywhere.
The parameters f and (1-f) define the fractional amount of available adsorption sites that
are in contact with the mobile and immobile water phases, respectively.  To limit the
number of input parameters necessary, we shall assume that the same fractions represent
the corresponding fractions of the solid mass that interacts with the two apparent water
phases.  This last assumption may under certain conditions be a limiting choice and the
user should be aware of such limitations.  This parameter is defined as:

s

sims

s

sm

s

sm

A

AA

A

A

V

V
f

−==≡ (2.3.1)

where

smV ...................... volume of solid phase that is associated with mobile water phase.

sV ........................ volume of solid phase.

smA ..................... interfacial surface area between solid phase and mobile phase.

simA .................... interfacial surface area between solid phase and immobile phase.

sA ....................... surface area of solid phase.

In the mobile-immobile conceptual model several fluid phases exist.  Specifically, there
exists a mobile water phase, an immobile water phase, and a gas phase (predominantly
containing air), which occupy, together, the entire void space.  To describe the size (i.e.,
volumetric magnitude) of these fluid phases in unsaturated media the following two
definitions are employed:

φ=θφ≤θ≤≡θ ∑
α

αα
α

α ,0,
V

V

e
(2.3.2)

which is called the fluid content (and moisture content for the particular case of water),
and

1S,1S0,
V

V
S

v
=≤≤≡ ∑

α
αα

α
α (2.3.3)

which is called the fluid saturation (or volumetric saturation).  The above two definitions
are related to each other by

αα φ=θ S (2.3.4)
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and φ is the total porosity within the element defined as

10,
V

VV

V

V

e

se

e

v ≤φ≤−=≡φ (2.3.5)

where

αV ....................... volume of α-fluid in element.

vV ....................... volume of voids in element.

eV ........................ volume of element.

sV ........................ volume of solid phase contained within element.

In both definitions, the sum is over all the fluid phases present in the void space.
Typically, an interfacial area (i.e., surface) is formed where one fluid phase is in contact
with another phase (e.g., a liquid immiscible with the first, a gas, or a solid).  Here, we
also define an interface between the mobile and immobile water phases; even though,
these two water phases are traditionally miscible.  From a mass transfer perspective these
two water domains behave differently.

The above definitions can also be applied to the total water present (i.e., both mobile and
immobile water) as:
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immw
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VV +=+≡+=θ+θ≡θ (2.3.6)

where

mV ....................... volume of mobile water phase contained within element.

imV ...................... volume of immobile water phase contained within element.

The fraction of water residing within the mobile phase is defined as:

imm

m

w

m

w

mm
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+
===

θ
θ≡Φ (2.3.7)

What is typically referred to as an “effective” (or kinematic) porosity is equivalent to a
mobile-phase porosity when under saturated conditions:

satm Φφ=φ (2.3.8)

The above definition of a mobile-phase porosity is also used under variably saturated
conditions where now this porosity becomes a function of local water saturation.

In terms of the above definitions the mobile and immobile water phase moisture contents
become, respectively:

wimwm S)1(andS φΦ−=θφΦ=θ (2.3.9)

In general, the fraction of water contained within the mobile water phase will vary (e.g.,
proportionally more of the water resides within the immobile water phase as the residual
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water saturation is approached).  To provide the user flexibility, the following linear
functional form for the mobile water fraction is required as input:

















≤<Φ+Φ−Φ










−
−

≤≤Φ
=Φ

1SSfor)(
S1

SS

SS0for

wwrminminsat
wr

wrw

wrwmin

(2.3.10)

where a constant mobile water fraction is obtained by setting the minimum and saturated
values equal.

These porosities, moisture contents, and water saturations represent elemental averages.

2.3.3 Mobile-Solid Governing Equation for Transport

The conservative form of the solute mass balance for the mobile water-phase is

∗+−α−

Γ+∇⋅∇=⋅∇+λ+λθ+θ
∂
∂

qc)cc(

)c()c(c)()c(
t

imm

smmmmmrmmm DU
(2.3.10)

where

mc ....................... solute concentration in the mobile phase, 3ML−

imc ....................... solute concentration in the immobile phase, 3ML−

∗c ......................... solute concentration entering the domain through sources or

leaving the domain through sinks, 3ML−

mmDD θ= ........... apparent dispersion tensor for mobile phase, 12TL −

q .......................... volumetric flowrate per unit volume of aquifer representing fluid

sources (positive) and sinks (negative) in the mobile phase, 1T−

U ......................... soil moisture flux in the mobile phase, 1LT−

α ......................... mass transfer coefficient, 1T−

smΓ ...................... mass transfer rate from solid surface to mobile water phase,
13TML −−

mλ ....................... first-order reaction rate for the mobile phase, 1T−

rλ ........................ solute radioactive decay constant, 1T−

mθ ....................... mobile water content, 33LL −

The conservative form of the solute mass balance for the solid surface that is in direct
contact with the mobile water-phase is expressed as

{ } smmsrms y)1(fy)1(f
t

Γ−=ρλφ−+ρφ−
∂
∂

(2.3.11)

where
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f .......................... fraction of the solid surfaces in contact with the mobile phase,
22LL −

my ....................... solute solid-phase mass fraction on surface in contact with the

mobile water-phase, 1MM−

φ .......................... total porosity, 33LL −

sρ ........................ solid phase density, 3ML−

By adding Eqs. (2.3.10) and (2.3.11) together we obtain the conservative form of the
“composite” solute mass balance for the mobile water-phase plus solid phase as

[ ] [ ]
∗+−α−λθ−∇⋅∇+

=⋅∇+ρφ−+θλ+ρφ−+θ
∂
∂

qc)cc(c)c(
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immmmmm

mmsmmrmsmm

D

U
(2.3.12)

The mobile-phase linear equilibrium sorption isotherm and retardation coefficient are,
respectively
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Substituting Eqs. (2.2.26) and (2.3.13) into (2.3.12), with expanded advective and mass
accumulation terms, yields
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(2.3.14)

Assuming that the time derivative of dbkfρ  is negligible, Eq. (2.3.14) reduces to

)cc(q)cc(

c)c(c)c
t

c
(R

mimm

mmmmmmr
m

mm

∗−−−α−

λθ−∇⋅∇=∇⋅+λ+
∂

∂θ DU
(2.3.15)

which is the mobile-solid governing equation for transport in FACT.

In obtaining the solution of the mobile-phase solute transport equation, one must specify
initial mobile-phase concentrations at all nodes in the flow domain.  In addition, boundary
conditions must also be specified at all times.  The initial and boundary conditions
associated with Eq. (2.3.15) are given in Eqs. (2.2.29a) to (2.2.29d).

2.3.4 Immobile-Solid Governing Equation for Transport

The conservative form of the solute mass balance for the immobile water-phase is

)cc(c)()c(
t immsiimimrimimim −α−Γ=λ+λθ+θ

∂
∂

(2.3.16)
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where

siΓ ........................ mass transfer rate from solid surface to immobile water phase,
13TML −−

imλ ...................... first-order reaction rate for the immobile phase, 1T−

imθ ...................... immobile water content, 33LL −

The conservative form of the solute mass balance for the solid surface that is in direct
contact with the immobile water-phase is expressed as

{ } siimsrims y)1)(f1(y)1)(f1(
t

Γ−=ρλφ−−+ρφ−−
∂
∂

(2.3.17)

where

imy ...................... solute solid-phase mass fraction on surface in contact with the

immobile water-phase, 1MM−

By adding Eqs. (2.3.16) and (2.3.17) together we obtain the conservative form of the
“composite” solute mass balance for the immobile water-phase plus solid phase as

[ ] [ ]
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The immobile-phase linear equilibrium sorption isotherm and retardation coefficient are,
respectively
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Substituting Eqs. (2.3.19) into (2.3.18), with expanded mass accumulation term, yields
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Assuming that the time derivative of dbk)f1( ρ−  is negligible and steady-state immobile

flow 0tim =∂θ∂ , Eq. (2.3.20) reduces to

imimimimmimr
im

imim c)cc()c
t

c
(R λθ−−α=λ+

∂
∂θ (2.3.21)

which is the immobile-solid governing equation for transport in FACT.

In obtaining the solution of the immobile-phase solute transport equation, one must
specify initial immobile-phase concentrations at all nodes in the flow domain.
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2.4 Assumptions of Flow and Transport Models

FACT contains both groundwater flow and single-species solute transport models.

Major assumptions of the flow model are as follows:

• Darcy’s law is valid and hydraulic head gradients are the only significant driving force
for fluid motion.

• Water is the only flowing fluid phase (i.e., the air phase is assumed to be inactive).

• The fluid is considered to be slightly compressible and homogeneous.

• The soil or rock medium may be represented by a single continuum porous medium of
spatially invariant properties.

• The porosity and saturated hydraulic conductivity are constant with time.

• Gradients of fluid density, viscosity, and temperature do not affect the velocity
distribution.

Major assumptions of the solute transport model are as follows:

• Fluid properties are independent of concentrations of contaminants.

• Injected solutes (contaminants) are miscible with flowing fluid.

• Interactions between solutes are negligible.

• Variations in fluid properties are negligible over expected temperature range.

• Diffusive/dispersive transport in the porous medium system is governed by Fick’s
law.  The hydrodynamic dispersion coefficient is defined as the sum of the
coefficients of mechanical dispersion and molecular diffusion.  The medium
dispersivity is assumed to correspond to that of an isotropic medium, where αL  and
αT  are the longitudinal and transverse dispersivities, respectively.

• Adsorption and decay of the solute may be described by a linear equilibrium isotherm
and a first-order decay constant, respectively.

2.5 Limitations

The major limitations of FACT include:

• The code is tailored to isothermal unsaturated and fully saturated porous medium
systems (solves the Richard’s equation).  Flow and transport in fractured systems are
not taken into account.

• In performing a variably saturated flow analysis, the code handles only single-phase
flow of the liquid (i.e., water) and ignores the flow effects from other potential phases
(i.e., air or other non-aqueous phases) which, in some instances, can be significant.

• Non-Darcy flow that may occur near pumping wells is neglected.

• The code simulates single-component transport only, and does not take into account
decay chain reactions.
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• In performing a solute transport analysis, the code does not take into account
variations in mixture fluid density associated with changes in solute concentration.

• The code does not take into account non-linear adsorption, non-linear biodegradation,
or kinetic sorption effects which, in some instances, may be important.

2.6 Input Data

Data required for the groundwater flow simulation include values of the saturated
hydraulic conductivity and specific storage of each aquifer and aquitard material, the
geometry and configuration of the flow region, as well as, initial and boundary conditions
associated with the flow equation.  For unconfined aquifers, it is also necessary to know
specific yield and aquifer base elevation.

Data required for the simulation of solute transport include values of (longitudinal-
horizontal, longitudinal-vertical, transverse-horizontal, and transverse-vertical)
dispersivities, molecular diffusion, total porosity, retardation and decay constants, values
of Darcy velocity components, as well as, initial and boundary conditions associated with
the transport equation.

2.6.1 Input Data for Flow Problems

Input data of the flow model include the following:

(1)  System Geometry
• Horizontal and vertical dimensions including hydrostratigraphic layering

(L)

(2)  Porous Medium Properties (Hydraulic properties of soil)
• Saturated hydraulic conductivity component, xxK (L/T)

• Saturated hydraulic conductivity component, yyK (L/T)

• Saturated hydraulic conductivity component, zzK (L/T)

• Saturated hydraulic conductivity component, xyK (L/T)

• Saturated hydraulic conductivity component, xzK (L/T)

• Saturated hydraulic conductivity component, yzK (L/T)

• Specific storage, sS (L-1)

• Effective or kinematic porosity, eφ

(3)  Constitutive Relationships for Variably Saturated Flow
• Spline multiplier of water saturation versus pressure head
• Spline index of water saturation versus pressure head
• Spline multiplier of relative permeability versus water saturation
• Spline index of relative permeability versus water saturation

(4)  Initial Conditions
• Initial values of hydraulic head
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(5)  Boundary Conditions
• Specified head nodes
• Specified mixture flow nodes
• Recirculation wells
• Pumping/injection wells
• Head-dependent source beds
• Vertical head-dependent line sources
• Recharge/drain combination
• Groundwater recharge

2.6.2 Input Data for Solute Transport Problems

Input data of the solute transport model include the following:

(1)  System Geometry
• Horizontal and vertical dimensions including hydrostratigraphic layering

(L)

(2)  Soil-solute Transport Properties
• Distribution coefficient for linear adsorption, dk , (L-3M)

• Particle mass density, sρ , (L3M-1)

• Total porosity, φ
• Longitudinal horizontal dispersivity, LHα , (L)

• Longitudinal vertical dispersivity, LVα , (L)

• Transverse horizontal dispersivity, THα , (L)

• Transverse vertical dispersivity, TVα , (L)

• Apparent molecular diffusion coefficient, 0D , (L2T-1)

• Solute decay coefficient, rλ , (T-1)

• First-order reaction rate for the mobile phase, mλ , (T-1)

• Minimum fraction of mobile water, minΦ
• Maximum (saturated) fraction of mobile water, satΦ
• Fraction of adsorption sites in contact with mobile phase, f
• First-order reaction rate for the immobile phase, imλ , (T-1)

• Spline multiplier of mass transfer coefficient between mobile and
immobile water, α , (T-1)

• Spline index of mass transfer coefficient between mobile and immobile
water

 (3)  Water saturation and Darcy velocity components
• zyxw UandU,U,S (LT-1)

(4)  Initial Conditions
• Initial values of mobile and/or immobile concentrations, ( ) ( )0,c,0,c imm xx
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(5)  Boundary Conditions
• Specified concentration nodes
• Specified mass flow nodes
• Recirculation wells
• Pumping/injection wells
• Recharge/drain combination
• Groundwater recharge
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3 Numerical Solution Techniques
n this chapter, numerical techniques for approximating the variably saturated flow
equation and the non-conservative solute transport equation are described.  The flow

equation is treated using the traditional Bubnov-Galerkin finite element method resulting
in a set of ordinary differential equations (ODEs).  This set of ODEs is finite differenced
in time generating a set of algebraic equations (AEs).  In general the resulting set of AEs
are non-linear and this non-linearity is treated using either the Picard method or Newton-
Raphson iterative technique.  At each iteration a set of AEs are solved (i.e., the Picard
scheme produces a symmetrical set of AEs while the Newton-Raphson technique
produces an asymmetrical set of AEs).

The solute (contaminant) transport equation (sometimes referred to as the advection-
dispersion transport equation) is treated using a modified Petrov-Galerkin finite element
method.  This modified Petrov-Galerkin approach is based on an upstream-weighting of
the total flux (i.e., dispersive and advective fluxes) designed to circumvent numerical
oscillations characteristic at high cell Peclet numbers when the traditional Bubnov-
Galerkin finite element method is employed (Huyakorn et al., 1977, 1979).  Our current
transport model is limited to first order homogeneous (e.g., radioactive decay) and
heterogeneous (e.g., a linear sorption isotherm) reaction rates resulting in a set of linear
ODEs.  This set of ODEs is finite differenced in time generating a set of linear AEs that
are asymmetric due to the advection terms.

For both flow and transport problems, spatial discretization is performed using
rectangular or distorted brick elements.  Element matrices are computed using highly
efficient influence coefficient matrix formulas (Huyakorn et al., 1986, 1987) or two-point
Gauss-Legendre quadrature.  For the fully three-dimensional analysis, the resulting matrix
equations are solved efficiently using Preconditioned Conjugate Gradient (PCG)
algorithms designed to accommodate a large number of nodal unknowns.

3.1 Numerical Techniques for Variably Saturated Flow

Numerical approximations of the groundwater flow equations describing fully 3-D
problems are obtained using the Galerkin finite element technique. In the Galerkin finite
element approximation procedure, the flow region is first discretized into a network of
finite elements, and an interpolating trial function is used to represent the unknown
dependent variable (hydraulic head) over the discretized region.  An integral
approximation of the flow equation is then obtained using the Galerkin weighted residual
criterion.  Spatial integration is performed piecewise over each element.  Upon
assemblage of the elements and incorporation of boundary conditions, a system of nodal
equations is obtained.  For a steady-state simulation, these nodal equations are algebraic
equations.  For a transient simulation, the nodal equations are first-order in time ordinary
differential equations (and possibly nonlinear) that are integrated using a finite difference
approximation. For each time step, this gives rise to a system of algebraic nodal equations
that are solved using an iterative matrix solution procedure.

I
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3.1.1 Galerkin Formulation

Equation (2.1.17) is solved employing the Galerkin finite element method.  In the
Galerkin procedure, the hydraulic head function is approximated as a finite linear
combination of trial (basis) functions of the form

∑
=

ϕ=
np

1J

JJ )t(h)()t,(h xx (3.1.1.1)

where )(J xϕ  are basis functions, )t(hJ  are nodal values of hydraulic head at time t,

respectively, and np is the number of nodes in the finite element network.  Applying the
Galerkin criterion to (2.1.17) yields

np,,2,1Ifor,dq
t

h
)SSC(d)hk( swIrwI K=Ω









−
∂
∂+ϕ=Ω∇⋅∇ϕ ∫∫

ΩΩ

K (3.1.1.2)

Since we shall choose 0C  continuous basis functions, Iϕ , the integral on the LHS is

evaluated by applying the divergence theorem (actually, Green’s first identity, the
multidimensional equivalent of integration by parts) to obtain

∫∫

∫∫
∫∫∫

Ωσ

Ωσ

ΩΩΩ

Ω∇⋅ϕ∇−σ⋅ϕ−=

Ω∇⋅ϕ∇−σ∇⋅ϕ=

Ω∇⋅ϕ∇−Ω∇ϕ⋅∇=Ω∇⋅∇ϕ

d)hk(d)(

d)hk(d)h(k

d)hk(d)hk(d)hk(

rwII

rwIrwI

rwIrwIrwI

KUn

KKn

KKK

(3.1.1.3)

where Ω is the solution domain with boundary σ, and the Darcy velocity vector is
expressed as hkrw∇−= KU .

Substituting Eqs. (3.1.1.1) and (3.1.1.3) into (3.1.1.2) gives the expression

0dUqd

hdk
dt

dh
d)SSC(

nII

np

1J

JJrwI

np

1J

J
JIsw

=σϕ−Ωϕ−













Ωϕ∇⋅ϕ∇+












Ωϕϕ+

∫∫

∑ ∫∑ ∫

σΩ

= Ω= Ω

K

(3.1.1.4)

where the outward normal component of the Darcy velocity vector is Un ⋅−=nU .

Equation (3.1.1.4) can be written more concisely as

np,,2,1I,0FhA
dt

dh
B IJIJ

J
IJ K==−+ (3.1.1.5)
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where

∫
Ω

Ωϕ∇⋅ϕ∇= dkA JrwIIJ K (3.1.1.6a)

∫
Ω

Ωϕϕ+= d)SSC(B JIswIJ (3.1.1.6b)

∫∫
σΩ

σϕ+Ωϕ= dUqdF nIII (3.1.1.6c)

The set of time-dependent non-linear ordinary differential equations defined by Eq
(3.1.1.5) can also be presented in its equivalent vector form as

0
dt

d =−+ FAh
h

B (3.1.1.7)

where
B ................... Storage (capacitance) matrix
A ................... Seepage (conductance) matrix
F ................... RHS forcing function vector
h .................... Total "hydraulic" head vector
t .................... Time

Equation (3.1.1.7) represents the standard Galerkin approximation to Eq. (2.1.17) and
sometimes is referred to as the Galerkin Weak Statement to Eq. (2.1.17).  Note that the
RHS forcing function contains both a volume integral, as well as a surface integral.  Upon
assemblage of the elemental contributions to establish the global equation set, surface
integral contributions for internal surfaces of elements cancel out.  What remains of these
surface integrals corresponds to those elemental surfaces residing on the exterior surface
of the model domain.  Also note that once the contributions from the volume and surface
integrals have been allocated out to their appropriate nodes, their original source (either
volume or surface) is indistinguishable when viewed from the nodal level.  How we
handle the forcing function volume and surfaces integrals may appear very similar in the
sections to follow; however, the reader should keep the subtle differences in mind.

The sign convention for Un is the same as for q. That is, Un is positive for inward flow
and negative for outward flow.  Fi represents all sources, sinks and other boundary
conditions.  The global coefficient matrices Aij, Bij, and Fi are assembled as a sum of the
element matrices for a general 8 noded orthogonal curvilinear element.  Influence
coefficient techniques presented by Huyakorn et al. (1984) and Huyakorn el al. (1986) for
linear basis functions along the coordinate axis, can be effectively used for assembling
slightly distorted 8 noded prism elements.  Since FACT allows for element distortion in
the z-direction, the 2-point Gauss-Lengendre quadrature option is recommended for
integration of the elemental matrices.  The seepage (conductance) coefficients provide the
appropriate connectivity for flow between nodes of the element.  The finite element
structure of 27-points has a full nearest-neighbor connectivity.  The influence coefficients
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for the 27-point lattice connectivity are provided by Huyakorn et al. (1986, 1987).  A fully
lumped mass matrix is used for the 27-point lattice connectivity.

3.1.2 Eight-noded Constrained Trilinear Hexahedron Element

1

2 3

4

7

85

6

m

H

l

z( ζ)

x( ξ)

y(η)

Fig. 3.1.1. Eight-noded constrained trilinear hexahedron element showing node
numbering and local and global coordinate systems.

Consider two coordinate systems, a local (ξ,η,ζ) system and a global Cartesian system
(x,y,z) that are colinear.  Three-dimensional rectangular prism or constrained hexahedron
elements in (x,y,z) are mapped into cubes in local coordinates.  The x-y coordinates are
assumed to be orthogonal while distortion of the brick element is allowed in the z-
direction.  Furthermore, let the cube in (ξ,η,ζ) be such that its corners are located at

1±=ξ , 1±=η , and 1±=ζ .  The relationship between global and local coordinates can
be established by introducing a general expression of the form

∑∑∑
===

ϕ=ϕ=ϕ=
8

1i

ii

8

1i

ii

8

1i

ii zzand,yy,xx (3.1.2.1)

where ϕi are the basis functions for this trilinear isoparametric element, given in a local
coordinate system, as

)1)(1)(1(
8

1
iiii ζζ+ηη+ξξ+=ϕ (3.1.2.2)

and xi, yi, and zi are global coordinates in x, y, and z.

The gradient of the basis (shape) function is























ηη+ξξ+ζ

ζζ+ξξ+η

ζζ+ηη+ξ
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i (3.1.2.3)
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with nodal parameters
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−−−
ζηξ

(3.1.2.4)

The gradient of the basis function evaluated at the element centroid is

( )























ζ

η

ξ

=ϕ∇ξ

8

8

8

i

i

i

i 0r (3.1.2.5)

3.1.3 Numerical Integration

Before interpreting the first order differential terms in Eq. (3.1.1.6a) the procedures used
for integration will be outlined.

Consider a general form of Eq. (3.1.1.3) in terms of global coordinates,

∫∫∫
Ω

dxdydzz,y,x(G ) (3.1.3.1)

For an element this can be written, in terms of normalized curvilinear (local) coordinates,

∫ ∫ ∫
+

−

+

−

+

−
ζηξζηξ

1

1

1

1

1

1
ddd,,(G J) (3.1.3.2)

where J  is the determinant of the Jacobian coordinate transformation matrix.  Eq.

(3.1.3.2) can be integrated using two different integration techniques in FACT.

The first integration scheme is the method of “influence coefficient matrices” developed
by Huyakorn et al. (1986) to avoid costly numerical integration.  In this technique the
constrained hexahedron element is transformed to a rectangular prism element by
arithmetically averaging the z coordinates for the top and bottom face of the constrained
hexahedron element.  For a rectangular prism element and constant material properties
within an element, the integrand in Eq. (3.1.3.2) for the element seepage and storage
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matrix can be integrated analytically.  For example, the integrand G for the element
seepage matrix is

jiijG ϕ∇′ϕ∇== KG (3.1.3.3)

where
K′ .................. permeability tensor

j,i .................. local node numbers, 8)j,i(1 ≤≤

For illustration, let us assume that the permeability tensor is diagonal.  Equation (3.1.3.3)
becomes
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(3.1.3.4)

Substituting Eq. (3.1.3.4) into (3.1.3.2) yields

∫ ∫ ∫
∫ ∫ ∫∫ ∫ ∫
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(3.1.3.5)

where  implies the property is constant within the element.  For a rectangular prism

element the determinant of the Jacobian is a constant, simply the volume ratio of the
element and the computational cube.

Each triple integral in Eq. (3.1.3.5) represents an 8 x 8 “influence coefficient matrix”
which can be integrated analytically.  In FACT, the “influence coefficient matrices” are
stored in static 8 x 8 arrays requiring only the material properties and determinant of the
Jacobian to be computed for each element to complete element integrals.

The second numerical integration procedure available in FACT is where the sampling
points are the Gauss points.  In particular the two-point Gauss-Legendre quadrature in
each dimension is used leading to a high accuracy.  The Gauss-Legendre quadrature rule
leads to an equation of the form

∑∫ ∫ ∫
=
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+
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−
ζηξζηξ=ζηξζηξ
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kkkkkkk
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,,(w),,(Gddd,,(G )JJ) (3.1.3.6)

where
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k .................... number of the Gauss point

kkk ,, ζηξ ...... abscissa of the kth Gauss point

kw ................. weight of the kth Gauss point

With two sampling points a polynomial of degree three could be evaluated exactly.  In
practice, the integrand of the element seepage matrix is a polynomial of degree greater
than three, thereby, requiring more than two gauss points in each direction.  For practical
purposes, two Gauss points was deemed adequate.  The values of Gauss-Lengendre
abscissas and weights is tabulated in Table 3.1.1.

Table 3.1.1 Gauss-Legendre Abscissas and Weights

0.13131318

0.13131317

0.13131316

0.13131315

0.13131314

0.13131313

0.13131312

0.13131311

wk kkkk

++−
+++
+−+
+−−
−+−
−++
−−+
−−−

ζηξ

3.1.4 Transformations for First Order Terms

If a local coordinate system is to be used then it is necessary to transform derivatives in
global coordinates to local coordinates.  This is achieved through the use of the chain rule
of partial differentiation which leads to

ξ∂
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∂
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∂

∂
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∂
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ϕ∂ z
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iiii (3.1.4.1a)
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∂
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∂
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x
iiii (3.1.4.1c)

which maybe be re-written in matrix form as
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Multiplying both sides of Eq. (3.1.4.2) by the inverse of J, we get the global variation in
the basis functions as

i
1

ix ϕ∇=ϕ∇ ξ
−J (3.1.4.3)

where J is the Jacobian matrix.  Differentiation of Eqs. (3.1.2.1) with respect to the local
coordinates reveals that J can be easily evaluated numerically from the relationship
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For the special case (used by FACT) of the trilinear isoparametric element distorted only
in the z-direction we have

8541 xxxx === (3.1.4.5a)

7632 xxxx === (3.1.4.5b)

6521 yyyy === (3.1.4.5c)

8743 yyyy === (3.1.4.5d)
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== (3.1.4.5e)

where (IM) and (GL) refer to “influence matrix” and Gauss-Legendre numerical
quadrature, respectively.  The Jacobian after substitution of Eqs. (3.1.2.3) and (3.1.4.5)
into (3.1.4.4) becomes
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where
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22)xx(x 12 l=−=ξ (3.1.4.7a)

2m2)yy(y 13 =−=η (3.1.4.7b)

)(2H2)zz(z,0z,0z bt IM=−=== ζηξ (3.1.4.7c)
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The local derivatives of z in Eq. (3.1.4.7d) are evaluated at the Gauss points.

The determinant of the Jacobian matrix is

ζηξ= zyxJ (3.1.4.8)

The inverse of the Jacobian can be found by using standard matrix inversion techniques
as
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The transpose of the inverse of the Jacobian is
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In addition to transforming the derivative from (x,y,z) to (ξ,η,ζ), the differential volume
must be changed using the relation

ζηξ==Ω ddddxdydzd J (3.1.4.11)

3.1.5 Flow Equation Element Matrix Computation

The element matrices Aij, Bij, and RHS vector Fi resulting from the Galerkin
approximation to the variably saturated flow equation are computed using influence
matrices or Gauss-Legendre quadrature.

3.1.5.1 Element Seepage (Conductance) Matrix

From Eq. (3.1.1.6a) the expression for the element seepage coefficient matrix is obtained
as

∫
Ω

Ωϕ∇⋅ϕ∇=

x

xjxrwixij dkA K (3.1.5.1)
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where the components of the saturated hydraulic conductivity tensor K are specified with
respect to the global coordinate system.  Transforming the seepage matrix, Aij, from a
global to local coordinate system, yields

( ) ( )

( )∫
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∫
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(3.1.5.2)

which implies that Aij is invariant with respect to coordinate transformation. Kξ is the
saturated conductivity tensor in the local coordinate system.

In the general case the principal axes of a material (i.e., subsurface porous media) will
vary with location
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where the subscript m implies a material and its principal axes directions.  To estimate
local saturated conductivity tensor values for a given material based on the material’s
principal coordinate axes (i.e., xm, ym, zm), a coordinate transformation rule for a second
rank cartesian tensor must be applied.  Converting a given material saturated conductivity
tensor into a tensor based on the local coordinate system becomes:

( ) mmTm JKJK = (3.1.5.4)

where mJ  represents the Jacobian between the material’s principal axes and the global
coordinate system.

To illustrate how Eq. (3.1.5.4) might be used, we shall limit ourselves to where only a
transformation of rotations within the areal plane (i.e., rotation about the z axis) is
allowed.  Thus, our vertical components z and zm are assume to be parallel and stationary.
Basically we obtain the tensors
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(3.1.5.5)
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where the symmetric property of the saturated conductivity tensor has been incorporated.
We obtain the above result by a rotation about the z axis from our material-to-model
coordinate system transformation given the expression

( ) ( )θθ= RKRK mT (3.1.5.6a)

where ( )















θθ−
θθ

=θ
100

0cossin

0sincos

R (3.1.5.6b)

and θ represents a counter-clockwise rotation from the material-to-model coordinate
system.

In many situations a good approximation can be made where it is assumed that a
material’s principal axes are invariant.  Under such conditions it is possible to align the
global coordinate system parallel to the material’s principal axes resulting in the off-
diagonal components of the saturated conductivity tensor becoming zero
















=

zz

yy

xx

K00

0K0

00K

K (3.1.5.7)

(e.g., the typical case where the x and y directions are parallel to the plane of stratification
while the z direction is normal to this stratification plane).

Kξ can now be determined from K using the coordinate transformation rule for a second
rank Cartesian tensor based on the elemental Jacobian matrix by

( ) ( ) 1T111TT −−−−
ξξ ==⇒= KJJKJJKJKJK (3.1.5.8)

In general, the saturated hydraulic conductivity tensor, Kξ, in the local coordinate is not
known.  To evaluate the element seepage matrix, we express the global gradients of the
shape functions in the local coordinate system and leave the saturated hydraulic tensor in
the global coordinate system.  The resulting integral for the element seepage matrix
becomes

∫ ∫ ∫
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j
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ij
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dkA

JJKJ
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(3.1.5.9)

To alleviate numerical difficulties which manifest themselves as oscillations in the
vacinity of sharp fronts (for example, the water table), “upstream weighting” of the
relative permeability is available as an option in FACT.  The product Krwk  in Eq.

(3.1.5.9) with no upstream weighting of the relative permeability is evaluated as
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and with upstream weighting of the relative permeability as
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where

( ) ( )( ) ( )( )∑∑
==

ψ=ψϕ=
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8
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iwrwirw Sk
8

1
Sk0k (3.1.5.12a)

( )( ) z,y,xdSkwk
8

1i

iwrw
d
i

d
rw =ψ= ∑

=

(3.1.5.12b)

Influence Coefficient Matrices

The gradient of the shape function in global coordinates and the determinant of the
Jacobian in Eq. (3.1.5.9) for the rectangular prism element  are, respectively
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J (3.1.5.13)

8

mHl=J (3.1.5.14)

Substituting Eqs. (3.1.5.13) and (3.1.5.14) into Eq. (3.1.5.9) and expanding yields the
expression for the element seepage coefficient matrix as
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ijyzrw

xz
ijxzrw
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l

ll

l

+++

++=
(3.1.5.15)

where the quantities in angle brackets correspond to values of the hydraulic properties of

the elements in Eqs. (3.1.5.11) or (3.1.5.12); xx
ijA , yy

ijA , zz
ijA , xy

ijA , xz
ijA , and yz

ijA  are

influence coefficient matrices with matrix elements computed as
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∫ ∫ ∫
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where

ζ∂ϕ∂=ϕη∂ϕ∂=ϕξ∂ϕ∂=ϕ ζηξ i,ii,ii,i ,, (3.1.5.16g)

Substituting the expressions for the derivatives of the basis functions from Eqs. (3.1.2.3)
into Eqs. (3.1.5.16) and performing the triple integration for each matrix element yields:
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where
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Note that each influence coefficient matrix is an 8 x 8 matrix partitioned into four (4 x 4)
submatrices and that these integrals have been verified by evaluation of each using
Mathematica.  As can be seen submatrices of any individual influence matrix differ
from one another by a constant multiple.  Furthermore, the submatrices are easy to
evaluate and require virtually no computational effort.

Two-point Gauss-Legendre Quadrature

For the constrained (z distorted) hexahedron element, the element seepage integral cannot
be solved analytically since the Jacobian is spatially varying.  Since the integrand varies
from –1 to +1 in each direction we can employ a two-point Gauss-Legendre integration.
The element seepage matrix is computed as
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(3.1.5.19)

where
g .................... number of the Gauss point

g
ξ∇ ................. local gradient operator evaluated at the gth Gauss point

1
g
−J ................ inverse Jacobian matrix evaluated at the gth Gauss point

gw ................. weight of the gth Gauss point

3.1.5.2 Element Storage (Capacitance) Matrix

From Eq. (3.1.1.6b) the expression for the element storage coefficient matrix is obtained
as

( )∫
Ω

Ωϕϕ+=

e

ejiswij dSSCB (3.1.5.20)
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where C is the specific moisture capacity, Sw is the water saturation and Ss is the specific
storage.  Transforming the storage matrix, Bij, from global to local coordinate system and
substituting the following equations

( ) ∑∑
==
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C (3.1.5.21a)

( ) ( ) ( )∑∑
==

ψ=ψϕ==
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8
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S0SSSSS (3.1.5.21b)

yields

ijsw
w

eij MSS
d

dS
B +

ψ
φ= (3.1.5.22)

where
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1
jiij dddM J (3.1.5.23)

is the mass matrix.  In the FACT code, for numerical considerations the mass matrix M is
lumped by adding all elements in each row of M and putting the sum on the diagonal.
The mass matrix M is then replaced by the lumped influence matrix defined by
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where
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1
i

8

1j

ij dddM J (3.1.5.25)

The lumped storage matrix, B, used by FACT can now be written as

L
ijsw

w
eij MSS

d

dS
B +

ψ
φ= (3.1.5.26)

The diagonal nature of the lumped storage matrix resembles the stencils employed by
finite difference and finite volume techniques for their temporal terms.

Influence Coefficient Matrix

Substituting the expression for the basis function from Eq. (3.1.2.2) into (3.1.5.25) and
performing the triple integration for each influence matrix element yields
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ij
L
ij 8

mH
M δ= l

(3.1.5.27)

where δij is the kronecker delta function.

Two-point Gauss-Legendre Quadrature

For the constrained (z distorted) hexahedron element, the lumped element storage integral
can be solved analytically since the integrand is a polynomial.  Since the integrand varies
from –1 to +1 in each direction we can employ a two-point Gauss-Legendre integration.
The element mass matrix is computed as

∑
=

δϕ=
8

1k

kkij
k
i

L
ij wM J (3.1.5.28)

where
k
iϕ .................. shape function evaluated at the kth Gauss point

3.1.5.3 RHS Forcing Function Vector

Next, we deal with the boundary integral term of the right-hand side vector in Eq.
(3.1.1.6c).  For the case in which a certain boundary portion (say, the bottom rectangular
face 1-2-3-4) corresponds to the flux boundary, the boundary flux term exists, and the last
term in Eq. (3.1.1.6c) can be written as

∫ ∫∫
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1
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J (3.1.5.29)

Assume that Un varies linearly over the face:
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(3.1.5.30)

where Un1, Un2, Un3, and Un4 are the values of Un at nodes 1, 2, 3 and 4, respectively.  As
before, it can be shown that the integral above becomes the influence matrix M.  Thus,
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If the normal component of the Darcy velocity is assumed to be constant over the face of
the element, then lumping of the influence matrix in Eq. (3.1.5.31) occurs to give the
form of the flux boundary vector as
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(3.1.5.32)

In a traditional finite element formulation, the user would specify the normal components
of the Darcy velocity along some boundary of the solution domain and then assemble the
global RHS vector F as

∑∑
=

=
ef

4

1j

nj
ef
iji UMF (3.1.5.33)

where ef
ijM  and efJ  is the mass matrix and determinant of the Jacobian for a given

element face, respectively

∫ ∫
+

−

+

−
ηξϕϕ=

1

1

1

1
efji

ef
ij ddM J (3.1.5.34)

The FACT code requires the user to generate the global RHS vector in Eq. (3.1.5.32) and
to input the volumetric flows, Fi, at each required global boundary node.  A
recommendation would be to return to the traditional finite formulation of specifying the
normal component of the Darcy velocity to avoid confusion.

Finally, if point sinks or sources are present in the flow region, the sink or source term in
Eq. (3.1.1.6c) depends on the type of sink or source function.  For the case involving
point sources and sinks, the general expression for q is

( )β−δ= xxsqq (3.1.5.35)

where

βx .................. location of point source/sink

sq .................. elemental volumetric flow rate at source/sink per unit volume

When Eq. (3.1.5.35) is used, the elemental source (or sink) term in Eq. (3.1.1.6c)
becomes

( ) ( )ββ

Ω

β ξϕ=Ω−δϕ= ∫
r

i
e

iesi
e
s QdqF

e

i
xx (3.1.5.36)

where

( )βξϕ
r

i ............ basis function at node i evaluated at βξ
r
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e
iQβ ................ volume flowrate contribution at node i in element e from point

sink/source located at βξ
r

If the point source (or sink) is at a given node, then only that node has a contribution.  Let
the node number where the point source exists be denoted as ig* (a global index) (and i*
the local index).  If we evaluate Eq. (3.1.5.36) for each element within the mesh (note that
only those elements in contact with this global node contribute and only one non-zero
contribution results from the elemental matrices) and assemble the global source/sink
term matrix, we obtain for an elemental vector the members

eelement for 
ii0

iiQ
F

*

*e
ie

si 





≠
== β (3.1.5.37)

and for the overall global (point source/sink) vector

T

npig1s QQQ 



= βββ LLF (3.1.5.38)

where
*ig

Qβ ............. total volumetric flow rate at global node ig* for point source/sink

Thus, as expressed by Eq. (3.1.5.38), the global source/sink term vector has members that
are non-zero only for those nodes containing a point source/sink.

For the case involving distributed volume sinks (e.g. the case of water uptake by plant
roots), q is a continuous function that can be represented using linear interpolation
functions as

∑ϕ=
j

jjqq (3.1.5.39)

The integral term in Eq. (3.1.5.36) can be evaluated as
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As before, it can be shown that the triple integral above becomes the mass matrix M.
Thus,

∑=
j

jijs qMF
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(3.1.5.41)

If we assume q to be a constant over the domain then
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Equation (3.1.5.42) can be integrated using influence matrix coefficients or two-point
Gauss-Legendre quadrature to obtain

( )IMq
8

mH
F ijsi

δ= l
(3.1.5.43a)

( )GLJ qwF
8

1k

kkij
k
isi 











δϕ= ∑
=

(3.1.5.43b)

The FACT code does not internally support distributed volume sinks.  The user must
perform the necessary quadratures outside the code and allocate the computed volumetric
flowrates to the global nodes.

3.1.6 Line Source/Sink within 3D Element

If distributed sources/sinks are present in the flow region, the source/sink term in Eq.
(3.1.1.6c) depends on the type of source/sink applied.  Above point sources/sinks were
addressed.  Here distributed sources/sinks are addressed.  FACT currently only handles
line sources/sinks of the following two types: (1) flux specified line strengths that are
ultimately allocated to individual nodes and appear as a line of point sources/sinks (looks
similar to type 2 BC’s) and (2) head-dependent line strengths that are a function of a
specified flow resistance and external hydraulic head (looks similar to type 3 BC’s).  Each
of these cases is discussed in the following two sections.  The second type of line
source/sink is restricted to a vertical orientation and to extraction only from an aquifer
unit.  Type 1, 2 , and 3 BC’s are commonly referred to as Dirichlet, Neumann, and
Cauchy BC’s, respectively.

3.1.6.1 Flux Specified Line Source within 3D Element

For the case involving a "vertical" line source/sink where the line strength is specified
directly, the general expression for q becomes (horizontal line sources/sinks are handled
in an identical manner and are not presented below):

( )βββ −−δ= yy,xxqq (3.1.6.1)

where
( )ββ y,x .......... areal location where vertical line source is applied

βq .................. volumetric flow rate per unit length (line strength)

In FACT this type of line source/sink is not handled automatically; but rather, indirectly
through user input of a series of point sources/sinks that lie along the line source/sink.
The user (external to FACT) must allocate the appropriate amount of the line source/sink
(i.e., flow rate) consistent with their assumptions as to how the line strength varies over
the line source/sink (typically assumed to be uniformly distributed) and mesh spacing.
Line source/sinks involve two or more point sources/sinks.  For the examples to be
presented below we shall always assume that the source strength is uniform over each
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active portion of its line segment (note that a line segment corresponds to an edge of an
element).

Instead of taking the approach of generating the general expressions for the source/sink
term, we shall focus on particular examples that can be easily extended to the more
arbitrary cases.   In this example we shall focus on a single rectangular prism element
where a vertical line source is applied to one of its vertical edges (active over its entire
length) as illustrated in Fig. 3.1.2.

"vertical"
line

source/sink

2

3

1

4

5 6

7
8ζ(z)

ξ(x)

η(y)
H

Fig. 3.1.2. 3-D Rectangular Prism Element with Vertical Line Source Along its Line
Segment between Nodes 1 and 5.

Assume a line source (or sink) with a specified source strength (assumed to be uniform
over the line segment) from node number 1 to node 5.  Then, Eq. (3.1.6.1) applies over
the vertical heights 51 zzz ≤≤  (if the line source/sink partially extended into this

element, then the limits of integration would reflect this).  When Eq. (3.1.6.1) is used, the
source (or sink) term for node 1 in Eq. (3.1.1.6c) becomes

( )

( ) ( )∫∫
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5

1

ee

1

(3.1.6.2)

Integration of Eq. (3.1.6.2) can be performed once the basis function for node 1 is
evaluated at the local point ( ) ( )1,1, 11 −−=ηξ  from Eq. (3.1.2.2)

( ) ( )( )( ) ( )ζ−=ζ−=ζ−−ϕ 1
2

1
122

8

1
,1,11 (3.1.6.3)

Performing the integration for node 1 and a similar integration for node 5 yields
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2

Q

2

Hq
FF

51 ss
ββ === (3.1.6.4)

where Qβ is the total volumetric flow of the source/sink over this element height, H, and
contained within this element.  In the global sense, when there are up to four neighboring
elements having a common edge, Eq. (3.1.6.2) still applies where the node numbers
become the global node numbers and the source strength is the total source strength.

Application of the above example, given by Eq. (3.1.6.2), to multiple elements (or other
directions) is straightforward.  The following is an example where a vertical line source
extends over two neighboring elements (e.g., a partially screened well within an aquifer
unit whose active portion extends over two elements entirely) as illustrated in Fig. 3.1.3.

Assume the node numbers presented represent global node numbers, and based upon
application of Eq. (3.1.6.2) for each line segment, we can compute the source/sink term
contributions for global nodes 1, 2, and 3.  Note that we are assuming that the source
strength is uniform over both line segments (of varying lengths)
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β (3.1.6.5)

where β= qHQ ii  is the total volumetric flow rate of the line source/sink contained within

the ith line segment (element height).  Based on these definitions the source term
contributions become:
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It is seen that for a uniform line source the source is distributed to each global node based
upon the distribution of line segment lengths.
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vertical well - β
ζ(z)

ξ(x)

η(y)

(x  ,y  )
ββ

1

2

3

H2

H
1

partially screened

Fig. 3.1.3. Example of Vertical Line Source (specified strength) Extending over Two
Elements.

In the above examples we have limited ourselves to vertical line sources/sinks of uniform
strengths that extend over the entire length of those elements containing them.  For more
general applications, Eq. (3.1.6.2) will have to be cast into the direction of interest and the
appropriate basis functions and source/sink functions must be chosen.  Upon substitution,
integration of Eq. (3.1.6.2) for the rectangular prism or constrained hexahedron element
will establish the appropriate allocation of flow rate among the various nodes.

At this point we shall generate more general expressions for the vertical (or horizontal)
source/sink term where the active portion of the line source/sink does not extend the
entire length of the element edge.   We shall focus on a single rectangular prism element
where a vertical line source is applied to one of its vertical edges as illustrated in Fig.
3.1.4.

Again, assume a line source (or sink) with a specified source strength (assumed to be
uniform over the active portion of the line segment and zero outside this portion) from
node number 1 to node 5.  Then, Eq. (3.1.6.1) applies over the vertical heights 51 zzz ≤≤
(due to zero contributions outside the active portion, the limits of integration reduce to

TB zzz ≤≤ ).  When Eq. (3.1.6.1) is used, the source (or sink) terms for nodes 1 and 5 in
Eq. (3.1.1.6c) become

( )∫
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ζ
βββ ζζηξϕ
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Fig. 3.1.4. 3-D Rectangular Prism Element with Vertical Line Source along a Portion
of its Line Segment between Nodes 1 and 5.

where the normalized limits of integration are
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(3.1.6.8)

and the source strength is uniform over the active portion of the line segment (zero
outside it)

BT zz

Q
q

−
= β

β (3.1.6.9)

Integration of Eqs. (3.1.6.7) can be performed once the basis functions for nodes 1 and 5
are evaluated at the local point ( ) )1,1(, −−=ηξ ββ  from Eq. (3.1.2.2)

( ) ( )( )( ) ( )ζ−=ζ−=ζ−−ϕ 1
2

1
122

8

1
,1,11 (3.1.6.10a)

( ) ( )( )( ) ( )ζ+=ζ+=ζ−−ϕ 1
2

1
122

8

1
,1,15 (3.1.6.10b)

Performing the integrations for nodes 1 and 5 yield
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In the global sense, when there are up to four neighboring elements having a common
edge, Eqs. (3.1.6.11) still apply where the node numbers become the global node numbers
and the source strength is the total source strength.

Application of the above example, given by Eqs. (3.1.6.11), to multiple elements (or
other directions) is straightforward.  The following is an example where a vertical line
source extends over one element and into its nearest neighboring elements as illustrated
in Fig. 3.1.5 (i.e., the entire active portion of the line source/sink is within the range

TB zzz ≤≤ ).

vertical well - β
ζ(z)

ξ(x)

η(y)

(x  ,y  )
ββ

1

2

3

H3

H
1

partially screened
4

H2

z
T

z
B

T

B

Fig. 3.1.5. Example of Vertical Line Source (specified strength) extending into Three
Rectangular Prism Elements.

Assume the node numbers presented represent global node numbers and based upon
application of Eq. (3.1.6.11) for each line segment we can compute the source/sink term
contributions for global nodes 1, 2, 3, and 4.  Note that we are assuming that the source
strength (volumetric flow rate per active length of source within a given element) may
differ between each elemental line segment but is uniform over each active portion within
that line segment.  The source term contributions become:
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For the case where the active portions say extend half way into line segments 1 and 3,
0TB =ζ=ζ , and the source strength is uniform over all three line segments, Eqs.

(3.1.6.12) reduce to

[ ]β= qH
8

1
F 1s1

(3.1.6.13a)

[ ] [ ]ββ += qH
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2

1
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(3.1.6.13b)

[ ] [ ]ββ += qH
8

3
qH

2

1
F 32s3

(3.1.6.13c)

[ ]β= qH
8

1
F 3s4

(3.1.6.13d)

A more general application of the above example would be the positioning of the vertical
line source not coincident with a set of areal nodes, but internal to a set of vertically
stacked elements.  At this point we shall generate these more general expressions
focusing first on a single rectangular prism element where a vertical line source is applied
(limited) to the internal areal region of an element as illustrated in Fig. 3.1.6.  Application
of these equations can be easily extended to the multiple element case.  As discussed in a
later section, these equations for an arbitrary located vertical line source (flux specified)
have been automated within the FACT code as an input option.
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Fig. 3.1.6. 3-D Rectangular Prism Element with Vertical Line Source along a Portion
of its Line Segment between Nodes 1 and 5.

Again, assume a line source (or sink) with a specified source strength (assumed to be
uniform over the active portion of the line segment and zero outside this portion) is
located arbitrarily within a specified rectangular prism element at the areal point (xβ,yβ).
Then, Eq. (3.1.6.1) applies over the vertical heights TB zzz ≤≤ .  When Eq. (3.1.6.1) is
used, the source (or sink) term for the ith node in Eq. (3.1.1.6c) becomes
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(3.1.6.14a)

where
eqβ .................. source strength (flow rate per unit of active length) located at the

areal point ( )ββ y,x  and the allocated amount to element e.
eHβ ................. element height at areal point ( )ββ y,x .

( )ζηξϕ ββ ,,i ... shape function evaluated at local point ( )ββ ηξ , .

and where the normalized limits of integration are evaluated from
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(3.1.6.14b)

and zb represents the z elevation of the lower element face defined in Eq. (3.1.4.5e) for a
rectangular prism element.

Assuming the source strength is uniform over the active portion, Eq. (3.1.6.14a) reduces
to
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(3.1.6.15)

Equation (3.1.6.15) is to be applied to every element in contact with the active screen
portion of a specified vertical well (i.e., line source).  The elemental contributions are
then distributed out to the eight global nodes associated with those elements.

3.1.6.2 Head-Dependent Line Sink within 3D Element

In general the volumetric flow rate per unit length (line strength), qβ, will vary vertically
over a well’s active screen height.  Only under very special conditions will the line
strength actually be uniform.  In addition, the maximum total flow rate that an aquifer can
deliver (i.e., maximum pumping rate from an extraction well) is typically unknown.  The
vertical variation in line strength and the maximum pumping rate result from the
combined hydrogeologic properties of the aquifer (in the proximity of the well) and the
extraction well’s “well efficiency” (that comprises the choices made during its design and
its actual construction).  However, in many situations the assumption of either a uniform
or spatially varying line strength is an adequate approximation and for those cases a flux
specified line source is appropriate (see Section 3.1.6.1 for details).  For the case
involving a "vertical" line sink where the line strength’s spatial variation and/or total
strength is unknown a priori, a head-dependent line sink is required.  To better handle
these types of situations in an automated way, we have developed a special head-
dependent line sink option in FACT.  We have made it general enough to handle confined
and unconfined aquifer units, but limited it to the process of only extracting from the
aquifer ( the option of injecting into the aquifer is a minor upgrade slated for the future).
For an unconfined aquifer the potential existence of a seepage face at the well screen is
accounted for.  The head-dependent line sink is further restricted to areally coincide with
the intersection of the x and y grid planes (i.e., coincides with the vertical edges of a stack
of brick elements).  A typical line segment of one such line sink is shown in Fig. 3.1.2.
The general expression for q becomes (for a vertical head-dependent line sink located at
the areal node location, β):

( )z,yy,xxqq βββ −−δ= (3.1.6.16a)

( ) ( )[ ]zhzhKŜq wellwellw −=β (3.1.6.16b)

where
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βq .................. volumetric flow rate per unit length (line strength)

wŜ ................. donored water saturation at aquifer/well screen interface

wellK ............. overall hydraulic conductivity of well skin, screen, and casing

( )zhwell .......... hydraulic head distribution within well casing

( )zh ............... hydraulic head distribution within aquifer at well screen

Note that Eq. (3.1.4.16b) expresses the overall resistance to flow (resulting from the serial
composite of head losses due to skin, screen, and casing frictional processes).  Also the
strength of the sink can vary over and within each of its line segments.  The dominant
(limiting) process is assumed to be occurring within a laminar flow regime and thus the
overall process can be approximated as a linear process.  The overall (“effective”)
hydraulic conductivity factor is a function to some degree of well efficiency.  The factors
contributing to excessive drawdown in wells (inefficiency) can be grouped into two
classes: (1) design factors such as inadequate well screen flow areas and (2) construction
factors such as poor removal of fine particles resulting in reduced aquifer permeabilities
near well screens.  One standard approach to estimating well efficiency for an extraction
well contained within an unconfined aquifer (see Fig. 3.1.7) is based on the formula:









=

casing insidedrawdown 

casing outsidedrawdown 
100effwell (3.1.6.17)

where drawdown is computed based upon the initial (static) water level prior to pump
operations.  Making use of Eq. (3.1.6.17) and the results from FACT in an iterative
manner, the user can establish an overall hydraulic conductivity factor for the well (that
quantifies its skin resistance and screen losses) that is consistent with a specified well
efficiency.  Note that for large values of Kwell , say greater than 100-1000 ft/day, the well
behaves ideally; while, for extremely low values the well essentially quits pumping.  The
maximum pumping capacity of an aquifer unit occurs when the well is assumed to be
100% efficient (very large Kwell) and the water level within the well is set at or below the
bottom of the active screen.

The donored water saturation becomes the water saturation value of either the local
aquifer or the well depending upon the direction of flow.  Since we have limited this
option to extraction wells only, the donored water saturation is set to the local value in the
aquifer.

In FACT this type of line sink is handled automatically through user input of a series of
line segments (i.e., node point pairs that define and lie along the line sink).  FACT
internally allocates the appropriate amount of flow rate per line segment over the entire
line sink consistent with the modeling assumptions listed above.  Each line sink involves
user specification of: (1) one or more line sink segments, (2) a single overall hydraulic
conductivity for the line sink, and (3) a single time invariant hydraulic head for the line
sink (extraction well).

Note that no use of the Dupuit approximation (as illustrated in Fig. 3.1.7) can be taken
advantage of here.  The Dupuit approximation is only valid for conditions where vertical
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velocity components are insignificant.  As shown in Fig. 3.1.7, the Dupuit approximation
eliminates the presence of a seepage face at the well casing.  To determine the maximum
flow rate capacity of an extraction well, the hydraulic head within the well casing must be
dropped to the bottom of the active portion of the screen.  Thus, all flow being delivered
to the well crosses the well screen within a seepage face.

Dupuit
Assumption

Initial water table
Extraction Well

Fig. 3.1.7. Extraction Well Contained within an Unconfined Aquifer Unit.

In deriving our head-dependent line sink equations, we shall focus on a single element
where a vertical line sink is applied to one of its vertical edges (a line segment over its
entire length) as illustrated in Fig. 3.1.2.  To further assist us, a modification is made to
Fig. 3.1.7, and shown in Fig. 3.1.8, where half of this figure is replaced with a vertical
FACT grid along with some additional helpful annotations.

zero pumping level

w

seepage
face

well
conductance

Extraction Well

max pumping rate; h  =0

well
casing

}
} h      = hwell w

h      = zwell

z

Fig. 3.1.8. Notation Used for Head-dependent Line Sink Model.

As before, substituting Eqs. (3.1.6.16) into (3.1.5.23) results in the line sink contribution
to the source term, Fs, for the i’th node:
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(3.1.6.18)

We shall restrict our derivation to only vertical line sinks that coincide with areal node
locations.  Therefore, our local basis functions reduce to their one-dimensional form.  For
convenience we shall re-normalize these basis functions such that their independent
variable, ζ, ranges from zero to one:

( ) ( ) 







ζ

ζ−
=ζϕ=ηξϕ βββ

1
z,, ii (3.1.6.19a)

where

151 zzHandHzz −=ζ+= (3.1.6.19b)

We also assume (valid approximation in majority of situations) that the water
contribution to the well from flow crossing the screen in the vadose zone is negligible.
This can be accomplished by assuming that the water saturation becomes zero just above
the surface of the water table.  The integral expressed by Eq. (3.1.4.18) now reduces to

( ) ( )∫∫ ζζϕ−ζζϕ= ββ
aqaq

i

S

0
iwell

S

0
welliwells hdHKdhHKF (3.1.6.20)

where the limits of integration correspond only to the saturated region of the aquifer and
Saq represents the fraction of vertical height within the line segment containing saturated
aquifer conditions.  For later purposes we also define a fractional saturation term, Swell,
that represents the fraction of vertical height within the line segment containing saturated
well casing conditions.  Both saturation fractions are defined as:

H

zh
Sand

H

zz
S 1w

wellwell
1wt

aqaq
−=ζ≡−=ζ≡ (3.1.6.21)

where for an extraction well case Saq always exceeds Swell and where

wh ................. height of water within well casing.

wz ................. location of water table within aquifer at the well casing surface.

1z ................... lower elevation of element edge where well is specified.
H ................... height of element edge where well is specified.

In order to evaluate the first integral term in Eq. (3.1.6.20), the spatial variation of
hydraulic head within the well casing must be specified.  It is assumed that frictional
losses associated with vertical flow within the well casing is negligible and the well
casing is vented to the atmosphere.  Thus, a hydrostatic pressure profile exists within the
well casing and can be expressed as
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Setting up for the integration of the first term yields
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Performing the integrations of Eq. (3.1.6.23), making use of the local basis functions
expressed above results in the contributions to nodes 1 and 5 as
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Similarly for the second term, integration results in
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The total contributions to nodes 1 and 5 are obtained by adding the two terms together as
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(3.1.6.27)

The first grouping of terms in Eq. (3.1.6.27) are loaded into the RHS forcing vector of the
governing equations, while the second grouping of terms are loaded into the LSH global
matrix.  Both groups being loaded at their appropriate global number locations.  Since the
actual surface level of the water table is unknown prior to its solution, the application of a
head-dependent vertical line sink introduces additional non-linearity in the same manner
as a unconfined aquifer does.



WESTINGHOUSE SAVANNAH RIVER COMPANY Manual: WSRC-TR-99-00282
Section: 3, Rev. 0
Date: 3/2000

FACT CODE MANUAL Page: 32 of 108

Once FACT converges, the resulting hydraulic head solution can then be used to perform
post-iteration computations for determining the line sink flow rates across each of its line
segments.  These calculations are performed automatically by FACT and are then printed
out.

The integrated (total) volumetric flow rate into the extraction well is obtained by
summing up the integrated contributions from all of the line segments corresponding to a
given line sink. The general expression for the integrated flow rate for each line segment
becomes
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Applying the same set of assumptions as employed above, Eq. (3.1.6.28) becomes
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Expanding and performing the integration of Eq. (3.1.4.23) results in the integrated flow
rate
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The total flow rate into the line sink (i.e., extraction well) then is computed by

∑=
seq

segw QQ (3.1.6.31)

3.1.6.3 Uniform Flux Specified Vertical Well Option

In groundwater modeling it is very common to have the need to place one or more
vertical wells within the mesh domain.  And in many cases, it is inconvenient for the user
to be forced to limit their placement to only areal node locations, as well as, tedious for
the user to have to externally compute the appropriate amount of a line source/sink to be
allocated out to its surrounding nodes.  In addition, these vertical wells are often
approximated as having a uniform strength over each aquifer unit that is in contact with
the active portion of the well screen.

Since uniform strength injection/extraction wells are so common place in groundwater
modeling, we have added a feature to FACT that automatically handles vertical wells
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whose source strengths are uniform and time-dependent.  Given as input a vertical well’s
areal location (not limited to areal node locations),  the top and bottom elevations of its
active screen (not limited to vertical grid surfaces), and its total volumetric flow rate
(positive for injection and negative for extraction), spline index of pumping time series,
FACT automatically performs the following input pre-processing:

• Limited input error checking is performed to ensure supplied input is valid and
consistent.  For example, execution is terminated with a written error message if a
well location is specified outside of the areal or vertical grid domain.

• If a well is areally within a specified tolerance of either the x or y gridlines then the
well is moved such that it resides on that gridline.

• If a well is vertically within a specified tolerance of a z grid surface, then the well’s
active screen elevation (top or bottom) is moved such that it coincides with that grid
surface.

• The global node numbers who are in contact with those active elements spanned by
the active portion of the well screen are computed and stored.

• Steady-state or temporal flux BC’s (type 2 BC’s) are generated for each global node
number associated with this line source/sink.   The flow rate contribution for each
element associated with these global node numbers is computed based on Eq.
(3.1.6.14a) and added to the flux BC array at the global node number.

The above pre-processing sequence is performed sequentially on each user specified
vertical well.  For each well appropriately allocated flow contributions are computed that
are ultimately loaded into the flux BC array.  These contributions are added to the array
locations corresponding to those global nodes associated with each 3D element that the
active screen resides within.  Based on this strategy, the user can specify as many vertical
wells as desired that are all co-located at the same areal location.  In fact, the vertical
extents of each well can overlap each other.  The net effect of having multiple wells
specified at the same areal and vertical locations is the specification of a composite well
at that location whose source strength is the sum of the individual source strengths.

In many situations a well’s source strength can vary significantly over its vertical extent
and as such can not be approximated as uniform over its entire length.  In some cases this
variation is limited to a finite number of step changes in strength.  For example, a well
screen that extends over multiple aquifer units.   In such cases, to a good approximation
one can assume that its strength is uniform, but a different value, over a finite number of
line segments.  Under such situations the user can specify several vertical wells at the
same areal location whose screen elevations coincide with the tops and bottoms of the
uniform segments.  Each well would have its own unique value for source strength.

In most cases, the user probably knows the total flow rate for the well but not its variation
over these line segments (or aquifer units in the stated example).  The following
discussion presents an iterative technique for obtaining estimates of these flow rates (i.e.,
the flow fractions) for each line segment of a vertical well whose source strength varies in
a step-wise fashion.  By means of an example, we will consider a vertical extraction well
whose active screen height extents over three aquifer units (aquifer A, aquitard B, and
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aquifer C).  The more general case of an arbitrary number of line segments is a
straightforward extension.  The example chosen is depicted in Fig. 3.1.9 where it is
assumed that the user knows the horizontal conductivity and screen height for all three
units, as well as, the total flow rate extracted from the well.  Estimates of hydraulic heads
within each unit may not be available.

During the iterative process we want to estimate (allocate) the source strength on a
segment basis (i.e., flow rate per segment) over several aquifer units.  Starting with the
aquifer system depicted in Fig. 3.1.9, we want to estimate the volumetric flow rates
occurring in each segment (Qa, Qb, and Qc) where

∑
=

=
nseg

1i

itot QQ (3.1.6.31)

and

totQ ............... specified total volumetric flow rate over entire well

iQ .................. volumetric flow rate for ith segment
nseg .............. number line segments within vertical well (3 for current example)

Extraction Well

bottom of screen

well
casing

z

top of screen
Aquifer A

Aquitard B

Aquifer C

Q tot

{∆za

∆zb

∆zc

{

{

K
a

K
b

K
c

Fig. 3.1.9. A Vertical Well whose Screen Extends across Several Aquifer Units.

The local flow rate within a given line segment can be expressed in the form

( )wihiiiii hhKz
r

R2
qzR2Q −∆

∆
π=∆π= (3.1.6.32)

where
R ................... arbitrary radial distance from well centerline

iQ .................. volumetric flow rate of ith segment

iq ................... volumetric flow rate per unit length (line strength)

iz∆ ................ vertical height of i’th segment

r∆ .................. radial distance, wrR −

wr .................. radial distance to outside surface of well screen
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hiK ................ horizontal hydraulic conductivity for ith segment

wh ................. hydraulic head within well casing

ih ................... average hydraulic head for ith segment

Based on Eq. (3.1.6.32) we can define a volumetric flow rate at the perimeter as

ihii
i

i hKz

r
R2

Q
Q̂ ∆∆=







∆
π

= (3.1.6.33)

where wii hhh −=∆  is the average driving head for the ith segment.

A total volumetric flow rate at the perimeter, totQ̂ , can be defined in a similar fashion as

was done in Eq. (3.1.6.31) resulting in

∑∑
==

∆∆==
nseg

1i

ihii

nseg

1i

itot hKzQ̂Q̂ (3.1.6.34)

Thus, the fraction of total volumetric flow allocated to the ith segment becomes

∑
=

∆∆

∆∆===
nseg

1i

ihii

ihii

tot

i

tot

i
i

hKz

hKz

Q̂

Q̂

Q

Q
f (3.1.6.35)

If the user has no prior information on hydraulic head within the segments, then the
following initial estimate (to be updated or verified once a FACT calculation is complete)
should be assumed for the first FACT run (i.e., uniform driving heads for all segments)

icba hhhhh ∆=∆=∆=∆=∆ (3.1.6.36)

Only a few iterations should be necessary to achieve converged values for the flow rates
to each segment.  Note that this approach is restricted to steady-state flow conditions
only.  Fortunately, most cases of interest conform to the limitation imposed by the above
approach and should be useful to most FACT users.

3.1.6.4 Uniform Flux Specified Vertical Recirculation Well Option

Vertical recirculation wells are an innovative technology for the in-situ clean up of
groundwater contaminated with volatile compounds, most notably dissolved chlorinated
volatile organic compounds (CVOC).  The vertical recirculation well is a pump and treat
system that uses a combination of existing technologies, including air stripping, air lift
pumping, and groundwater wells in on complete in-site assembly (Jackson and Looney,
1996).  The system consists of an upper and lower screen zone, an air injection blower
having an associated eductor placed at the lower well screen, an optional submersible
type well pump to reinforce the pumping effect, and vacuum removal of the off-gas at the
well head.  The conventional design calls for placement of the lower screen near the
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bottom of the aquifer and the placement of the upper screen near the top of the aquifer,
just below the confining zone.  During operation, air is injected using an eductor lowered
inside the well bore to the lower screen zone.  As the air rises to the surface in the well,
the CVOCs are removed by air stripping.  As the air bubbles rise with the well-bore, the
density of the water is decreased and an upward flow field is developed with the well-
bore.  The naturally induced upward flow is often enhanced via a mechanical pump to
increase performance and capture zone.  The groundwater flow pattern into the lower
screen and out of the upper screen causes development of a recirculation pattern around
the well screens.  Figure 3.1.10 presents a schematic representation of a vertical
recirculation well and the resultant flow field.

c
a

Q a

V
R

Q
R c

Q a

c

contaminant
vapor

recirculation
well

aquifer
capture

zone

recirculation
cell

Fig. 3.1.10. Schematic of Basic Flow Pattern Under Vertical Recirculation Well
Operation

Groundwater flow modeling of vertical recirculation wells can be performed analytically
under certain limiting conditions and useful parametric curves can be generated for
certain numerical solutions.  Classical results addressing vertical recirculation flows can
be found in the literature (Herrling et al., 1990).  Application of the classical solutions to
the design of a vertical recirculation well system for the A/M Area Southern Sector has
been performed by (Jackson and Looney, 1996).  These idealized solutions typically
assume the aquifer to be subject to: (1) a uniform one-dimensional head gradient field
upstream and downstream, (2) a uniform and planar confining unit, (3) a homogeneous
isotopic aquifer, and (4) well networks being perpendicular to natural groundwater flow.
These approaches provide relatively quick and typically adequate accuracy in determining
the lateral width of capture zones for simple well networks.

To eliminate many of the limiting assumptions mentioned above, assess previous
calculations, and to incorporate new hydrogeological data, the FACT code has been
modified to accommodate vertical recirculation wells consisting of two screen zones; an
extraction screen zone and an injection screen zone.

The vertical recirculation well is modeled as a vertical uniform flux specified line sink
(extraction) and line source (injection) located at the same areal location.  The extracted
volumetric flow is re-injected into the injection screen zone instantaneously.  The
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volumetric flowrate for each line sink/source is partitioned to the respective global nodes
using the same methodology applied to the uniform flux specied vertical well.  The
recirculation well pumping rate can be time-dependent.

3.1.7 Head-Dependent Flux Boundary Conditions

FACT has the capability to accommodate a third-type boundary condition known as
"head-dependent flux condition."  Physically, this may correspond to induced infiltration
or vertical leakage conditions where fluxes transmitted through a semi-permeable bed are
head-dependent.  These fluxes are controlled by the difference between the hydraulic
head at the top of the bed and the hydraulic head in the underlying aquifer.  A typical
situation is illustrated in Fig. 3.1.11.

If, at the bottom of the semi-permeable bed the aquifer head hB is less than the bed
elevation zB, it is assumed that 0B ≈ψ  and locally the water table is below the point zB.
Thus the nodal leakage flux becomes

i
bedi

i
i h

b

K

A

Q
q ∆





=≡ (3.1.7.1)







<−
≥−

=∆
BiBT

BiiT
i zhfor hh

zhfor hh
h (3.1.7.2)

where

iQ .................. volumetric flowrate of source bed

iA .................. flow area of source bed

( )bedbK ......... leakance coefficient of source bed

zB

hi

hT
b

Semipermeable
layer (bed)

▼

Fig. 3.1.11.  Typical Head-Dependent Flux Boundary Condition (River or Stream).

In the Galerkin approximation we shall assume this nodal leakage flux to be a point
source at a given node i.  Thus

∫
σ

σϕ= dqF iisbi
(3.1.7.3)

Assuming a point source on a given surface
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( )i
i

i
i A

Q
q xx −δ= (3.1.7.4)

we get by substituting into Eq. (3.1.7.3)
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==σ−δϕ= ∫
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xx (3.1.7.5)

The FACT code supports four types of head-dependent boundary conditions.  They are
for a given source bed (note that for each source bed multiple nodal locations can exist in
contact with each source bed):

isbtyp Source bed type
0 Aquitard
1 River
2 Drain
3 General Head

Given the table of head-dependent boundary conditions above, the flow area A and
driving head term ih∆  in Eq. (3.1.7.5) are given as







≠
=

=
0isbtypfor A

0isbtypfor A
A
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i (3.1.7.6)
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iTiT
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BiBT

BiiT

i (3.1.7.7)

where iA  is the nodal flow area computed in FACT and effA  is an effective flow area of

the source bed provided through user input.

Equation (3.1.7.5) is computed for each global head-dependent source bed node and
partitioned into the LHS global system array and RHS load vector depending on the
driving head term in Eq. (3.1.7.7) and whether the Picard or Newton-Raphson scheme is
used to solve Eq. (3.1.1.7).  In the Picard scheme, Eq. (3.1.7.5) is linearized as




 −










∂
∂

+→ + m
i

1m
i

m

i

sbm
sbsb hh

h

F
FF i

ii
(3.1.7.8)

where m is the Picard iteration number.  It turns out that Eq. (3.1.1.7) is solved in terms

of the change in the hydraulic head vector, therefore, ( )misb hF
i

∂∂  is added to the LHS
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array A and m
sbi

F  is added the RHS load vector F for each source bed global node.  The

following table is a summary of the contributions to the LHS and RHS global arrays

isbtyp Condition ∆hi RHS LHS

0 Bi zh > iT hh − ( )( )iTb
K

i hhA − ( )
b
K

iA

0 Bi zh ≤ BT zh − ( )( )BTb
K

i zhA − 0

1 Bi zh > iT hh − ( )( )iTb
K

eff hhA − ( )
b
K

effA

1 Bi zh ≤ BT zh − ( )( )BTb
K

eff zhA − 0

2 iT hh ≥ 0 0 0

2 iT hh < iT hh − ( )( )iTb
K

eff hhA − ( )
b
K

effA

3 all iT hh − ( )( )iTb
K

eff hhA − ( )
b
K

effA

The Newton-Raphson contributions to the LHS and RHS arrays are identical to the Picard
scheme due to the linearization in Eq. (3.1.7.8).

3.1.7.1 Head-Dependent Recharge & Drain Boundary Conditions

The basic idea is to combine recharge and drainage and into a single Type 3 (Cauchy)
boundary condition.  Justification for this combined boundary condition is based on the
assumption of minimal ponding of surface water.  Physically, minimal ponding of surface
water should occur when one assumes that most rainfall runs off.  When low permeability
zones are present at (i.e., cropout) or near the ground surface, recharge specified
uniformly over the surface can produce non-physical results in the form of very high
hydraulic heads at the points of low conductivity.  In these situations, hydraulic head
should not significantly exceed the surface elevation (i.e., near zero pressure head where
pressure head is defined as hydraulic head minus elevation) and local infiltration should
be only a fraction of the regional recharge rate.  In addition, the existence and location of
seeplines (i.e., contours of zero pressure head along the ground surface) are generally
unknown or unspecified a priori to a flow solution.  For elevations above the seeplines
infiltration (along with negative pressure heads) can exist, while below the seeplines
seepage faces exist where drainage occurs (along with non-negative pressure heads).  For
variably saturated ground water flow modeling, these features (1) complicate
implementation of surface recharge (infiltration) and drainage conditions and (2) are
typically observed for terrain with heterogeneous hillsides or engineered ground surfaces.

For a flow model with conventional "layer cake" conductivity fields, the conductivities of
the top layer of elements are relatively large because the entire layer corresponds to a
transmissive aquifer unit.  In this case, recharge can be specified uniformly over the top
surface without difficulty.  Simultaneously, drain boundary conditions can then be added
wherever the uppermost aquifer is known or suspected to discharge at the surface (excess
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recharge removed by drain boundary conditions).  Unfortunately, this approach typically
leads to artificially inflated overall recharge/drain volumetric flowrates and for complex
terrain the locations of seepage faces are seldom known.

When seepage faces are present, Neuman et al. (1974), and later modified by Rulon
(1984) and then implemented by Huyakorn et al. (1986), adopted a procedure whereby
the locations of seeplines and the non-linear flow equations were iteratively solved using
a Picard iteration strategy.  Surface boundary conditions were switched from prescribed
zero pressure head (below the seeplines) to prescribed surface flux (above the seeplines)
during the iterative process.  Infiltration (or evaporation) rates were limited to a
maximum potential flux rate whose value diminished to zero as the seepline was
approached (resulting in better estimates of overall regional recharge).  Overall drainage
rates were then obtained by post-processing of the flow solution over the seepage faces.
To enhance overall convergence of the solution various criteria for transitioning between
boundary condition types were employed.  With this method convergence difficulties may
occur for complex terrain, as well as, the additional overhead required to update boundary
conditions during the iteration process.

The difficulties expressed above can be eliminated by combining the concepts of recharge
and drainage into a single boundary condition.  The basic idea is that locally the surface is
either recharging or draining the subsurface, and there should be a continuous transition
between these conditions.  Infiltration should occur for negative pressure head (water
level below the ground surface) and aquifer discharge should occur for positive pressure
head.  Also, to be consistent with the continuity needs of the Newton-Raphson iterative
solver employed in FACT, the overall function representing this "combined"
recharge/drain boundary condition should also be continuous in its first derivative.
Figure 3.1.12 presents a combined recharge/drain boundary condition that meets the
above criteria and is used in the present version of FACT.

Locally, when the water level is well below the ground surface, recharge occurs at the
maximum rate permitted.  As the pressure head approaches zero, recharge is smoothly
reduced to zero.  For positive pressure head, the surface drains the aquifer at a rate
proportional to the pressure head.  To the left of the transition zone, the combined
recharge/drain boundary condition is exactly the same as the conventional recharge
boundary condition.  To the right of the transition zone, the combined recharge/drain
boundary condition is identical to a typical drain boundary condition.  The transition zone
reflects a non-linear region connecting two limiting linear boundary conditions.
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Fig. 3.1.12. Source Bed Boundary Condition for Simultaneous Treatment of Surface
Recharge and Drainage.

The mathematical formulation chosen for this function, as shown in Fig. 3.1.12 is

( ) 



 −−= 2R

c xx27
8

Q
xQ (3.1.7.9)

where

czh −=ψ (3.1.7.9a)

maxDR RAQ = (3.1.7.9b)

D
DD b
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≡ (3.1.7.9c)

ψ
ψ−ψ≡

ˆ

ˆ
2x (3.1.7.9d)

D

R

M

Q
ˆ −=ψ (3.1.7.9e)

and
h .................... hydraulic head

cz .................. elevation of combination boundary condition

ψ ................... pressure head

cQ ................. volumetric source or sink from combined effects of recharge and

drainage

maxR ............. maximum localized recharge (input)

DA ................ area available for recharge and drainage (geometric area)
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( )DbK ........... leakance coefficient (input)

Equation (3.1.7.9) is our Cauchy (type 3) boundary condition that is C1 continuous from

ψ=ψ ˆ
2
3  to ψ=ψ ˆ

2
1  (which corresponds to x = -1 to x = 1).  It is a quadratic equation in x

that satisfies the constraints

1xat 0
dx

dQ
andQQ c

Rc −=== (3.1.7.10a)
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c =−==ψ−= (3.1.7.10b)

Note that in general the four constraints expressed above would result in a cubic equation
in x.  The quadratic results from our choice of locations for the two transition points.

Over the entire range of pressure head the Picard and Newton-Raphson terms are given as
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for the RHS global load vector and
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for the LHS global system matrix.

Equation (3.1.7.11) represents a two-parameter model requiring the specification of the
maximum localized recharge rate and the surface leakance coefficient.  The level of
ponding that occurs along a seepage face can be adjusted by varying the magnitude of the
surface leakance coefficient.  This leakance coefficient represents how conductive the
flow of water normal to the surface is.  It is a measure only of the ground surface’s skin
resistance (not the aquifer unit itself) and generally the head solution from FACT is not
overly sensitive to its magnitude.  Typically Eq. (3.1.7.11) is applied to every node over
the entire top surface of a flow model.  The locations where seeplines result are
automatically established during the iterative solution of the non-linear flow and
boundary conditions.  Since average recharge over the entire region and total drainage are
very common quantities of interest, they are computed in a post-processing fashion and
written to output files.
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3.1.8 Numerical Solution of Flow Equation

For stability considerations the flow equation, Eq. (3.1.1.7), will be time differenced

using backward Euler (i.e., fully implicit) differencing to yield the new (n+1)th time
solution.  Equation (3.1.1.7) becomes

1n
i

1n
j

1n
ij

n
j

1n
j

n

1n
ij1n

i FhAhh
t

B
G ++++

+
+ −+


 −

∆
= (3.1.8.1)

where 1n
iG +  is the residual vector at the new time level.

Note that superscripts denote time levels and will be omitted for the new time level in the
derivations to follow.  Since matrices B and A, as well as vector F, are in general
dependent upon hydraulic heads, Eq. (3.1.8.1) is a system of non-linear algebraic
equations that must be solved by use of an iterative strategy (sometimes referred to as our
outer iteration loop).  Note that under certain limiting conditions (such as a confined
aquifer with simple boundary conditions) Eq. (3.1.8.1) reduces to a linear set of algebraic
equations whose solution is obtained during the first iteration pass.

Two basic options for solving Eq. (3.1.8.1) are currently available in FACT: (1) a Picard
iteration scheme and (2) a full (including a modified option as well) Newton-Raphson (N-
R) technique.  The optimum choice of which iteration strategy to use is problem
dependent.  However, a general rule of thumb is to use the more expensive per iteration
N-R technique for the more complex and difficult to converge problems.  Such problems
naturally arise when the porous media becomes highly heterogeneous and/or significant
recharge through the vadose zone is occurring.  Abrupt changes in the relative
permeability or boundary conditions, which occur when the soil characteristic curves
have steep gradients or the leakage coefficient is large, may result in slow convergence.
Convergence difficulties may also occur when the residual water saturation is near zero.
The rate of convergence for a complex flow problem is very sensitive to the initial
conditions.  For these types of problems making use of the upstream weighting option for
relative permeability generally improves convergence.

The following is a general derivation of our iteration strategy employing a N-R
formulation.  This formulation results in an asymmetrical global coefficient matrix due to
the asymmetrical contributions coming from certain terms.  The Picard scheme results
when these terms (as indicated) are omitted, thus producing a symmetrical global
coefficient matrix.  It is these terms that make each iteration of the N-R technique more
expensive than that of the Picard scheme.

Application of the N-R procedure to Eq. (3.1.8.1) yields
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where superscripts now denote iteration levels and 1m
kh +∆  is a displacement vector,

defined as

m
k

1m
k

1m
k hhh −=∆ ++ (3.1.8.3)

The leading term of the Taylor series expansion in Eq. (3.1.8.2) is
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and the Jacobian is given by
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Substituting Eqs. (3.1.8.5) and (3.1.8.1) into (3.1.8.2) yields the following linear algebra
problem at each iteration

m
ik

m
ik yxS = (3.1.8.6a)

where the current iterate of change in hydraulic head at the new time step is defined as

m
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kk hhhx −=∆≡ ++ (3.1.8.6b)

and m
ikS  is a symmetric diagonally dominant matrix for the Picard scheme and an

asymmetric matrix (whose diagonal dominance may have diminished) for the full N-R
technique defined as
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and m
iy  is the RHS vector
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Note that for the Picard scheme the general forcing function, F, is put in a linearized form
as well.

The derivative of the storage matrix, Bij, with respect to hydraulic head is computed as
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The coefficients to the mass matrix in Eq. (3.1.8.7) are evaluated as
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The derivative of the storage matrix becomes
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and the contribution to the Jacobian matrix is
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The lumped mass matrix, L
ijM  is computed using Eq. (3.1.5.27) for the influence

coefficient method or Eq. (3.1.5.28) for two-point Gauss Lengendre quadrature.

The derivative of the seepage matrix, Aij, with respect to hydraulic head is computed as

∫ ∫ ∫
+

−

+

−

+

−
ξ

−
ξ

− ζηξ


 ϕ∇










∂
∂⋅


 ϕ∇=











∂
∂ 1

1

1

1

1

1
j

1
m

k

rw
T

i
1

m

k

ij ddd
h

k

h

A
JJ

K
J (3.1.8.10)

The derivative of Krwk  with respect to hydraulic head with no upstream weighting of the

relative permeability is
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where
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FACT has an upstream weighting of relative permeabilities option which enhances
convergence of the Picard and N-R iterations.  The upstream weighting affects the

centroidal approximations, xx
x
rw Kk , yy

y
rw Kk , zz

z
rw Kk in seepage matrix A.  The

derivative of Krwk  with respect to hydraulic head with upstream weighting of the

relative permeability is

























∂
∂

∂
∂

∂
∂

∂
∂

∂
∂

∂
∂

∂
∂

∂
∂

∂
∂

=










∂
∂

zz
z
rw

k
yzrw

k
xzrw

k

yzrw
k

yy
y
rw

k
xyrw

k

xzrw
k

xyrw
k

xx
x
rw

km

k

rw

Kk
h

Kk
h

Kk
h

Kk
h

Kk
h

Kk
h

Kk
h

Kk
h

Kk
h

h

k K
(3.1.8.12a)
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where
d .................... x,y or z direction

z
p

y
p

x
p w,w,w ... upstream weighting factors in the x, y and z direction, respectively

In order to compute x
pw , the average hydraulic head for face 1 (the region bound by

nodes 1,4,5,8) and face 2 (the region bound by nodes 2,3,6,7) are computed

( ) 4hhhhh 85411458 +++= (3.1.8.13a)

( ) 4hhhhh 76322367 +++= (3.1.8.13b)

where hp is the hydraulic head at node p.  The weighting factor x
pw  is defined as

( )
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= (3.1.8.14a)
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= (3.1.8.14b)
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where 10 ≤µ≤  is a user defined weighting parameter.  The weighting factors y
pw  and

z
pw  are constructed in a similar manner.  Upstream weighting is not used when 0=µ  and

full upstream weighting is used when 1=µ .

Finally, the contribution to the Jacobian matrix by ( ) m
j

m
kij hhA ∂∂  is
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based on the influence matrix formulation and
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using two-point Gauss-Legendre quadrature.

The derivative of the RHS load vector, ( )mki hF ∂∂ , is computed for head-dependent
vertical line sinks, head-dependent source beds and combination recharge/drain boundary
conditions in Sections 3.1.6.2, 3.1.7 and 3.1.7.1, respectively.

Further enhancement in convergence of the N-R method can be achieved through the use
of backtracking along the N-R direction.  For some flow problems both Picard and N-R
iterations fail to converge.  If the initial guess is not close to the root of

01n =+G (3.1.8.17)

the N-R iteration will wander or enter a cycle.  Since the N-R method has rapid local
convergence, it is reasonable to require the residual

m
T

mm GGG 


= (3.1.8.18)

to decrease for each N-R iteration.  After solving equation (3.1.8.2) for 1m+∆h  the full N-
R iteration is given by

1mm1m ++ ∆+= hhh (3.1.8.19)

If 
2

m
2

1m GG <+  the N-R iteration is  accepted and 2m+∆h  is computed.  Otherwise,

we backtrack along the N-R direction 1m+∆h  until 
2

m
2

1m GG <+
γ  where
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10,1mm1m <γ<∆γ+= ++
γ hhh (3.1.8.20)

and 1m+
γG  is the nonlinear system (3.1.8.1) evaluated at 1m+

γh .  The parameter γ  is

decreased until the residual is less than the previous iteration residual.  Then the

backtracking is accepted and 1m1m +
γ

+ = hh .  The backtracking strategy in FACT performs

at most n backtracks for each iteration with

n,,1i,2 1mim1m
i K=∆+= +−+ hhh (3.1.8.21)

If 
2

m
2

1m GG <+  we accept the N-R iteration and backtracking is not performed.

Otherwise, FACT computes k,,1i,1m
i K=+h  until 

2
m

2
1m

k GG <+ and the kth backtrack

is  accepted and 1m1m +
γ

+ = hh .  If

n,,1i,
2

m
2

1m
i K=≥+ GG (3.1.8.22)

then the nth backtrack is accepted and 1m
n

1m ++ = hh .  Experience suggests that the full N-
R method should be used first.  If FACT fails to converge then backtracking should be
used with n ≤ 8.

The above outer iteration scheme (Picard or N-R) is repeated until either: (1) the
magnitude of the maximum nodal iterate value is less than a prescribed tolerance
criterion, outerε , or (2) the maximum allowable number of iterations is reached, nitmax.

The error criteria placed on hydraulic head is given as

outer
m
i

1m
ii

np,1i
hhmaxxmax ε<−= +

=
(3.1.8.23)

where the error tolerance placed upon the equation solver (sometimes referred to as our
inner iteration loop) is computed based on




 ε=ε −−
htol

46
outer 10,10max (3.1.8.24)

and htolε  is an input convergence tolerance for hydraulic head.  The maximum number of

outer loop iterations is determined by







→
=

problem flowlinear -non afor 2002

problem flowlinear  afor 1
nitmax (3.1.8.25)

Based on type of aquifer/aquitard units and boundary conditions to be analyzed, FACT
internally determines if the current flow problem constitutes a linear problem.  If so,
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FACT sets the maximum number of outer loop iterations to unity and bypasses
convergence checking.

3.1.9 Darcy and Phasic Velocity Computation

After convergence of the Picard scheme or Newton-Raphson iteration technique has been
achieved, velocity components can be evaluated for output or when a subsequent analysis
of a related solute transport problem is required.  For transient flow simulations, the
velocities may also have to be calculated for many time steps.  Thus, it is desirable to use
algorithms that permit the velocity computations to be achieved in as cost-effective a
manner as possible.  For transport calculations we require velocity components at the
element centroids; while, for graphical purposes we prefer velocity components at the
global node locations.  We shall express our Darcy (or phasic) component velocities in
formulas that result in a minimum of computational effort, while maintaining
consistencies with transport and graphical requirements.  The Darcy velocity vector is
related to the phasic velocity vector by

uU mθ= (3.1.9.1)

The following derivations are based on Darcy velocities.  For phasic velocities divide
through each equation by the liquid void fraction (i.e., mobile water content).

In FACT there are basically three coordinate systems that must be addressed:

• the local cube (ξ,η,ζ) that is (2 by 2 by 2) in size,
• the element brick (x′,y′,z′) that is (l by m by H) in size where H is the arithmetic

average height of the element, and
• the actual distorted element (x,y,z) whose top and bottom faces are allowed to be non-

perpendicular to the z axis.

We need a means by which we can convert from one coordinate system to another in
terms of velocity vectors, that is, a method to perform coordinate transformations from
the local cube to the element brick and then (if necessary) to the actual distorted element.
Recall that the Darcy velocity vector can be expressed as

hk xrw ∇−= KU (3.1.9.2a)

in global (brick or actual distorted) coordinates and as

hkrw ξξ∇−=′ KU (3.1.9.2b)

in local (cube) elemental coordinates (note that the ∇ operator, as well as the conductivity
tensor, are subscripted).  Knowing the Darcy velocity components with respect to the
local coordinate system, global Darcy velocity components can be determined using the
following coordinate transformation rule:

UJU ′= T (3.1.9.3)
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where JT is the transpose of the coordinate transformation (Jacobian) tensor for either the
brick or actual distorted element.  Equation (3.1.9.3) can be obtained from the following
derivation:

[ ] UJKJJJKJKU ′=∇−=∇



−=∇−= ξξξ

−
ξ

T
rw

T1T
rwxrw hkhkhk (3.1.9.4)

where use has been made of identities presented in Sections 3.1.2 and 3.1.5 above.

For a constrained trilinear hexahedron element, the centroidal values of the Darcy
velocity components along the global coordinate axes can be computed by
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where <> implies evaluation at the elemental centroid.  The inverse of the Jacobian and
the gradient of the hydraulic head are also evaluated at the element centroid.  Substituting
expressions for the permeability tensor and the inverse of the Jacobian matrix from Eqs.
(3.1.5.11) and (3.1.4.9), respectively, into Eq. (3.1.9.5) yields
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(3.1.9.6c)

For the rectangular prism element, the Jacobian matrix becomes diagonal and Eqs.
(3.1.9.6) reduce to a simpler form as
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where the notation IJKLh  is used to denote the arithmetic average of hydraulic head

values at the nodes that belong to a particular face of the rectangular prism
(e.g., ( ) 4hhhhh LKJIIJKL +++= ).  In addition, when the principal directions of the

saturated hydraulic conductivity tensor in the global coordinate system are aligned with
the global coordinate axes in the FACT code, then Eqs. (3.1.9.7) reduce further to

l
23671458

xx
x
rwx

hh
KkU

−= (3.1.9.8a)

m

hh
KkU 34781256

yy
y
rwy

−= (3.1.9.8b)

H

hh
KkU 56781234

zz
z
rwz

−= (3.1.9.8c)

Equations (3.1.9.6) and (3.1.9.7) represent the centroidal velocity components relative to
the global coordinate system of the constrained hexahedron and rectangular prism
element, respectively.  Both transport and flow modeling employ the same constrained
hexahedron or rectangular prism element representation in the computation of their
elemental matrix contributions.  Therefore, these velocity components are the appropriate
(i.e., consistent formalism) values to be used in any corresponding transport calculations.

For graphical purposes the Darcy (and also phasic) velocity vector at the nodes is more
desirable.  By having velocity vectors at the nodes coincident with the head and
concentration results, a single mesh reflecting the actual outline of the elements is
achieved.  Overlaying of velocity vectors, streamlines, and head (or concentration)
profiles is straightforward.  To estimate the velocity vectors at the nodes, the Galerkin
approximation is applied to Eq. (3.1.9.2a) with Darcy velocity vectors replaced by phasic
velocity vectors using Eq. (3.1.9.1) as
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∫∫
ΩΩ

Ω∇ϕ−=Ωθϕ hdkd xrwimi Ku (3.1.9.9)

As usual, Eq. (3.1.9.9) applies to each node within the mesh and is created by the sum of
the elemental contributions from every neighboring element to that node (excluding
inactive elements).  Transforming from global to local coordinates and assuming the
phasic velocity vector varies linearly across an element, the left hand side of Eq. (3.1.9.9)
at the element level can be evaluated as
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where ijM  represents the mass matrix given by Eq. (3.1.5.23) and ju  represents the

unknown nodal velocity vector at global node j.  If we assume mass lumping for ijM  then

Eq. (3.1.9.10) simplifies to
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making the left hand side of Eq. (3.1.9.9) a diagonal matrix and this results in a set of de-
coupled algebraic equations that are very quick to solve.  The lumping approximation is
quite adequate for our graphical purposes here.  The right hand side of Eq. (3.1.9.9) at the
element level becomes
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(3.1.9.12)

Each ( )j,i  member of the ijD  matrix represents a column vector with x, y and z

components as
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and i,j, and k are the unit vectors along the x-,y-, and z-coordinates, respectively.

The integrals in Eq. (3.1.9.9) are now replaced by sums over all active elements as
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The summations in Eqs. (3.1.9.15) are stored for each global node i which is a member of
element e.  More specifically, we solve for the nodal phasic velocity vector as
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where components of the nodal phasic velocity vector ( )w,v,u  are
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3.1.10 Vertical Observation Well Option

In groundwater modeling it is very common to have the need to compare the computed
hydraulic (or pressure) head results with some sort of desired target values.  The
difference between the computed hydraulic head (results from FACT) and their targets
values (e.g., monitoring data) is typically referred to as a residual.  The magnitude and
spatial variation of the computed residuals lend guidance to the user as to how adequate
the model represents an actual groundwater system and also provides information useful
in improving that model.  In FACT, when performing a flow analysis hydraulic head
residuals are computed while for a transport analysis concentration residuals are
computed.

The source for possible targets varies (monitoring or compliance wells, seepage faces,
streams, drainage canals, retention basins, rainfall, etc.).  However, the most common and
dominant type of target comes in the form of in-situ vertical monitoring (or compliance)
well measurements (hydraulic head or contaminant concentrations).  Since this type of
target (data base) is so commonplace, we have added a special feature to FACT that
allows the user to specify a list of observation wells whose target values are used to
compute residuals that are written out for viewing.

The areal and vertical locations of these observation wells are not limited to just nodal
points.  They can be placed anywhere within the model domain and FACT computes a
vertically integrated average hydraulic head (or concentration) for each well based on the
3D elemental basis functions and computed nodal head values.  These calculations are
performed as a post-processing step after FACT completes its calculations at a given time
step that corresponds to the user’s requested frequency.

The vertical integration performed for an observation well ranges over the well’s active
screen height (i.e., from the bottom to the top of the well screen).  Since many
observation wells have their screens extending above the water table, this integration has
been limited to only that portion of the screen below the water table.  It is assumed that
vadose zone contributions to the measured value taken from the well is negligible and
that the well measurement reflects an average of the property’s variation only over its
saturated zones.  Also if the user specifies an observation well that extends over or into an
inactive element, the integration is limited to only those portions of the screen contained
within active elements.

Observation points can also be defined by simply specifying the top and bottom screen
elevations equal to the same location.  In this case no integration is performed, only the
interpolation process is required.  Observation points that coincide with node points
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(areally and vertically) are also handle; however, it may be more computationally efficient
to place them in the observation node category as input if there are a large number of
them and group statistics is not required.  Note that for observation nodes (specified
through user input) only the head or concentration values are computed and written to
standard output.

For observation wells, steady-state overall statistical quantities such as the root mean
square (rms), are also computed based on the residuals.  Since such statistical quantities
are often useful in assessing a model’s accuracy in relation to a given aquifer unit, the
user can define multiple observation well groups.  In practice observation wells
containing aquifer and aquitard units are generally broken up into separate groups.  The
overall statistics is performed on each group separately.  In many cases the rms within
one group (e.g., a single aquifer unit) will be quite different than in another group and can
be altered without significantly effecting the other’s rms.  We typically see this when
aquitards significantly decouple neighboring aquifer units.

For each observation well the user must specify its areal location, the elevation of the
screen’s top and bottom, a steady-state target value, and the group this well will be
assigned to.  Given this input, FACT automatically performs the following input pre-
processing:

• If a well is areally within a specified tolerance of either the x or y grid lines then the
well is moved such that it resides on that grid line.  However, if the well is outside the
areal extent of the mesh, then the computations for this particular well are
disregarded.

• If a well is vertically within a specified tolerance of a z grid surface, then the well’s
active screen elevation (top or bottom) is moved such that it coincides with that grid
surface.  If the well’s screen extends beyond the mesh domain, then its screen
boundaries are adjusted such that it is confined to the mesh domain.  In addition, the
top elevation of the screen is not allowed to exceed the water table (if one exists).

• Only the active elements spanned by the active portion of the well screen are
computed, stored, and written out to standard output.

The above pre-processing sequence is performed sequentially on each user-specified
observation well.  For steady-state simulations: (1) the observation well statistics file is
written and (2) individual observation well residuals and target values are written to
Tecplot zones within each observation well group.  For transient simulations, the
simulation time and computed screen-average values are written to Tecplot zones
within each observation well group.  Only those wells contained within active elements
contribute to each group’s overall statistics.

For each observation well the actual integration being performed within FACT is based
upon the following assumptions.  In general, the average value of a fluid property
contained within a vertical segment of porous media can be computed from the volume
integrals:
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∫
∫

Ω

Ω

Ω

Ωρ

=ρ
d

d

(3.1.10.1)

For the observation wells it is assumed that their areal extent is negligible when compared
to element spacing and can therefore be approximated as vertical lines with zero areal
area.  Also the limits of integration are confined to only the saturated zones (i.e., excludes
the vadose zone where water saturation is less than unity).  Imposing these
restrictions/assumptions on Eq. (3.1.10.1) results in the simpler expression

∫
∫ ρ

=ρ
upper

lower

upper

lower

z

z

z

z

dz

dz

(3.1.10.2)

where the spatial variation of the fluid property over the vertical extent is based on the
same basis functions employed in the Galerkin procedures and can be expressed as

( )∑ ρϕ=ρ ββ
i

ii z,y,x (3.1.10.3)

and

upperz ............. upper elevation of well screen (not to exceed water table or

domain)

lowerz ............. lower elevation of well screen (limited to bottom elevation of

domain)
ρ .................... computed fluid property (head or concentration) within domain
ρ ................... average fluid property (head or concentration) over well screen

( )z,y,xi ββϕ ... basis function evaluated at the areal location of the well

( )ββ y,x .......... areal location specified for given observation well

The actual integration is performed over each active element the well spans and then each
elemental contribution is summed resulting in the computed average property value for
the well.  Given the steady-state target value, a residual for each well is computed by
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g
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g
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g
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k nk1
analysistransport cc

analysis flowhh
e ≤≤







−
−

= (3.1.10.4)

where
g
ke .................. computed residual for k’th observation well of g’th well group
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g
kx .................. computed screen average value (x = h or c) for k’th observation

well of g’th well group
g
kx .................. target value (x = h or c) for k’th observation well of g’th well

group

For a steady-state simulation, several statistical parameters are computed for each well
group based on the above computed residual values.  For each well group the following
parameters are computed by

• Root-mean-square (rms) error: ∑ 




k

2
g
k

gn

1 e

• Average error: ∑
k

g
k

gn
1 e

• Average absolute error: ∑
k

g
k

gn

1 e

• Maximum error: g
k

nk1
emax

g≤≤

In addition, an overall (all groups included) rms is computed by

• Overall root-mean-square error: ∑∑
g

ggn
1 rmsn

g
g

3.2 Numerical Techniques for Variably Saturated Solute Transport

Numerical approximations of the solute transport equation (for a binary system) are
performed in a similar manner to those of the groundwater flow equations.  However,
special consideration must be given to the numerical solution of this partial differential
equation (PDE) when the first-order terms become significant (i.e., when the problem of
interest is advection-dominated).  It is well documented that numerical solutions to this
equation are characterized by oscillations when the advection (convection) term is
dominant.  As a means of alleviating this numerical difficulty at the cost of smearing the
solution profile, the traditional numerically symmetric techniques are modified to account
for the fact that the advective process is inherently directional and one-sided in nature.
One such modification known as upstream weighting, is well known when applied to
finite difference schemes and has been extended to Galerkin-like finite element
formulations by numerous authors (e.g., Huyakorn (1977, 1979) - Upstream-weighted
residual method, Heinrich and Zienkiewicz (1977) - Petrov-Galerkin method, and Hughes
and Brooks (1979) - Quadrature upwind method).  Shapiro and Pinder (1979) applied a
similar methodology to the finite element orthogonal collocation method through the use
of an asymmetric basis function.  Pinder and Shapiro (1981) also investigated the
propagation characteristics of several of these modified schemes employing Fourier series
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analysis.  The Fourier series analysis provides quantitative insight into the role each
upstream weighting method plays in the solution of this type of PDE.

Regardless of which numerical scheme that is chosen, the issue as to how to address the
problem of excessive oscillations remains.  There are basically two philosophies for
solving the problem of excessive oscillations in the solution.  Gresho and Lee (1979)
argue that the oscillations tell the analyst that the model is somehow inadequate.  In some
important region the mesh is not refined enough, the boundary conditions are
inappropriate, or the problem is simply too hard due to the parameter choices.  If one
employs an upwinding scheme, then both the solution and the physics are smoothed, and
isolating the specific cause becomes difficult.  They also point out that the traditional
limitation on cell Peclet number is really a limitation on the product of the cell Peclet
number times concentration gradient of the solution, since the cell Peclet number limit
can be significantly exceeded without disasrous consequences provided the solution is not
steep at the same location.  They further point out that the mass matrix should not be
lumped because that causes excessive phase errors (phase lag) and may further smooth
the solution in time more than desired.

In contrast, Brooks and Hughes (1982) argue that central-difference (typical Bubnov-
Galerkin formulations) methods provide under-diffusion (under-dispersion) while upwind
methods provide over-diffusion, and the optimal method is one that combines the two
ideas to provide just the right amount of diffusion to dampen the oscillations but not to
change the solution (similar comments can be applied to finite difference and volume
methods as well).  They prefer to establish mesh refinement based upon other means, and
not to depend on a "wiggle signal" to identify them.

The approach currently taken in FACT is to allow the user the option of specifying what
level of upstream weighting is appropriate.  A Petrov-Galerkin scheme is used where the
magnitude of these weighting factors are user inputted or automatic weighting based upon
optimum choices of these weighting factors at the element level.  The optimal choice of
weighting parameter is optimized for Courant number less than one.  For sufficiently low
flow rates no asymmetrical (biasing) weighting (the Bubnov-Galerkin formulation) is
used.  The current technique works quite well for many transport problems of interest in
groundwater systems and is reasonably efficient in terms of overall computational effort.
However, the user has the burden of determining what constituents an acceptable solution
when faced with oscillatory behavior.

3.2.1 Upstream-Weighted Residual Formulation

To overcome/minimize the above mentioned (potential) numerical oscillations, FACT
utilizes a simplified form of an upstream-weighted residual Petrov-Galerkin finite
element method.  In this technique, the weighted residual integral equations are obtained
using asymmetric (upstream) weighting (test) functions (Pepper and Stephenson, 1995) to
weight certain terms of the transport equation, and the standard basis (trial) functions to
weight the remaining terms.  The standard (symmetrical) basis functions are employed for
approximating the dependent variable over each finite element.  The choice as to which
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terms in the PDE are to be upstream-weighted results in three basic variants: (1) all terms
in the transport equation, (2) only spatial derivative terms (i.e., the total flux terms), and
(3) only the first spatial derivative terms (i.e., the advective flux terms).

In FACT the third variant is chosen.  Investigations by Pinder and Shapiro (1981) (error
analyses) suggest that the third approach out performs the first approach.  When the
asymmetric weighting functions chosen are applied to the dispersive terms (as in the
second variant), to obtain satisfactory solutions it was necessary to evaluate the multi-
dimensional weighting functions and their derivatives setting certain weighting factors to
zero (i.e., those factors in the transverse directions; see Huyakorn, P.S. and G.R. Pinder,
1983, pp. 208).  It can be shown that by setting these weighting factors to zero is
equivalent to making the original choice of the third variant.  Since the second variant
must ultimately be reduced to the more direct third variant to achieve satisfactory
solutions, we shall limit ourselves to the third variant and describe its derivation below.

Equation (2.2.28) is solved by the upstream-weighted residual finite element method.  In
this procedure, the solute concentration function is approximated as a finite linear
combination of symmetric basis (trial) functions of the form

( ) ( ) ( )∑
=

ϕ=
np

1J

JJ tct,c xx (3.2.1.1)

where ( )xJϕ  and ( )tcJ  are the basis functions and the nodal values of solute

concentration at time t, respectively, np is the number of nodes in the finite element
network.  Note that the basis functions supply local support only (i.e., the basis function
for any given node is non-zero only over those neighboring elements in contact with that
node).  The weighted residual integral equations are obtained by choosing weighting
functions that are asymmetrical with respect to flow direction (i.e., upstream weighted),

( )Ux,Jψ , for the advective flux terms and symmetrical (i.e., standard trial functions),

( )xJϕ , for the remaining terms.

Rearranging and applying the upstream-weighted residual criterion to Eq. (2.2.28) yields
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D

(3.2.1.2)

Since we shall choose C0 continuous basis and weighting functions, Iϕ  and Iψ , the
dispersion integral is evaluated by applying the divergence theorem (actually, Green’s first
identity, the multidimensional equivalent of integration by parts) to obtain



WESTINGHOUSE SAVANNAH RIVER COMPANY Manual: WSRC-TR-99-00282
Section: 3, Rev. 0
Date: 3/2000

FACT CODE MANUAL Page: 60 of 108

( ) ( ) ( )

( ) ( )

( ) ( )∫∫

∫∫
∫∫∫

Ωσ

Ωσ

ΩΩΩ

Ω∇⋅ϕ∇−σ⋅ϕ−=

Ω∇⋅ϕ∇−σ∇⋅ϕ=

Ω∇⋅ϕ∇−Ω∇ϕ⋅∇=Ω∇⋅∇ϕ

dcd

dcdc

dcdcdc

IaI

II

III

Djn

DDn

DDD

(3.2.1.3)

where Ω is the solution domain with boundary σ, and the dispersive flux is ca ∇−= Dj .

Substituting Eqs. (3.2.1.1) and (3.2.1.3) into (3.2.1.2) gives the expression
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where the normal component of the dispersive flux (incoming is positive by convention)
is an jnj ⋅−= .

Equation (3.2.1.4) can be written in the more concise form

[ ] np,,2,1I,FcPGE
dt

dc
B IJIJIJIJ

J
IJ K==+++ (3.2.1.5)

where

( )∫
Ω

Ωϕϕθ= dRB JImIJ (3.2.1.6a)

[ ]∫
Ω

Ωϕ∇⋅ψ+ϕ∇⋅ϕ∇= dE JIJIIJ UD (3.2.1.6b)

( )∫
Ω

Ωϕϕλ+λθ= dRG JImrmIJ (3.2.1.6c)

( )∫
Ω

Ωϕϕ= dqP JIIJ (3.2.1.6d)
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= ddqcF InII j (3.2.1.6e)
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The set of time-dependent linear ordinary differential equations defined by Eq (3.2.1.4)
can also be presented in its equivalent vector form as

[ ] FcPGE
c

B =+++
dt

d
(3.2.1.7)

where
B ................... storage (capacitance or mass) matrix
E ................... advection-dispersion matrix
G ................... radioactive and first-order decay matrix
P ................... source/sink matrix
F ................... RHS forcing function vector
c .................... solute (contaminant) concentration vector
t .................... time

Equation (3.2.1.7) represents the upstream-weighted residual Petrov-Galerkin
approximation to Eq. (2.2.28) and sometimes is referred to as the upstream-weighted
residual Weak Statement to Eq. (2.2.28).  This equation set applies to the global set of
nodes contained within the mesh (including boundary nodes).  Most of these global
matrices and vectors are generated during an assemblage process whereby the creation of
their elemental counter-parts are stuffed into their appropriate locations in the global
matrices and vectors.  For convenience, those terms containing point sources/sinks and
boundary conditions are handled globally (i.e., the elemental assemblage process is
bypassed and global quantities are created directly).

The elemental assemblage process mentioned above can be described as a summation of
individual elemental matrices (over the number of elements within the mesh; excluding
all inactive elements) into a single global matrix where the connectivity matrix of the
finite element mesh is employed (i.e., local node numbers within a specific element are
associated with specific global node numbers).  Assume that the elemental matrices are 8
by 8 matrices whose (64) non-zero members represent those locations where a connection
between the global nodes ig and jg (i.e., neighboring nodes) exits.  For example, the
global storage matrix then becomes

∑
=

=
ne

1e

eBB (3.2.1.8)

where
B ................... np by np global storage matrix

eB .................. 8 by 8 elemental storage matrix
ne .................. number of elements within finite element mesh

The sign convection for nj  is the same as for q.  That is, nj  is positive for net inward
dispersive transport and negative for net outward dispersive transport.  Fi represents all
sources, sinks, and other boundary conditions.  The global coefficient matrices BIJ, EIJ,
GIJ, PIJ, and FI are assembled as a sum of the element matrices for a general eight-noded
constrained hexahedron or rectangular prism element.  For those sources/sinks that
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coincide with node locations, the elemental assemblage process for PIJ and FI can be
omitted and these terms can then be created and inserted directly into the global equation
set.

Influence coefficient techniques presented by Huyakorn et al. (1984) and Huyakorn el al.
(1986) for linear basis functions along the coordinate axis, can be effectively used for
assembling eight-noded rectangular prism elements in order to avoid costly numerical
integration of each of the elemental matrices.  Two-point Gauss-Legendre quadrature is
also available for integration of the elemental matrices.  The advection-dispersion
coefficients provide the appropriate connectivity for transport between nodes of the
element.

For the eight-noded constrained hexahedron or rectangular prism element, internal nodes
within the mesh consist of a maximum of 27 nearest nodal neighbors (including itself).
The dispersion "influence coefficient matrices" for the eight-noded rectangular prism
element are provided by Huyakorn et al. (1986a) (note that the general seepage influence
coefficient matrices presented in Huyakorn et al. (1986a) apply to dispersion as well).  A
consistent mass matrix approach is used for the eight-noded constrained hexahedron to
rectangular prism element.

The transport equation is solved on the same geometric grid (and element type) as used
for the flow equation.  The basis (trial) functions chosen are the same linear functions
employed for flow modeling and presented in Section 3.1.2 with the exception of the
asymmetric weighting functions applied to the advection matrix.  These three-
dimensional basis functions are the result of a triple product of one-dimensional linear
basis functions (sometimes referred to as 1-D linear Chapeau functions or hat functions)
in each of the coordinate directions.  Therefore, all the properties presented for the basis
functions in Section 3.1.2 apply for the transport formulations.

3.2.2 Eight-noded Constrained Hexahedron Element

For the upstream-weighted residual finite element method, the weighting (test) functions
are not in general equivalent to the symmetric basis functions.  The chosen 1-D weighting
functions represent the sum of a symmetric part (i.e., the original 1-D basis functions) and
an asymmetric part which is a function of the dot product of the Darcy velocity and the
gradient of the shape function.  For linear 1-D isoparametric finite elements, the
expressions of these asymmetric weighting functions and the general procedure for
obtaining the sign of upstream parameters have been presented elsewhere (Huyakorn,
1977).  For completeness, we shall summarize those features of the 1-D weighting
functions of interest here and then extend them to our 3-D element.
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Fig. 3.2.1. Eight-noded Trilinear Hexahedron Element Showing Node Numbering in
Local and Global Coordinate Systems.

3.2.3 1-D Asymmetric Weighting Functions

Consider two 1-D coordinate systems, a local isoparametric (ξ) system and a global
Cartesian system (x) that are co-linear.  The one-dimensional line elements in (x) are
mapped onto a standard length element in local coordinates (size ∆ξ=2) as shown in Fig.
3.2.2.  Furthermore, let the local element in (ξ) be such that its end points are located at

1±ξ .

global coordinates local coordinates

i j 1 2

ξ=−1 ξ=0 ξ=+1

x ξ

x=x i x=x j

h

Fig. 3.2.2. Linear Line Element Showing Node Numbering in Local and Global
Coordinate Systems.

A Petrov-Galerkin scheme (Brueckner and Heinrich, 1991; Yu and Heinrich, 1986) is
used to generate a weighting function iψ  which is different from the shape function iϕ .
In 1-D the weighting functions are given by

( ) ( )
dx

d
U

U2

x
xx i

x
x

ii
ϕ∆α+ϕ=ψ (3.2.3.1)

where

iϕ .................. linear basis function
α ................... parameter obtained for each element as a function of the cell Peclet

number, 10 ≤α≤
x∆ ................. length of the element

The 1-D asymmetric weighting functions in local coordinates become
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( ) ( ) ( ) ( ){ }[ ]xi
ix

ii Usgn1
2

1

2

Usgn α+ξξ+=ξα+ξϕ=ξψ (3.2.3.2)

where ( ) xxx UUUsgn = , 11 −=ξ  and 12 +=ξ .

In order to establish numerical stability with a minimum lost of accuracy (i.e., reduce and
perhaps eliminate solution wiggles without significantly smearing out local solution
gradients), the value of α must be carefully chosen.  An optimum value of α can be
estimated based on the analytical solution from steady-state 1-D solute transport through
a media with constant properties.  Taking the 1-D form of Eq. (2.2.28) and assuming

• steady-state

• no point or line sources/sinks

• constant material properties

• no radioactive decay

• no first-order reactions

• no solid phase absorption

results in

Lx0for0
dx

dc
u

dx

cd
D x2

2

L ≤≤=− (3.2.3.3)

where

LD ................. longitudinal dispersion coefficient, xLuα

xu .................. phasic water velocity

and the boundary conditions are

( ) ( ) 1Lcand00c == (3.2.3.4)

Rearranging and integrating both sides of Eq. (3.2.3.3) as

∫∫ =
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yields
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(3.2.3.6)

Taking the exponential of both sides of Eq. (3.2.3.6) gives
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xPe
2ec

dx

dc = (3.2.3.7

Perfoming the final integrations of Eq. (3.2.3.7) yields

( ) 3
Pe

L

x
2 ce

D

u
cxc x += (3.2.3.8)

Applying the first boundary condition, c(0) = 0, to Eq. (3.2.3.8) gives

L

x
23 D

u
cc −= (3.2.3.9a)

Applying the second boundary condition, c(L) = 1, results in

1e

1

u

D
c

LPe
x

L
2

−
= (3.2.3.9b)

Substituting Eqs. (3.2.3.9) into (3.2.3.8) gives the exact solution of this problem as

( )
1e

1e
xc
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x

Pe

Pe

−
−= (3.2.3.10)

Performing numerical results from an uniform mesh and computing its error using Eq.
(3.2.3.10), a parametric study (varying the value of α) can be performed to locate the
optimum α value (minimum error for a given local cell Peclet number).  It can be shown
that for each value of cell Peclet number tested, there exists an optimum value of α where
complete accuracy can be achieved.  An expression for this optimum α value was
theoretically derived by Christie et. al. and can be written in the form

L
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x

x

x
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Pewhere

Pe

2
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Pe
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∆=−





=α ∆

∆

∆ (3.2.3.11)

where for our purposes the cell Peclet number corresponds to the local elemental value
(i.e. local phasic velocity, mesh spacing, and dispersion coefficient).  The non-
dimensional parameter in Eq. (3.2.3.11) is optimal in the sense that the exact solution is
obtained at the nodes when using this value, provided the Peclet number is constant and a
uniform mesh size is used.  It can be demonstrated that use of Eq. (3.2.3.11) overcomes,
to a large extent, the problem of accuracy loss inherent in the upwinding process  Indeed,
accurate solutions can be obtained at high values of Peclet number using relatively coarse
meshes.

Under transient conditions, Eq. (3.2.3.11) can still be applied.  But, excessive dispersion
may be experienced.  To circumvent this problem, it is desirable to derive an optimal
parameter α for the unsteady convective diffusive equation that is a function of cell Peclet
and Courant numbers.  An upwind finite element scheme using Petrov-Galerkin
asymmetric weighting functions (Eq. 3.2.3.1) has been developed for FACT for cell
Courant numbers less than one.
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To select an optimal upwind parameter, comparisons between analytical and numerical
transient one-dimensional concentration profiles are made.  The one-dimensional
unsteady advection-dispersion equation with a unit step change in concentration is solved

dt

dc

dx

dc
u

dx

cd
D x2

2

L =− (3.2.3.12)

The boundary and initial conditions are given by
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(3.2.3.13a)

( ) IC0x00,xc ≥= (3.2.3.13b)

The analytic solution to Eq. (3.2.3.12) for these condtions is (Ogata and Banks, 1961)
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Equation (3.2.3.14) may be expressed in dimensionless form as
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where Lxx DxuPe =  and xtut xr = .

The General Particle Tracking Model in 3-dimensions (GPT3) developed by
Hydrogeologic, Inc was modified to include the 1-D Petrov-Galerkin weighting functions.
GPT3 has the option to perform one-dimensional unsteady transport.  The modified
GPT3 and FACT numerically solved the same transport equation in one-dimension.
Therefore, this version of GPT3 was used as the numerical solver to derive the optimal
upwind parameter for Courant number less than one.

The test problem considered is that of one-dimensional, saturated, unsteady contaminant
transport in a steady uniform flow field.  Values of the basic physical parameters used in
the GPT3 simulations are presented in Table 3.2.3.1. The grid chosen consists of 501
rectangular elements uniformly sized (2 ft in length) and stacked along the x-axis.  At the
column inlet boundary (left face) a first-type Dirichlet boundary condition, ( ) 0.1t,0c = , is
applied to the solute concentration at the two nodes.  Due to the finite overall length of
our mesh, at the outflow boundary (right face) the dispersive flux is set to zero, while the
advective flux is calculated as part of the solution.  Since this is a 1-D problem, solute
concentrations do not exist in the transverse direction (y direction).  Therefore, the
dispersive fluxes along these two faces (top and bottom) are set to zero.  The column is
modeled as being fully saturated at a water content of 0.25 (total porosity of 0.25).  For
each simulation a transient calculation was performed for 200 days utilizing 400 time
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steps of 0.50 days. The mesh spacing and time step size were chosen to keep the cell
Courant numbers equal to 1.  The longitunidal dispersivity was varied to produce cell
Peclet numbers from 5 to 100000.  Computed column concentration profile for each
GPT3 simulation were stored every 10 days.

Table 3.2. Input and Key Computed Parameters for GPT3 Simulations

Physical parameters Value

Darcy velocity, xU 1.0 ft/day

Water saturation, wS 1.0

Total porosity , φ 0.25

Longitudinal dispersivity, Lα 0.4 to 0.00002

Retardation coefficient, R 1.0

Retardation coefficient, R 1.0

First-order decay coefficient, λ 0.0 day-1

Boundary solute concentration, ( )t,0c 1.0

Grid specifics

Element length, xδ 2.0 ft

Element length, yδ 10.0 ft

Number nodes in x-direction 501

Number nodes in y-direction 2

Time steps

Time duration 200 days

number time-steps 400

time-step size, tδ 0.5 day

Key computed parameters

Phasic velocity, xu 4.0 ft/day

Dispersion coefficient, LD 1.6 to 0.00008

Cell Peclet number, xPe 5 to 100,000

Cell Courant number, xCo 1.0

The methodology by Ramakrishnan (1979) was used to derive the optimal upwind
parameter for the Petrov-Galerkin finite element scheme in FACT.  The results by the
finite element method (GPT3) for each run (fixed α, Pe and t) is compared with the
analytical solution for the computation of errors and the presence of overshooting.

A simple measure of the error involved in the upwinding procedure is necessary.  The
analytical solution, Eq. (3.2.3.14), is programmed to give very accurate values for various
ranges of the parameters xu  and LD  and the variables x and t.  Thus the quantity
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( ) ( ) ( ){ }∫ ξξ−ξ=α
L

0

2
e dt,ct,c

L

1
t,E (3.2.3.16)

is taken as a measure of the root-mean-square (rms) numerical error.  ( )t,c ξ  is the

numerical solution obtained by the finite element method and ( )t,ce ξ  is the analytic

(exact) solution obtained by Eq. (3.2.3.14).  The integrated error, Eq (3.2.3.16), is
computed from t = 0 to 200 days, every 10 days for each finite element simulation.  The
optimal choice of upwind parameter for fixed Pe must satisfy the restriction imposed on
the integrated error as

( ) 03.1t,Emax opt
200t0

≤α
≤≤

(3.2.3.17)

A second measure is used to quantify the extent of overshoot both upstream and
downstream of the concentration front.  The maximum ratio of the crest and trough
values of the magnitude of concentration is limited to lie below a specified value.  A
limiting ratio of 001.1r =l  was used.  This is the same value used by Ramakrishnan.

Thus, the optimal choice of upwind parameter for fixed Pe must also satisfy the
restriction imposed on overshoot as

200t0001.1ccr tc ≤≤≤= (3.2.3.18)

where cc is the magnitude of concentration at the crest and ct is the magnitude of the
concentration at the trough.

Table 3.3 is a summary of the optimal upwind parameter as a function of Peclet number
for Courant number equal to one.  The computed overshoot ratio and the integrated error
at 200 days is also tabulated.

Table 3.3. Optimal Upwind Parameters as a Function of Peclet Number

Pe αopt r E(α,200)
5 0.000 1.00011 0.03419
7 0.000 1.00898 0.02542
8 0.030 1.00991 0.02492
9 0.060 1.00952 0.02511

10 0.080 1.00991 0.02492
12 0.120 1.00875 0.02550
14 0.140 1.00939 0.02517
16 0.160 1.00911 0.02535
18 0.170 1.00976 0.02502
20 0.180 1.00991 0.02492
24 0.200 1.00938 0.02521
28 0.210 1.00965 0.02504
40 0.230 1.00991 0.02492
50 0.240 1.00991 0.02492
60 0.250 1.00937 0.02521
80 0.255 1.00991 0.02492

100 0.260 1.00991 0.02492
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Pe αopt r E(α,200)
150 0.267 1.00989 0.02494
200 0.270 1.00991 0.02492
300 0.274 1.00978 0.02497
400 0.275 1.00991 0.02492
500 0.276 1.00991 0.02492

1000 0.278 1.00991 0.02492
2000 0.280 1.00977 0.02500
4000 0.280 1.00979 0.02496

10000 0.280 1.00990 0.02493
100000 0.280 1.00991 0.02492

A maximum likelihood fit of the optimal upwind parameters in Table 3.3 is

( )
( )

28.0ab,04016.0a7Pe
7Peb1

7Pea
7Pe0

x
x

x

x

opt ==






>
−+

−
≤

=α
∆

∆

∆
∆

(3.2.3.19)

where Lxx DxuPe ∆=∆ .  The shape of Eq. (3.2.3.19) is shown in Fig. 3.2.3.
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Fig. 3.2.3. Optimal Weighting Factor for the One-Dimensional Unsteady Convection-
Diffusion Equation using Petrov-Galerkin Weighting Functions.

3.2.4 3-D Asymmetric Weighting Functions

In Section 3.2.3 we described the 1-D weighting functions.  In this section we shall
extend these weighting functions to the constrained hexahedron or rectangular prism
elements (see Section 3.1.2 for more details).  The Petrov-Galerkin scheme can be



WESTINGHOUSE SAVANNAH RIVER COMPANY Manual: WSRC-TR-99-00282
Section: 3, Rev. 0
Date: 3/2000

FACT CODE MANUAL Page: 70 of 108

formulated in a way similar to the one-dimensional case if trilinear shape functions are
used, i.e.,




 ϕ∇α+ϕ=ψ ξ
−

i
1Te

ii
2

h
JU

U
(3.2.4.1)

where 2
z

2
y

2
x UUU ++=U  is the magnitude of the Darcy velocity vector at the element

centroid and he is a length scale given for a general trilinear hexahedron element as

321e hhhh ++= (3.2.4.2)

with

( )zzyyxx1 hUhUhU
1

h ξξξ ++=
U

(3.2.4.3a)

( )zzyyxx2 hUhUhU
1

h ηηη ++=
U

(3.2.4.3b)

( )zzyyxx3 hUhUhU
1

h ζζζ ++=
U

(3.2.4.3c)

and
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∑∑
=

η
=

ηη η=η==
8

1i

iiz

8

1i

iiyx z
4

1
h,y

4

1
h,0h (3.2.4.3e)

∑
=

ζζζ ζ===
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iizyx z
4

1
h,0h,0h (3.2.4.3f)

The upwind parameter is provided through input or computed for each element as a
function of cell streamline Peclet number as

( )
( )

28.0ab,04016.0a7Pe
7Peb1

7Pea
7Pe0

sl
sl

sl

sl

opt ==






>
−+

−
≤

=α (3.2.4.4)

where the cell streamline Peclet number is computed as eesl DhPe U= .

The diffusion coefficient De is an effective diffusion in the direction of the local Darcy
velocity vector and is calculated using the components of D as
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2

T

eD
U

DUU= (3.2.4.5)

The Petrov-Galerkin weighting functions in Eq. (3.2.4.1) have the effect of introducing a
form of anisotropic balancing diffusion into the numerical scheme which acts along the
local streamline.

3.2.5 Transport Equation Elemental Matrix Computation

The elemental matrices Bij, Eij, Gij, Pij, and vector Fi resulting from the Bubnov and
Petrov-Galerkin approximations to the transport equation can be computed using
influence coefficient matrices or Gauss-Legendre quadrature for the rectangular prism or
constrained hexahedron element, respectively.

3.2.5.1 The Elemental Storage (Capacitance) Matrix

From Eq. (3.2.1.6a) the expression for the elemental storage coefficient matrix is obtained
as

∫
Ω

Ωϕϕθ=

e

ejimij dRB (3.2.5.1)

where Rmθ  is the centroidal value of Rmθ , mθ  is the mobile water content, and R is

the retardation coefficient.  Transforming the storage matrix, Bij, from global to local
coordinates yields

ijmij MRB θ= (3.2.5.2)

where

∫ ∫ ∫
+

−

+

−

+

−
ζηξϕϕ=

1

1

1

1

1

1
jiij dddM J (3.2.5.3)

is the familiar consistent mass matrix.

One can (row sum) lump the mass matrix M by adding all elements in each row of M and
putting the sum on the diagonal.  This is done in many algorithms (e.g., in fully explicit
routines) to take advantage of the computational speedup available (effectively de-
coupling the equation set).  However, based on error analysis it has been shown that mass
lumping of Eq. (3.2.5.3) can degrade the solution.  Therefore, in general mass lumping of
the solute transport equations is not recommended and in our case no off-setting
improvement in computational efficiency exist to warrant it.  Therefore, the current
version of FACT does not give the user a lumping option.

The consistent mass matrix is computed using influence coefficient matrices or two-point
Gauss-Legendre quadrature.  The elemental mass matrix of the rectangular prism element
can be evaluated using influence coefficient matrices as
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ijij m
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l= (3.2.5.4)
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(3.2.5.5)

The zza  matrix has already been computed in Eq. (3.1.5.18c) for the element seepage
matrix for flow.

For the constrained hexahedron element, the consistent mass matrix is computed using
two-point Gauss-Legendre quadrature as

∑
=

ϕϕ=
8

1g

gg
g
j

g
iij wM J (3.2.5.6)

3.2.5.2 The Elemental Advection-Dispersion Matrix

From Eq. (3.2.1.6b) the expression for the elemental advection-dispersion coefficient
matrix is obtained as

{ }∫
Ω

Ωϕ∇⋅ψ+ϕ∇⋅ϕ∇=

e

ejxijxixij dE UD (3.2.5.7)

where the components of the elemental dispersion tensor, D, and elemental Darcy
velocity vector, U, are specified with respect to the global coordinate system.
Transforming the advection-dispersion matrix, Eij, from a global to local coordinate
system yields

ijUijDij EEE += (3.2.5.8a)

where

∫ ∫ ∫
+

−

+

−

+

−
ξ

−
ξ

− ζηξ


 ϕ∇


 ϕ∇=
1

1

1

1

1

1
j

1
T

i
1

ijD dddE JJDJ (3.2.5.8b)

∫ ∫ ∫
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− ζηξ
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1

1

1

1

1
j

1
iijU dddE JJU (3.2.5.8c)

Substituting the expression for the 3-D asymmetric weighting functions from Eq.
(3.2.4.1) in (3.2.5.8c) yields
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(3.2.5.8d)

Equations (3.2.5.8b) and (3.2.5.8d) represent the dispersive and advective components,
respectively.  Note that ED is invariant with respect to coordinate transformations.  The
overall dispersion tensor (shown here in the global coordinate system) is symmetric
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Influence Coefficient Matrices

The dispersive component, Eq. (3.2.5.8b), of the advection-dispersion tensor can be
rearranged as
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Note that the Jacobian transformation matrix, Eq. (3.1.2.4), for the rectangular prism
element is symmetric.  Therefore, its inverse is also symmetric.  Performing the matrix
multiplications of the inverse Jacobian matrices and the dispersion tensor within Eq.
(3.2.5.10) results in
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We can evaluate the dispersion matrix terms by expanding the right-hand side of Eq.
(3.2.5.10) and using the determinant of the Jacobian.  The resulting equation can be
written in matrix notation and the integration over the element sub-domain can be
evaluated simply by introducing centroidal approximations to the binary dispersion
coefficients (Dxx, Dyy, Dzz, Dxy, Dxz, and Dyz).  The resulting expression for ijDE  is given

by

yz
ijyz

xz
ijxz

xy
ijxy

zz
ijzz

yy
ijyy

xx
ijxxijD

AD
2

AD
2

m
AD

2

H

AD
H2

m
AD

m2

H
AD

2

mH
E

l

ll

l

+++

++=
(3.2.5.12)

where the quantities in angle brackets correspond to centroidal component values of the

dispersion tensor within an element; while xx
ijA , yy

ijA , zz
ijA , xy

ijA , xz
ijA , and yz

ijA  are
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influence coefficient matrices with matrix elements computed in Eqs. (3.1.5.16a) to
(3.1.5.16f)

The Darcy velocity vector (shown here in the global coordinate system) is

[ ]T
zyx UUU=U (3.2.5.13)

Performing the matrix multiplication of the Darcy velocity vector, the inverse of the
Jacobian and the gradient of the shape function in Eq. (3.2.5.8d) results in

ζηξξ
− ϕ+ϕ+ϕ=ϕ∇⋅ ,iz,iy,ixi
1 U

H

2
U

m

2
U

2

l
JU (3.2.5.14)

We can evaluate the advection matrix terms by expanding the right-hand side of Eq.
(3.2.5.8d) and using the determinant of the Jacobian.  The resulting equation can be
written in matrix notation and the integration over the element sub-domain can be
evaluated simply by introducing centroidal approximations to the Darcy velocity
components (Ux, Uy, and Uz).  The resulting expression for ijUE  is given by

PG

ijU

BG

ijUijU EEE 


+


= (3.2.5.15)

where BG represents the Bubnov-Galerkin component and PG the Petrov-Galerkin
component of the element advection matrix.  The Bubnov-Galerkin term is computed as
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 (3.2.5.16)

where the quantities in angle brackets correspond to centroidal component values of the

Darcy velocity vector within an element; while vx
ijE , vy

ijE  and vz
ijE  are influence

coefficient matrices with matrix components computed as
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Substituting the expressions for the derivatives of the basis functions from Eqs. (3.1.2.3)
into Eqs. (3.2.5.17) and performing the triple integration for each matrix element yields
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Note that each influence coefficient matrix is an 8 x 8 matrix partitioned into four (4 x 4)
submatrices and that these integrals have been verified by evaluation of each using
Mathematica.  As can be seen submatrices of any individual influence matrix differ
from one another by a constant multiple.  Furthermore, the submatrices are easy to
evaluate and require virtually no computational effort.

The Petrov-Galerkin term is computed when the upwind parameter, α, is greater than
zero.  The Petrov-Galerkin term is computed as
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where the quantities in angle brackets correspond to centroidal component products of the

Darcy velocity vector within an element; while xx
ijA , yy

ijA , zz
ijA , xy

ijA , xz
ijA , and yz

ijA  are

influence coefficient matrices with matrix elements computed in Eqs. (3.1.5.16a) to
(3.1.5.16f)

Two-point Gauss-Legendre Quadrature

For the constrained trilinear hexahedron element, the components of the advection-
dispersion elemental matrix is computed as

∑
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ξξ 
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where
g .................... number of the Gauss

g
iϕ .................. local shape function evaluated at the gth Gauss point
g
ξ∇ ................. local gradient operator evaluated at the gth Gauss point

1
g
−J ................ inverse Jacobian matrix evaluated at the gth Gauss point

gJ ................ determinant of the Jacobian matrix at the gth Gauss point

gw ................. weight of the gth Gauss point

3.2.5.3 The Elemental Radioactive and First-Order Decay Matrix

From Eq. (3.2.1.6c) the expression for the elemental radioactive and first-order decay
storage matrix is obtained as

( )∫
Ω

Ωϕϕλ+λθ=

e

ejimrmij dRG (3.2.5.22)

where mθ  is the mobile water content, R is the retardation coefficient, rλ  is the

radioactive decay constant and mλ  is the first-order decay constant.  Transforming the
element radioactive and first-order decay matrix, Gij, from global to local coordinates
yields

ijmmijrmij MMRG λθ+λθ= (3.2.5.23)

where  represent centroidal values and
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1
jiij dddM J (3.2.5.24)

is the familiar consistent mass matrix.  Note that from Eq. (3.2.5.23), radioactivity and
first-order decay are handled as uniformly distributed sinks within each element.

The consistent mass matrix is computed using influence coefficient matrices or two-point
Gauss-Legendre quadrature.  The elemental mass matrix of the rectangular prism element
can be evaluated using influence coefficient matrices as
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The zza  matrix has already been computed in Eq. (3.1.5.18c) for the element seepage
matrix for flow.

For the constrained hexahedron element, the consistent mass matrix is computed using
two-point Gauss-Legendre quadrature as

∑
=

ϕϕ=
8

1g

gg
g
j

g
iij wM J (3.2.5.27)

3.2.5.4 The Elemental and Global Source/Sink Matrix

If sources or sinks are present within the domain, the source/sink terms, q, in Eqs.
(3.2.1.6) depend on the type of source/sink function assumed.  The source/sink term
matrix and the RHS forcing function vector, Eqs. (3.2.1.6d,e), can also be evaluated in a
simple manner: however, we must decide how the flow rate q is distributed over each
element.  In the current version of FACT it is assumed that q represents a point
source/sink that resides at a global node location (line sources/sinks can also be handled
by the appropriate allocation of source strength to each global node in contact with the
line source).  From the viewpoint of the flow equation, how point (or line) sources/sinks
are handled in FACT is discussed in Sections 3.1.5 and 3.1.6.  The first term of Eq.
(3.2.1.6e) is handled in a very similar way as was presented in Sections 3.1.5 and 3.1.6.

For cases involving point sources and/or sinks, the general expression for q is given by
Eq. (3.1.3.21).  The point source/sink term matrix, Eq. (3.2.1.6d), can also be evaluated in
a simple manner.  When Eq. (3.1.5.35) is used, the source/sink term in (3.1.1.6d) at the
element level becomes

( ) ( ) ( ) ( )βββ

Ω

β

Ω

ξϕξϕ=Ωϕϕ−δ=Ωϕϕ= ∫∫
rr

ji
e

ejisejiij QdqdqP

ee

xx (3.2.5.28)

where eQβ  is the elemental volumetric flow rate contribution of the source/sink (that is

associated with element e) distributed to each node of the element by the weight

factor ( ) ( )ββ ξϕξϕ
rr

ji .  In FACT, the point source (or sink) is limited to node locations only.

The total volumetric flow rate at the point source/sink is the sum of the eQβ  over each

element in contact with the particular global node located at the point source.  Let the
node number where the point source exists be denoted as ig* (a global index) (and i* the
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local index), if we evaluate Eq. (3.2.5.28) for each element within the mesh (note that
only those elements in contact with this global node contribute and only one non-zero
contribution results from each elemental matrix) and assemble the global source/sink
term matrix, we obtain for an elemental matrix the members

eelement for 
jii0

jiiQ
P

*

*e
i

ij






≠≠
=== β (3.2.5.29)

and for the overall global matrix
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(3.2.5.30)

where

ig
Qβ ............... total volumetric flow rate at global node ig (point source)

Thus, as expressed by Eq. (3.2.5.30), the global source/sink term matrix is a diagonal
matrix whose diagonal members are non-zero only for those nodes containing a point
source/sink.

3.2.5.5 The Elemental and Global RHS Forcing Function Vector

Next, we deal with the right-hand-side forcing function vector in Eq. (3.2.1.6e).  The first
term in Eq. (3.2.1.6e) represents a point source/sink of contaminant (i.e., mass flow rate
of contaminant) and the approach taken here is identical to that employed for a
volumetric flow point source/sink as presented in Section 3.1.5, Eqs. (3.1.5.35) to
(3.1.5.37).

For the case involving a contaminant point source, the general expression for *qc  is

( )β−δ= xx*
s

* cqqc (3.2.5.31)

where as before

sq .................. elemental volumetric flow rate at source/sink per unit volume
*c ................... incoming contaminant concentration at mass point source/sink

βx .................. location of point source/sink

When Eq. (3.2.5.31) is used, the elemental source (or sink) term in Eq. (3.1.1.6e)
becomes
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( ) ( )ββ

Ω

β ξϕ=Ω−δϕ= ∫
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i
*e

ie
*

si
e
s cQdcqF

e

i
xx (3.2.5.32)

Note that the actual value employed for the contaminant concentration depends upon

whether we are looking at a mass source (i.e., incoming mass flow, positive eQβ ) or a

mass sink (i.e., outgoing mass flow, negative eQβ ).  The contaminant concentration

becomes the user inputted value *c  for incoming flows while it becomes the local
concentration value of the aquifer for outgoing flows.

Equations for the first term of Eq. (3.2.1.6e) can be obtained by simply replacing the
volumetric flow rate with the contaminant mass flow rate in Eqs. (3.1.5.36) and (3.1.5.37)
resulting in an elemental vector with members

eelement for 
ii0

iicQ
F

*

**e
ie

si 





≠
== β (3.2.5.33)

and for the overall global (mass point source/sink) vector

T
*

np
*

ig
*

1s cQcQcQ 



= βββ LLF (3.2.5.34)

where

ig
eQβ ............... total contaminant mass flow rate at global node ig for point

source/sink

Recall that the governing solute transport equation chosen, Eq. (2.2.28), is in non-
conservative form.  One feature that results from this form is the cancellation of terms on
the LHS and RHS of the global representation of Eq. (3.2.1.7) when a mass point sink
(outgoing) is specified.  Basically, the mass flow rate contribution at node ig expressed in
Eq. (3.2.5.34) cancels with the same term created during the matrix multiplication of Eq.
(3.2.5.30) with the aquifer concentration vector.  Therefore, application of mass point
sinks (during transport simulations) are not necessary since they are automatically
handled.

3.2.6 Numerical Solution of Transport Equation

The set of time-dependent ordinary differential equations defined by Eq (3.2.1.7) are
integrated through time employing finite differencing.  Equation (3.2.1.7) is a linear set of
equations since the coefficient matrices B, E, G, P and the forcing vector F are limited to
time dependency only.  For example, FACT is currently limited to the use of a linear
equilibrium sorption isotherm model (see Section 2.2).  Applying variably weighted time
differencing to Eq. (3.2.1.7) yields the new (n+1)th time solution for solute concentration:
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where the coefficient matrices and forcing vector are evaluated at the intermediate point
in time (n+ω).  Two basic algorithmic choices as to their evaluation can be made
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where X can represent B, E, G, P, or F.  At each new time step a set of linear algebraic
equations must be solved.  Eq. (3.2.6.1) can be rearrange into the standard linear algebra
form given as:
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Due to the nature of the advection operator Eq. (3.2.6.3) represents an asymmetrical set of
algebraic equations.  Various common time-stepping schemes can be obtained by varying
the magnitude of the time differencing parameter, ω.  Three of the more notable ones are:

• ω = 0, fully explicit (or forward Euler) method that is first order accurate in time and
only conditionally stable (that is, the time step size is restricted below certain
magnitudes),

• ω = 1/2, centered-differencing (or Crank-Nicolson) method that is second order
accurate in time and is unconditionally stable (no time step limitation due to stability
required),

• ω = 1, fully implicit (or backward Euler) method that is first order accurate in time
and is unconditionally stable (no time step limitation due to stability required).

For ω less than one half the method is only conditionally stable.  Generally, the explicit
scheme requires less computational effort per time step.  However, for typical
groundwater transport problems the time step constraint associated with stability is
significantly smaller than that required by accuracy considerations.  As a result, the total
computational effort required is significantly greater when employing the explicit
method.  Therefore, it is recommended for transient transport simulations that either the
centered-differencing or fully implicit scheme be chosen.  The differences in
computational effort between these two options are negligible.  FACT allows the user to
specify the value of ω, 10 ≤ω≤ .  Without specific reasons to the contrary, it is further
recommended that the centered-differencing scheme be chosen to obtain second-order
accuracy.

In the current version of FACT, we evaluate the various matrices and vector terms at the
new time (i.e., new time velocity and water saturation are used).  These simplifications
reduce computational and storage demands associated with evaluation of the matrix and
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vector terms without significant loss in accuracy.  Thus, Eq. (3.2.6.3) can be further
reduced to the form
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The computational effort required per time step in solving Eq. (3.2.6.4) can be greatly
reduced for certain transient transport simulations.  For conditions where the left hand
side (LHS) of Eq. (3.2.6.4) is time-independent (e.g., for a steady-state flow field and
source/sink terms with a constant time step size), if the decompostion (from a direct
solver) of  the LHS matrix is stored during the first time step further time steps require
only the updating of the RHS vector and then the forward and backward sweep operations
of a linear algebra solver.  Since typically the major work load is in the decompostion
step of a direct method’s linear algebra solver, significant savings in run time can be
achieved.  For pre-conditioned conjugate gradient-like solvers (that are by their nature
iterative), an incomplete decomposition of the LHS matrix is typically chosen as the pre-
conditioner.  For these cases, the incomplete decomposition is stored during the first time
step and is reused during every iterative pass through the iterative solver.  Sizable savings
are still achievable.  During the processing of the problem statement, FACT automatically
determines if the conditions exist to take advantage of this speedup option.  No external
user input is required for this feature to be activated.

3.2.7 Treatment of Transport Boundary Conditions

As discussed in Section 2.2, boundary conditions must also be specified at all times for
the transport simulation.  The types of BCs of practical interest include the conditions of
prescribed concentration, prescribed material dispersive flux, and prescribed material
total flux.  Application of these BC types for the nonconservative form of the transport
equation, Eq. (2.2.28), requires some further explanations.

To assist us in this discussion we shall look at a simple example where the three BC types
are considered.  Eqs. (2.2.29b-d) are rewritten below for convenience:

Dirichlet ( ) 1Bportion boundary on c~t,c ′=x (3.2.7.1a)

Neumann 2n Bportion boundary on c ′=∇⋅ jDn (3.2.7.1b)

Cauchy ( ) 3n Bportion boundary on cc ′=−∇⋅ NUDn (3.2.7.1c)

where 1B′  is the portion of the boundary where concentration is prescribed as c~ , and 2B′
and 3B′  are portions of the boundary where the dispersive and the total solute mass fluxes
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are prescribed as nj  and nN , respectively.  These BCs are sometimes referred to as type
1, type 2, and type 3 BCs, respectively.  By convention we assume that incoming solute
material is positive.  Also, specification of Dirichlet conditions is not limited to the
boundary of the domain.  Dirichlet conditions can be specified at any active grid node and
application of it at a node supersedes any other type of BC type for that node.
Application of multiple material flux BCs to a single node (excluding a Dirichlet
specified node) is allowed and the contributions from each flux BC become additive.
Note that the transport equation is linear when one assumes a linear isotherm adsorption
model as is done in the current version of FACT.

The first-type BC, Eq. (3.2.7.1a), is treated by setting current concentration values at the
boundary nodes to the prescribed concentration c~ .  Physically, this BC may apply to
inflow boundary surfaces where the solute concentration of the incoming fluid is known
and can be assumed to be approximately the same as the resident nodal solute
concentration in the porous media.  Internal nodes, representing injection wells or
contaminant sources for example, may also be subject to the type 1 BC if the above stated
equilibrium assumption is adopted.  However, in most cases specification of the material
flux of solute due to sources is a more valid and practical approach.

The second-type BC, Eq. (3.2.7.1b), is treated by adding the integrated nodal value of the
prescribed dispersive flux (i.e., a mass flowrate) to the right hand side of the discretized
transport equations (Fi of Eq. (3.2.1.5)).  This mass flowrate represents the second
integral of Eq. (3.2.1.6e).  Physically, this BC may apply to impermeable boundary
surfaces where the dispersive flux is essentially zero.  The resulting normal concentration
gradients then become zero.  It may also apply to certain contaminated buried sources that
are placed in an undisturbed flow field, wherein the waste material is leaching solute at
the prescribed rate, nj .  In order for the local flow field to be undisturbed, the net material
entering the porous media must be zero (i.e., typically referred to as equimolar counter-
diffusion transport).  If the transport of material results in a net flux of material into (or
out of) the porous media (i.e., a non-zero bulk average velocity at the boundary interface),
the flow field is effected and the following  BC type should be used.

The third-type BC, Eq. (3.2.7.1c), generally applies to inlet boundary surfaces or injection
wells where the solute concentration of incoming or injected fluid c* may be unequal to
the resident nodal concentration values.  In these cases, the integrated nodal value of the
prescribed total flux (i.e., a mass flowrate) is added to the right hand side of the
discretized transport equations (Fi of Eq. (3.2.1.5)).  This mass flowrate represents the
first integral of Eq. (3.2.1.6e) where for the case of an inlet boundary surface flux the
volume integral becomes actually a surface integral of qc*.  In addition, an integrated
nodal advective flux term (i.e., a volumetric flowrate) corresponding to the bulk (Darcy)
velocity term in Eq. (3.2.7.1c) is added to the left hand side of the discretized transport
equations (the diagonal term IIP  of Eq. (3.2.1.5); incorporated into the coefficient matrix
along its diagonal).  This volumetric flowrate represents the integral of Eq. (3.2.1.6d)
where for the case of an inlet boundary surface flux the volume integral becomes actually
a surface integral of q.
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For the special case of extraction wells (sinks), the outgoing solute concentration, c*,
takes on the same value as the resident nodal concentration, c.  As noted earlier, the
nonconservative form of the transport equation, Eq. (2.2.28), is being solved and as a
result these special cases are handled automatically by the formulation used.  Basically,
the BC expressed by Eq. (3.2.7.1c) then reduces to that of Eq. (3.2.7.1b) with a zero
dispersive flux value.

The case of an outflow boundary is similar to the extraction well case.  Here the outflow
boundary is handled automatically if a zero (“natural”) dispersive flux assumption is
adequate.  This is the natural boundary condition within the finite element framework and
requires no treatment for its bounding surfaces.  If (but typically unlikely) dispersive
information at an outflow boundary exists, then application of the second-type BC should
be used.  The advective transport contribution is handled based on the inputted flow field.
The current version of FACT does not allow for a non-zero dispersive flux for this case.

Boundary conditions ultimately reside at specified nodes within the mesh.  A temporal
variation of a BC at any given node is accommodated in a convenient manner by
specifying the BC to be a transient BC whose transient behavior is inputted as either a
continuous piecewise cubic spline (or linear) approximation or a discontinuous (step
function) approximation.  These transient approximations represent the actual graph of
solute concentration or solute flux (actually integrated nodal volumetric or mass
flowrates) versus time.  Steady-state BC values are inputted as constants.

By way of example, Fig. 3.2.4 illustrates a typical situation where the above three BC
types are applied.  Figure 3.2.4 represents a 2-D vertical cross-section through an aquifer
unit containing both a saturated zone and a vadose zone.  The upper boundary, Ba,
coincides with the ground surface topography.  The lower boundary, Bc, coincides with
the top surface of an impermeable aquitard (i.e., the transport of solute, as well as water,
being negligible).  On the left boundary, Bb, groundwater flows into the domain carrying
along a known concentration of the solute species of interest.  On the right boundary, Bd,
groundwater flows out of the domain carrying along an unknown amount of the solute.

In addition to these boundary conditions, two types of sources exist.  The first source of
solute results from the vertical injection well, while the second results from the leaching
out of solute from buried waste.  These source terms were added to this example to
further illustrate how, in FACT, source/sinks and boundary fluxes are treated very
similarly.  In FACT, once source/sink strengths and boundary fluxes have been allocated
out to their appropriate neighboring nodes, their contributions to the transport equation
are handled identically.

Looking at Fig. 3.2.4 we see that the following nodal boundary conditions apply:

• Nodes on boundary surface Ba - Surface recharge containing a known solute
concentration is handled as a type 3 BC where the dispersive flux is assumed to be
zero.

• Nodes on boundary surface Bb - An inflow boundary whose solute concentration at
this surface is known is handled as a type 1 BC.
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• Nodes on boundary surface Bc - An impermeable boundary (both to bulk flow, as well
as species diffusion) that is handled as a type 2 BC whose dispersive flux is assumed
to be zero (i.e., this is a natural BC and it is handled automatically).

• Nodes on boundary surface Bd - An outflow boundary whose solute concentration at
this surface is unknown is handled as a type 2 BC where the dispersive flux is
assumed to be zero (i.e., this is a natural BC and it is handled automatically [the
default BC]).

• Nodes on boundary surface Bc - An impermeable boundary (both to bulk flow, as well
as species diffusion) that is handled as a type 2 BC whose dispersive flux is assumed
to be zero (i.e., this is a natural BC and it is handled automatically).

• Nodes on boundary surface Bd - An outflow boundary whose solute concentration at
this surface is unknown is handled as a type 2 BC where the dispersive flux is
assumed to be zero (i.e., this is a natural BC and it is handled automatically).

• Nodes along vertical well screen - For an injection well the source term is handled
similar to a type 3 BC where the dispersive flux is assumed to be zero.  For an
extraction well, no BC needs to be applied, since this case is handled by the
formulation of the governing equation.

Injection Well

Active
Screen z

Buried
Leachate

{
Boundary B

a

Boundary B
b

Boundary B
c

Boundary B
d

Surface Recharge

Impermeable Boundary

Known
Solute

Concentration
Outflow

Boundary

Fig. 3.2.4. An example for illustrating the treatment of transport boundary conditions
and source terms.

• Nodes associated with buried waste - For a buried waste form that impacts the flow
field the source term is handled similar to a type 3 BC where the dispersive flux is
assumed to be zero; otherwise, for cases where the flow field can be assumed to be
undisturbed, then a type 2 BC applies.  This later case arises for example when a
small quantity of fluid highly concentrated with a solute is injected (or leached) into
the subsurface.  The impact on the flow field is negligible for transport calculational
purposes and can be omitted.  In this case the preliminary flow simulation would also
assume a zero volumetric flowrate injected into the subsurface.
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3.3 Numerical Techniques for Variably Saturated Mobile/Immobile
Solute Transport

The standard weak formulation of the Petrov-Galerkin weighted residual technique
(Section 3.2.1) is employed to cast the mobile-phase governing transport equation into
integral form.  The mobile-phase transport equation reduces to the contaminant transport
equation in Section 3.2 when no interfacial mass transfer between mobile and immobile
solute occurs.  The immobile-phase transport equation does not include advection-
dispersion terms, therefore, the standard formulation of the Bubnov-Galerkin weighted
residual technique is employed to cast the equation into integral form.

3.3.1 Upstream-Weighted Residual Formulation of the Mobile-Phase
Transport Equation

The mobile-phase governing equation for transport, Eq. (2.3.15), is solved by the
upstream-weighted residual finite element method. The mobile and immobile solute
concentrations are approximated as finite linear combinations of the symmetric basis
(trial) functions of the form
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==
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np
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JJim

np
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JJm tcit,candtct,c xxxx (3.3.1.1)

where ( )xJϕ , ( )tcJ  and ( )tciJ  are the basis functions, the nodal values of mobile solute

concentration, and the nodal values of immobile solute concentration at time t,
respectively.

Rearranging and applying the upstream-weighted residual criterion to Eq. (2.3.15) yields
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Since we shall choose C0 continuous basis and weighting functions, Iϕ  and, Iψ  the
dispersion integral is evaluated by applying the divergence theorem (actually, Green’s first
identity, the multidimensional equivalent of integration by parts) to obtain
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where Ω is the solution domain with boundary σ, and the dispersive flux is ma c∇−= Dj .

Substituting Eqs. (3.3.1.1) and (3.3.1.3) into (3.3.1.2) gives the expression
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where the normal component of the dispersive flux (incoming is positive by convention)
is an jnj ⋅−= .

Equation (3.3.1.4) can be written in the more concise form

[ ] np,,2,1I,ciIFcPIGE
dt

dc
B JIJIJIJIJIJIJ

J
IJ K=+=++++ (3.3.1.5)

where
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The set of time-dependent linear ordinary differential equations defined by Eq (3.3.1.4)
can also be presented in its equivalent vector form as

[ ] IciFcPIGE
c

B +=++++
dt

d
(3.3.1.7)

where
B ................... mobile-phase storage (capacitance or mass) matrix
E ................... advection-dispersion matrix
G ................... mobile-phase radioactive and first-order decay matrix
I .................... interfacial mass transfer matrix
P ................... mobile-phase source/sink matrix
F ................... RHS forcing function vector
c .................... mobile solute (contaminant) concentration vector
ci ................... immobile solute (contaminant) concentration vector
t .................... time

3.3.2 Bubnov-Galerkin Weighted Residual Formulation of the Immobile-
Phase Transport Equation

The standard formulation of the Bubnov-Galerkin weighted residual technique is
employed to cast the immobile-phase governing equation into integral form.  The
Galerkin integral form of Eq. (2.3.21) is
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Substituting Eqs. (3.3.1.1) into Eq. (3.3.2.1) yields
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Equation (3.3.2.2) can be written in the more concise form

[ ] np,,2,1I,cIciIGi
dt

dci
Bi JIJJIJIJ

J
IJ K==++ (3.3.2.3)

where

( )∫
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Ωϕϕθ= dRBi JIimimIJ (3.3.2.4a)
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( )∫
Ω

Ωϕϕλ+λθ= dRGi JIimrimimIJ (3.3.2.4b)

The set of time-dependent linear ordinary differential equations defined by Eq (3.3.2.2)
can also be presented in its equivalent vector form as

[ ] IcciIGi
ci

Bi =++
dt

d
(3.3.2.5)

where
Bi .................. immobile-phase storage (capacitance or mass) matrix
Gi .................. immobile-phase radioactive and first-order decay matrix
I .................... interfacial mass transfer matrix
c .................... mobile solute (contaminant) concentration vector
ci ................... immobile solute (contaminant) concentration vector
t .................... time

3.3.3 Mobile-Phase Transport Equation Elemental Matrix Computation

The elemental matrices Bij, Eij, Gij, Iij ,Pij, and vector Fi resulting from the Bubnov and
Petrov-Galerkin approximations to the mobile-phase transport equation can be computed
using influence coefficient matrices or Gauss-Legendre quadrature for the rectangular
prism or constrained hexahedron element, respectively.

3.3.3.1 The Mobile-Phase Elemental Storage (Capacitance) Matrix

From Eq. (3.3.1.6a) the expression for the mobile-phase elemental storage coefficient
matrix is obtained as

( )∫
Ω

Ωϕϕθ=

e

ejimmij dRB (3.3.3.1)

where mθ  is the mobile water content, and mR  is the mobile-phase retardation
coefficient.  Transforming the mobile-phase elemental storage matrix, Bij, from global to
local coordinates yields

ijmmij MRB θ= (3.3.3.2)

where  represent centroidal values and ijM  is the consistent mass matrix.

3.3.3.2 The Elemental Advection-Dispersion Matrix

The elemental advection-dispersion matrix is unchanged from the discussion in Section
3.2.5.2.
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3.3.3.3 The Mobile-Phase Elemental Radioactive and First-Order Decay Matrix

From Eq. (3.3.1.6c) the expression for the mobile-phase elemental radioactive and first-
order decay storage matrix is obtained as

( )∫
Ω

Ωϕϕλ+λθ=

e

ejimrmmij dRG (3.3.3.7)

where mθ  is the mobile water content, mR  is the mobile-phase retardation coefficient,

rλ  is the radioactive decay constant and mλ  is the mobile-phase first-order decay
constant.  Transforming the mobile-phase elemental radioactive and first-order decay
matrix, Gij, from global to local coordinates yields

ijmmijrmmij MMRG λθ+λθ= (3.3.3.8)

where  represent centroidal values and ijM  is the consistent mass matrix.

3.3.3.4 The Mobile-Phase Elemental and Global Source/Sink Matrix

No change from Section 3.2.5.7.

3.3.3.5 The Mobile-Phase Elemental and Global RHS Forcing Function Vector

No change from Section 3.2.5.8

3.3.3.6 The Elemental Interfacial Mass Transfer Matrix

From Eq. (3.3.1.6f) the expression for the elemental interfacial mass transfer matrix is
obtained as

( )∫
Ω

Ωϕϕα=

e

ejiij dI (3.3.3.9)

where α is the mass transfer coefficient between mobile and immobile solute.
Transforming the mobile-phase elemental interfacial mass transfer matrix, Iij, from global
to local coordinates yields

ijij MI α= (3.3.3.10)

where  represent centroidal values.  The mass matrix is lumped in Eq. (3.3.3.10) in

order to solve a decoupled set of algebraic equations for the new time immobile solute
concentrations.  The lumped elemental interfacial mass transfer matrix becomes

L
ij

L
ij MI α= (3.3.3.11)
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3.3.4 Immobile-Phase Transport Equation Elemental Matrix Computation

The elemental matrices Biij, Giij, and Iij resulting from the Bubnov-Galerkin
approximations to the immobile-phase transport equation can be computed using
influence coefficient matrices or Gauss-Legendre quadrature for the rectangular prism or
constrained hexahedron element, respectively.

3.3.4.1 The Immobile-Phase Elemental Storage (Capacitance) Matrix

From Eq. (3.3.2.4a) the expression for the immobile-phase elemental storage coefficient
matrix is obtained as

( )∫
Ω

Ωϕϕθ=

e

ejiimimij dRBi (3.3.4.1)

where imθ  is the immobile water content, and imR  is the immobile-phase retardation
coefficient.  Transforming the immobile-phase elemental storage matrix, Biij, from global
to local coordinates yields

ijimimij MRBi θ= (3.3.4.2)

where  represent centroidal values.  The mass matrix is lumped in Eq. (3.3.4.2) in

order to solve a decoupled set of algebraic equations for the new time immobile solute
concentrations.  The lumped immobile-phase elemental storage matrix becomes

L
ijimim

L
ij MRBi θ= (3.3.4.3)

3.3.4.2 The Immobile-Phase Elemental Radioactive and First-Order Decay Matrix

From Eq. (3.3.2.4b) the expression for the immobile-phase elemental radioactive and
first-order decay storage matrix is obtained as

( )∫
Ω

Ωϕϕλ+λθ=

e

ejiimrimimij dRGi (3.3.4.4)

where imθ  is the immobile water content, imR  is the immobile-phase retardation

coefficient, rλ  is the radioactive decay constant and imλ  is the immobile-phase first-
order decay constant.  Transforming the immobile-phase elemental radioactive and first-
order decay matrix, Giij, from global to local coordinates yields

ijimimijrimimij MMRGi λθ+λθ= (3.3.4.5)

where  represent centroidal values. The mass matrix is lumped in Eq. (3.3.4.5) in

order to solve a decoupled set of algebraic equations for the new time immobile solute
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concentrations.  The lumped immobile-phase elemental radioactive and first-order decay
matrix becomes

L
ijimim

L
ijrimim

L
ij MMRGi λθ+λθ= (3.3.4.6)

3.3.5 Numerical Solution of the Mobile/Immobile Transport Equations

The set of time-dependent ordinary differential equations defined by Eqs. (3.3.1.7) and
(3.3.2.5) are integrated through time employing finite differencing.  Applying variably
weighted time differencing (see Section 3.2.6) to Eqs. (3.3.1.7) and (3.3.2.5) yields the
new (n+1)th time solution for mobile and immobile solute concentration, respectively
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where the coefficient matrices and forcing vector are evaluated at the intermediate point
in time (n+ω).

At each new time step a set of linear algebraic equations must be solved.  Eqs. (3.3.5.1)
and (3.3.5.2) can be rearranged into the standard linear algebra form given as,
respectively
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To avoid having to solve a coupled linear algebra problem, we decouple the set of
algebraic equations in Eq. (3.3.5.4) by lumping the mass matrix.
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Summing over all active elements and substituting Eqs. (3.3.3.11), (3.3.4.4), and (3.3.4.6)
into Eq. (3.3.5.4) yields the new time immobile solute concentration as

[ ] [ ] { } 


 ω−+ω+= +ω+ω++ n
J

1n
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n
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and eJ ∈ .

Substituting Eq. (3.3.5.5) into the time-differenced mobile-phase transport equation, Eq.
(3.3.5.3) and combining like terms gives
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(3.3.5.8)

In the current version of FACT, we evaluate the various matrices and vector terms at the
new time (i.e., new time velocity and water saturation are used).  These simplifications
reduce computational and storage demands associated with evaluation of the matrix and
vector terms without significant loss in accuracy.  Thus, Eqs. (3.3.5.5) and (3.3.5.8) can
be further reduced to the form

[ ] [ ] { } 


 ω−+ω+= ++++ n1n1nn1n1n 1 ccLciWci (3.3.5.9)



WESTINGHOUSE SAVANNAH RIVER COMPANY Manual: WSRC-TR-99-00282
Section: 3, Rev. 0
Date: 3/2000

FACT CODE MANUAL Page: 93 of 108

{ }

[ ] { } n1n
1n

L

n
1n

LL

n1n
1n

LL

1

1
t

t

ciWI

cPLIIGE
B

FcPLIIGE
B




 ω−+ω



+












 +ω−++−ω+
∆

+

=










 +ω−++ω+
∆

+
+

+

ω++
+

(3.3.5.10)
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The mobile-phase transport equation is solved first for the new time mobile solute
concentrations based on the old time mobile and immobile solute concentrations using
the asymmetric PCG/ORTHOMIN solver implemented in FACT.  The immobile-phase
transport equation is then solved based on the old time immobile solute concentrations
and the new and old time mobile solute concentrations.

The computational effort required per time step in solving Eq. (3.3.5.10) can be greatly
reduced for certain transient transport simulations.  For conditions where the left hand
side (LHS) of Eq. (3.3.5.10) is time-independent (e.g., for a steady-state flow field and
source/sink terms with a constant time step size), if the decompostion (from a direct
solver) of  the LHS matrix is stored during the first time step further time steps require
only the updating of the RHS vector and then the forward and backward sweep operations
of a linear algebra solver.  Similarly, the arrays W and L in Eq. (3.3.5.10) just have to be
built and stored once for a steady-state flow field, constant mass transfer coefficients and
time step size.  During the processing of the problem statement, FACT automatically
determines if the conditions exist to take advantage of this speedup option.

3.3.6 Treatment of Mobile/Immobile Transport Boundary Conditions

The treatment of mobile-phase transport boundary conditions are discussed in Section
3.2.7.  The immobile-phase transport equation does not require specification of boundary
conditions; only initial conditions.

3.4 Matrix Solution Techniques

The linear algebra problems expressed by Eq. (3.1.8.6a) for flow, Eq. (3.2.6.4) for
contaminant transport, and Eq. (3.3.5.10) for mobile-phase transport are solved using
efficient pre-conditioned conjugate gradient-like (PCG) iterative solvers.  Large
structurally sparse matrix equations are generated by the finite element (or finite
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difference) approximations to multi-dimensional field problems.  The PCG algorithms
chosen were designed to accommodate a large number of nodal unknowns consistent with
the needs imposed by many realistic 3D field problems (e.g., these methods do not alter
the sparsity pattern of the coefficient matrix during the solution process, thus no
additional allocation of memory is required).

3.4.1 Symmetric PCG Solver

For solving large sparse symmetric matrix equations, the class of Incomplete Cholesky
Conjugate Gradient (ICCG) algorithms has emerged as one of the most promising.  These
methods are guaranteed to converge for a symmetric positive-definite matrix (sometimes
referred to as a type M matrix).  The symmetric PCG solver implemented into FACT is
based on a two-step procedure developed by Meijerink and van der Vorst (1977), then
extended and implemented by Kershaw (1978) and Anderson (1983).  It is used in FACT
to solve the system of algebraic equations resulting from the application of the Picard
scheme to the finite element flow equations.

We wish to solve the linear algebraic problem

ySx = (3.4.1.1)

where the finite element coefficient matrix, S, is a positive diagonally dominant
symmetric matrix.  The first step of this PCG algorithm involves preconditioning of S by
computing its incomplete Cholesky decomposition in the form

TLDLBS =→ (3.4.1.2)

where in FACT the preconditioner matrix, B, is also symmetric and employs the
following storage scheme
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The actual decomposition is performed such that zero fill-in occurs yielding the
incomplete decomposition referred to as ICCG(0).  During the decompostion process no
adjustments are made for pivoting; however, the process does incorporate Kershaw’s
modification to the diagonal to enhance convergence stability.  The basic algorithm
employed for performing this incomplete decomposition is
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Since zero fill-in is assumed errors accumulate during the decomposition process.  If the
diagonal becomes too small, Kershaw alters the diagonal to stabilize the decomposition .
The following adjustment is proposed by Kershaw and is currently implemented in FACT

(with 48102 −×=ε ):
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The second step involves Conjugate Gradient (CG) iterations starting with the initial
guess of the solution vector set to 0xx == 0  (recall that the solution vector represents the
change in hydraulic head at each outer iteration and as one approaches steady-state
conditions the new time solution becomes invariant).  The CG recursive equations are as
follows:
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where
k .................... inner loop counter
S .................... symmetric LHS coefficient matrix
B ................... decomposed pre-conditioner matrix of S

kx .................. solution vector at kth iteration
y .................... RHS vector

kr ................... residual vector kth iteration

kp .................. search direction vector at kth iteration

kq .................. conjugate direction vector at kth iteration

kα ................. minimization parameter for solution and residual vector at kth

iteration

kβ .................. conjugate parameter for search vector at kth iteration

This scheme is repeated until either: (1) the L2 norms of the solution and residual vectors

are less than a prescribed tolerance criterion , innerε , or (2) the maximum allowable

number of iterations is reached, maxit.  The relative error criteria are given as:

inner
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(3.4.1.6a)
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(3.4.1.6b)

where the error tolerance placed upon the PCG solver (sometimes referred to as our inner
iteration loop) is computed based on
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 ε=ε −−
outer

46
inner 10,10max (3.4.1.7)

and the maximum number of inner PCG iterations is determined by

( )400,npmin2maxit ∗= (3.4.1.8)

In theory the number of iterations required to achieve the exact solution will not exceed
the number of unknowns (np).  However, due to finite arithmetic some number greater
than np may be required.  In general, for large nodal problems the number of iterations
required becomes significantly less than the maximum expressed by Eq. (3.4.1.8).  As Eq.
(3.4.1.7) indicates, we have placed a more stringent level of convergence (i.e., three
orders of magnitude) on our PCG solver (the inner loop) than on our N-R/Picard non-
linear solvers (the outer loop).  The magnitude of this multiplier is somewhat arbitrary,
but experience suggests that two to three orders of magnitude is optimal.

3.4.2 Asymmetric PCG Solver

For solving large sparse asymmetric matrix equations, the PCG/ORTHOMIN algorithm
has emerged as one of the most promising.  The ORTHOMIN scheme presented by Behie
and Winsome (1982) is well suited for solving these matrices and also maintains the
property of guaranteed convergence for type M matrices  This version may be considered
as another variant of the standard PCG procedure described in Section (3.4.1).  Indeed,
their formulations are quite similar.  The full ORTHOMIN procedure is given as follows.

The asymmetric PCG/ORTHOMIN solver implemented into FACT is based on a two-
step procedure developed by Behie and Winsome (1982).  It is used in FACT to solve the
system of algebraic equations resulting from: (1) the application of the N-R technique to
the finite element flow equations and (2) the direct application to the linear set of finite
element solute transport equations .

We wish to solve the linear algebraic problem

yAx = (3.4.2.1)

where the finite element coefficient matrix, A, is a asymmetric matrix that is diagonally
dominant under most circumstances (e.g., for solute transport diagonal dominance
becomes weak for high cell Peclet numbers).  The first step of this PCG algorithm
involves preconditioning of A by computing its incomplete Crouts decomposition (i.e.,
the diagonal of the upper triangular matrix is assumed to be unity) in the form

LUBA =→ (3.4.2.2)

where in FACT the preconditioner matrix, B, is also asymmetric and employs the
following storage scheme
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The actual decomposition is performed such that zero fill-in occurs.  During the
decompostion process no adjustments are made for pivoting. It is assumed that the
diagonal dominance of A is sufficient enough such that no modification to the diagonal to
enhance stability is warranted.  The basic algorithm employed for performing this
incomplete decomposition is:
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(3.4.2.4)

The second step involves orthogonalization iterations starting with the initial guess of the
solution vector set to 0xx == 0  (recall that the solution vector represents the change in
hydraulic head or solute concentration at each outer iteration and as one approaches
steady-state conditions the new time solution becomes invariant).  The ORTHOMIN
recursive equations are as follows
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where
k .................... inner loop counter
i ..................... inner iteration index
A ................... LHS coefficient matrix

B ................... decomposed pre-conditioner matrix of A

kx .................. solution vector at kth iteration
y .................... RHS vector

kr ................... residual vector at kth iteration

kp .................. search direction vector at kth iteration

kq .................. conjugate direction vector at kth iteration

kv .................. intermediate convenience vector for computational needs at kth

iteration

kα ................. minimization parameter for solution and residual vector  at kth

iteration
i
kβ .................. ith component conjugate parameter for search vector at kth

iteration

This scheme relies on the same convergence criteria logic and maximum number of inner
iterations as given above for the symmetric solver (see bottom part of Section (3.4.1)
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The above algorithm requires core memory storage of arrays ip  and iq  for all previous
iterations (i=1,2,...,k-1).  The computational effort further increases with the number of
iterations, as well.  In addition, as the number of orthogonalizations increases, round-off
errors can become unacceptable.  These difficulties are circumvented by noting that in
practice not all np orthogonalizations are required.  In view of this, it is advantageous to
limit the number of orthogonalizations to a prescribed value, north.  In this way, the
orthogonalization procedure is restarted at every (north+1) iteration.  The actual number
of orthogonalizations required to achieve good convergence is problem dependent.
Experience has shown that a value of north=40 is adequate.

As mentioned earlier for transient calculations where the LHS matrix, A, is time-
independent, the incomplete decompositon of the pre-conditioner can be stored during the
first time step/iteration and then reused during all subsequent iterations and time steps.
Sizable savings in the computational effort results since the LHS matrix no longer must
be recreated at each time step and the incomplete decomposition step has to only be
performed once.

3.5 Spatial and Temporal Discretizations

Varying levels of spatial discretization of the solution domain are performed
automatically in the FACT code.  FACT uses a right-handed Cartesian coordinate system.
In the areal view a rectangular grid is used to represent the 3D model domain.  The
vertical planes (i.e., the x and y planes) are constrained to be flat surfaces that are
perpendicular to each other; therefore, the resulting elements are rectangular in shape
areally and their shape remains invariant in the vertical direction.  The overall 3D mesh is
structured whereby each horizontal layer of elements spans the entire areal extent.
However, the horizontal layers of nodes are not restricted to planar surfaces (i.e.,
vertically distorted elements are allowed).  Each element is represented by a linear (8-
noded) finite element that is rectangular in the horizontal direction.  The vertical
coordinate (z-axis) is in the opposite direction relative to the gravity vector.

As specified by the user, FACT will automatically generate a grid with nodes and
elements numbered sequentially sweeping first along the x-axis and then along the y-axis
to form a horizontal nodal/elemental plane.  The first horizontal plane resides at the
bottom of the model and subsequent planes are created sequentially one stacked on top of
the next.  The areal grid is specified by the user through inputting an array of x and y-axis
grid line locations.  If the distance between adjacent horizontal (x and y-axes) planes is
uniform (i.e., flat planar surfaces of nodes), then the user can specify the vertical grid
spacing by only having to input an array of z-axis coordinates.  For vertically distorted
meshes however, the user is required to input the entire set of nodal vertical coordinates.
A minimum of one element in length (two grid planes) is required for each of the three
(x,y,z) coordinate directions.

The 3-D model contains the entire system, which is considered as one unit where
different materials are accommodated by assigning different sets of material properties for
different elements.  For example, aquifer and aquitard regions are handled by the use of
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differing material properties specified at those elements whose centroids correspond to
their locations, respectively.

An example of a vertically distorted mesh, illustrating the node and element numbering
conventions, is presented in Figs. 3.5.1 and 3.5.2.  This example consists of four elements
in the x-direction, four in the y-direction, and two in the z-direction, for a total of 32
elements and 75 nodes representing the entire mesh.   Figure 3.5.1 contains an areal view
of the mesh corresponding to its first horizontal plane; while, Fig. 3.5.2 contains a vertical
view of the meshing corresponding to its first y-axis plane.  The actual system boundaries
are shown overlaid on the areal mesh in Fig. 3.5.1.  The irregular system boundary is
accommodated by assigning a non-positive (usually set to zero) material number to
elements outside the region of interest (i.e., inactive elements) also shown in both figures
as shaded areas.  Note that inactive elements can exist anywhere throughout the mesh and
do not necessarily have to extend the entire vertical extent at any given areal location
(e.g., see elements numbered 3 and 19 in Fig. 3.5.2).  A more in depth example of mesh
capabilities, including boundary condition specification, will be presented in Section 5.
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11 12 13 14 15

16 17 18 19 20

21 22 23 24 25
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#    - element number
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y
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y
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y
i

Fig. 3.5.1. Areal Slice through Example Mesh Illustrating Nodal and Elemental
Numbering Conventions.

In FACT, temporal discretization can also be performed either manually or automatically
if required.  Under the manual option absolute time values (points) are inputted by the
user.  Internally FACT computes the appropriate time step size and then marches through
time consistent with the inputted time table.  Alternatively, the user can employ the
automatic time step generation option in FACT.  New time step sizes and time values are
computed at the end of each time step by using the simple algorithm:
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Fig. 3.5.2.  Vertical Slice through Example Mesh Illustrating Nodal and Elemental
Numbering Conventions.

( )
( ) ( )

( )
( ) ( ) ( ) ( )

( )
( ) ( )

















≤≤+−

≤≤+−

≤≤−

=∆

∏
−

=

ntsn1insti
nsinsti

)nsi(tmstnsitmend

2nsti1nstin11nsti
2nsti

)2(tmst2tmend

1nstin1
1nsti

)1(tmst1tmend

t

1nsi

1i

n
MM

(3.5.1)

where
nsi ................. number of simulation intervals
tmst ............... starting time of simulation interval
tmend ............ ending time of simulation interval
nsti ................ number of time steps between tmst and tmend
nts ................. total number of time steps

and

n1nn ttt ∆+= − (3.5.2)

3.6 Material Mass Balance Options

In groundwater modeling, as well as numerical modeling in general, several factors
influence the numerical accuracy obtained.  At several locations in previous sections
some of these factors were alluded to and suggestions as to how to minimize them were
given.  In order to estimate the overall/relative accuracy (or error) of a given simulation, a
material mass balance over the entire solution domain should be performed.  In FACT
there exists such a mass balance option for either a flow or transport simulation.  It is
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essential that the resulting mass balance errors be sufficiently small for the numerical
solutions to the flow and transport equations.  Sufficiently small is a relative term that
may be better stated in the following way.  It is desirable (a rule of thumb) to maintain
numerical errors at least one-to-two orders of magnitude lower than those errors
associated with modeling assumptions (e.g., conceptual model, source/sink terms,
boundary conditions, material properties).  In many cases modeling errors are unknown
(or only known qualitatively) and under these conditions we typically try to minimize
numerical errors as much as possible given the constraints of available computer
resources and run time durations.

Since the accuracy of the numerical approximations to the flow and transport equations is
mesh dependent (i.e., a mixture of first and second order convergence rates), the mass
balance errors are affected by our choices in local/global spatial and temporal resolution.
Computing mass balance errors at every individual node requires more CPU than is
deemed necessary.  Therefore, in FACT we employ a mass balance approach that
estimates the overall mass error associated with the mesh domain that is computed each
time step.  This procedure generates an error norm that can be used as an indicator of the
global accuracy of the numerical solution.  It is conceivable that local error contributions
from one region of the mesh could cancel out with contributions from other regions; thus,
producing a greatly reduced “computed” error norm.  The likelihood of such an
occurrence is deemed to be remote and as such for efficiency we compute only a global
indicator.

A derivation of this procedure, first for the flow equation and then for the more
complicated transport equation, follows.  The entire solution (mesh) domain is referred to
as RΩ , while its boundary is referred to as Bσ .  Inactive elements are outside the domain
and in many cases help in defining the domain’s boundaries.  Nodes completely
surrounded by inactive elements are inactive, while any nodes adjacent to an active
element become active.  The scheme employed for performing material balance
calculations is based upon the work of Huyakorn and Pinder (1983, see page 209 for
additional information).

3.6.1 Flow Equation Mass Balance

An overall mass balance can be derived based on the flow equation, Eq. (2.1.17)

( ) q
t

h
SSC0 sw −⋅∇+

∂
∂+= U (3.6.1.1)

where the Darcy velocity vector is expressed as

hkrw ∇−= KU (3.6.1.1a)

and the source term, q, has been included to take into account any contributions from
point sources/sinks that may exist within the solution domain.  Within FACT it is more
convenient to consider specified surface recharge and surface fluxes as distributed
sources.  Note that distributed sources (e.g., line sources such as wells and surface
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recharge) are ultimately allocated out to individual nodes and therefore, can for mass
balance checking purposes be considered as point sources.  Grouping together all nodes
containing a point source, as well as those distributed sources that are converted, the
following expression can be used to represent them
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where nw represents the total number of nodes containing point sources/sinks.

The mass balance over the whole domain can be obtained by integrating Eq. (3.6.1.1) and
applying Green’s (divergence) theorem to the advective term.  Thus, one obtains
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(3.6.1.3)

The second integral in Eq. (3.6.1.3) represents the net material flux across the whole
boundary.  The first and third integrals represent, respectively, the net rate of mass storage
and the net rate of mass production (owing to well injection or extraction, recharge, etc.)
within the entire domain.

If the exact hydraulic head solution of Eq. (3.6.1.1), consistent with imposed boundary
conditions, was known and then substituted into Eq. (3.6.1.3), that equation would be
satisfied exactly (i.e., all three integrals would sum up to zero).  However, if an
approximate solution (such as the one obtained by FACT)

( )∑
=

ϕ=
np

1J

JJ h
~

xh (3.6.1.4)

is substituted into Eq. (3.6.1.3), the three integrals typically sum up to a non-zero result
that corresponds to the rate of net material loss, Fε& , over the entire domain at that instant
in time
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where the Darcy velocity normal to the boundary (incoming being positive by
convention) can be estimated from

h
~

knU rwn ∇⋅=⋅−= KUn (3.6.1.5a)
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The rate of net material loss, Fε& , represents our measure of overall numerical errors
associated with the solution of the flow equation.  The three integrals of Eq. (3.6.1.5)
represent the overall mass accumulation within the domain, the net transport of material
across the domain’s boundaries, and the net production of material within the domain,
respectively.  Equation (3.6.1.5) expresses a global mass balance for the domain given the
boundary conditions and source terms for a specific problem.  However, the integrals in
Eq. (3.6.1.5) are not in a convenient form for evaluation within the FACT framework.
Ideally, we would like to transform these integrals into forms that take advantage of the
Galerkin integrals already computed during the solution phase of FACT.  Thereby,
making the mass balance checking as computationally efficient as possible.  This can be
easily accomplished making use of certain properties of the basis functions.

The chosen nodal basis functions used in the Galerkin approximations have only local
support (i.e., are non-zero only over the limited range of their neighboring nodes).  The
set of basis functions  chosen are conformal and as such possess the following useful
properties:
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where

Bn ................. number of nodes on the whole boundary
np .................. total number of nodes within whole solution domain

Making use of Eqs. (3.6.1.6), Eq. ( 3.6.1.5) can be re-expressed in the form














++−=ε ∑∑∑

===

wB n

1P

W
P

n

1K

B
K

np

1I

S
IF FFF& (3.6.1.7)

where

( )∑ ∫
= Ω 















Ωϕϕ+=

np

1J

J
RJIsw

S
I dt

dh
dSSCF

R

(3.6.1.8a)

∫
σ

σϕ=

B

BnK
B
K dUF (3.6.1.8b)

( ) ∑∑ ∫
== Ω

=Ω−δ











ϕ=

ww

R

n

1P

P

n

1P

RP
P

P
P

W
P Qd

V

Q
F xx (3.6.1.8c)



WESTINGHOUSE SAVANNAH RIVER COMPANY Manual: WSRC-TR-99-00282
Section: 3, Rev. 0
Date: 3/2000

FACT CODE MANUAL Page: 106 of 108

Note that the indices refer to specific nodes: I and J refer to the total set of active nodes
making up the mesh domain; K refers to those nodes lying on the boundary (excluding
nodes whose flux boundary conditions have been converted to point sources); and P
refers to those nodes containing a point source or sink.

A considerable savings in CPU time can be achieved if the mass matrix in Eq. (3.6.1.8a)
is lumped.  Lumping of this mass matrix is also consistent with the formulation of the
discretized set of flow equations solved by FACT.  Following a similar derivation as was
done in Section 3.1.5, Eq. (3.5.1.6a), the storage term, can be integrated and mass lumped
to give the elemental contribution

dt

dh
MSSCF iL

iisw
S
i += (3.6.1.9)

The global array associated with the storage term is already required for the setting up of
the flow equations in FACT at each time step.  This global storage array is saved for later
mass balance calculations, if requested.

While the evaluation of the source term integral is straightforward, the evaluation of the
boundary integral is more involved.  Eq. (3.6.1.8b) is the boundary integral corresponding
to the nodal fluid flux (actually a volumetric flow rate) at the k’th boundary node.  In the
finite element formulation a flux on a boundary, when allocated out to the appropriate
boundary nodes, appears identical to a point source placed at that boundary node when
viewing the discrete set of flow equations.  Thus, from the viewpoint of the discrete set of
flow equations, boundary fluxes and point sources (which include distributed/line sources
and recharge) can be grouped together as implied by the brackets in Eq. (3.6.1.7).  We
shall refer to the entries of this combined group as nodal fluid fluxes that can reside either
on the boundary or within the domain.

Each nodal fluid flux, say at the k’th node, can be computed by performing back
substitution of the computed hydraulic head solution into the discrete finite element flow
equation written for the k’th node.  The back substitution is performed on discrete flow
equations that have not been altered by boundary conditioning (i.e., type 1, 2, or 3 BC’s).
Boundary nodal fluid fluxes computed in this manner avoid the problems of
discontinuities resulting from the potential discontinuities that arise when velocities at the
boundary nodes of individual elements are computed.  In FACT after the creation (i.e.,
elemental assemblage) of the global set of discrete flow equations and prior to application
of boundary conditions we have the system of equations (see Section 3.1.1 for more
details)

0FhA
h

B =−+ FFF

dt

d
(3.6.1.10)

where
FB ................. storage matrix prior to applying BC’s
FA ................. seepage matrix prior to applying BC’s
FF ................. nodal fluid flux array (actually nodal volumetric flow rates)
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Only the matrix members associated with those global nodes where nodal fluid flux
calculations are requested are stored.

Performing backward Euler (fully implicit) differencing on Eq. (3.6.1.10), as was done in

Section 3.1.8, rearranging terms, and substituting in our approximate head solution, h
~

,
we arrive at our working equation for computing the nodal fluid fluxes at time step (n+1)
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Since the above matrices can be time varying, for transient applications these stored terms
must be updated prior to mass balance computations.  As pointed out above the nodal
fluid flux array contains both the boundary nodes, as well as any other nodes within the
domain that contains source contributions of any form.  We can express this array by

T
WBF , 



⇒ FFF (3.6.1.12)

where B refers to boundary nodes and W refers to internal nodes with sources or sinks.
This array contains nodal volumetric flow rates that are written to an output file for
potential use in material balance checking for a subsequent transport simulation.

Upon the successful completion of a time step and if mass balance checking is requested,
the nodal fluid fluxes are computed from Eq. (3.6.1.11) for all nodes.  We now have an
efficient method for computing the rate of net material loss defined by Eq. (3.6.1.7) and
shown below in terms of nodal fluid fluxes as
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In FACT, we compute nodal fluid fluxes for all active nodes.  For those nodes which are
not boundary flux nodes or internal point sinks or sources, the computed nodal fluid flux
should be near zero.

For convenience, we also compute a normalized mass balance error defined as
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where the normalization factor is somewhat arbitrary but well behaved.

We also compute the cumulative mass balance error within the domain at each time level
as
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3.6.2 Transport Equation Mass Balance

No transport equation mass balance performed.  Mass balance algorithm not completed.
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4 Verification Tests and Results
he numerical schemes of FACT were tested extensively using two groups of
example problems selected to represent diversified field conditions.  The main

objectives of these tests are to verify the capability and demonstrate efficiency and
robustness of the numerical schemes and modules used for various solution options
offered by the code.

The first group of problems consist of ten groundwater flow problems covering a wide
range of boundary conditions in the saturated and unsaturated zones of subsurface
systems of various hydrogeologic configurations.  The simulated results obtained from
the flow modules of FACT were compared with the analytical solutions and/or with other
well documented numerical codes.  The test examples considered are described in Section
4.1 and listed as follows:

1. Steady-state, one-dimensional flow in a confined aquifer.

2. Steady-state, one-dimensional flow in an unconfined aquifer.

3. Steady-state flow through a heterogeneous subsurface system.

4. Unconfined aquifer subject to a combined recharge/drain boundary condition.

5. Radial flow to a well in a confined aquifer (Theis solution).

6. Radial flow to a well in an anisotropic confined aquifer.

7. Radial flow to a well in a leaky confined aquifer.

8. Radial flow to a well in an unconfined aquifer (Neuman solution).

9. Transient flow in an unconfined aquifer.

10. Unsaturated vertical soil column.

The second group of problems involves contaminant transport in the saturated zones of
subsurface systems of various configurations.  Five problem cases were used to test the
transport modules of the FACT code.  The following problem cases are described in
Sections 4.2 and 4.3:

1. One-dimensional saturated solute transport in a uniform flow field.

2. Two-dimensional saturated solute transport in a uniform flow field.

3. Three-dimensional saturated solute transport in a uniform flow field.

4. One-dimensional saturated solute transport in a uniform flow field with first-order
mobile/immobile mass transfer (van Genuchten and Wierenga analytical cases)

5. One-dimensional saturated solute transport in a uniform flow field with first-order
mobile/immobile mass transfer (VERSE-LC comparison)

The results for these problems were verified against the analytical and numerical transport
solutions.

In the following three sections, detailed descriptions of the test problems, physical
configurations, and hydrogeologic properties of the groundwater systems, spatial and
temporal discretizations, solution schemes used, and numerical results are presented.

T
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The above test examples do not generally reflect large field-scale applications of FACT.
However, FACT was designed and has been employed for numerous large field-scale
applications typically ranging in node size from 50 to 100 thousand nodes (one 200
thousand node problem has also been solved).  The details of these types of field-scale
applications is too large to place in this report.  The interested reader can view these types
of applications in the following references (local chosen sites at the Savannah River Site):

• Old Burial Ground Application (OBG) - 63,600 nodes in size and models the flow
and transport of tritium from buried tritiated waste forms to where it outcrops at the
seepage faces of Fourmile Branch tributary.  Local heterogeneity is handled by having
each active finite element within the mesh domain a unique material type.  Material
type is based on detailed lithologic data in terms of mud fraction fitted over the entire
mesh domain.  Alternative remedial corrective actions plans are investigated (capping
of the OBG).  This model contained buried tritiated waste forms in the vadose zone
that migrated downward into the underlying water table and then migrated somewhat
horizontally in the saturated zones outcropping at Fourmile Branch.  See reference: G.
P. Flach, L. L. Hamm, M. K. Harris, P. A. Thayer, J. S. Haselow and A. D. Smits,
"Groundwater Flow and Tritium Migration from the SRS Old Burial Ground to
Fourmile Branch (U)," WSRC-TR-96-0037, 1996.

• TNX Area - 55,575 nodes in size and models groundwater flow throughout the TNX
complex down to the Savannah River.  A proposed recovery well network for
capturing a 500 µg/L TCE plume is investigated.  Vertical re-circulation well
technology is also considered.  This models included both the vadose and several
saturated zones, with vertical mesh resolution in the vadose and water table zones to
adequately predict the vertical velocity field near the vertical re-circulation well.  See
Reference: R. L. Nichols, L. L. Hamm and W. F. Jones, "Numerical Modeling of the
TNX Area Hybrid Groundwater Corrective Action (U)," WSRC-RP-95-787, August
1995.

• A/M Area - 200,168 nodes in size and models the zone of capture for an existing
recovery well network located within the central A/M Area and for a planned
recovery well network to be located in the northern sector.  A large number of
individual wells were contained within the model.  The model consisted of the water
table and several underlying confining units and aquifers.  The piezometric head
profile for the surface of the water table was fixed as Dirichlet boundary conditions
based on the fitting of available well data.  See Reference: D. G. Jackson and S. E.
Aleman, "Three Dimensional Zone of Capture Analysis for the A/M-Area (U),"
WSRC-RP-95-0843, May 1995.

• A/M Area – 318,291 nodes in size and models the zone of capture and transient
transport of TCE to assess the expected overall performance of two vertical
recirculation wells located in the Southern Sector of A/M Area.  The model consists
of a 3000 ft by 3000 ft mesh of the “Lost Lake” aquifer zone.  The recirculation well
boundary condition in FACT was used to model the two wells.  See Reference: S. E.
Aleman and L. L. Hamm, "Capture Zone Analyses of Two Airlift Recirculation Wells
in the Southern Sector of A/M Area (U)," WSRC-TR-99-00203, July 1999.
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The above examples illustrate a variety of features that FACT performs and it is highly
recommended that the user study these references for ideas when attempting to solve a
field-scale problem with FACT.

4.1 Groundwater Flow Problems

4.1.1 Steady-state, One-Dimensional Flow in a Confined Aquifer

Figure 4.1.1.1 illustrates two confined aquifers experiencing steady, one-dimensional
flow.  The test cases are designed to confirm correct implementation of the general head
and river bed boundary conditions.  The problems can be easily solved analytically.

h0 = 50 ft

x = 0 x = 200’

Confined aquifer

K = 0.2 ft/day

z = 0

z = 40’ GENERAL HEAD
boundary condition:

−K
∂h
∂x x=L

= CL h −hL( )

CL = 0.001 day-1

hL = 25, 50, 100 ft

h0 = 140, 110,

x = 0 x = 200’

Confined aquifer

K = 0.2 ft/day

z = 0

z = 40’ RIVER
boundary condition:

CL = 0.001 day-1

hL = 100 ft, zL = 75ft

PROBLEM 1

PROBLEM 2

−K
∂h
∂x x=L

=
CL h− hL( ) h ≥ zL

CL zL −hL( ) h < zL

 
 
 

100, 90,
75, 60,
50, 45,

and 41 ft

Fig. 4.1.1.1. Schematic diagram of a confined aquifer with a constant head boundary
condition at x = 0 and either a general head (Problem 1) or river (Problem
2) boundary condition at x = L.

Analytic solution:  Invoking the Dupuit assumption, the following governing equation
can be developed for a confined aquifer (de Marsily, 1986, Eq. (5.3.11))
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For constant aquifer thickness, constant properties, one-dimensional steady flow and no
recharge, Eq. (4.1.1.1) becomes
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For the boundary conditions of Problem 1

0x@hh 0 == (4.1.1.3a)
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the solution can be derived using direct integration as
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For the boundary conditions of Problem 2

0x@hh 0 == (4.1.1.5a)
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the solution is
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FACT simulation and comparison:  Figure 4.1.1.2 illustrates the FACT mesh chosen
for both problems.  Table 4.1.1.1 and Fig. 4.1.1.3 present the FACT results for Problem 1
in comparison with the analytic results.  In order to test the river boundary condition the
Darcy velocity is computed at node 11 (x = 200’, y = 0’, z = 0’) using the volumetric flow
and the river boundary condition.  The Darcy velocity is given by

A

Q
Ux = (4.1.1.7)

where the volumetric flow Q at node 11 is the result of the FACT mass balance
computation (Group 11, IMBAL = 1) and the effective flow area A at node 11 is 400 ft2.
The Darcy velocity is also given by
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where h is hydraulic head at node 11 and hL = 100’, zL = 75’.  Table 4.1.1.2 and Fig.
4.1.1.4 present the FACT results for Problem 2 which compares the two calculations of
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Darcy velocity at node 11.  FACT has excellent agreement with the analytic results for
both problems.
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Fig. 4.1.1.2.  FACT grid.
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WESTINGHOUSE SAVANNAH RIVER COMPANY Manual: WSRC-TR-99-00282
Section: 4, Rev. 0
Date: 3/2000

FACT CODE MANUAL Page: 6 of 130

-20 -10 0 10 20 30
-0.020

-0.010

0.000

0.010

0.020

D
ar

cy
 v

el
oc

ity
 a

t n
od

e 
11

 (
ft

/d
ay

)

hbed - h(200) (ft)

Volumetric flow

River B. C.

Fig. 4.1.1.4.  FACT Darcy velocity for Problem 2.



WESTINGHOUSE SAVANNAH RIVER COMPANY Manual: WSRC-TR-99-00282
Section: 4, Rev. 0
Date: 3/2000

FACT CODE MANUAL Page: 7 of 130

Table 4.1.1.1

Comparison of analytic solution and FACT numerical results for Problem 1

hL = 25 ft hL = 50 ft hL = 100 ft
x

(ft)
Analytic

(ft)
FACT

(ft)
Analytic

(ft)
FACT

(ft)
Analytic

(ft)
FACT

(ft)
0 50.0 50.0 50.0 50.0 50.0 50.0

20 48.8 48.8 50.0 50.0 52.5 52.5
40 47.5 47.5 50.0 50.0 55.0 55.0
60 46.3 46.3 50.0 50.0 57.5 57.5
80 45.0 45.0 50.0 50.0 60.0 60.0

100 43.8 43.8 50.0 50.0 62.5 62.5
120 42.5 42.5 50.0 50.0 65.0 65.0
140 41.3 41.3 50.0 50.0 67.5 67.5
160 40.0 40.0 50.0 50.0 70.0 70.0
180 38.8 38.8 50.0 50.0 72.5 72.5
200 37.5 37.5 50.0 50.0 75.0 75.0

Table 4.1.1.2

FACT Darcy velocity at node 11 for Problem 2

Volumetric flow River bed B.C.
h0
(ft)

hL
(ft)

zL
(ft)

hx=L
(ft)

U
(ft/day)

hx=L
(ft)

U
(ft/day)

140 100 75 120 -0.02 120.0 -0.0200
110 100 75 105 -0.005 105.0 -0.0050
100 100 75 100 0 100.0 0.0000
90 100 75 95 0.005 95.0 0.0050
75 100 75 87.5 0.0125 87.5 0.0125
60 100 75 80 0.02 80.0 0.0200
50 100 75 75 0.025 75.0 0.0250
45 100 75 70 0.025 70.0 0.0250
41 100 75 66 0.025 66.0 0.0250

4.1.2 Steady-State, One-Dimensional Flow in an Unconfined Aquifer

Figures 4.1.2.1 and 4.1.2.2 illustrate a pair of unconfined aquifers experiencing steady,
one-dimensional flow without and with recharge, respectively.  The second problem is
essentially FTWORK Problem 4.1.1 (GeoTrans, 1993).  Both problems can be easily
solved analytically.
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h0 = 40 ft hL = 20 ft

z = 0

z = 60’

x = 0 x = 100’

Unconfined aquifer
K = 10-3 ft/s

(no recharge)

Fig. 4.1.2.1. Schematic diagram of an unconfined aquifer with no recharge and constant
head boundary conditions (Problem 1).

h0 = 164 ft

z = 0

z = 240’

x = 0 x = 1640’

0.0328 ft/day recharge

no
flow

Unconfined aquifer
K = 3.28 ft/day

Fig. 4.1.2.2. Schematic diagram of an unconfined aquifer with recharge and mixed
boundary conditions (Problem 2).

Analytic solutions:  Invoking the Dupuit assumption (de Marsily, 1986, Eq. (5.1.1)))
gives the following general expression for flow in an unconfined aquifer
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(4.1.2.1)

For a horizontal confining unit (σ = constant), constant properties and one-dimensional
steady flow, Eq. (4.1.2.1) becomes

( )
K

Q2

dx

hd
2

22

=σ−
(4.1.2.2)

For the prescribed head boundary conditions

0x@hh 0 == (4.1.2.3a)

Lx@hh L == (4.1.2.3b)

 the solution can be derived using direct integration as

( ) ( ) ( ) ( ) 





−





+



 σ−−σ−+σ−=σ−

L

x
1

L

x

K

LQ

L

x
hhhh

2
src2

0
2

L
2

0
2 (4.1.2.4)

where Qsrc = -Q.  For the boundary conditions
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0x@hh 0 == (4.1.2.5a)

Lx@0
dx

dh == (4.1.2.5b)

the solution is

( ) ( ) 





−





−σ−=σ− 2

L

x

L

x

K

LQ
hh

2
src2

0
2 (4.1.2.6)

FACT simulation and comparison:  Figures 4.1.2.3 and 4.1.2.4 present the two grids
chosen for FACT simulations.  Each grid is one element thick in the y-direction.  The
mesh for problem 1 contains 10 × 6 elements in the x-z plane for a total of 60 elements.
The corresponding number of nodes is 11 × 2 × 7 = 154.  The second mesh contains 20 ×
1× 1 = 20 elements and 21 × 2 × 2 = 84 nodes.  Table 4.1.2.1 and Figs. 4.1.2.5 and 4.1.2.6
present the analytic and FACT results for an optimal selection of the pseudo-soil property
parameters.  The agreement is excellent for both problems.  Figures 4.1.2.7 and 4.1.2.8
show the RMS. head difference between the FACT and analytic results for other values of
the pseudo-soil property parameters.  Observe that the quality of the agreement is not
strongly dependent on these parameters selections.  Notice that the best results were
obtained when UPSTR = 1.0 and Swr is small.
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Fig. 4.1.2.3.  FACT grid for Problem 1 shown in Fig. 4.1.2.1.
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Fig. 4.1.2.4.  FACT grid for Problem 2 shown in Fig. 4.1.2.2.
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Fig. 4.1.2.5. Comparison of analytic solution and FACT results for Problem 1 shown in
Fig. 4.1.2.1 with rampw = 1.0, upstr = 1.0 and Swr = 0.05.
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Fig. 4.1.2.6. Comparison of analytic solution and FACT results for Problem 2 shown in
Fig. 4.1.2.2 with rampw = 1.0, upstr = 1.0 and Swr = 0.005.
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Fig. 4.1.2.7. Pseudo-soil property parameter study for Problem 1 shown in Fig. 4.1.2.1.
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Table 4.1.2.1

Comparison of analytic solution and FACT numerical results

Problem 1 Problem 2
x

(ft)
Analytic

(ft)
FACT

(ft)
x

(ft)
Analytic

(ft)
FACT

(ft)
0. 40.000 40.000 0 164.000 164.000
10 38.471 38.365 40 167.905 167.545
20 36.878 36.712 80 171.628 171.058
30 35.214 35.025 120 175.180 174.506
40 33.466 33.293 160 178.572 177.861
50 31.623 31.491 200 181.813 181.102
60 29.665 29.567 240 184.911 184.222
70 27.568 27.462 300 189.304 188.682
80 25.298 25.139 360 193.411 192.878
90 22.804 22.626 400 196.000 195.524

100 20.000 20.000 480 200.838 200.448
560 205.251 204.919
640 209.265 208.999
720 212.904 212.724
800 216.185 216.086
880 219.126 219.073
960 221.739 221.701

1040 224.036 224.001
1120 226.027 225.999
1200 227.719 227.708
1290 229.275 229.288
1380 230.469 230.507
1460 231.231 231.289
1550 231.756 231.829
1640 231.931 232.008

4.1.3 Steady-State, Two-Dimensional Flow Through a Heterogeneous Aquifer
System

Figure 4.1.3.1 schematically illustrates a particular problem involving steady-state
groundwater flow through a heterogeneous subsurface system.  The problem shown in
Figure 4.1.3.1 was chosen as a test case to verify that FACT can correctly solve a
groundwater flow problem involving a non-uniform hydraulic conductivity field.
Problem parameters were carefully chosen to enable analytic solution.  Specifically, the
boundary conditions and conductivity field were chosen to create two aquifers with a
constant head difference.  A constant head difference coupled with a uniform
conductivity in the confining unit yields a uniform leakance between the two aquifers.
Assuming flow in the aquifers is essentially one-dimensional (Dupuit assumption;
typically an excellent assumption), analytical solutions can be derived for both the
unconfined and confined aquifers for a constant source/sink term.  These analytical
solutions are presented below followed by FACT simulation and comparison results.
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1000 ft

z = 0

Fig. 4.1.3.1. A heterogeneous subsurface system consisting of an unconfined aquifer,
confining unit and confined aquifer.

Unconfined aquifer analytical solution:  Invoking the Dupuit assumption (de Marsily,
1986, Eq. (5.1.1)) gives the following general expression for flow in an unconfined
aquifer
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For a horizontal confining unit (σ = constant), constant properties and one-dimensional
steady flow, Eq. (4.1.3.1) becomes

( )
K

Q2

dx

hd
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22

=σ−
(4.1.3.2)

For the prescribed head boundary conditions

0x@hh 0 == (4.1.3.3a)

Lx@hh L == (4.1.3.3b)

 the solution can be derived using direct integration as
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where Qsrc = -Q.

Confined aquifer analytical solution:  Invoking the Dupuit assumption, the following
governing equation can be developed for a confined aquifer (de Marsily, 1986, Eq.
(5.3.11))
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For constant aquifer thickness, constant properties and one-dimensional steady flow, Eq.
(4.1.3.5) becomes
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For the prescribed head boundary conditions

0x@hh 0 == (4.1.3.7a)

Lx@hh L == (4.1.3.7b)

the solution can be derived using direct integration as
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where Qsrc = -Q as before.

FACT numerical simulation and comparison:  Figure 4.1.3.2 illustrates the finite
element mesh chosen for the simulation.  The grid is 20×20 elements in the x-z plane and
one element thick along the y axis.  The number of nodes is (20+1)×(20+1)×(1+1) = 882.
There are 8 elements vertically in each aquifer portion of the mesh and 4 elements in the
confining unit.  Table 4.1.3.1 and Fig. 4.1.3.3 present the FACT results alongside the
approximate analytical results.  Note that the head difference across the aquifers is indeed
constant as desired.  The agreement between code and analytical solution is excellent.
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Fig. 4.1.3.2  Finite element mesh from x-z view (20×1×20 elements).
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Table 4.1.3.1

Approximate analytical and FACT hydraulic head values for the unconfined and confined
aquifer portions of the heterogeneous subsurface system shown in Fig. 4.1.1.

Unconfined aquifer head Confined aquifer head
x/L x

(ft)

Analytical

(ft)

FACT @
z=160’

(ft)

Analytical

(ft)

FACT @ z=50’
(ft)

0.00 0 170.000 170.000 160.000 160.000
0.05 50 168.187 168.093 158.271 158.260
0.10 100 166.367 166.224 156.514 156.498
0.15 150 164.539 164.405 154.728 154.707
0.20 200 162.701 162.631 152.913 152.889
0.25 250 160.852 160.955 151.070 151.044
0.30 300 158.993 159.145 149.199 149.170
0.35 350 157.120 157.011 147.299 147.269
0.40 400 155.233 154.990 145.370 145.340
0.45 450 153.330 153.037 143.413 143.384
0.50 500 151.408 151.146 141.427 141.401
0.55 550 149.465 149.310 139.413 139.389
0.60 600 147.497 147.606 137.370 137.350
0.65 650 145.501 145.779 135.299 135.281
0.70 700 143.470 143.273 133.199 133.184
0.75 750 141.400 141.128 131.070 131.059
0.80 800 139.281 139.028 128.913 128.904
0.85 850 137.101 137.017 126.728 126.721
0.90 900 134.845 135.072 124.514 124.509
0.95 950 132.489 132.870 122.271 122.266
1.00 1000 130.000 130.000 120.000 120.000
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Fig. 4.1.3.3. Approximate analytical and FACT hydraulic head profiles for the
unconfined and confined aquifer portions of the heterogeneous subsurface
system shown in Fig. 4.1.3.1.

4.1.4 Unconfined Aquifer Subject to a Combined Recharge/Drain BC

Figure 4.1.4.1 schematically illustrates an unconfined aquifer experiencing both recharge
and drainage at the ground surface.  The position of the seepline is unknown a priori.
This test case is designed to test the combined recharge/drain boundary condition option.



WESTINGHOUSE SAVANNAH RIVER COMPANY Manual: WSRC-TR-99-00282
Section: 4, Rev. 0
Date: 3/2000

FACT CODE MANUAL Page: 19 of 130

K = 1 ft/day

1000 ft

50 ft

100 ft
h = 80 ft h = 50 ft

(no flow boundary)

Recharge
1 ft/year

Seepline

Discharge from
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x = 0 x = L

z = 0

Fig. 4.1.4.1. Schematic illustration of an unconfined aquifer experiencing both recharge
and drainage at the ground surface; seepline unknown a priori.

Analytical solution:  With the Dupuit assumption, an analytical solution can be derived
for the problem.  Between the left boundary and the seepline, is an unconfined aquifer
subject to a recharge rate of 1 ft/yr.  From inspection of Eq. (4.1.3.4), the analytical
solution for head is
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where the seepline is positioned at x = Ls, the head at the seepline is hs and σ = 0.  The
other symbols are defined as before.  Along the seepage face the drain coefficient is
assumed to be sufficiently large that the head is the same as the ground elevation.  That is,
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The location of the seepline is obtained by simultaneous solution of the following
nonlinear equation set:
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For the parameter values indicated in Fig. 4.1.4.1, the location of the seepline is Ls = 829
ft.  The composite head solution is plotted in Fig. 4.1.4.2 and listed in Table 4.1.4.1.
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FACT numerical simulation and comparison:  Also shown in Fig. 4.1.4.2 is the FACT
finite element mesh chosen for the simulation.  The grid is 20×20 elements in the x-z
plane and one element thick along the y axis.  The number of nodes is
(20+1)×(20+1)×(1+1) = 882.  Figure 4.1.4.2 and Table 4.1.4.1 present the FACT solution
in comparison to the analytical solution.  The agreement is excellent.
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Fig. 4.1.4.2. FACT finite element mesh with FACT and analytical water table overlain.



WESTINGHOUSE SAVANNAH RIVER COMPANY Manual: WSRC-TR-99-00282
Section: 4, Rev. 0
Date: 3/2000

FACT CODE MANUAL Page: 21 of 130

Table 4.1.4.1

FACT and analytical water table comparison

Horizontal
distance, x

(ft)

Analytical
head
(ft)

FACT
head
(ft)

0 80.000 80.000
50 79.594 79.616

100 79.099 79.067
150 78.513 78.425
200 77.835 77.717
250 77.063 76.892
300 76.193 75.950
350 75.222 74.939
400 74.145 73.828
450 72.959 72.547
500 71.658 71.182
550 70.236 69.740
600 68.684 68.129
650 66.995 66.350
700 65.000 64.403
750 62.500 62.303
800 60.000 59.999
850 57.500 57.500
900 55.000 55.000
950 52.500 52.500

1000 50.000 50.000

4.1.5 Transient, One-Dimensional Flow to a Well in a Confined Aquifer (Theis,
1935)

This problem involves radial flow to well in a confined aquifer whose well-known
solution is given by Theis (1935).  The problem is illustrated in Fig. 4.1.5.1.  Specifically
we consider an aquifer with the following attributes:

• horizontal
• fully confined
• infinite in horizontal extent
• uniform thickness
• homogeneous and isotropic properties
• uniform head at t = 0
• water is removed instantaneously from storage with a fall in head
• flow is effectively horizontal (Dupuit assumption)

A single extraction well is assumed to be present with the following characteristics:
• fully penetrates aquifer
• constant pumping rate for t > 0
• infinitesimally small well diameter

The parameter values chosen for FACT simulations are given in Fig. 4.1.5.1 and are
equivalent to those chosen by Anderson (1993, Problem 1) for MODFLOW simulations.
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Ss = 7.5 x 10-5 m-1 b = 10 m

Fig. 4.1.5.1.  Radial flow to a pumping well in a confined aquifer.

Theis analytic solution:  The governing equation for the flow problem described above
is (Freeze and Cherry, 1979, Section 8.3)
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∂
∂

(4.1.5.1)

The initial condition is

( ) 0h0,rh = (4.1.5.2)

where h0 is the constant initial hydraulic head.

The boundary conditions assume no drawdown in hydraulic head at the infinite boundary:

( ) 0ht,h =∞ (4.1.5.3)

and a constant pumping rate Q at the well:

0tfor 
T2

Q

r

h
rlim

0r
>

π
=





∂
∂

→
(4.1.5.4)

Because the aquifer properties are homogeneous

bSS s= (4.1.5.5)

KbT = (4.1.5.6)

An analytical solution to Eq. (4.1.5.1) subject to the initial and boundary conditions of
Eqs. (4.1.5.2) through (4.1.5.4) is given by Theis (1935) in terms of drawdown as

( ) ( )uW
T4

Q
d

e

T4

Q
t,rhhs

u1
o π

=τ
τπ

=−= ∫
∞ τ−

(4.1.5.7)
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where

Sr

Tt4
u

2
= (4.1.5.8)

and W(u) is known as the Theis well function.

Evaluations of the Theis solution for the parameter values specified in Fig. 4.1.5.1 and a
radial position of 55 meters from the well are presented in Table 4.1.5.1 for various times
(Anderson, 1993, Table 1.4).

FACT simulation and comparison:  Figure 4.1.5.2 illustrates the first grid chosen for
FACT simulations.  The mesh is 20 by 20 elements in the horizontal plane and 1 element
thick vertically for a total of 400 elements.  The number of nodes is 21 × 21 × 2 = 882.
The mesh is non-uniform with refinement near the pumping well because steep head
gradients are expected there.  Time steps were chosen to yield the same time increments
given in Table 4.1.5.1.  Figure 4.1.5.3 illustrates the FACT transient results at r = 55 m
compared to the Theis solution, and Table 4.1.5.1 presents numerical values.  The FACT
results are observed to agree approximately with the Theis solution.  The discrepancy is
due to a relatively coarse grid and large time steps.  Figure 4.1.5.4 presents drawdown at
the final time step (86,400 seconds or 1 day).

Before refining the mesh and time steps, we first recognize that radial symmetry enables a
smaller FACT grid domain.  Specifically, a single quadrant of the mesh shown in Fig.
4.1.5.2 is adequate.  Figure 4.1.5.5 illustrates such a mesh.  Note that the mesh spacing is
the same in Figs. 4.1.5.2 and 4.1.5.5.  The number of elements is 10 × 10 × 1 = 100 and
there are 11 × 11 × 2 = 242 nodes.  Figure 4.1.5.6 and Table 4.1.5.1 present the FACT
solution for this quadrant mesh.  The numerical results for both grids are seen to be
identical to three decimal places.

Next we refine the coarse quadrant mesh as illustrated in Fig. 4.1.5.7.  The number of
elements is 18 × 18 × 1 = 324 and there are 19 × 19 × 2 = 722 nodes.  In addition, an
intermediate time step is added to each time step indicated in Table 4.1.5.1 essentially
doubling the number of time steps.  The FACT results are presented in Fig. 4.1.5.6 and
Table 4.1.5.1.  The agreement between the code and Theis solution is significantly
improved.  Further grid and time step refinement would continue to improve agreement.
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Fig. 4.1.5.2.  FACT coarse full grid.
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Fig. 4.1.5.3. Theis solution and FACT coarse full grid transient results at r = 55 meters.
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Fig. 4.1.5.4.  FACT drawdown at 1 day for coarse full grid.
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Fig. 4.1.5.6.  Theis solution and FACT quadrant grid transient results at r = 55 meters.
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Table 4.1.5.1

Comparison of Theis solution and FACT numerical results

Time
(sec)

Theis
Solution

(m)

FACT Coarse
Full Grid

(m)

FACT Coarse
Quadrant Grid

(m)

FACT Fine
Quadrant Grid

(m)
0.1371E+03 0.009 0.011 0.011 0.012
0.3153E+03 0.044 0.035 0.035 0.042
0.5471E+03 0.086 0.068 0.068 0.080
0.8486E+03 0.129 0.107 0.107 0.121
0.1240E+04 0.170 0.147 0.147 0.161
0.1749E+04 0.210 0.187 0.187 0.200
0.2411E+04 0.249 0.227 0.227 0.239
0.3271E+04 0.288 0.266 0.266 0.277
0.4389E+04 0.326 0.305 0.305 0.315
0.5843E+04 0.364 0.343 0.343 0.353
0.7734E+04 0.401 0.380 0.380 0.390
0.1019E+05 0.438 0.418 0.418 0.427
0.1339E+05 0.475 0.455 0.455 0.464
0.1754E+05 0.512 0.492 0.492 0.500
0.2294E+05 0.549 0.528 0.528 0.537
0.2995E+05 0.586 0.565 0.565 0.573
0.3908E+05 0.622 0.601 0.601 0.610
0.5094E+05 0.659 0.638 0.638 0.646
0.6636E+05 0.695 0.674 0.674 0.683
0.8640E+05 0.731 0.709 0.709 0.718

4.1.6 Transient, One-Dimensional Flow to a Well in an Anisotropic Confined
Aquifer (Hantush and Thomas, 1966)

We next consider a confined aquifer identical to Problem 4.1.5 except that the hydraulic
conductivity is anisotropic as shown in Fig. 4.1.6.1.  The principal axes of the
conductivity tensor are assumed to be aligned with the coordinate axes.

Analytic solution:  The governing equation for the flow problem described above can be
written as

( ) ( ) ∞<<−∞∞<<∞−δδ+
∂
∂=










∂
∂

∂
∂+





∂
∂

∂
∂

y,xyxQ
t

h
S

y

h
T

yx

h
T

x yx (4.1.6.1)

The initial condition is

( ) 0h0,y,xh = (4.1.6.2)

Because the aquifer properties are homogeneous, Eq. (4.1.5.5) holds and

bKT ii = (4.1.6.3)

The solution to the governing equation is given by Hantush and Thomas (1966) as
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where

STyTx

tTT4
u

x
2

y
2

yx




 +
= (4.1.6.5)

and ( )uW ′  is the well function.  Note that for Tx = Ty, the above solution reduces to the
Theis solution presented in Section 4.1.5.

Evaluations of the analytic solution for the parameter values specified in Fig. 4.1.6.1 and
(x,y) coordinate positions of (55 m, 0), (0, 55 m) and (55 m, 55m) are presented in Tables
4.1.6.1 through 4.1.6.3 for various times (Anderson, 1993, Tables 2.3-2.5).

FACT simulation and comparison:  The same three grids considered in Section 4.1.5
are used for FACT simulations in this problem.  These are termed the ’full’ (Fig. 4.1.5.2),
’coarse quadrant’ (Fig. 4.1.5.5) and ’fine quadrant’ (Fig. 4.1.5.7) grids as before.  Figure
4.1.6.2 illustrates the drawdown at 1 day computed using the FACT full grid.  The effect
of anisotropy in transmissivity is clear from inspection of its counterpart, Fig. 4.1.5.4.
Figures 4.1.6.3 through 4.1.6.8 and Tables 4.1.6.1 through 4.1.6.3 summarize the
transient analytic solution and FACT numerical results.

y

x

Ky = Kx/10

Kx = 2.3 x 10-4 m/s

Fig. 4.1.6.1.  Anisotropic confined aquifer with Kx/Ky = 10.
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Fig. 4.1.6.2.  FACT drawdown at 1 day for full grid.
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Fig. 4.1.6.3.  Analytic solution and FACT full grid results at x = 55 m.
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Fig. 4.1.6.4.  Analytic solution and FACT full grid results at y = 55 m.
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Fig. 4.1.6.5.  Analytic solution and FACT full grid results at x = 55 m, y = 55 m.
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Fig. 4.1.6.6. Analytic solution and FACT quadrant grid results at x = 55 m.
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Fig. 4.1.6.7.  Analytic solution and FACT quadrant grid results at y = 55 m.
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Fig. 4.1.6.8.  Analytic solution and FACT quadrant grid results at x = 55 m, y = 55 m.
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Table 4.1.6.1

Comparison of analytic solution and FACT numerical results at x = 55 m

Time

(sec)

Analytic
Solution

(m)

FACT Coarse
Full Grid

(m)

FACT Coarse
Quadrant Grid

(m)

FACT Fine
Quadrant Grid

(m)
0.1371E+03 0.028 0.025 0.025 0.036
0.3153E+03 0.140 0.086 0.086 0.130
0.5471E+03 0.273 0.185 0.185 0.253
0.8486E+03 0.407 0.311 0.311 0.382
0.1240E+04 0.537 0.451 0.451 0.510
0.1749E+04 0.664 0.595 0.595 0.636
0.2411E+04 0.789 0.736 0.736 0.760
0.3271E+04 0.911 0.872 0.872 0.882
0.4389E+04 1.032 1.003 1.003 1.003
0.5843E+04 1.151 1.129 1.129 1.122
0.7734E+04 1.269 1.253 1.253 1.240
0.1019E+05 1.387 1.374 1.374 1.356
0.1339E+05 1.503 1.494 1.494 1.472
0.1754E+05 1.620 1.612 1.612 1.587
0.2294E+05 1.736 1.729 1.729 1.702
0.2995E+05 1.852 1.845 1.845 1.817
0.3908E+05 1.967 1.961 1.961 1.932
0.5094E+05 2.082 2.077 2.077 2.047
0.6636E+05 2.198 2.192 2.192 2.161
0.8640E+05 2.313 2.306 2.306 2.275

Table 4.1.6.2

Comparison of analytic solution and FACT numerical results at y = 55 m

Time

(sec)

Analytic
Solution

(m)

FACT Coarse
Full Grid

(m)

FACT Coarse
Quadrant Grid

(m)

FACT Fine
Quadrant Grid

(m)
0.1371E+03 0.000 0.005 0.005 0.000
0.3153E+03 0.000 0.013 0.013 0.000
0.5471E+03 0.001 0.022 0.022 0.003
0.8486E+03 0.006 0.033 0.033 0.009
0.1240E+04 0.022 0.048 0.048 0.024
0.1749E+04 0.050 0.069 0.069 0.050
0.2411E+04 0.092 0.101 0.101 0.088
0.3271E+04 0.148 0.144 0.144 0.140
0.4389E+04 0.215 0.201 0.201 0.203
0.5843E+04 0.292 0.269 0.269 0.276
0.7734E+04 0.377 0.348 0.348 0.357
0.1019E+05 0.468 0.435 0.435 0.445
0.1339E+05 0.565 0.528 0.528 0.539
0.1754E+05 0.665 0.627 0.627 0.637
0.2294E+05 0.769 0.729 0.729 0.740
0.2995E+05 0.876 0.835 0.835 0.844
0.3908E+05 0.984 0.942 0.942 0.952
0.5094E+05 1.094 1.051 1.051 1.061
0.6636E+05 1.204 1.161 1.161 1.171
0.8640E+05 1.316 1.271 1.271 1.281
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Table 4.1.6.3

Comparison of analytic solution and FACT numerical results at x = y = 55 m

Time

(sec)

Analytic
Solution

(m)

FACT Coarse
Full Grid

(m)

FACT Coarse
Quadrant Grid

(m)

FACT Fine
Quadrant Grid

(m)
0.1371E+03 0.000 0.000 0.000 0.000
0.3153E+03 0.000 0.001 0.001 0.000
0.5471E+03 0.001 0.002 0.002 0.002
0.8486E+03 0.004 0.006 0.006 0.007
0.1240E+04 0.017 0.016 0.016 0.019
0.1749E+04 0.041 0.033 0.033 0.041
0.2411E+04 0.078 0.062 0.062 0.075
0.3271E+04 0.129 0.101 0.101 0.122
0.4389E+04 0.192 0.154 0.154 0.181
0.5843E+04 0.265 0.219 0.219 0.251
0.7734E+04 0.347 0.295 0.295 0.329
0.1019E+05 0.436 0.379 0.379 0.415
0.1339E+05 0.530 0.471 0.471 0.506
0.1754E+05 0.629 0.568 0.568 0.603
0.2294E+05 0.732 0.669 0.669 0.704
0.2995E+05 0.837 0.773 0.773 0.808
0.3908E+05 0.945 0.879 0.879 0.914
0.5094E+05 1.054 0.988 0.988 1.022
0.6636E+05 1.164 1.097 1.097 1.132
0.8640E+05 1.276 1.207 1.207 1.242

4.1.7 Transient, One-Dimensional Flow to a Well in a Leaky Confined Aquifer
(Hantush and Jacob, 1955)

We next consider a confined aquifer identical to Problem 4.1.5 except that the aquifer is
recharged from an overlying constant head aquifer through an aquitard separating them,
as shown in Fig. 4.1.7.1.  The aquitard is assumed to have uniform thickness and vertical
conductivity.  Flow through the aquitard is assumed to be vertical and proportional to the
head difference between the adjoining aquifers (storage capacity assumed to be zero).
Parameter values are taken from a GeoTrans (1993) problem.
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Q = 0.4 ft3/s

Confined aquifer K = 5 x 10-3 ft/s

Ss = 1 x 10-4 ft-1
e = 1 ft

Constant head aquifer

Aquitard

h’ = 20 ft

z = 0

K’/e’ = 10-6 s-1

h0 = 20 ft

Fig. 4.1.7.1. Schematic diagram of a leaky confined aquifer with constant discharge
from a single, fully-penetrating well.

Analytic solution:  The governing equation for the flow problem described above is
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rr
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∂

∂
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(4.1.7.1)

The initial condition is

( ) 0h0,rh = (4.1.7.2)

The boundary conditions assume no drawdown in hydraulic head at the infinite boundary:

( ) 0ht,h =∞ (4.1.7.3)

and a constant pumping rate Q at the well:

0tfor 
T2

Q

r

h
rlim

0r
>

π
=





∂
∂

→
(4.1.7.4)

where Ft represents leakance from the overlying aquifer.  The leakage flux is given by

( )hh
e

K
Ft −′

′
′

−= (4.1.7.5)

where K’/e’ is the aquitard leakance coefficient.  The solution to Eq. (4.1.7.1) is given by
Hantush and Jacob (1955) as
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(4.1.7.6)

where the Hantush leakage factor KeTB ′′=



WESTINGHOUSE SAVANNAH RIVER COMPANY Manual: WSRC-TR-99-00282
Section: 4, Rev. 0
Date: 3/2000

FACT CODE MANUAL Page: 36 of 130

Note that for B = ∞ (no leakance) the above solution reduces to the Theis solution
presented in Section 4.1.5.

Evaluations of the analytic solution for the parameter values specified in Fig. 4.1.7.1 and
r = 60 ft are presented in Table 4.1.7.1 and Fig. 4.1.7.2 for various times (GeoTrans,
1993, Table 4.8).

FACT simulation and comparison:  Figures 4.1.7.3 and 4.1.7.4 present the two grids
chosen for FACT simulations.  Only one quadrant has been modeled because of
azimuthal symmetry.  The coarse mesh contains 14 × 14 elements in the x-y plane and is
1 element thick vertically for a total of 196 elements.  The corresponding number of
nodes is 15 × 15 × 2 = 450.  The fine mesh contains 23 × 23 × 1 = 529 elements and 24 ×
24 × 2 = 1152 nodes.  Table 4.1.7.1 and Fig. 4.1.7.2 present the FACT numerical
drawdown predictions.
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Fig. 4.1.7.2. Comparison of Hantush and Jacob (1955) analytic drawdown solution and
FACT numerical results for two grids.
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Fig. 4.1.7.3.  FACT coarse grid.
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Fig. 4.1.7.4.  FACT fine grid.
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Table 4.1.7.1

Comparison of analytic solution and FACT numerical results at r = 60 ft

Time

(sec)

Analytic
Solution

(ft)

FACT
Coarse Grid

(ft)

FACT
Fine Grid

(ft)
0.5 - 0.00004 0.00003
1.0 - 0.0003 0.0002
1.5 - 0.0009 0.0008
2.0 - 0.002 0.002
3.0 - 0.012 0.012
4.4 - 0.043 0.047
6.0 0.08 0.108 0.118
8.0 - 0.229 0.248

10.0 - 0.381 0.411
14.5 0.85 0.796 0.842
16.0 - 0.939 0.991
20.0 - 1.326 1.387
26.5 2.1 1.906 1.980
35.0 - 2.556 2.646
43.5 3.41 3.100 3.208
55.0 - 3.683 3.816
67.5 4.57 4.179 4.337
80.0 - 4.571 4.751

101.0 5.47 5.039 5.246
120.0 - 5.353 5.578
149.0 6.1 5.675 5.917
170.0 - 5.849 6.100
200.0 - 6.021 6.277
217.0 6.46 6.099 6.357

4.1.8 Transient, Two-Dimensional Flow to a Well in an Unconfined Aquifer
(Neuman, 1975)

We consider a problem involving radial flow to well in an unconfined aquifer whose
solution is given by Neuman (1975).  The problem is illustrated in Fig. 4.1.8.1.
Specifically we consider an aquifer with the following attributes:

• horizontal
• unconfined
• infinite in horizontal extent
• initial uniform thickness
• homogeneous properties
• uniform head at t = 0

A single extraction well is assumed to be present with the following characteristics:
• constant pumping rate for t > 0
• infinitesimally small well diameter
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The parameter values chosen for the FACT simulation are given in Fig. 4.1.8.1.  These
parameter values were chosen to match the unconfined pumping tests performed by
Nichols (1992).

h(r,0) = 40 ft

h(r,t)
drawdown

Q = 3657.6 ft3/d

Unconfined aquifer K = 21 ft/d

Ss = 1.2 x 10-4 ft-1

Sy = 0.1324

Fig. 4.1.8.1.  Radial flow to a pumping well in an unconfined aquifer.

Analytic solution:  The equations and boundary conditions used are, see (Fig. 4.1.8.1) in
the aquifer,

bz0,
t

s
S

z

s
K

r

s

r

K

r

s
K s2

2

z
r

2

2

r <<
∂
∂=

∂
∂+

∂
∂+

∂
∂

(4.1.8.1)

drawdown at the water table
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at infinity
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initial condition
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with rK , zK  the horizontal and vertical hydraulic conductivity in the aquifer.

The drawdown in the aquifer is given by

∫ ∑
∞ ∞
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FACT simulation and comparison:  Figure 4.1.8.2 illustrates the grid chosen for FACT
simulations.  The mesh is 24 by 24 elements in the horizontal plane and 26 elements thick
vertically for a total of 14976 elements.  The number of nodes is 25 × 25 × 27 = 16875.
The mesh is non-uniform with refinement near the pumping well, because steep head
gradients are expected there.  For water movement above the water table, the pseudo-soil
is used.  Pumping in an unconfined aquifer results in an unsaturated region near the well.
Since FACT simulates an extraction well with nodal sinks in a saturated region, the nodal
sinks must remain below the water table throughout the simulation.  In order to determine
the maximum water table drawdown at the well, FACT is used solve a steady state
problem with a vertical line sink at the well location.  After assigning the appropriate
nodal sinks at the well location, FACT is used to solve the transient problem.  Figure
4.1.8.3 illustrates the FACT transient results at r = 31 ft, z = 23 ft compared to the
Neuman solution and pump test data, and Tables 4.1.8.1 - 4.1.8.3 present numerical
values.  Figure 4.1.8.4 presents drawdown at z = 23 ft, t = 6.94 days, and Tables 4.1.8.4 -
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4.1.8.5 present numerical values.  The FACT results are observed to agree approximately
with the Neuman solution.
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Fig. 4.1.8.2.  FACT grid.
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Fig. 4.1.8.3.  Neuman solution, pump test data and FACT results at r = 31 ft, z = 23 ft.



WESTINGHOUSE SAVANNAH RIVER COMPANY Manual: WSRC-TR-99-00282
Section: 4, Rev. 0
Date: 3/2000

FACT CODE MANUAL Page: 42 of 130

100 101 102

10-1

100

Distance from well, r (ft)

D
ra

w
do

w
n 

at
 z

 =
 2

3 
ft

, t
 =

 6
.9

4 
da

ys
, s

 (
ft

)

Neuman solution

FACT

Fig. 4.1.8.4.  Neuman solution and FACT results at z = 23 ft, t = 6.94 days.
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Table 4.1.8.1 Table 4.1.8.2

Neuman solution at r = 31 ft, z = 23 ft Pump test data

Time
(days)

Neuman solution
(ft)

Time
(days)

Pump test data
(ft)

.494E-03 .529E-02 9.259E-04 1.600E-02

.694E-03 .139E-01 1.215E-03 3.900E-02

.194E-02 .777E-01 2.083E-03 8.100E-02

.394E-02 .135 3.819E-03 0.1100

.694E-02 .169 8.333E-03 0.1820

.194E-01 .205 1.527E-02 0.2150

.394E-01 .241 3.611E-02 0.2600

.694E-01 .292 7.638E-02 0.3320
.194 .464 0.1458 0.4330
.394 .648 0.3194 0.5659
.694 .822 0.6666 0.7670
1.94 1.16 1.805 1.149
3.94 1.40 3.888 1.250
6.94 1.60

Table 4.1.8.3 Table 4.1.8.4

FACT numerical results Neuman solution at z = 23 ft, t = 6.94 days

Time
(days)

FACT drawdown
(ft)

r
(ft)

Neuman solution
(ft)

.694E-03 .123E-01 .250 5.14

.139E-02 .322E-01 .500 4.79

.239E-02 .622E-01 .750 4.40

.347E-02 .896E-01 1.00 4.10

.694E-02 .135 1.50 3.83

.939E-02 .154 2.00 3.61

.139E-01 .174 2.50 3.42

.247E-01 .201 3.00 3.30

.347E-01 .222 4.00 3.08

.447E-01 .242 5.00 2.90

.694E-01 .287 7.00 2.65

.939E-01 .329 9.00 2.47
.139 .396 11.0 2.32
.247 .519 16.0 2.05
.347 .611 31.0 1.60
.447 .686 51.0 1.26
.694 .817 64.0 1.10
.939 .916 128. .644
1.39 1.04 256. .253
2.47 1.23 512. .340E-01
3.47 1.35
4.47 1.44
6.94 1.59
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Table 4.1.8.5

FACT numerical results

r
(ft)

FACT drawdown
(ft)

.500 4.75
1.00 4.26
2.00 3.72
4.00 3.17
8.00 2.63
16.0 2.09
31.0 1.60
64.0 1.09
128. .641
256. .253
512. .420E-01

4.1.9 Transient, Two-Dimensional Flow in an Unconfined Aquifer

Figure 4.1.9.1 illustrates an unconfined aquifer experiencing transient, two-dimensional
flow.  The test problem is designed to confirm correct implementation of the drain
boundary condition.  The drain boundary condition is examined at

)30,20()z,x( = (4.1.9.1)

x = 0 x = 20’

z = 0

z = 30’

z = 60’

h(x,0) = 30 ft

h(x,t) Unconfined aquifer

K = 4 ft/day Ss = 5 x 10-6 ft-1

φ = 0.3

no recharge

Drain b.c.

No flow b.c.

Transient
prescribed
head b.c.

Fig. 4.1.9.1. Schematic diagram of an unconfined aquifer with a transient prescribed
head boundary condition at x = 0 and a combination of drain and no flow
boundary conditions at x = 20.

Problem description:  The variably saturated flow equation is solved with the prescribed
head boundary conditions,

60z0,10y0,0x@)t(hh ≤≤≤≤== 4.1.9.2)

the drain boundary condition,
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≥−

=
∂
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L

LLL

hh0

hh)hh(C

x

h
K (4.1.9.3)

zh,5.2Cand,60z30,10y0,20x@ LL ==≤≤≤≤=

and the no flow boundary condition elsewhere.
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FACT simulation and comparison:  Figure 4.1.9.2 illustrates the FACT mesh chosen.
The grid is 10×12 elements in the x-z plane and one element thick along the y axis.  The
number of nodes is (10+1)×(12+1)×(1+1) = 286.  The transient prescribed head at x=0
rapidly increases from 30 ft to 50 ft during the simulation.  Figure 4.1.9.3 presents the
FACT transient water table height.  In order to test the drain boundary condition the
Darcy velocity is computed at node 143 (x = 20’, y = 0’, z = 30’) using the volumetric flow
and the drain boundary condition.  The Darcy velocity is given by

A

Q
Ux = (4.1.9.4)

where the volumetric flow Q at node 143 is the result of the FACT mass balance
computation (Group 11, IMBAL = 1) and the effective flow area A at node 143 is 12.5
ft2.  The Darcy velocity is also given by







<
≥−

=
L

LLL
x hh0

hh)hh(C
U (4.1.9.5)

where h is hydraulic head at node 143 and hL = 30’.  Table 4.1.9.1 and Fig. 4.1.9.4 present
the two calculations of Darcy velocity at node 143.
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Fig. 4.1.9.3.  FACT water table height.
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Table 4.1.9.1

FACT Darcy velocity at x = 20’, z = 30’

Time
(day)

Volumetric flux
(ft/day)

Drain Flux
(ft/day)

   0.00006944   0.00000007   0.00000007
   0.00010000   0.00000012   0.00000012
   0.00015000   0.00000031   0.00000031
   0.00020000   0.00000067   0.00000067
   0.00030000   0.00000272   0.00000272
   0.00050000   0.00001773   0.00001773
   0.00110000   0.00033194   0.00033192
   0.00140000   0.00058052   0.00058053
   0.00150000   0.00067454   0.00067454
   0.00160000   0.00078063   0.00078063
   0.00170000   0.00089978   0.00089978
   0.00175000   0.00096272   0.00096275
   0.00177000   0.00098848   0.00098848
   0.00210000   0.00160783   0.00160774
   0.00347222   0.13836838   0.13836833
   0.00450000   0.24007208   0.24007204
   0.00600000   0.37976824   0.37976822
   0.00800000   0.55747641   0.55747641
   0.01000000   0.73170317   0.73170314
   0.01388889   1.07367627   1.07367603
   0.01900000   1.46455484   1.46455482
   0.02500000   1.87545203   1.87545202
   0.03200000   2.31563815   2.31563803
   0.04000000   2.79200611   2.79200609
   0.05000000   3.35594935   3.35593853
   0.06944444   4.38032886   4.38032884
   0.09000000   5.23714952   5.23714956
   0.12000000   6.25780281   6.25779629
   0.16000000   7.43950587   7.43950621
   0.20000000   8.53664630   8.53667607
   0.30000000  10.80022826  10.80022805
   0.34722222  11.32561859  11.32561852
   0.38000000  11.58367136  11.58366935
   0.41000000  11.79758758  11.79758694
   0.50000000  12.17662248  12.17662198
   0.60000000  12.50513109  12.50513099
   0.70000000  12.77659993  12.77659907
   0.80000000  12.94880157  12.94880421
   1.00000000  13.07833772  13.07833568
   2.00000000  13.26144369  13.26144338
   3.00000000  13.31916598  13.31916712
   6.00000000  13.34981163  13.34981354
  10.00000000  13.35694070  13.35694326
 100.00000000  13.35857379  13.35857354
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4.1.10 Unsaturated Vertical Soil Column

Figure 4.1.10.1 illustrates the FACT mesh chosen for two unsaturated test cases also
shown in the figure.  The test cases are designed to confirm correct implementation of
soil characteristic curves and Richard’s equation.  The first test case essentially
reproduces the water retention curve in the FACT output.  The second case involves
steady-state unsaturated flow which invokes relative permeability.  The soil characteristic
curves chosen are for "Silt Loam G.E. 3" and taken from van Genuchten (1980).  Figure
4.1.10.2 shows the characteristic curves.  The van Genuchten models for capillary
suction-water retention and relative permeability are
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where Se is the ’effective saturation’ defined by
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−= (4.1.10.3)

with empirical parameters α and m.

For Silt Loam G.E. 3 the empirical parameters take on the values

331.0Swr =

1ft129.0 −=α

515.0m =

The saturated conductivity is K = 0.163 ft/day (van Genuchten, 1980).

Water retention profile case:  Because the steady-state head is zero along the column,
there is no flow in the column.  Figure 4.1.10.2 and Table 4.1.10.1 show the exact and
code predicted saturation profile within the column.  The agreement is excellent.

Steady-state unsaturated flow at constant saturation case:  For a saturation of 75%,
the capillary pressure is 0.005125952 ft and the relative permeability is 0.043098523.  For
boundary conditions of 75% saturation applied to both ends of the column, the Darcy
velocity should be

day
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007025.0

ft50

ft50
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h
KkU rw ==

∆
∆= (4.1.10.4)

The FACT code reproduces this value as expected.
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Fig. 4.1.10.1.  Schematic illustration of FACT mesh and unsaturated test cases.
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with FACT code results overlain.
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Table 4.1.10.1

Water retention curve and FACT comparison of saturation

Element
No.

Elevation
z (ft)

Analytical
pressure head

ψ (ft)

Water
Retention

Curve
Saturation

Sw

FACT
Saturation
(10 elem)

Sw
Element

No.

FACT
Saturation
(250 elem)

Sw
1 2.5 –2.5 0.9689 0.9463 13 0.9688
2 7.5 –7.5 0.8073 0.8127 38 0.8073
3 12.5 –12.5 0.6731 0.6795 63 0.6731
4 17.5 –17.5 0.5890 0.5928 88 0.5891
5 22.5 –22.5 0.5354 0.5375 113 0.5354
6 27.5 –27.5 0.4991 0.5004 138 0.4991
7 32.5 –32.5 0.4733 0.4741 163 0.4733
8 37.5 –37.5 0.4540 0.4546 188 0.4540
9 42.5 –42.5 0.4392 0.4396 213 0.4392
10 47.5 –47.5 0.4274 0.4277 238 0.4275
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4.2 Solute Transport Problems

In the following three sections we present one, two, and three dimensional solute
transport examples, respectively.  They are classical cases ideal for studying the basic
behavior of an advection-dispersion equation solver.  In the one-dimensional case we
shall test the equation solver in various ways by varying its control parameters over a
wide range of values.  This enables users to see the inherent weaknesses of this solver and
hopefully will help the users to minimize such weaknesses in their own problems.  The
majority of behaviors presented below are observed in all advection-dispersion solvers.
Ultimately, the users must rely on their own experience and it is highly recommended that
several transport simulations of the same problem be performed.  Comparisons to these
simulations will provide excellent insight into how adequate and optimal their solution is.
The test cases selected all have analytic solutions for a clear picture as to how well FACT
handles these transport conditions.  As the users will see, oscillations about a point source
typically occurs; however, in many field-scale applications such limited oscillations can
have negligible effects beyond the close proximity of point sources.

4.2.1 One-Dimensional Saturated Solute Transport in a Uniform Flow Field

This problem deals with one-dimensional advection-dispersion of a non-conservative
solute species through a semi-infinite porous medium and is used to demonstrate the
impact that various FACT options (i.e., numerical approximations) have on its solution.
The 1D advection-dispersion equation is ideal for testing an algorithm’s behavior over a
wide range of conditions.  A physical schematic of this problem is shown in Fig. 4.2.1.1.
As illustrated, a non-conservative contaminant is continuously released from a fully
penetrating channel into a shallow confined aquifer unit whose groundwater flow is
assumed to be uniform.  Both hydrodynamic dispersion and molecular diffusion are
allowed, as well as, the possibility of radioactive decay and/or adsorption of the species. It
is assumed that the contaminant concentration level in the neighboring reservoir remains
constant, the aquifer’s flow rate is uniform and constant,  and the homogeneous aquifer’s
properties (such as porosity, soil type, water saturation) are uniform and constant.

Analytic solution:  Equation (2.2.28) represents the non-conservative form of the multi-
dimensional advection-dispersion equation for solute transport through a variably
saturated porous media.  Taking the 1-D form of Eq. (2.2.28) and assuming that no point
or line sources/sinks exist within the domain, constant water saturation level, and that
material coefficients are constants, results in

c
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Fig. 4.2.1.1.  Schematic diagram for 1D solute transport in a confined aquifer.
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For our semi-infinite confined aquifer the initial conditions are:

0)0,x(c = (4.2.1.2a)

and the boundary conditions are:

0c)t,0(c = (4.2.1.2b)

0)t,(c =∞ (4.2.1.2c)

For the first boundary condition we are assuming that at x=0 the contaminant
concentration reaches its ultimate value co  immediately upon commencement of flow and
remains at that value throughout all positive times (x=0 boundary represents an inflow
boundary).  The second boundary condition is equivalent to assuming that the dispersive
flux of solute is zero at plus infinity or

0
x

c
lim
x

=





∂
∂

∞→
(4.2.1.2d)
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For finite times there exists a finite value of x where Eq. (4.2.1.2d) remains valid.

Equation (4.2.1.1), a linear partial differential equation subject to the initial and boundary
conditions given by Eqs. (4.2.1.2a,b,c), can be solved by applying the Laplace transform
technique.  The general solution has been derived by Grobner and Hofreiter (1950) and
takes the form:
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When there is no radioactive decay ( 0r =λ ) present Eq. (4.2.1.3) reduces to
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derived also by Ogata and Banks (1961).  The absence of adsorption is achieved by
setting the retardation factor to unity ( 1R = ).  Note that the original derivation by
Grobner and Hofreiter was performed on the limited case of a saturated media in the
absence of adsorption.  The more general case presented here results in the same solution
but are based upon retarded material coefficients (highlighted with carrots).  The
evaluation of the analytic expression Eq. (4.2.1.3) for a specific problem is performed
numerically and has been placed in an algorithm named AT1D.

FACT numerical simulation and comparison:  Values of the physical parameters used
in the verification simulations are presented in Table 4.2.1.1.  The base case grid chosen
for this problem consists of 40 rectangular brick elements uniformly sized (10 m in
length) and stacked along the x-axis.  Figure 4.2.1.2 illustrates the finite element mesh
chosen and the boundary conditions applied along the six outer domain surfaces.  At the
channel inlet boundary (left face), the concentration of solute in the incoming water is set
to 1.0 kg/m3.  Due to the finite overall length of our mesh, at the outflow boundary (right
face) the dispersive flux is set to zero, while the advective flux is calculated as part of the
solution.  Since this is a 1-D problem, solute concentration gradients do not exist in the
transverse directions (y and z directions).  Therefore, the dispersive fluxes along these
four faces (top, bottom, front, and back) are set to zero.  By default, in the standard finite
element formulation zero dispersive fluxes are automatically applied to all outer domain
surfaces unless otherwise specified.  The aquifer is assumed to be completely saturated.
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Table 4.2.1.1

Values of the physical parameters, the finite element grid, time-step data, and some key
parameters used in the one-dimensional transport problem (base case and its variations)

Physical parameters Base case Range tested

Darcy velocity, Ux 1.0 m/d -

Porosity , φ 0.25 -

Longitudinal horizontal dispersivity, αLH 5.0 m 0.01,5.0

Apparent molecular dispersion coefficient,

θmτD*
0.0 m2/d -

Water saturation, Sw 1.0 -

radioactive decay coef., λr 0.0 d-1 0.0,0.01

Soil density, ρs 1.0 kg/m3 -

Solute distribution coefficient, kd 0.0 m3/kg 0.0,0.3333

Boundary solute concentration, co 1.0 kg/m3 -

Grid specifics

Element length, ∆x 2 m 2,20,40,80

Element width,  ∆y 2 m -

Element height, ∆z 2 m -

Number nodes in x-dir 201 201,21,11,6

Number nodes in y-dir 2 -

Number nodes in z-dir 2 -

Longitudinal length 400 m -

Time steps

Time duration 50 d -

number time-steps 500 20,10,5,2

time-step size, ∆t 0.1 d 2.5,5,10,25

Key computed parameters

Retardation factor, R 1.0 1.0,2.0

Bulk soil density, ρb 0.75 kg/m3 -

Phasic velocity, xu 4.0 m/d -

Retarded phasic velocity, xu′ 4.0 m/d 4.0,2.0

Retarded longitudinal dispersion

coefficient, xxD′
20.0 m2/d 20.0,10.0

Cell Fourier number, Fox 0.5 0.5,0.0078125,
0.03125,0.125,0.5, 1.0,2.0,5.0

Cell Courant number, Cox 0.2 0.2,0.125,0.25,0.5,
10,20,50

Cell Peclet number, Pex 0.4 0.4,4.0,8.0,16.0, 1000.0

For this problem several simulations were performed.  As summarized in Table 4.2.1.2,
simulations were performed for a base case and then fifteen runs were made varying
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certain key physical parameters and FACT options to demonstrate their impact on the
final results.  For each simulation a transient calculation was performed for a 50 day
duration and the results from FACT at two points in time (25 and 50 days) are compared
to the analytical solution given by Eq. (4.2.1.3).  As shown in Table 4.2.1.1, a broad range
of cell Peclet, cell material Courant, and cell Fourier numbers were tested.  For
understanding behavior, stability, and accuracy issues, these are very important quantities
to consider.

0 100 200 300 400
-20
-10

0
10
20
30

Distance parallel to flow direction, x(m)

groundwater flow

direction

left face
conc one along

diffusive flux zero along
top, bottom, front,

back, and right faces

grid specifics: nx=41; ny=2; nz=2

∆x=∆y=∆z=10 m

Fig. 4.2.1.2.  FACT mesh and boundary conditions for 1D transport.

The results of all the simulations (both numerical and analytical) are shown in Figs.
4.2.1.3 through 4.2.1.14.  Each figure corresponds to a different combination of
parameters (e.g., spatial and temporal approximations).  These results are also presented
in tabular form for comparison in Tables 4.2.1.3 through 4.2.1.14.  The analytical results
were computed from the computer code AT1D.  The FACT numerical results are labeled
"FACT" for the base case and have additional nomenclature for the other runs (e.g.,
"FACT ( 01.0r =λ )" represents the run where all parameters were at their base case
values except for the radioactive decay parameter that was set to 0.01).

The results presented in Fig. 4.2.1.3 represent our base case.  The concentration profiles
at both time shots compare very close to the analytical profiles.  Once the simulation time
has reached 50 days, sufficient time has elapsed such that the concentration profile’s
shape is unaffected by the inlet boundary condition and the mean transport distance
(location of 50% of the solute) corresponds to the retarded velocity times elapsed time.
For the base case at 50 days the mean distance is 200 m (i.e., 4.0 m/d x 50 d).
Characteristic oscillatory overshoot or undershoot, exhibited by second-order accurate
centered spatial differencing, is not observed for the base case due to the fact that the
local cell Peclet number does not exceed two.
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By adjusting the solute distribution coefficient such that the retardation factor becomes
2.0 (case A), the retarded dispersion and velocity are halved.  These results can be seen in
Fig. 4.2.1.4 where (1) the mean transport distance at 50 days is now 100 m and (2) the
spread of the plume has been greatly reduced.  Compare the results in Fig. 4.2.1.4 to
4.2.1.3.

Table 4.2.1.2

Summary of simulations performed (base case and its variations) on the one-dimensional
transport problem

FACT Options Base
case

A B C D E F G H I J K L M N O

temporal differencing

central [Crank-Nicolson], ω=0.5

x x x x x x x x x x x x x x

backward [Euler] ω=1.0 x x

spatial differencing

[Bubnov], α = 0

x x x x x x x x x x x x

optimum, α = 0.27 x

full upstream, α = 1.0 x x x

Mesh Sizes

Element length, ∆x = 2 m x x x x x x x x x x x x x

∆x = 20 m x

∆x = 40 m x

∆x = 80 m x

time-step size, ∆t = 0.1 d x x x x x x x x x x x x x

∆t = 5 d x

∆t = 10 d x

∆t = 25 d x

Physical Parameters

Longitudinal horizontal
dispersivity, αLH = 5 m

x x x x x x x x x x x x x

αLH = 0.01 m x x x

radioactive decay coef.,

λr = 0.0 d-1

x x x x x x x x x x x x x x

λr = 0.01 d-1 x x

Solute distribution coef.,

kd = 0.0 m3/kg

x x x x x x x x x x x x x x

kd = 0.3333 m3/kg  x
x

By employing a non-zero radioactive decay coefficient such that the solute now becomes
a non-conservative transport species (case B), the solute concentration profiles are
reduced especially at the higher concentration levels.  These results can be seen in Fig.
4.2.1.5 when compared to Fig. 4.2.1.3.

By applying both retardation and radioactive decay coefficients simultaneously (case C),
we observe the composite effect as shown in Fig. 4.2.1.6.  These results show (1) the
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mean transport distance at 50 days is now less than 100 m and (2) the concentration
profile has been reduced at the higher concentration levels.

The effect of varying the grid size (cases D, E, and F) can be seen in Fig. 4.2.1.7.  As
shown, the "effective" (i.e., artificial plus actual) dispersion coefficient continues to
increase as the grid spacing increases.  Thus, resolution of the concentration front
diminishes.  At the grid spacing ∆x = 80 m, the cell Peclet number is 16 and we can begin
to see overshoot and undershoot occurring.

The effect of varying the time-step size (cases G, H, and I) can be seen in Fig. 4.2.1.8.  As
shown, the "effective" (i.e., artificial plus actual) dispersion coefficient continues to
increase as the time-step size increases.  Thus, resolution of the concentration front
diminishes.  At the time-step sizes ∆t = 10 and 25 days, the cell material Courant and
Fourier numbers are exceeding unity and we can begin to see significant overshoot and
undershoot occurring.

The effect of upstream spatial weighting (case J) can be seen in Fig. 4.2.1.9 when
compared to Fig. 4.2.1.3.  As shown, the "effective" (i.e., artificial plus actual) dispersion
coefficient increases when full upstream weighting is applied.  Note that the full upstream
weighting scheme employed is only first-order accurate.   In theory when the cell Peclet
number is less than two, second-order accurate central spatial differencing (Bubnov-
Galerkin scheme) is preferable.  In practice this cutoff point can generally be raised to
approximately ten.  Beyond this value, some level of upstream weighting (Petrov-
Galerkin scheme) is recommended to minimize overshoot and undershoot near steep
concentration gradients.  In FACT the degree of upstream weighting is control by input
parameters or computed optimally (assuming streamline Courant number less than one)
for each element as a function of streamline Peclet number.

The effect of temporal differencing (case K) can be seen in Fig. 4.2.1.10 when compared
to Fig. 4.2.1.3.  As shown, the "effective" (i.e., artificial plus actual) dispersion coefficient
increases when backward (Euler) differencing is applied.  Note that the backward (Euler)
differencing scheme employed is only first-order accurate.   The second-order accurate
central (Crank-Nicolson) differencing is preferable.  In FACT the option of temporal
differencing for solute transport is control by an input parameter that is applied
throughout the entire computational domain.  The combined effect of spatial and
temporal differencing (case L) can be seen in Fig. 4.2.1.11 when compared to Fig. 4.2.1.3.
further increase in the "effective" dispersion coefficient occurs.

The above cases all were at a cell Peclet number of two.  To see a strong effect of
oscillation near the concentration front several case runs (cases M, N, and O) were
performed at a cell Peclet number of a thousand.  This high a cell Peclet number results in
the transport of nearly square wave (i.e., plug flow) over the time and distance ranges of
interest here.  Using the optimum spatial and temporal differencing settings for our base
case (case M) we see significant oscillatory behavior illustrated in Fig. 4.2.12.  The
central spatial differencing scheme attempt to capture the very steep concentration
resulted in upstream oscillations.  These oscillations can be minimized or eliminated by:
(1) varying the degree of upstream weighting employed and/or (2) refining the grid
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spacing.  We will restrict ourselves to the grid spacing use in the base case.  Applying full
upstream weighting (case N) eliminates the oscillations but results in a significant
increase in artificial dispersion.  We can minimize the oscillations and artificial
dispersion by appropriately setting the partial upstream weighting factor to α =0.27 (case
O).

Based upon these calculations, some general guidance came be given for performing
solute transport with FACT:

• Use the second-order accurate central temporal differencing (Crank-Nicolson)
scheme.

• Apply the second-order accurate central spatial differencing (Bubnov-Galerkin)
scheme.

• Estimate from the results the maximum cell Peclet number within the computational
grid.  Refine the grid such that the maximum value in each direction is less than ten
(preferably less than two).

• If meeting the Peclet number constraint results in too fine of a grid for your current
hardware (storage limits or run-times), then apply increasing amounts of upstream
weighting until the oscillatory behavior becomes acceptable.

• In some cases grid refinement will be mandatory to meet acceptable results.
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Fig. 4.2.1.3.  Concentration profiles for 1D transport of the base case.
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Fig. 4.2.1.4. Concentration profiles for 1D transport showing effect of retardation.
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Fig. 4.2.1.5. Concentration profiles for 1D transport showing effect of radioactive
decay.
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Fig. 4.2.1.6. Concentration profiles for 1D transport showing combined effect of
retardation and radioactive decay.
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Fig. 4.2.1.7. Concentration profiles for 1D transport showing effect of grid size.
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Fig. 4.2.1.8. Concentration profiles for 1D transport showing effect of time-step size.
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Fig. 4.2.1.9. Concentration profiles for 1D transport showing effect of spatial
differencing.
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Fig. 4.2.1.10. Concentration profiles for 1D transport showing effect of temporal
differencing.
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Fig. 4.2.1.11. Concentration profiles for 1D transport showing combined effect of
temporal and spatial differencing.
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Fig. 4.2.1.12. Concentration profiles for 1D transport at high Peclet number showing
effect of dispersion.
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Fig. 4.2.1.13. Concentration profiles for 1D transport at high Peclet number showing
effect of complete upstream spatial differencing.
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Fig. 4.2.1.14. Concentration profiles for 1D transport at high Peclet number showing
effect of optimal upstream spatial differencing.
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Table 4.2.1.3

Comparison of analytical and numerical concentration (kg/m3) results for the transient
1D transport problem (base case)

Distance downstream x
(m)

Analytical
(G&H)

(t = 25 days)

Numerical
(FACT)

(t = 25 days)

Analytical
(G&H)

(t = 50 days)

Numerical
(FACT)

(t = 50 days)

  0.0 1.0000 1.0000 1.0000 1.0000
 10.0 0.9996 0.9996 1.0000 1.0000
 20.0 0.9983 0.9983 1.0000 1.0000
 30.0 0.9945 0.9945 1.0000 1.0000
 40.0 0.9853 0.9852 0.9999 1.0000
 50.0 0.9662 0.9658 0.9999 0.9999
 60.0 0.9312 0.9305 0.9996 0.9996
 70.0 0.8744 0.8732 0.9991 0.9991
 80.0 0.7922 0.7905 0.9981 0.9980
 90.0 0.6856 0.6834 0.9960 0.9959
100.0 0.5616 0.5591 0.9921 0.9920
110.0 0.4318 0.4293 0.9854 0.9852
120.0 0.3096 0.3072 0.9742 0.9740
130.0 0.2057 0.2037 0.9568 0.9565
140.0 0.1262 0.1246 0.9311 0.9306
150.0 0.0712 0.0701 0.8951 0.8943
160.0 0.0368 0.0361 0.8472 0.8462
170.0 0.0174 0.0170 0.7868 0.7855
180.0 0.0075 0.0073 0.7146 0.7131
190.0 0.0030 0.0029 0.6325 0.6308
200.0 0.0011 0.0010 0.5441 0.5423
210.0 0.0003 0.0003 0.4535 0.4517
220.0 0.0001 0.0001 0.3654 0.3636
230.0 0.0000 0.0000 0.2840 0.2824
240.0 0.0000 0.0000 0.2125 0.2111
250.0 0.0000 0.0000 0.1528 0.1516
260.0 0.0000 0.0000 0.1055 0.1046
270.0 0.0000 0.0000 0.0698 0.0691
280.0 0.0000 0.0000 0.0443 0.0438
290.0 0.0000 0.0000 0.0269 0.0265
300.0 0.0000 0.0000 0.0156 0.0153
310.0 0.0000 0.0000 0.0086 0.0085
320.0 0.0000 0.0000 0.0046 0.0045
330.0 0.0000 0.0000 0.0023 0.0023
340.0 0.0000 0.0000 0.0011 0.0011
350.0 0.0000 0.0000 0.0005 0.0005
360.0 0.0000 0.0000 0.0002 0.0002
370.0 0.0000 0.0000 0.0001 0.0001
380.0 0.0000 0.0000 0.0000 0.0000
390.0 0.0000 0.0000 0.0000 0.0000
400.0 0.0000 0.0000 0.0000 0.0000
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Table 4.2.1.4

Comparison of analytical and numerical concentration (kg/m3) results for the transient
1D transport problem (retardation R=2.0)

Distance downstream x
(m)

Analytical
(G&H)

(t = 25 days)

Numerical
(FACT)

(t = 25 days)

Analytical
(G&H)

(t = 50 days)

Numerical
(FACT)

(t = 50 days)

  0.0 1.0000 1.0000 1.0000 1.0000
 10.0 0.9901 0.9900 0.9996 0.9996
 20.0 0.9578 0.9574 0.9983 0.9983
 30.0 0.8844 0.8836 0.9945 0.9945
 40.0 0.7576 0.7562 0.9853 0.9853
 50.0 0.5853 0.5836 0.9662 0.9660
 60.0 0.3980 0.3963 0.9312 0.9308
 70.0 0.2338 0.2323 0.8744 0.8738
 80.0 0.1170 0.1159 0.7922 0.7913
 90.0 0.0494 0.0487 0.6856 0.6845
100.0 0.0175 0.0171 0.5616 0.5604
110.0 0.0051 0.0050 0.4318 0.4306
120.0 0.0013 0.0012 0.3096 0.3084
130.0 0.0003 0.0002 0.2057 0.2048
140.0 0.0000 0.0000 0.1262 0.1254
150.0 0.0000 0.0000 0.0712 0.0706
160.0 0.0000 0.0000 0.0368 0.0364
170.0 0.0000 0.0000 0.0174 0.0172
180.0 0.0000 0.0000 0.0075 0.0074
190.0 0.0000 0.0000 0.0030 0.0029
200.0 0.0000 0.0000 0.0011 0.0010
210.0 0.0000 0.0000 0.0003 0.0003
220.0 0.0000 0.0000 0.0001 0.0001
230.0 0.0000 0.0000 0.0000 0.0000
240.0 0.0000 0.0000 0.0000 0.0000
250.0 0.0000 0.0000 0.0000 0.0000
260.0 0.0000 0.0000 0.0000 0.0000
270.0 0.0000 0.0000 0.0000 0.0000
280.0 0.0000 0.0000 0.0000 0.0000
290.0 0.0000 0.0000 0.0000 0.0000
300.0 0.0000 0.0000 0.0000 0.0000
310.0 0.0000 0.0000 0.0000 0.0000
320.0 0.0000 0.0000 0.0000 0.0000
330.0 0.0000 0.0000 0.0000 0.0000
340.0 0.0000 0.0000 0.0000 0.0000
350.0 0.0000 0.0000 0.0000 0.0000
360.0 0.0000 0.0000 0.0000 0.0000
370.0 0.0000 0.0000 0.0000 0.0000
380.0 0.0000 0.0000 0.0000 0.0000
390.0 0.0000 0.0000 0.0000 0.0000
400.0 0.0000 0.0000 0.0000 0.0000
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Table 4.2.1.5

Comparison of analytical and numerical concentration (kg/m3) results for the transient
1D transport problem (radioactive decay 01.0r =λ )

Distance downstream x
(m)

Analytical
(G&H)

(t = 25 days)

Numerical
(FACT)

(t = 25 days)

Analytical
(G&H)

(t = 50 days)

Numerical
(FACT)

(t = 50 days)

  0.0 1.0000 1.0000 1.0000 1.0000
 10.0 0.9753 0.9753 0.9756 0.9756
 20.0 0.9506 0.9506 0.9518 0.9518
 30.0 0.9245 0.9245 0.9286 0.9286
 40.0 0.8950 0.8949 0.9059 0.9059
 50.0 0.8587 0.8584 0.8838 0.8838
 60.0 0.8112 0.8107 0.8621 0.8621
 70.0 0.7484 0.7474 0.8407 0.8407
 80.0 0.6677 0.6664 0.8196 0.8196
 90.0 0.5705 0.5688 0.7984 0.7984
100.0 0.4623 0.4604 0.7766 0.7766
110.0 0.3524 0.3504 0.7537 0.7536
120.0 0.2508 0.2490 0.7288 0.7286
130.0 0.1657 0.1642 0.7007 0.7005
140.0 0.1012 0.1000 0.6684 0.6681
150.0 0.0568 0.0560 0.6308 0.6304
160.0 0.0293 0.0288 0.5871 0.5865
170.0 0.0138 0.0135 0.5371 0.5363
180.0 0.0060 0.0058 0.4812 0.4804
190.0 0.0023 0.0023 0.4210 0.4200
200.0 0.0008 0.0008 0.3584 0.3573
210.0 0.0003 0.0003 0.2960 0.2949
220.0 0.0001 0.0001 0.2366 0.2356
230.0 0.0000 0.0000 0.1826 0.1817
240.0 0.0000 0.0000 0.1358 0.1350
250.0 0.0000 0.0000 0.0972 0.0965
260.0 0.0000 0.0000 0.0668 0.0662
270.0 0.0000 0.0000 0.0440 0.0436
280.0 0.0000 0.0000 0.0278 0.0275
290.0 0.0000 0.0000 0.0168 0.0166
300.0 0.0000 0.0000 0.0097 0.0096
310.0 0.0000 0.0000 0.0054 0.0053
320.0 0.0000 0.0000 0.0028 0.0028
330.0 0.0000 0.0000 0.0014 0.0014
340.0 0.0000 0.0000 0.0007 0.0007
350.0 0.0000 0.0000 0.0003 0.0003
360.0 0.0000 0.0000 0.0001 0.0001
370.0 0.0000 0.0000 0.0001 0.0001
380.0 0.0000 0.0000 0.0000 0.0000
390.0 0.0000 0.0000 0.0000 0.0000
400.0 0.0000 0.0000 0.0000 0.0000
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Table 4.2.1.6

Comparison of analytical and numerical concentration (kg/m3) results for the transient
1D transport problem (retardation R=2.0, radioactive decay 01.0r =λ )

Distance downstream x
(m)

Analytical
(G&H)

(t = 25 days)

Numerical
(FACT)

(t = 25 days)

Analytical
(G&H)

(t = 50 days)

Numerical
(FACT)

(t = 50 days)

  0.0 1.0000 1.0000 1.0000 1.0000
 10.0 0.9452 0.9451 0.9522 0.9522
 20.0 0.8764 0.8762 0.9061 0.9061
 30.0 0.7805 0.7799 0.8607 0.8607
 40.0 0.6495 0.6484 0.8145 0.8144
 50.0 0.4907 0.4894 0.7647 0.7646
 60.0 0.3282 0.3269 0.7082 0.7079
 70.0 0.1905 0.1893 0.6417 0.6413
 80.0 0.0944 0.0936 0.5637 0.5632
 90.0 0.0396 0.0390 0.4754 0.4747
100.0 0.0139 0.0136 0.3811 0.3803
110.0 0.0041 0.0039 0.2879 0.2871
120.0 0.0010 0.0009 0.2034 0.2027
130.0 0.0002 0.0002 0.1336 0.1330
140.0 0.0000 0.0000 0.0812 0.0807
150.0 0.0000 0.0000 0.0454 0.0451
160.0 0.0000 0.0000 0.0233 0.0231
170.0 0.0000 0.0000 0.0110 0.0108
180.0 0.0000 0.0000 0.0047 0.0046
190.0 0.0000 0.0000 0.0019 0.0018
200.0 0.0000 0.0000 0.0007 0.0006
210.0 0.0000 0.0000 0.0002 0.0002
220.0 0.0000 0.0000 0.0001 0.0001
230.0 0.0000 0.0000 0.0000 0.0000
240.0 0.0000 0.0000 0.0000 0.0000
250.0 0.0000 0.0000 0.0000 0.0000
260.0 0.0000 0.0000 0.0000 0.0000
270.0 0.0000 0.0000 0.0000 0.0000
280.0 0.0000 0.0000 0.0000 0.0000
290.0 0.0000 0.0000 0.0000 0.0000
300.0 0.0000 0.0000 0.0000 0.0000
310.0 0.0000 0.0000 0.0000 0.0000
320.0 0.0000 0.0000 0.0000 0.0000
330.0 0.0000 0.0000 0.0000 0.0000
340.0 0.0000 0.0000 0.0000 0.0000
350.0 0.0000 0.0000 0.0000 0.0000
360.0 0.0000 0.0000 0.0000 0.0000
370.0 0.0000 0.0000 0.0000 0.0000
380.0 0.0000 0.0000 0.0000 0.0000
390.0 0.0000 0.0000 0.0000 0.0000
400.0 0.0000 0.0000 0.0000 0.0000
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Table 4.2.1.7

Effect grid size (∆x) has on the numerical concentration (kg/m3) results for the transient
1D transport problem (time t=50 days)

Distance
downstream

x (m)

Analytical
(G&H)

Numerical
(FACT)

(∆x = 2 m)

Numerical
(FACT)

(∆x = 20 m)

Numerical
(FACT)

(∆x = 40 m)

Numerical
(FACT)

(∆x = 80 m)

  0.0 1.0000 1.0000 1.0000 1.0000 1.0000
 10.0 1.0000 1.0000  -  -  -
 20.0 1.0000 1.0000 1.0000  -  -
 30.0 1.0000 1.0000  -  -  -
 40.0 0.9999 1.0000 1.0000 0.9992  -
 50.0 0.9999 0.9999  -  -  -
 60.0 0.9996 0.9996 0.9998  -  -
 70.0 0.9991 0.9991  -  -  -
 80.0 0.9981 0.9980 0.9985 1.0017 1.0166
 90.0 0.9960 0.9959  -  -  -
100.0 0.9921 0.9920 0.9927  -  -
110.0 0.9854 0.9852  -  -  -
120.0 0.9742 0.9740 0.9741 0.9769  -
130.0 0.9568 0.9565  -  -  -
140.0 0.9311 0.9306 0.9290  -  -
150.0 0.8951 0.8943  -  -  -
160.0 0.8472 0.8462 0.8428 0.8296 0.7702
170.0 0.7868 0.7855  -  -  -
180.0 0.7146 0.7131 0.7100  -  -
190.0 0.6325 0.6308  -  -  -
200.0 0.5441 0.5423 0.5323 0.5366  -
210.0 0.4535 0.4517  -  -  -
220.0 0.3654 0.3636 0.3674  -  -
230.0 0.2840 0.2824  -  -  -
240.0 0.2125 0.2111 0.2160 0.2316 0.2783
250.0 0.1528 0.1516  -  -  -
260.0 0.1055 0.1046 0.1075  -  -
270.0 0.0698 0.0691  -  -  -
280.0 0.0443 0.0438 0.0437 0.0511  -
290.0 0.0269 0.0265  -  -  -
300.0 0.0156 0.0153 0.0136  -  -
310.0 0.0086 0.0085  -  -  -
320.0 0.0046 0.0045 0.0028 -0.0029 0.0087
330.0 0.0023 0.0023  -  -  -
340.0 0.0011 0.0011 0.0001  -  -
350.0 0.0005 0.0005  -  -  -
360.0 0.0002 0.0002 -0.0002 -0.0039  -
370.0 0.0001 0.0001  -  -  -
380.0 0.0000 0.0000 0.0000  -  -
390.0 0.0000 0.0000  -  -  -
400.0 0.0000 0.0000 0.0000 -0.0005 -0.0228
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Table 4.2.1.8

Effect time-step size (∆t) has on the numerical concentration (kg/m3) results for the
transient 1D transport problem (time t=50 days)

Distance
downstream

x (m)

Analytical
(G&H)

Numerical
(FACT)

(∆t = 0.1 d)

Numerical
(FACT)

(∆t = 5 d)

Numerical
(FACT)

(∆t = 10 d)

Numerical
(FACT)

(∆t = 25 d)
  0.0 1.0000 1.0000 1.0000 1.0000 1.0000
 10.0 1.0000 1.0000 0.9942 0.9889 1.1141
 20.0 1.0000 1.0000 1.0028 1.0280 1.1619
 30.0 1.0000 1.0000 0.9985 1.0115 1.1625
 40.0 0.9999 1.0000 1.0001 0.9788 1.1303
 50.0 0.9999 0.9999 1.0007 0.9664 1.0764
 60.0 0.9996 0.9996 0.9992 0.9825 1.0088
 70.0 0.9991 0.9991 0.9990 1.0155 0.9337
 80.0 0.9981 0.9980 0.9991 1.0481 0.8554
 90.0 0.9960 0.9959 0.9971 1.0654 0.7772
100.0 0.9921 0.9920 0.9925 1.0588 0.7012
110.0 0.9854 0.9852 0.9853 1.0262 0.6289
120.0 0.9742 0.9740 0.9732 0.9698 0.5611
130.0 0.9568 0.9565 0.9514 0.8950 0.4984
140.0 0.9311 0.9306 0.9147 0.8080 0.4410
150.0 0.8951 0.8943 0.8601 0.7152 0.3888
160.0 0.8472 0.8462 0.7879 0.6217 0.3417
170.0 0.7868 0.7855 0.7017 0.5318 0.2995
180.0 0.7146 0.7131 0.6073 0.4483 0.2619
190.0 0.6325 0.6308 0.5110 0.3729 0.2284
200.0 0.5441 0.5423 0.4185 0.3066 0.1989
210.0 0.4535 0.4517 0.3341 0.2493 0.1728
220.0 0.3654 0.3636 0.2605 0.2008 0.1499
230.0 0.2840 0.2824 0.1986 0.1602 0.1298
240.0 0.2125 0.2111 0.1483 0.1268 0.1122
250.0 0.1528 0.1516 0.1087 0.0996 0.0969
260.0 0.1055 0.1046 0.0782 0.0777 0.0835
270.0 0.0698 0.0691 0.0554 0.0602 0.0720
280.0 0.0443 0.0438 0.0386 0.0464 0.0619
290.0 0.0269 0.0265 0.0266 0.0355 0.0532
300.0 0.0156 0.0153 0.0180 0.0271 0.0457
310.0 0.0086 0.0085 0.0121 0.0205 0.0392
320.0 0.0046 0.0045 0.0080 0.0155 0.0336
330.0 0.0023 0.0023 0.0052 0.0117 0.0288
340.0 0.0011 0.0011 0.0034 0.0087 0.0246
350.0 0.0005 0.0005 0.0022 0.0065 0.0211
360.0 0.0002 0.0002 0.0014 0.0048 0.0180
370.0 0.0001 0.0001 0.0009 0.0036 0.0154
380.0 0.0000 0.0000 0.0006 0.0027 0.0131
390.0 0.0000 0.0000 0.0003 0.0020 0.0113
400.0 0.0000 0.0000 0.0003 0.0016 0.0102
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Table 4.2.1.9

Effect upwind differencing has on the numerical concentration (kg/m3) results for the
transient 1D transport problem (spatial differencing α =1.0)

Distance downstream x
(m)

Analytical
(G&H)

(t = 25 days)

Numerical
(FACT)

(t = 25 days)

Analytical
(G&H)

(t = 50 days)

Numerical
(FACT)

(t = 50 days)

  0.0 1.0000 1.0000 1.0000 1.0000
 10.0 0.9996 0.9993 1.0000 1.0000
 20.0 0.9983 0.9970 1.0000 1.0000
 30.0 0.9945 0.9912 1.0000 0.9999
 40.0 0.9853 0.9790 0.9999 0.9998
 50.0 0.9662 0.9561 0.9999 0.9996
 60.0 0.9312 0.9177 0.9996 0.9991
 70.0 0.8744 0.8594 0.9991 0.9981
 80.0 0.7922 0.7793 0.9981 0.9962
 90.0 0.6856 0.6792 0.9960 0.9928
100.0 0.5616 0.5649 0.9921 0.9872
110.0 0.4318 0.4456 0.9854 0.9781
120.0 0.3096 0.3315 0.9742 0.9642
130.0 0.2057 0.2317 0.9568 0.9440
140.0 0.1262 0.1515 0.9311 0.9157
150.0 0.0712 0.0924 0.8951 0.8781
160.0 0.0368 0.0525 0.8472 0.8301
170.0 0.0174 0.0277 0.7868 0.7717
180.0 0.0075 0.0135 0.7146 0.7036
190.0 0.0030 0.0061 0.6325 0.6277
200.0 0.0011 0.0026 0.5441 0.5465
210.0 0.0003 0.0010 0.4535 0.4635
220.0 0.0001 0.0004 0.3654 0.3822
230.0 0.0000 0.0001 0.2840 0.3058
240.0 0.0000 0.0000 0.2125 0.2372
250.0 0.0000 0.0000 0.1528 0.1780
260.0 0.0000 0.0000 0.1055 0.1292
270.0 0.0000 0.0000 0.0698 0.0906
280.0 0.0000 0.0000 0.0443 0.0613
290.0 0.0000 0.0000 0.0269 0.0400
300.0 0.0000 0.0000 0.0156 0.0251
310.0 0.0000 0.0000 0.0086 0.0152
320.0 0.0000 0.0000 0.0046 0.0089
330.0 0.0000 0.0000 0.0023 0.0050
340.0 0.0000 0.0000 0.0011 0.0027
350.0 0.0000 0.0000 0.0005 0.0014
360.0 0.0000 0.0000 0.0002 0.0007
370.0 0.0000 0.0000 0.0001 0.0003
380.0 0.0000 0.0000 0.0000 0.0002
390.0 0.0000 0.0000 0.0000 0.0001
400.0 0.0000 0.0000 0.0000 0.0000
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Table 4.2.1.10

Effect backward Euler has on the numerical concentration (kg/m3) results for the
transient 1D transport problem (temporal differencing ω =1.0)

Distance downstream x
(m)

Analytical
(G&H)

(t = 25 days)

Numerical
(FACT)

(t = 25 days)

Analytical
(G&H)

(t = 50 days)

Numerical
(FACT)

(t = 50 days)

  0.0 1.0000 1.0000 1.0000 1.0000
 10.0 0.9996 0.9996 1.0000 1.0000
 20.0 0.9983 0.9982 1.0000 1.0000
 30.0 0.9945 0.9941 1.0000 1.0000
 40.0 0.9853 0.9844 0.9999 0.9999
 50.0 0.9662 0.9643 0.9999 0.9998
 60.0 0.9312 0.9280 0.9996 0.9996
 70.0 0.8744 0.8698 0.9991 0.9990
 80.0 0.7922 0.7868 0.9981 0.9979
 90.0 0.6856 0.6804 0.9960 0.9956
100.0 0.5616 0.5580 0.9921 0.9914
110.0 0.4318 0.4308 0.9854 0.9842
120.0 0.3096 0.3114 0.9742 0.9725
130.0 0.2057 0.2098 0.9568 0.9543
140.0 0.1262 0.1313 0.9311 0.9278
150.0 0.0712 0.0762 0.8951 0.8909
160.0 0.0368 0.0409 0.8472 0.8423
170.0 0.0174 0.0203 0.7868 0.7817
180.0 0.0075 0.0093 0.7146 0.7097
190.0 0.0030 0.0040 0.6325 0.6285
200.0 0.0011 0.0016 0.5441 0.5415
210.0 0.0003 0.0006 0.4535 0.4527
220.0 0.0001 0.0002 0.3654 0.3665
230.0 0.0000 0.0001 0.2840 0.2867
240.0 0.0000 0.0000 0.2125 0.2165
250.0 0.0000 0.0000 0.1528 0.1576
260.0 0.0000 0.0000 0.1055 0.1105
270.0 0.0000 0.0000 0.0698 0.0745
280.0 0.0000 0.0000 0.0443 0.0483
290.0 0.0000 0.0000 0.0269 0.0301
300.0 0.0000 0.0000 0.0156 0.0180
310.0 0.0000 0.0000 0.0086 0.0103
320.0 0.0000 0.0000 0.0046 0.0057
330.0 0.0000 0.0000 0.0023 0.0030
340.0 0.0000 0.0000 0.0011 0.0015
350.0 0.0000 0.0000 0.0005 0.0007
360.0 0.0000 0.0000 0.0002 0.0004
370.0 0.0000 0.0000 0.0001 0.0002
380.0 0.0000 0.0000 0.0000 0.0001
390.0 0.0000 0.0000 0.0000 0.0000
400.0 0.0000 0.0000 0.0000 0.0000
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Table 4.2.1.11

Effect backward Euler plus upwind differencing has on the numerical concentration
(kg/m3) results for the transient 1D transport problem (temporal differencing ω =1.0,

spatial differencing α =1.0)

Distance downstream x
(m)

Analytical
(G&H)

(t = 25 days)

Numerical
(FACT)

(t = 25 days)

Analytical
(G&H)

(t = 50 days)

Numerical
(FACT)

(t = 50 days)

  0.0 1.0000 1.0000 1.0000 1.0000
 10.0 0.9996 0.9992 1.0000 1.0000
 20.0 0.9983 0.9968 1.0000 1.0000
 30.0 0.9945 0.9908 1.0000 0.9999
 40.0 0.9853 0.9782 0.9999 0.9998
 50.0 0.9662 0.9546 0.9999 0.9996
 60.0 0.9312 0.9154 0.9996 0.9990
 70.0 0.8744 0.8565 0.9991 0.9979
 80.0 0.7922 0.7763 0.9981 0.9959
 90.0 0.6856 0.6767 0.9960 0.9924
100.0 0.5616 0.5638 0.9921 0.9865
110.0 0.4318 0.4465 0.9854 0.9771
120.0 0.3096 0.3346 0.9742 0.9627
130.0 0.2057 0.2365 0.9568 0.9419
140.0 0.1262 0.1572 0.9311 0.9132
150.0 0.0712 0.0980 0.8951 0.8751
160.0 0.0368 0.0573 0.8472 0.8269
170.0 0.0174 0.0314 0.7868 0.7686
180.0 0.0075 0.0161 0.7146 0.7009
190.0 0.0030 0.0077 0.6325 0.6258
200.0 0.0011 0.0035 0.5441 0.5458
210.0 0.0003 0.0015 0.4535 0.4641
220.0 0.0001 0.0006 0.3654 0.3842
230.0 0.0000 0.0002 0.2840 0.3092
240.0 0.0000 0.0001 0.2125 0.2415
250.0 0.0000 0.0000 0.1528 0.1830
260.0 0.0000 0.0000 0.1055 0.1344
270.0 0.0000 0.0000 0.0698 0.0955
280.0 0.0000 0.0000 0.0443 0.0657
290.0 0.0000 0.0000 0.0269 0.0437
300.0 0.0000 0.0000 0.0156 0.0281
310.0 0.0000 0.0000 0.0086 0.0175
320.0 0.0000 0.0000 0.0046 0.0105
330.0 0.0000 0.0000 0.0023 0.0061
340.0 0.0000 0.0000 0.0011 0.0034
350.0 0.0000 0.0000 0.0005 0.0019
360.0 0.0000 0.0000 0.0002 0.0010
370.0 0.0000 0.0000 0.0001 0.0005
380.0 0.0000 0.0000 0.0000 0.0002
390.0 0.0000 0.0000 0.0000 0.0001
400.0 0.0000 0.0000 0.0000 0.0001
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Table 4.2.1.12

Effect low longitudinal dispersivity has on the numerical concentration (kg/m3) results
for the transient 1D transport problem (longitudinal horizontal dispersivity αLH =0.01)

Distance downstream x
(m)

Analytical
(G&H)

(t = 25 days)

Numerical
(FACT)

(t = 25 days)

Analytical
(G&H)

(t = 50 days)

Numerical
(FACT)

(t = 50 days)

  0.0 1.0000 1.0000 1.0000 1.0000
 10.0 1.0000 0.9990 1.0000 1.0001
 20.0 1.0000 1.0026 1.0000 0.9998
 30.0 1.0000 0.9961 1.0000 1.0003
 40.0 1.0000 1.0056 1.0000 0.9997
 50.0 1.0000 0.9902 1.0000 1.0002
 60.0 1.0000 1.0168 1.0000 1.0001
 70.0 1.0000 0.9899 1.0000 0.9996
 80.0 1.0000 0.9573 1.0000 1.0006
 90.0 1.0000 0.9461 1.0000 0.9995
100.0 0.5000 0.3924 1.0000 0.9999
110.0 0.0000 -0.0024 1.0000 1.0019
120.0 0.0000 0.0000 1.0000 0.9954
130.0 0.0000 0.0000 1.0000 1.0051
140.0 0.0000 0.0000 1.0000 1.0023
150.0 0.0000 0.0000 1.0000 0.9885
160.0 0.0000 0.0000 1.0000 0.9919
170.0 0.0000 0.0000 1.0000 1.0089
180.0 0.0000 0.0000 1.0000 1.0272
190.0 0.0000 0.0000 1.0000 1.0258
200.0 0.0000 0.0000 0.5000 0.4017
210.0 0.0000 0.0000 0.0000 -0.0042
220.0 0.0000 0.0000 0.0000 0.0000
230.0 0.0000 0.0000 0.0000 0.0000
240.0 0.0000 0.0000 0.0000 0.0000
250.0 0.0000 0.0000 0.0000 0.0000
260.0 0.0000 0.0000 0.0000 0.0000
270.0 0.0000 0.0000 0.0000 0.0000
280.0 0.0000 0.0000 0.0000 0.0000
290.0 0.0000 0.0000 0.0000 0.0000
300.0 0.0000 0.0000 0.0000 0.0000
310.0 0.0000 0.0000 0.0000 0.0000
320.0 0.0000 0.0000 0.0000 0.0000
330.0 0.0000 0.0000 0.0000 0.0000
340.0 0.0000 0.0000 0.0000 0.0000
350.0 0.0000 0.0000 0.0000 0.0000
360.0 0.0000 0.0000 0.0000 0.0000
370.0 0.0000 0.0000 0.0000 0.0000
380.0 0.0000 0.0000 0.0000 0.0000
390.0 0.0000 0.0000 0.0000 0.0000
400.0 0.0000 0.0000 0.0000 0.0000
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Table 4.2.1.13

Effect low longitudinal dispersivity plus upwind differencing has on the numerical
concentration (kg/m3) results for the transient 1D transport problem (longitudinal

horizontal dispersivity αLH =0.01, spatial differencing α =1.0)

Distance downstream x
(m)

Analytical
(G&H)

(t = 25 days)

Numerical
(FACT)

(t = 25 days)

Analytical
(G&H)

(t = 50 days)

Numerical
(FACT)

(t = 50 days)

  0.0 1.0000 1.0000 1.0000 1.0000
 10.0 1.0000 1.0000 1.0000 1.0000
 20.0 1.0000 1.0000 1.0000 1.0000
 30.0 1.0000 1.0000 1.0000 1.0000
 40.0 1.0000 1.0000 1.0000 1.0000
 50.0 1.0000 0.9999 1.0000 1.0000
 60.0 1.0000 0.9982 1.0000 1.0000
 70.0 1.0000 0.9859 1.0000 1.0000
 80.0 1.0000 0.9302 1.0000 1.0000
 90.0 1.0000 0.7779 1.0000 1.0000
100.0 0.5000 0.5225 1.0000 1.0000
110.0 0.0000 0.2574 1.0000 1.0000
120.0 0.0000 0.0870 1.0000 1.0000
130.0 0.0000 0.0192 1.0000 0.9998
140.0 0.0000 0.0027 1.0000 0.9989
150.0 0.0000 0.0002 1.0000 0.9945
160.0 0.0000 0.0000 1.0000 0.9794
170.0 0.0000 0.0000 1.0000 0.9382
180.0 0.0000 0.0000 1.0000 0.8506
190.0 0.0000 0.0000 1.0000 0.7051
200.0 0.0000 0.0000 0.5000 0.5159
210.0 0.0000 0.0000 0.0000 0.3231
220.0 0.0000 0.0000 0.0000 0.1690
230.0 0.0000 0.0000 0.0000 0.0725
240.0 0.0000 0.0000 0.0000 0.0252
250.0 0.0000 0.0000 0.0000 0.0070
260.0 0.0000 0.0000 0.0000 0.0015
270.0 0.0000 0.0000 0.0000 0.0003
280.0 0.0000 0.0000 0.0000 0.0000
290.0 0.0000 0.0000 0.0000 0.0000
300.0 0.0000 0.0000 0.0000 0.0000
310.0 0.0000 0.0000 0.0000 0.0000
320.0 0.0000 0.0000 0.0000 0.0000
330.0 0.0000 0.0000 0.0000 0.0000
340.0 0.0000 0.0000 0.0000 0.0000
350.0 0.0000 0.0000 0.0000 0.0000
360.0 0.0000 0.0000 0.0000 0.0000
370.0 0.0000 0.0000 0.0000 0.0000
380.0 0.0000 0.0000 0.0000 0.0000
390.0 0.0000 0.0000 0.0000 0.0000
400.0 0.0000 0.0000 0.0000 0.0000
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Table 4.2.1.14

Effect low longitudinal dispersivity plus partial (optimal) upwind differencing has on the
numerical concentration (kg/m3) results for the transient 1D transport problem
(longitudinal horizontal dispersivity αLH =0.01, spatial differencing α =0.27)

Distance downstream x
(m)

Analytical
(G&H)

(t = 25 days)

Numerical
(FACT)

(t = 25 days)

Analytical
(G&H)

(t = 50 days)

Numerical
(FACT)

(t = 50 days)

  0.0 1.0000 1.0000 1.0000 1.0000
 10.0 1.0000 1.0000 1.0000 1.0000
 20.0 1.0000 1.0000 1.0000 1.0000
 30.0 1.0000 1.0000 1.0000 1.0000
 40.0 1.0000 1.0000 1.0000 1.0000
 50.0 1.0000 1.0000 1.0000 1.0000
 60.0 1.0000 1.0000 1.0000 1.0000
 70.0 1.0000 1.0000 1.0000 1.0000
 80.0 1.0000 0.9969 1.0000 1.0000
 90.0 1.0000 0.9114 1.0000 1.0000
100.0 0.5000 0.5028 1.0000 1.0000
110.0 0.0000 0.0933 1.0000 1.0000
120.0 0.0000 0.0036 1.0000 1.0000
130.0 0.0000 0.0000 1.0000 1.0000
140.0 0.0000 0.0000 1.0000 1.0000
150.0 0.0000 0.0000 1.0000 1.0000
160.0 0.0000 0.0000 1.0000 0.9999
170.0 0.0000 0.0000 1.0000 0.9980
180.0 0.0000 0.0000 1.0000 0.9717
190.0 0.0000 0.0000 1.0000 0.8291
200.0 0.0000 0.0000 0.5000 0.5021
210.0 0.0000 0.0000 0.0000 0.1747
220.0 0.0000 0.0000 0.0000 0.0301
230.0 0.0000 0.0000 0.0000 0.0023
240.0 0.0000 0.0000 0.0000 0.0001
250.0 0.0000 0.0000 0.0000 0.0000
260.0 0.0000 0.0000 0.0000 0.0000
270.0 0.0000 0.0000 0.0000 0.0000
280.0 0.0000 0.0000 0.0000 0.0000
290.0 0.0000 0.0000 0.0000 0.0000
300.0 0.0000 0.0000 0.0000 0.0000
310.0 0.0000 0.0000 0.0000 0.0000
320.0 0.0000 0.0000 0.0000 0.0000
330.0 0.0000 0.0000 0.0000 0.0000
340.0 0.0000 0.0000 0.0000 0.0000
350.0 0.0000 0.0000 0.0000 0.0000
360.0 0.0000 0.0000 0.0000 0.0000
370.0 0.0000 0.0000 0.0000 0.0000
380.0 0.0000 0.0000 0.0000 0.0000
390.0 0.0000 0.0000 0.0000 0.0000
400.0 0.0000 0.0000 0.0000 0.0000
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4.2.2 Two-Dimensional Saturated Solute Transport in a Uniform Flow Field

This problem deals with two-dimensional (areal) advection-dispersion of a non-
conservative solute species from a point source through an infinite porous medium.  It is
used to demonstrate the impact that grid orientation with transverse dispersion has on the
solution from FACT.  A physical schematic of this problem is shown in Fig. 4.2.2.1(a).
In practice, the idealized conditions are analogous to continual leakage or injection of a
contaminant into a shallow confined aquifer from a small leaking landfill or an
improperly sealed fully penetrating injection well (gradients in the vertical direction are
assumed to be negligible).  It is assumed that the total rate of fluid leakage or injection
into the aquifer is negligible and does not disturb the ambient groundwater flow regime.
Analytically the problem is treated as a point source in the 2-D areal plane.
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Fig. 4.2.2.1.  Schematic diagram for 2D areal solute transport in a confined aquifer.

As illustrated in Fig. 4.2.2.1(b), a non-conservative contaminant is continuously released
from a point source downstream of an inflow boundary (containing zero contaminant)
into a shallow confined aquifer unit whose groundwater flow is assumed to be uniform.
Both hydrodynamic dispersion and molecular diffusion are allowed, as well as, the
possibility of radioactive decay and/or adsorption of the transported species.  It is
assumed that the contaminant mass flow rate at the point source remains constant, the
aquifer’s flow rate is uniform and constant,  and the homogeneous aquifer’s properties
(such as porosity, soil type, water saturation) are uniform and constant.
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Analytic solution:  Equation (2.2.13) represents the conservative form of the multi-
dimensional advection-dispersion equation for solute transport through a variably
saturated porous media.  Taking the 2-D form of Eq. (2.2.13) and assuming that one point
source exists at the areal location 0yx == , constant water saturation level, and that
material coefficients are constants, results in

R
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with xLHxx uD ′α=′  and yTHyy uD ′α=′ .

For our infinite (areally) confined aquifer the initial conditions are:

0)0,y,x(c = (4.2.2.2a)

and the boundary conditions are:

0)t,y,(c =±∞ (4.2.2.2b)

0)t,,x(c =±∞ (4.2.2.2c)

These boundary conditions are equivalent to assuming that the dispersive flux of solute is
zero at plus or minus infinity or

0
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For finite times there exists finite values of x and y where Eqs. (4.2.2.2d,e) remain valid.

As mentioned above, it is assumed that the total rate of fluid flow, q, into the aquifer due
to the source is negligible and does not disturb the ambient groundwater flow regime.  In
order to have a finite mass flow rate of contaminant requires

+∞=⇒∞<
→→

)c(lim)qc(lim *

0q

*

0q
(4.2.2.2f)

Therefore, analytically the concentration of solute entering the aquifer at the point source
becomes infinite.

Equation (4.2.2.1), a linear partial differential equation subject to the initial and boundary
conditions given by Eqs. (4.2.2.2a,b,c), can be solved by employing an appropriate
Green’s function for the point source and applying the Laplace and Fourier transform
techniques.  For details see Yeh (1981).  The general solution for a continuous point
source takes the form:

∫ ττηξ
θ

=
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)t,y,x(c (4.2.2.3a)
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where )|t;|y;|x(G τηξ  is the Green’s function over the domain space.  For our analytical
problem we shall limit our flow field to flow parallel to the x-axis only.  This results in a
dispersion tensor that is diagonal and a separable Green’s function.  It can be shown that
for simple geometry such as separable coordinate system, Green’s function, G, can be
expressed as:

)|t;|y(G)|t;|x(G)|t;|y;|x(G 21 τητξ=τηξ (4.2.2.3b)

where for a point source in the x-direction (infinite domain, parallel to flow):
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and for a point source in the y-direction (infinite domain, transverse to flow):
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The evaluation of the analytic expressions, Eqs. (4.2.2.3a,b,c,d), for a specific problem is
performed numerically and has been performed using the computer code, AT123D by
Yeh (1981).

FACT numerical simulation and comparison:  In FACT we will model this 2-D areal
problem using a finite element mesh containing many elements in the horizontal plane
that is only one element deep in the vertical direction.  The point source given above now
becomes a line source that extends the entire vertical distance of the elements whose
strength per unit length is

)y()x(
z

qc
)qc(

element

*
* δδ

∆
=′ (4.2.2.4)

and is located at the same areal location (in FACT point and line sources are limited to
node locations only).  Zero diffusive flux boundary conditions at the vertical faces of the
mesh domain will ensure that no concentration gradients appear in the vertical direction.

Even though we are considering an aquifer unit with infinite extent in the areal directions,
our numerical model has finite size.  At our inflow boundary we shall assume that the
incoming fluid remains contaminant free (i.e., the contaminant concentration immediately
upstream of the source does not extend back up to the inflow boundary).  For the
parameters chosen (i.e., longitudinal dispersivity, Darcy velocity, and source location),
the above assumption remains valid over the time period of interest.

Also, FACT requires knowledge about both the total volumetric flow rate, q, and its
solute concentration entering the aquifer at the line source.  An arbitrarily small but finite
value for q was chosen to maintain computed solute concentration values near the source
to acceptable values.  Steep concentration gradients near a source can result in oscillatory
behavior unless the local grid is sufficiently refined.  For demonstration purposes, we



WESTINGHOUSE SAVANNAH RIVER COMPANY Manual: WSRC-TR-99-00282
Section: 4, Rev. 0
Date: 3/2000

FACT CODE MANUAL Page: 80 of 130

have chosen uniform coarse grids and are primarily interested in results away from the
source location.  The simulations are done by specifying a velocity field and running the
solute transport option only.  In this way, the flow rate entering the aquifer due to the line
source does not alter the aquifer flow field.

Values of the physical parameters used in the verification simulations are presented in
Table 4.2.2.1.  For the conservative solute transport cases the parameters were selected
based on data from a field investigation on hexavalent chromium contamination reported
by Perlumutter and Lieber (1970) and Wilson and Miller (1978).  An analytical solution
to this problem is also available from Wilson and Miller (1978).  For the non-
conservative solute transport cases the values of retardation and decay constants were
chosen arbitrarily to test the performance of FACT transport modules.
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Table 4.2.2.1

Values of the physical parameters, the finite element grid, time-step data, and some key
parameters used in the two-dimensional transport problem (base case and its variations)

Physical parameters Base case Range tested

Darcy velocity, Ux 0.161 m/d -

Porosity , φ 0.35 -

Longitudinal dispersivity, αLH 21.3 m -

Transverse dispersivity, αLH 4.3 m -

Apparent molecular dispersion coefficient,

θmτD*
0.0 m2/d -

Water saturation, Sw 1.0 -

radioactive decay coef., λr 0.0 d-1 0.0,0.005

Soil density, ρs 1.23077 kg/m3 -

Solute distribution coefficient, kd 0.0 m3/kg 0.0,0.4375

Boundary solute concentration, co 0.0 kg/m3 -

Water total volumetric flowrate (line
source), q

0.2 m3/d -

Contaminant total mass flowrate (line
source), qc*

0.235844 kg/d -

Grid specifics

Element lengths, ∆x = ∆y 30 m -

Element height, ∆z 33.5 m -

Number nodes in x-dir 42 -

Number nodes in y-dir 19 (parallel grid)

42 (diagonal grid)

-

Number nodes in z-dir 2 -

Time steps

Time duration 1400 d -

number time-steps 14 -

time-step size, ∆t 100 d -
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Table 4.2.2.1

(Continued)

Key computed parameters

Retardation factor, R 1.0 1.0,2.0

Bulk soil density, ρb 0.8 kg/m3 -

Phasic velocity, xu 0.46 m/d -

Retarded phasic velocity, xu′ 0.46 m/d 0.46,0.23

Retarded longitudinal dispersion
coefficient, xxD′

9.798 m2/d 9.7898,4.899

Retarded transverse dispersion coefficient,

yyD′
1.978 m2/d 1.978,0.989

Retarded cross dispersion coefficient, xyD′ 0.0 m2/d -

Cell Fourier number, yx Fo;Fo 1.0887,0.2198 1.0887,0.5443; 0.2198,0.1099

Cell Courant number, yx Co;Co 1.533;0.0 1.533,0.767;0.0

Cell Peclet number, yx Pe;Pe 1.4085;0.0 1.4085,0.7042,2.8169;0.0

In 1-D transport only longitudinal dispersion is active; while, in a 2-D transport problem
both longitudinal and transverse dispersion can occur.  In a general 2-D transport problem
the off-diagonal terms of the dispersion coefficient tensor are typically non-zero.  In
FACT the resulting dispersive flux cross-term products (see Eq. (2.2.20), such as
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are handled consistently and are not "lumped".  The lumping approximation is more
commonly used in finite difference algorithms (see Faust, et. al., 1993) to accommodate
their matrix solution requirements, none of which is required in FACT.  Typically,
lumping greatly over estimates transverse dispersion.  Also for many algorithms, grid
orientation effects occur even though the these cross-product terms are handled in a
consistent formulation.

To examine these grid orientation effects in FACT, two base case grids were chosen for
this problem: (1) a grid aligned parallel to the aquifer flow direction consisting of 738
rectangular brick elements uniformly sized (30 m in length) with 41 elements along the x-
axis and 18 alone the y-axis and (2) a grid aligned at a 45° diagonal to the aquifer flow
direction consisting of 1681 rectangular brick elements uniformly sized (30 m in length)
with 41 elements along the x-axis and y-axis.  Figures 4.2.2.2 and 4.2.2.3 illustrate the
finite element grids chosen and the boundary conditions applied along the six outer
domain surfaces, respectively.  At the channel inlet boundary(s) (left; left and front), the
concentration of solute in the incoming water is set to 0.0 kg/m3.  Due to the finite overall
length of our mesh, at the outflow boundary(s) (right; right and back) the dispersive flux
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is set to zero, while the advective flux is calculated as part of the solution.  In addition,
for the parallel grid the dispersive flux is set to zero at the transverse faces (front and
back).  The element sizes for both grid orientations are the same and the results shown
should represent grid orientation effects only.

Since this is a 2-D problem, solute concentration gradients do not exist in the vertical
direction (z direction).  Therefore, the dispersive fluxes along these two faces (top and
bottom) are set to zero.  By default, in the standard finite element formulation zero
dispersive fluxes are automatically applied to all outer domain surfaces unless otherwise
specified.  The aquifer is assumed to be completely saturated.

For this problem several simulations were performed.  As summarized in Table 4.2.2.2,
simulations were performed for both base cases (parallel and diagonal grids) and then
four additional runs were made varying certain key physical parameters and FACT
options to demonstrate their impact on the final results.  For each simulation a transient
calculation was performed for a 1400 day duration and the results from FACT at this end
time are compared to the analytical solution given by Eq. (4.2.2.3).  As shown in Table
4.2.2.1, a range of cell Peclet, cell material Courant, and cell Fourier numbers were
tested.
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Fig. 4.2.2.2.  FACT parallel mesh and boundary conditions for 2D transport.
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Fig. 4.2.2.3.  FACT diagonal mesh and boundary conditions for 2D transport.

The results of all the simulations (both numerical and analytical) are shown in Figs.
4.2.2.4 through 4.2.2.13.  These results are also presented in tabular form for comparison
in Tables 4.2.2.3 through 4.2.2.7.  The analytical results were computed from the
computer code AT123D (Yeh, 1981).  The FACT numerical results are labeled either
"FACT Parallel grid" or "FACT Diagonal grid" for the base cases and have additional
nomenclature for the other runs (e.g., "FACT Parallel grid ( 005.0r =λ )" represents the
run where all parameters were at their base case values for the parallel grid model except
for the radioactive decay parameter that was set to 0.005).
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Table 4.2.2.2

Summary of simulations performed (base cases and their variations) on the two-
dimensional transport problem

FACT Options Base case
(parallel)

Base case
(diagonal)

A B C D

spatial differencing

centered [Bubnov], α = 0

x x x x

upstream [Petrov], α = 1 x x

Mesh Options
parallel grid x x x x
diagonal grid x x

Physical Parameters

radioactive decay coef., λr =

0.0 d-1

x x x x x

λr = 0.005 d-1 x

Solute distribution coef., kd =

0.0 m3/kg

x x x x x

kd = 0.4375 m3/kg  x

The results presented in Figs. 4.2.2.4 and 4.2.2.5 represent our base case (parallel and
diagonal) simulations.  The concentration contours at 1400 days exhibit slight oscillatory
behavior near the leading and outer edge of the source plume and transverse to the aquifer
flow direction.  These results are also compared to the analytical solution in Figs. 4.2.2.6
through 4.2.2.8.  The computed concentration profiles in the direction of groundwater
flow along a line through the source are shown in Fig. 4.2.2.6.  Figures 4.2.2.7 and 4.2.2.8
show computed concentration profiles perpendicular to the groundwater flow direction at
the source and approximately 420 m downstream of the source location for the two
alternative grids, respectively.  The results away from the source show good comparison
between the analytical solution and the numerical results for both grid orientations.  Many
algorithms would show noticeable differences between these results based upon grid
orientation effects not shown here by FACT.  For such codes aligning the grid in the
direction of dominant groundwater flow is strongly recommended.  For FACT no
significant grid orientation effects occur; therefore, one should base their grid alignment
on other features of the conceptual model (e.g., principle directions of the hydraulic
conductivity tensor).

As mentioned early, the analytic solution yields an infinite solute concentration as one
approaches the location of the point source. Note that the FACT simulations presented
here employed a small, but finite, flow rate at the point source.  Thus the solute
concentration of the incoming source was (see Table 4.2.2.1 for parameter values):

3
3

*
* mkg17922.1

dm2.0

dkg235844.0

q

qc
c =→= (4.2.2.6)
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which still represents a fairly large concentration level.  In an attempt to predict the very
steep concentration gradients near the point source, FACT exhibits on our coarse mesh
oscillations as shown in Fig. 4.2.2.8.  These oscillations were large enough to produce
negative solute concentrations near the point source.  We also failed to predict the high
concentration at the point source (i.e., compare 1.17922 to 0.0015 kg/m3 given in Table
4.2.2.5).

One might be tempted to correct these oscillations by employing fully upstream spatial
weighting as was successfully done in the 1-D transport problem discussed earlier.  A
comparison between central (base cases) and fully upstream spatial weighting (cases A
and B) simulation runs are shown in Fig. 4.2.2.9.  Figure 4.2.2.9 shows computed
concentration profiles perpendicular to the groundwater flow direction at the source
location for the two alternative grids with and without upstream spatial weighting.  As
shown, upstream weighting can reduce these oscillations such that only positive solute
concentrations exist (i.e., minimize our undershoot); however, the basic oscillations still
exist and can only be omitted by mesh refinement.  Figures 4.2.2.10 and 4.2.2.11 show
concentration carpet plots on the diagonal grid, where the lower contour value was set to
zero, for the central and upstream weighting options, respectively.  Negative
concentration regions will show up as black zones.  As indicated, the fully upstream
weighting option results show no negative concentration levels (case B).

By adjusting the solute distribution coefficient such that the retardation factor becomes
2.0 (case C), the retarded dispersion and velocity are halved.  These results can be
compared to the un-retarded base case (parallel grid) in Fig. 4.2.2.12 where the spread of
the plume has been greatly reduced.

By employing a non-zero radioactive decay coefficient such that the solute now becomes
a non-conservative transport species (cases D), the solute concentration profiles are
reduced especially at the higher concentration levels.  These results can be compared to
the base case (parallel grid) in Fig. 4.2.2.13.

Based upon these calculations, some general guidance and observations came be given
when performing solute transport with FACT:

• Grid orientation effects are not present in the current formulation of FACT; therefore,
one should base their grid alignment on other features of the conceptual model .

• Point/line sources with high solute concentrations will exhibit steep concentration
gradients near the source location.  A physical concentration values (resulting from
significant undershoot) can be reduced by applying upstream spatial weighting;
however, to eliminate the oscillatory behavior near the point/line source mesh
refinement must be performed.

• Excellent solute concentration profile predictions can be achieved on coarse meshes;
even though, oscillations may be present near the point/line sources.
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Fig. 4.2.2.8. Concentration profiles for 2D transport of the base case transverse to
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Fig. 4.2.2.10. FACT concentration profile (carpet plot) for 2D transport of the base case
showing the effect of centered spatial differencing.

0.00000

0.00010

0.00020

0.00030

0.00040

0.00050

0.00060

0.00070

0.00080

0.00090

-200
0

200

400

600

800

1000

-2
00 0

20
0

40
0

60
0

80
0

10
00

-2
00 0

20
0

40
0

60
0

80
0

10
00

-200
0

200

400

600

800

1000

0.00000

0.00010

0.00020

0.00030

0.00040

0.00050

0.00060

0.00070

0.00080

0.00090
X

Y

Z
2D transport

FACT Diagonal grid (ω=1.0)

t = 1400 days

groundwater flow

direction

conc

0.0008

0.000711111

0.000622222

0.000533333

0.000444444

0.000355556

0.000266667

0.000177778

8.888E-5

0

Fig. 4.2.2.11. FACT concentration profile (carpet plot) for 2D transport of the base case
showing the effect of complete upstream spatial differencing.
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Table 4.2.2.3

Effect grid orientation has on the numerical concentration (kg/m3) results along the
plume centerline for the transient 2D transport problem (base case, t=1400 days)

Distance
down-

stream,  x
(m)

Analytical
(AT123D)

Numerical
(FACT)

(parallel grid)

Distance
down-

stream,  (m)

Analytical
(AT123D)

Numerical
(FACT)

(diagonal grid)

-270.0 0.1099E-08 0.8976E-08 -381.8 0.4655E-11 0.1491E-09
-240.0 0.4777E-08 0.1029E-07 -339.4 0.3703E-10 0.1707E-09
-210.0 0.2088E-07 0.1956E-07 -297.0 0.2938E-09 0.4155E-09
-180.0 0.9208E-07 0.6621E-07 -254.6 0.2340E-08 0.2487E-08
-150.0 0.4109E-06 0.2916E-06 -212.1 0.1880E-07 0.1973E-07
-120.0 0.1867E-05 0.1391E-05 -169.7 0.1536E-06 0.1656E-06
 -90.0 0.8724E-05 0.6905E-05 -127.3 0.1290E-05 0.1443E-05
 -60.0 0.4284E-04 0.3614E-04  -84.9 0.1141E-04 0.1339E-04
 -30.0 0.2359E-03 0.2134E-03  -42.4 0.1137E-03 0.1406E-03
   0.0  ∞ 0.2012E-02    0.0  ∞ 0.1853E-02
  30.0 0.9648E-03 0.1010E-02   42.4 0.8336E-03 0.8326E-03
  60.0 0.7165E-03 0.7317E-03   84.9 0.6130E-03 0.6102E-03
  90.0 0.5967E-03 0.6038E-03  127.3 0.5080E-03 0.5059E-03
 120.0 0.5223E-03 0.5264E-03  169.7 0.4432E-03 0.4415E-03
 150.0 0.4701E-03 0.4729E-03  212.1 0.3976E-03 0.3962E-03
 180.0 0.4308E-03 0.4328E-03  254.6 0.3626E-03 0.3614E-03
 210.0 0.3996E-03 0.4010E-03  297.0 0.3338E-03 0.3327E-03
 240.0 0.3737E-03 0.3749E-03  339.4 0.3083E-03 0.3073E-03
 270.0 0.3516E-03 0.3525E-03  381.8 0.2841E-03 0.2832E-03
 300.0 0.3319E-03 0.3326E-03  424.3 0.2598E-03 0.2590E-03
 330.0 0.3137E-03 0.3143E-03  466.7 0.2343E-03 0.2337E-03
 360.0 0.2964E-03 0.2969E-03  509.1 0.2074E-03 0.2068E-03
 390.0 0.2794E-03 0.2798E-03  551.5 0.1790E-03 0.1785E-03
 420.0 0.2622E-03 0.2626E-03  594.0 0.1500E-03 0.1496E-03
 450.0 0.2445E-03 0.2448E-03  636.4 0.1213E-03 0.1210E-03
 480.0 0.2261E-03 0.2263E-03  678.8 0.9429E-04 0.9411E-04
 510.0 0.2068E-03 0.2070E-03  721.2 0.7021E-04 0.7012E-04
 540.0 0.1869E-03 0.1870E-03  763.7 0.4992E-04 0.4989E-04
 570.0 0.1664E-03 0.1665E-03  806.1 0.3379E-04 0.3381E-04
 600.0 0.1458E-03 0.1459E-03  848.5 0.2173E-04 0.2177E-04
 630.0 0.1255E-03 0.1255E-03  891.0 0.1325E-04 0.1329E-04
 660.0 0.1060E-03 0.1060E-03  933.4 0.7645E-05 0.7687E-05
 690.0 0.8762E-04 0.8760E-04  975.8 0.4170E-05 0.4204E-05
 720.0 0.7087E-04 0.7084E-04 1018.2 0.2148E-05 0.2172E-05
 750.0 0.5601E-04 0.5597E-04 1060.7 0.1044E-05 0.1059E-05
 780.0 0.4322E-04 0.4317E-04 1103.1 0.4780E-06 0.4870E-06
 810.0 0.3252E-04 0.3247E-04 1145.5 0.2062E-06 0.2111E-06
 840.0 0.2385E-04 0.2380E-04 1187.9 0.8371E-07 0.8624E-07
 870.0 0.1703E-04 0.1699E-04 1230.4 0.3198E-07 0.3318E-07
 900.0 0.1184E-04 0.1182E-04 1272.8 0.1149E-07 0.1202E-07
 930.0 0.8003E-05 0.8154E-05 1315.2 0.3879E-08 0.4139E-08
 960.0 0.5262E-05 0.6510E-05 1357.6 0.1231E-08 0.2153E-08
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Table 4.2.2.4

Effect grid orientation has on the numerical concentration (kg/m3) results transverse to
the plume centerline (located 420 m downstream of the source) for the transient 2D

transport problem (base case, t=1400 days)

Distance
transverse,

y (m)

Analytical
(AT123D)

Numerical
(FACT)

(parallel grid)

Distance
transverse,

(m)

Analytical
(AT123D)

Numerical
(FACT)

(diagonal grid)

  0.0 0.2622E-03  0.2626E-03    0.0 0.2598E-03  0.2590E-03
 30.0 0.2290E-03  0.2296E-03   42.4 0.1988E-03  0.1993E-03
 60.0 0.1538E-03  0.1543E-03   84.9 0.9190E-04  0.9252E-04
 90.0 0.8117E-04  0.8102E-04  127.3 0.2753E-04  0.2705E-04
120.0 0.3464E-04  0.3391E-04  169.7 0.5741E-05  0.5204E-05
150.0 0.1228E-04  0.1157E-04  212.1 0.8746E-06  0.6699E-06
180.0 0.3686E-05  0.3273E-05  254.6 0.9966E-07  0.5596E-07
210.0 0.9510E-06  0.7732E-06  297.0 0.8553E-08  0.2710E-08
240.0 0.2123E-06  0.1553E-06  339.4 0.5521E-09  0.5224E-10
270.0 0.4116E-07  0.4927E-07  381.8 0.2666E-10 -0.5468E-12

Table 4.2.2.5

Effect grid orientation has on the numerical concentration (kg/m3) results transverse to
the plume centerline (located 0 m downstream of the source) for the transient 2D

transport problem (base case, t=1400 days)

Distance
transverse,

y (m)

Analytical
(AT123D)

Numerical
(FACT)

(parallel
grid)

Distance
transverse,

(m)

Analytical
(AT123D)

Numerical
(FACT)

(diagonal grid)

  0.0  ∞  0.2012E-02    0.0  ∞  0.1853E-02
 30.0 0.1425E-03  0.1405E-03   42.4 0.6361E-04  0.5108E-04
 60.0 0.2161E-04  0.1862E-04   84.9 0.4999E-05  0.3182E-05
 90.0 0.3712E-05  0.2971E-05  127.3 0.4435E-06  0.2218E-06
120.0 0.6695E-06  0.5062E-06  169.7 0.4040E-07  0.1535E-07
150.0 0.1230E-06  0.8795E-07  212.1 0.3551E-08  0.9302E-09
180.0 0.2252E-07  0.1510E-07  254.6 0.2828E-09  0.4045E-10
210.0 0.4020E-08  0.2484E-08  297.0 0.1923E-10  0.5959E-12
240.0 0.6839E-09  0.3828E-09  339.4 0.1066E-11 -0.6391E-13
270.0 0.1086E-09  0.1014E-09  381.8 0.4645E-13  0.1541E-14
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Table 4.2.2.6

Effect grid orientation and complete upstream spatial differencing has on the numerical
concentration (kg/m3) results transverse to the plume centerline (located 0 m downstream
of the source) for the transient 2D transport problem (spatial differencing α =1.0, t=1400

days)

Distance
transverse,

y (m)

Analytical
(AT123D)

Numerical
(FACT)

(parallel
grid)

Distance
transverse,

(m)

Analytical
(AT123D)

Numerical
(FACT)

(diagonal grid)

  0.0  ∞  0.1838E-02    0.0  ∞  0.1565E-02
 30.0 0.1425E-03  0.1631E-03   42.4 0.6361E-04  0.7687E-04
 60.0 0.2161E-04  0.2789E-04   84.9 0.4999E-05  0.7745E-05
 90.0 0.3712E-05  0.5678E-05  127.3 0.4435E-06  0.8447E-06
120.0 0.6695E-06  0.1218E-05  169.7 0.4040E-07  0.8602E-07
150.0 0.1230E-06  0.2615E-06  212.1 0.3551E-08  0.7076E-08
180.0 0.2252E-07  0.5419E-07  254.6 0.2828E-09  0.3410E-09
210.0 0.4020E-08  0.1045E-07  297.0 0.1923E-10 -0.1091E-10
240.0 0.6839E-09  0.1837E-08  339.4 0.1066E-11 -0.2200E-11
270.0 0.1086E-09  0.5381E-09  381.8 0.4645E-13  0.2419E-12
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Table 4.2.2.7
Effect retardation or radioactive decay has on the numerical concentration (kg/m3) results

along the plume centerline for the transient 2D transport problem (retardation R=2.0 or
radioactive decay λr =0.005, t=1400 days)

Distance
downstream,

x (m)

Analytical
(AT123D)

Numerical
(FACT)
(R=2.0)

(parallel grid)

Analytical
(AT123D)

Numerical
(FACT)

(λ=0.005)
(parallel grid)

-270.0 0.7491E-09  0.2168E-08 0.8109E-10  0.2086E-09
-240.0 0.3666E-08  0.3235E-08 0.4615E-09  0.3312E-09
-210.0 0.1753E-07  0.1111E-07 0.2646E-08  0.1370E-08
-180.0 0.8242E-07  0.5294E-07 0.1532E-07  0.8191E-08
-150.0 0.3846E-06  0.2643E-06 0.8986E-07  0.5242E-07
-120.0 0.1799E-05  0.1326E-05 0.5370E-06  0.3441E-06
 -90.0 0.8556E-05  0.6749E-05 0.3305E-05  0.2328E-05
 -60.0 0.4245E-04  0.3578E-04 0.2141E-04  0.1661E-04
 -30.0 0.2351E-03  0.2126E-03 0.1564E-03  0.1344E-03
   0.0  ∞  0.2010E-02  ∞  0.1760E-02
  30.0 0.9613E-03  0.1006E-02 0.6396E-03  0.6723E-03
  60.0 0.7100E-03  0.7253E-03 0.3581E-03  0.3664E-03
  90.0 0.5852E-03  0.5924E-03 0.2260E-03  0.2286E-03
 120.0 0.5032E-03  0.5074E-03 0.1502E-03  0.1512E-03
 150.0 0.4400E-03  0.4428E-03 0.1028E-03  0.1032E-03
 180.0 0.3856E-03  0.3876E-03 0.7167E-04  0.7185E-04
 210.0 0.3353E-03  0.3368E-03 0.5063E-04  0.5070E-04
 240.0 0.2869E-03  0.2879E-03 0.3611E-04  0.3613E-04
 270.0 0.2397E-03  0.2404E-03 0.2595E-04  0.2595E-04
 300.0 0.1945E-03  0.1950E-03 0.1876E-04  0.1874E-04
 330.0 0.1523E-03  0.1527E-03 0.1362E-04  0.1361E-04
 360.0 0.1147E-03  0.1149E-03 0.9931E-05  0.9917E-05
 390.0 0.8272E-04  0.8280E-04 0.7263E-05  0.7250E-05
 420.0 0.5694E-04  0.5693E-04 0.5325E-05  0.5314E-05
 450.0 0.3730E-04  0.3724E-04 0.3911E-05  0.3902E-05
 480.0 0.2321E-04  0.2312E-04 0.2876E-05  0.2869E-05
 510.0 0.1369E-04  0.1359E-04 0.2116E-05  0.2110E-05
 540.0 0.7646E-05  0.7550E-05 0.1556E-05  0.1551E-05
 570.0 0.4035E-05  0.3957E-05 0.1143E-05  0.1139E-05
 600.0 0.2011E-05  0.1953E-05 0.8369E-06  0.8341E-06
 630.0 0.9454E-06  0.9065E-06 0.6105E-06  0.6083E-06
 660.0 0.4189E-06  0.3950E-06 0.4428E-06  0.4411E-06
 690.0 0.1748E-06  0.1614E-06 0.3189E-06  0.3176E-06
 720.0 0.6869E-07  0.6175E-07 0.2276E-06  0.2265E-06
 750.0 0.2539E-07  0.2208E-07 0.1606E-06  0.1598E-06
 780.0 0.8829E-08  0.7372E-08 0.1119E-06  0.1113E-06
 810.0 0.2886E-08  0.2293E-08 0.7690E-07  0.7640E-07
 840.0 0.8865E-09  0.6639E-09 0.5197E-07  0.5158E-07
 870.0 0.2559E-09  0.1785E-09 0.3450E-07  0.3420E-07
 900.0 0.6938E-10  0.4449E-10 0.2246E-07  0.2227E-07
 930.0 0.1766E-10  0.1029E-10 0.1433E-07  0.1447E-07
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 960.0 0.4222E-11  0.3373E-11 0.8939E-08  0.1113E-07

4.2.3 Three-Dimensional Saturated Solute Transport in a Uniform Flow Field

This problem deals with three-dimensional advection-dispersion of a conservative solute
species from a point source through an infinite porous medium.  Based upon the problem
definition, this problem results in an analytic solution that is axisymmetric in solute
concentrations.  However, the problem will be solved analytically and numerically in 3-D
Cartesian coordinates.  It is used to demonstrate FACT’s capability to solve 3-D transport
problems and to yield 3-D results that are indeed axisymmetric.  This problem also tests
FACT’s formulation of transverse dispersion in more than one dimension.  The physical
schematic of this problem is essentially the same as for the 2-D transport problem
discussed in Section 4.2.2 and shown in Fig. 4.2.2.1(a).  In practice, the idealized
conditions are analogous to continual leakage, leaching, or injection of a contaminant into
a large confined aquifer from buried waste in a landfill or an improperly sealed partially
penetrating injection well.  It is assumed that the total rate of fluid leakage, leaching, or
injection into the aquifer is negligible and does not disturb the ambient groundwater flow
regime.  Analytically and numerically the problem is treated as a point source in 3-D
Cartesian coordinates.

As illustrated in Fig. 4.2.2.1(b), a conservative contaminant is continuously released from
a point source downstream of an inflow boundary (containing zero contaminant) into a
large aquifer unit whose groundwater flow is assumed to be uniform.  The point source is
located at a depth such that end effects at the top and bottom of the aquifer unit are
negligible.  Both hydrodynamic dispersion and molecular diffusion are allowed for the
transported species.  It is assumed that the contaminant mass flow rate at the point source
remains constant, the aquifer’s flow rate is uniform and constant, the aquifer is
sufficiently large to neglect end effects, and the homogeneous aquifer’s properties (such
as porosity, soil type, water saturation) are uniform and constant.

Analytic solution:  Equation (2.2.13) represents the conservative form of the multi-
dimensional advection-dispersion equation for solute transport through a variably
saturated porous media.  Taking the 2-D form of Eq. (2.2.13) and assuming that one point
source exists at the location 0zyx === , constant water saturation level, and that
material coefficients are constants, results in
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(4.2.3.1)

where xLHxx uD ′α=′ , yTHyy uD ′α=′  and zTVzz uD ′α=′ .

For our infinite aquifer the initial conditions are:

0)0,z,y,x(c = (4.2.3.2a)

and the boundary conditions are:

0)t,z,y,(c =±∞ (4.2.3.2b)
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0)t,z,,x(c =±∞ (4.2.3.2c)

0)t,,y,x(c =±∞ (4.2.3.2d)

These boundary conditions are equivalent to assuming that the dispersive flux of solute is
zero at plus or minus infinity or

0
x

c
lim

x
=
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(4.2.2.2e)
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±∞→
(4.2.2.2f)
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c
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z
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∂
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±∞→
(4.2.2.2g)

For finite times there exists finite values of x, y, and z where Eqs. (4.2.3.2e,f,g) remain
valid.

As mentioned above, it is assumed that the total rate of fluid flow, q, into the aquifer due
to the source is negligible and does not disturb the ambient groundwater flow regime.  In
order to have a finite mass flow rate of contaminant requires

+∞=⇒∞<
→→

)c(lim)qc(lim *

0q

*

0q
(4.2.2.2f)

Therefore, analytically the concentration of solute entering the aquifer at the point source
becomes infinite.

Equation (4.2.3.1), a linear partial differential equation subject to the initial and boundary
conditions given by Eqs. (4.2.3.2a,b,c,d), can be solved by employing an appropriate
Green’s function for the point source and applying the Laplace and Fourier transform
techniques.  For details see Yeh (1981).  The general solution for a continuous point
source takes the form:

∫ ττζηξ
θ

=
t

0m

*

d)|t;|z;|y;|x(G
R

qc
)t,z,y,x(c (4.2.3.3a)

where )|t;|z;|y;|x(G τζηξ  is the Green’s function over the domain space.  For our
analytical problem we shall limit our flow field to flow parallel to the x-axis only.  This
results in a dispersion tensor that is diagonal and a separable Green’s function.  It can be
shown that for simple geometry such as separable coordinate system, Green’s function, G,
can be expressed as:

)|t;|z(G)|t;|y(G)|t;|x(G)|t;|z;|y;|x(G 321 τζτητξ=τζηξ (4.2.3.3b)

where for a point source in the x-direction (infinite domain, parallel to flow):
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and for a point source in the y-direction (infinite domain, transverse to flow):
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and for a point source in the z-direction (infinite domain, transverse to flow):
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The evaluation of the analytic expressions, Eqs. (4.2.3.3a,b,c,d,e), for a specific problem
is performed numerically and has been performed using the computer code AT123D by
Yeh (1981).

FACT numerical simulation and comparison:  In FACT we will model this
axisymmetric problem using a 3-D finite element mesh containing many elements in all
three directions.  The point source given above will be located at the mid-plane of our
mesh (in FACT point and line sources are limited to node locations only).

Even though we are considering an aquifer unit with infinite extent in the areal and
vertical directions, our numerical model has finite size.  At our inflow boundary we shall
assume that the incoming fluid remains contaminant free (i.e., the contaminant
concentration immediately upstream of the source does not extend back up to the inflow
boundary).  We also assume that the vertical extent of the top and bottom faces of our
mesh from the point source is sufficient distance that negligible amounts of contaminant
reaches these boundary faces.  For the parameters chosen (i.e., longitudinal dispersivity,
Darcy velocity, and source location), the above assumption remains valid over the time
period of interest.

Also, FACT requires knowledge about both the total volumetric flow rate, q, and its
solute concentration entering the aquifer at the line source.  An arbitrarily small but finite
value for q was chosen to maintain computed solute concentration values near the source
to acceptable values.  Steep concentration gradients near a source can result in oscillatory
behavior unless the local grid is sufficiently refined.  For demonstration purposes, we
have chosen uniform coarse grids and are primarily interested in results away from the
source location.  The simulations are done by specifying a velocity field and running the
solute transport option only.  In this way, the flow rate entering the aquifer due to the line
source does not alter the aquifer flow field.

Values of the physical parameters used in the verification simulations are presented in
Table 4.2.3.1.  For the conservative solute transport case the parameters were selected
based on data from a field investigation on hexavalent chromium contamination reported
by Perlumutter and Lieber (1970) and Wilson and Miller (1978).
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In 1-D transport only longitudinal dispersion is active; while, in a 2-D transport problem
both longitudinal and transverse dispersion can occur.  In 3-D transport transverse
dispersion occurs throughout the plane perpendicular to the flow direction.  In a general
3-D transport problem the off-diagonal terms of the dispersion coefficient tensor are
typically non-zero.  If the grid is aligned parallel to the groundwater flow direction, then
only the diagonal terms of the hydrodynamic dispersion tensor are non-zero (see Eq.
(2.2.20).
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Table 4.2.3.1

Values of the physical parameters, the finite element grid, time-step data, and some key
parameters used in the three-dimensional transport problem (base case)

Physical parameters Base case
Darcy velocity, Ux 0.161 m/d

Porosity , φ 0.35

Longitudinal dispersivity, αLH 21.3 m

Transverse dispersivity, αTH, αTV 4.3 m
Apparent molecular dispersion coefficient,

θmτD*
0.0 m2/d

Water saturation, Sw 1.0

radioactive decay coef., λr 0.0 d-1

Soil density, ρs 1.23077 kg/m3

Solute distribution coefficient, kd 0.0 m3/kg

Boundary solute concentration, co 0.0 kg/m3

Water total volumetric flowrate (point
source), q

0.1 m3/d

Contaminant total mass flowrate (point
source), qc*

0.117922 kg/d

Grid specifics
Element lengths, ∆x = ∆y = ∆z 30 m

Number nodes in x-dir 83
Number nodes in y-dir 37 (parallel grid)
Number nodes in z-dir 37

Time steps
Time duration 1400 d

number time-steps 140
time-step size, ∆t 10 d

Key computed parameters

Retardation factor, R 1.0

Bulk soil density, ρb 0.8 kg/m3

Phasic velocity, xu 0.46 m/d

Retarded phasic velocity, xu′ 0.46 m/d

Retarded longitudinal dispersion

coefficient, xxD′
9.798 m2/d

Retarded transverse dispersion coefficients,

zzyy DD ′=′
1.978 m2/d

Retarded cross dispersion coefficients,

yzxzxy DDD ′=′=′
0.0 m2/d

Cell Fourier number, zyx FoFo;Fo = 0.435;0.088

Cell Courant number, zyx CoCo;Co = 0.307;0.0

Cell Peclet number, zyx PePe;Pe = 0.704;0.0
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To examine in FACT transverse dispersion into a plane perpendicular to groundwater
flow without the added complication of cross-term products resulting from the dispersion
tensor, a base case grid was chosen for this problem that is aligned parallel to the aquifer
flow direction.  This grid consists of 106,272 rectangular brick elements uniformly sized
(15 m in length) with 82 elements along the x-axis and 36 along the y- and z-axes,
respectively.
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Fig. 4.2.3.1. FACT parallel mesh and boundary conditions for 3D transport.  A 3D
perspective was chosen where a section of the domain has been cut out to
highlight the plume centerline.

Figure 4.2.3.1 illustrates the finite element grid chosen and the boundary conditions
applied along the six outer domain surfaces.  At the channel inlet boundary (left), the
concentration of solute in the incoming water is set to 0.0 kg/m3.  Due to the finite overall
length of our mesh, at the outflow boundary (right) the dispersive flux is set to zero, while
the advective flux is calculated as part of the solution.  In addition, the dispersive flux is
set to zero at the transverse faces (front, back, top, and bottom).  By default, in the
standard finite element formulation zero dispersive fluxes are automatically applied to all
outer domain surfaces unless otherwise specified.  The aquifer is assumed to be
completely saturated.  A cut-away of the 3-D mesh was performed in Fig. 4.2.3.1 to help
illustrate the actual location of the point source.  The point source was placed at the mid-
point of a x plane where the x plane chosen was located 300 m upstream of the inflow
boundary.  Also shown in Fig. 4.2.3.1 are two arrows 120 m downstream of the source
indicating the location (along each line) where results were tabulated in Table 4.2.3.2.

For this problem only the base case simulation was performed.  For this simulation a
transient calculation was performed for a 1400 day duration and the results from FACT at
this end time are compared to the analytical solution given by Eq. (4.2.3.3).

The results from the simulations (both numerical and analytical) are shown in Figs.
4.2.3.2 through 4.2.3.4.  These results are also presented in tabular form for comparison
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in Table 4.2.3.2.  The analytical results were computed from the computer code AT123D
(Yeh, 1981).  The FACT numerical results are labeled "FACT Parallel grid" and have
additional nomenclature to represent which transverse direction is being considered (e.g.,
"(y axis)").

The results of the simulation at 1400 days duration are presented in Fig. 4.2.3.2 in the
form of a contour plot.  A section of the domain has been cut out to highlight the plume
centerline and its basic axisymmetric behavior.

These results are also compared to the analytical solution in Figs. 4.2.3.3 and 4.2.3.4.
The computed concentration profiles in the direction of groundwater flow along a line
through the source and plume centerline are shown in Fig. 4.2.3.3.  Figure 4.2.3.4 shows
computed concentration profiles perpendicular to the groundwater flow direction and
plume centerline (i.e., y-axis and z-axis) 120 m downstream of the source.  The results
away from the source show good comparison between the analytical solution and the
numerical results for both transverse directions.  These results indicate that the
concentration plume predicted by FACT is axisymmetric as well.

Based upon these calculations, the following observation came be given when performing
solute transport with FACT:

• FACT accurately handles axisymmetric problems employing its 3-D Cartesian
coordinate system.  Run times are longer, but not excessive.

-200

-100

0

100

200

-3
00

-2
00

-1
00 0

10
0

20
0

30
0

40
0

50
0

60
0

70
0

80
0

90
0

10
00

-200

-100

0
100

200

-200

-100

0
100

200

-200

-100

0

100

200

-3
00

-2
00

-1
00 0

10
0

20
0

30
0

40
0

50
0

60
0

70
0

80
0

90
0

10
00

Y

X

Z

Distance from source parallel to flow, x(m)

left face
conc zero along

groundwater flow
direction

z(
m

)

y(
m

)

point source
at origin

210 m downstream
of source

diffusive flux zero along
top, bottom, front,

back, and right faces

directions transverse

to plume centerline

3D transport
FACT Parallel grid
t = 1400 days

Fig. 4.2.3.2. FACT concentration profile for 3D transport of the base case on a parallel
grid where a section of the domain has been cut out to highlight the plume
centerline and its axisymmetric behavior.
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Table 4.2.3.2

Comparison of analytical and numerical concentration (kg/m3) results for the transient
3D transport problem (base case, t=1400 days)

Distance
downstream
x (m) and

transverse y
or z(m)

Analytical
(AT123D)

(along
plume

centerline)

Numerical
(FACT)

(parallel grid)
(along plume

centerline)

Analytical
(AT123D)

(120 m
downstream,
transverse)

Numerical
(FACT)
(120 m

downstream,
transverse y)

Numerical
(FACT)
(120 m

downstream,
transverse z)

   -270.0 0.1559E-09  0.1033E-08      -      -      -
   -240.0 0.7192E-09  0.1232E-08      -      -      -
   -210.0 0.3367E-08  0.2694E-08      -      -      -
   -180.0 0.1608E-07  0.1060E-07      -      -      -
   -150.0 0.7895E-07  0.5253E-07      -      -      -
   -120.0 0.4037E-06  0.2827E-06      -      -      -
    -90.0 0.2202E-05  0.1633E-06      -      -      -
    -60.0 0.1351E-04  0.1057E-04      -      -      -
    -30.0 0.1105E-03  0.9005E-04      -      -      -
      0.0  infinity  0.2345E-02 0.1129E-03  0.1151E-03  0.1151E-03
     30.0 0.4518E-03  0.5021E-03 0.6570E-04  0.6739E-04  0.6739E-04
     60.0 0.2259E-03  0.2379E-03 0.1865E-04  0.1773E-04  0.1773E-04
     90.0 0.1506E-03  0.1549E-03 0.4030E-05  0.3477E-05  0.3477E-05
    120.0 0.1129E-03  0.1151E-03 0.7937E-06  0.6339E-06  0.6339E-06
    150.0 0.9032E-04  0.9161E-04 0.1504E-06  0.1120E-07  0.1120E-07
    180.0 0.7523E-04  0.7608E-04 0.2771E-07  0.1918E-07  0.1918E-07
    210.0 0.6442E-04  0.6501E-04 0.4926E-08  0.3120E-08  0.3120E-08
    240.0 0.5627E-04  0.5671E-04 0.8318E-09  0.4741E-09  0.4741E-09
    270.0 0.4988E-04  0.5021E-04 0.1310E-09  0.1240E-09  0.1240E-09
    300.0 0.4468E-04  0.4494E-04
    330.0 0.4033E-04  0.4054E-04
    360.0 0.3658E-04  0.3675E-04
    390.0 0.3325E-04  0.3339E-04
    420.0 0.3021E-04  0.3033E-04
    450.0 0.2738E-04  0.2747E-04
    480.0 0.2469E-04  0.2476E-04
    510.0 0.2209E-04  0.2215E-04
    540.0 0.1958E-04  0.1963E-04
    570.0 0.1714E-04  0.1718E-04
    600.0 0.1480E-04  0.1483E-04
    630.0 0.1258E-04  0.1260E-04
    660.0 0.1050E-04  0.1050E-04
    690.0 0.8596E-05  0.8607E-05
    720.0 0.6893E-05  0.6900E-05
    750.0 0.5407E-05  0.5411E-05
    780.0 0.4144E-05  0.4146E-05
    810.0 0.3101E-05  0.3100E-05
    840.0 0.2262E-05  0.2260E-05
    870.0 0.1608E-05  0.1606E-05
    900.0 0.1113E-05  0.1113E-05
    930.0 0.7501E-06  0.7647E-06
    960.0 0.4915E-06  0.6092E-06
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4.3 Dual-Domain (Mobile/Immobile) Transport Problems

In the following two sections we present two one-dimensional solute transport problems
that test the implementation of the dual-domain mass transfer model in FACT.  The first
set of problems is a direct comparison to the five analytical cases computed by van
Genuchten and Wierenga (1976).  The second problem set is a code-to-code comparison
of FACT and the chromatography program, VERSE-LC (Whitley et al., 1998).

4.3.1 One-Dimensional Saturated Solute Transport in a Uniform Flow Field with
First-Order Mobile/Immobile Mass Transfer (van Genuchten and Wierenga
analytical cases)

This problem deals with one-dimensional advection-dispersion of a non-conservative
solute species from a pulse input of solute through a semi-infinite column with first-order
mobile/immobile mass transfer and linear adsorption.  The implementation of the first-
order mobile/immobile mass transfer model into the FACT finite element framework is
tested by comparison to analytical solutions derived by van Genuchten and Wierenga
(1976).

Analytic solution:  For linear adsorption, the governing transport equations for the
mobile and immobile water phases, Eqs. (15) and (16) of van Genuchten and Wierenga,
are
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where

mC ................. solute concentration in the mobile phase, 3ML−

imC ................ solute concentration in the immobile phase, 3ML−

D ................... dispersion coefficient, 12TL −

f .................... fraction of the solid surfaces in contact with the mobile phase,
dimensionless

K ................... adsorption constant, 13ML −

t .................... time, T
z .................... distance, L

α ................... mass transfer coefficient, 1T−

mν ................. soil moisture flux in the mobile phase, 1LT−

θ .................... water content, imm θ+θ=θ , 33LL −

mθ ................. mobile water content, 33LL −

imθ ................ immobile water content, 33LL −



WESTINGHOUSE SAVANNAH RIVER COMPANY Manual: WSRC-TR-99-00282
Section: 4, Rev. 0
Date: 3/2000

FACT CODE MANUAL Page: 106 of 130

ρ .................... bulk density, 3ML−

For a semi-infinite column and a pulse input of solute, the boundary and initial conditions
are
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( ) ( ) .00,zC0,zC imm == (4.3.1.5)

Eqs. (4.3.1.1) and (4.3.1.2) are cast in non-dimensional form by introducing the following
dimensionless variables

LtLtT m0 φν=ν= (4.3.1.6)

Lzx = (4.3.1.7)

( )immmm θ+θθ=θθ=φ (4.3.1.8)

0imim0mm CCc,CCc == (4.3.1.9)

DLP mν= (4.3.1.10)

qLα=α (4.3.1.11)
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where the mobile and immobile phase retardation factors are

m
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ρ−+= (4.3.1.15)

The average retardation fact R for linear adsorption is defined as

θ
ρ+= K

1R (4.3.1.16)

Define further the dimensionless parameter, β, as
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R

R

K

fK mm φ=
ρ+θ
ρ+θ=β (4.3.1.17)

Substituting Eqs. (4.3.1.16) and (4.3.1.17) into Eqs. (4.3.1.12) and (4.3.1.13) yields

( )
x

c

x

c

P

1

T

c
R1

T

c
R m

2
m

2
imm

∂
∂−

∂
∂=

∂
∂β−+

∂
∂β (4.3.1.18)

( ) ( )imm
im cc
T

c
R1 −α=

∂
∂β− (4.3.1.19)

The boundary and initial conditions in dimensionless form are





≥
<≤

=






∂
∂−

+→ 1

1m
m

0x TT0

TT01

x

c

P

1
clim (4.3.1.20)

( )[ ] 0T,xclim m
x

=
∞→

(4.3.1.21)

( ) ( ) 00,xc0,xc imm == (4.3.1.22)

van Genuchten has shown that the solutions of Eqs. (4.3.1.18) and (4.3.1.19) become

( ) ( )
( ) ( )




≥−−
<≤

=
1111

11
m TTTT,xcT,xc

TT0T,xc
T,xc (4.3.1.23)

( ) ( )
( ) ( )




≥−−
<≤

=
1122

12
im TTTT,xcT,xc

TT0T,xc
T,xc (4.3.1.24)

where

( ) ( ) ( ) ( ) ( )∫ τττα+βα−=
T

0
11 d,TH,xG

R
RTexpT,xGT,xc (4.3.1.25)

( ) ( ) ( )∫ τττα=
T

0
22 d,TH,xGT,xc (4.3.1.26)

( ) ( ) ( ){ }
( ) ( ) ( ) ( ){ }

( ) ( ){ }β−β−πβ+

+βββ++−


 −ββ=

RT4TRxPexpRPT

TRxRT4PerfcPxexpRPTPx1
2

1

TRxRT4Perfc
2

1
T,xG

221

21

21

(4.3.1.27)

( ) ( ) ( ) ( )( ) ( ){ }β−ξ+βξ−−=τ 1vuIIvuexp,TH 21
101 (4.3.1.28)

( ) ( ) ( ) ( ) ( )( ){ }βξ+β−ξ−−=τ 21
102 uvI1Ivuexp,TH (4.3.1.29)
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( ) ( ) ( ) 21uv2R1TvRu =ξβ−τ−α=βτα= (4.3.1.30)

Equation (4.3.1.23) was solved numerically using the IMSL libraries to evaluate the
various functions (e.g. erfc) and to perform numerical quadrature of the time-dependent
integrals.  The van Genuchten paper has several errors including the expression for Eq.
(4.3.1.27).  The solution to Eqs. (4.3.1.18) and (4.3.1.19) have not been independently
confirmed.

The parameter settings for the five van Genuchten analytical cases, Figs. 2 to 6 of van
Genuchten and Wierenga (1976), are given in Tables 4.3.1.1 to 4.3.1.5.

Table 4.3.1.1

Parameters for van Genuchten φ Analytical Case

Physical parameters Value

Volumetric flow velocity, q 10 cm/day

Water content, θ 0.4

Bulk density , ρ 1.30 g/ cm3

Dispersion coefficient, D 30 cm2/day

Fraction of mobile water, φ 0.35, 0.50, 0.65, 0.85,
0.999

Fraction of adsorption sites in contact with
mobile water, f

0.40

Adsorption constant, K 0.5 cm3/g

Mass transfer coefficient , α 0.15 day-1

Dimensionless pulse period , 1T 3

Soil column length , L 30 cm

Key dimensionless parameters

Mobile water content, mθ 0.14, 0.2, 0.26, 0.34,
0.3996

Average retardation factor, R 2.625

Dimensionless parameter, β 0.381, 0.438, 0.495,
0.571, 0.628

Dimensionless parameter, α 0.45

Dimensionless parameter, P 71.4, 50.0, 38.5, 29.4,
25.0



WESTINGHOUSE SAVANNAH RIVER COMPANY Manual: WSRC-TR-99-00282
Section: 4, Rev. 0
Date: 3/2000

FACT CODE MANUAL Page: 109 of 130

Table 4.3.1.2

Parameters for van Genuchten f Analytical Case

Physical parameters Value

Volumetric flow velocity, q 10 cm/day

Water content, θ 0.4

Bulk density , ρ 1.30 g/ cm3

Dispersion coefficient, D 30 cm2/day

Fraction of mobile water, φ 0.65

Fraction of adsorption sites in contact with
mobile water, f

0.25, 0.40, 0.55, 0.70

Adsorption constant, K 0.5 cm3/g

Mass transfer coefficient , α 0.15 day-1

Dimensionless pulse period , 1T 3

Soil column length , L 30 cm

Key dimensionless parameters

Mobile water content, mθ 0.26

Average retardation factor, R 2.625

Dimensionless parameter, β 0.402, 0.495, 0.588,
0.681

Dimensionless parameter, α 0.45

Dimensionless parameter, P 38.5
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Table 4.3.1.3

Parameters for van Genuchten α Analytical Case

Physical parameters Value

Volumetric flow velocity, q 10 cm/day

Water content, θ 0.4

Bulk density , ρ 1.30 g/ cm3

Dispersion coefficient, D 30 cm2/day

Fraction of mobile water, φ 0.65

Fraction of adsorption sites in contact with
mobile water, f

0.40

Adsorption constant, K 0.5 cm3/g

Mass transfer coefficient , α 0.0, 0.05, 0.15, 0.50,
2.0, ∞ day-1

Dimensionless pulse period , 1T 3

Soil column length , L 30 cm

Key dimensionless parameters

Mobile water content, mθ 0.26

Average retardation factor, R 2.625

Dimensionless parameter, β 0.495

Dimensionless parameter, α 0.0, 0.15, 0.45, 1.5,
6.0, ∞

Dimensionless parameter, P 38.5
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Table 4.3.1.4

Parameters for van Genuchten D Analytical Case

Physical parameters Value

Volumetric flow velocity, q 10 cm/day

Water content, θ 0.4

Bulk density , ρ 1.30 g/ cm3

Dispersion coefficient, D 0, 5, 30, 50, 100
cm2/day

Fraction of mobile water, φ 0.65

Fraction of adsorption sites in contact with
mobile water, f

0.40

Adsorption constant, K 0.5 cm3/g

Mass transfer coefficient , α 0.15 day-1

Dimensionless pulse period , 1T 3

Soil column length , L 30 cm

Key dimensionless parameters

Mobile water content, mθ 0.26

Average retardation factor, R 2.625

Dimensionless parameter, β 0.495

Dimensionless parameter, α 0.45

Dimensionless parameter, P ∞, 230.8, 38.5, 23.1,
11.5
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Table 4.3.1.5

Parameters for van Genuchten K Analytical Case

Physical parameters Value

Volumetric flow velocity, q 10 cm/day

Water content, θ 0.4

Bulk density , ρ 1.30 g/ cm3

Dispersion coefficient, D 30 cm2/day

Fraction of mobile water, φ 0.65

Fraction of adsorption sites in contact with
mobile water, f

0.40

Adsorption constant, K 0.0, 0.25, 0.50, 0.75,
1.0, 2.0 cm3/g

Mass transfer coefficient , α 0.15 day-1

Dimensionless pulse period , 1T 3

Soil column length , L 30 cm

Key dimensionless parameters

Mobile water content, mθ 0.26

Average retardation factor, R 1.0, 1.813, 2.625,
3.438, 4.25, 7.5

Dimensionless parameter, β 0.65, 0.538, 0.495,
0.473, 0.459, 0.433

Dimensionless parameter, α 0.45

Dimensionless parameter, P 38.5

FACT numerical simulation and comparison:  Values of the basic physical parameters
used in the verification simulations are presented in Table 4.3.1.6.  The grid chosen
consists of 101 rectangular brick elements uniformly sized (0.3 cm in length) and stacked
along the x-axis.  At the column inlet boundary (left face) a third-type boundary condition
is applied which represents a surface integral of qc* (q = 10 cm/day, c* = 1 µg/day )
equally distributed among the four nodes at x = 0.  The column is leached with 3 pore
volumes (3.6 secs) of solute at a constant flux (q) of 10 cm/day.  Due to the finite overall
length of our mesh, at the outflow boundary (right face) the dispersive flux is set to zero,
while the advective flux is calculated as part of the solution.  Since this is a 1-D problem,
solute concentrations do not exist in the transverse directions (y and z directions).
Therefore, the dispersive fluxes along these four faces (top, bottom, front and back) are
set to zero.  The column is modeled as being fully saturated at a water content of 0.40
(total porosity of 0.40).  For each simulation a transient calculation was performed for an
8 pore volume duration (9.6 secs) utilizing 9600 time steps of 0.01 days. The mesh
spacing and time step size were chosen to keep the cell Peclet and Courant numbers less
than 1 (if possible).  Five different parameters ( θθm , f, α, D and dk ) were varied to

compute column effluent (breakthrough) curves for each FACT simulation and then
compared to the analytical cases in (van Genuchten and Wierenga, 1976).
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Figure 4.3.1.1 shows the influence of the fraction of mobile water ( )θθm  on the shape of
the breakthrough concentration curve.  Values of the different parameters used in the
simulations are given in Table 4.3.1.7.  The FACT results are in good agreement with
analytical results.  When the amount of immobile liquid increases (i.e. θθm  decreases),
advective transfer is increasingly confined to a smaller flow area of the column, resulting
in a higher solute velocity in the mobile liquid and hence leading to an earlier
breakthrough of the solute in the effluent.  Also, the slope of the breakthrough curve at
higher concentrations is influenced by a change in θθm .  However, as long as some

immobile liquid is present ( )999.0m =θθ  extensive tailing will occur, since
approximately 60% (f = 0.40) of the solute has to diffuse to those sorption sites which are
in equilibrium with the immobile liquid.

Approximately the same set of curves as shown in Fig. 4.3.1.1 is obtained when the
parameter f is allowed to vary (Fig. 4.3.1.2).  This parameter describes the amount of
adsorption taking place inside the region of the soil in contact with the mobile liquid, as a
fraction of total adsorption.  Values of the different parameters used in the simulations are
given in Table 4.3.1.8.  The FACT results are in good agreement with analytical results.
When f increases, i.e. when relatively more adsorption occurs in the region of soil in
contact with mobile liquid, the solute will appear later in the effluent.  When f = 1,
adsorption takes place only in the region of soil in contact with the mobile liquid.  The
solute can only be stored in the immobile liquid.  Both f and θθm  have the same effect
on the shape of the breakthrough curves.  They both determine the fraction of the
retardation occuring the region of soil in contact with the mobile liquid.

Figure 4.3.1.3 shows the influence of the mass transfer coefficient α.  Values of the
different parameters used in the simulations are given in Table 4.3.1.9.  The FACT results
are in good agreement with analytical results.  When α = 0, there is no diffusion of solute
into the immobile liquid.  The breakthrough curve acquires a more or less symmetrical
shape.  When α is small, a slow exchange of solute between mobile and immobile liquid
takes place, causing a significant decrease in peak concentration and considerable tailing.
With increasing values of the mass transfer coefficient, the rate of exchange between the
mobile and immobile liquid increases, eventually leading to an equilibrium state where
the concentrations in both mobile and immobile liquid are identical.

The influence of the dispersion coefficient D on the breakthrough curves is shown in Fig.
4.3.1.4.  Values of the difference parameters used in the simulations are given in Table
4.3.1.10.  The FACT results are in good agreement with the analytical results except at
low values of dispersion coefficient (i.e. high Peclet numbers).  The influence of D on the
shape of the calculated breakthrough curves is not very large.  There are discontinuities in
the breakthrough curve at both 1.3 and 4.3 pore volumes for the limiting case when D
becomes zero (i.e. infinite Peclet number).  We can conclude from Fig. 4.3.1.4 that an
estimated dispersion coefficient may be adequate for predicting breakthrough curves.

Figure 4.3.1.5 finally shows the influence of the distribution coefficient K on the shape
and position of the breakthrough curves. Values of the different parameters used in the
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simulations are given in Table 4.3.1.11.  The FACT results are in good agreement with
analytical results.  The curve K = 0 represents the solution for a nonsorbing medium with
no retardation.  When K increases, the solute appears later in the effluent, while the peak
concentration decreases somewhat.  Also the tailing becomes more pronounced with
increasing values of K.  This is to be expected since more and more solute is allowed to
diffuse into and be adsorbed by the region of soil in contact with the immobile liquid.
After passage of the solute pulse the solute slowly diffuses back into the mobile liquid,
resulting in extensive tailing.
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Table 4.3.1.6

Base Parameters in FACT simulation of van Genuchten Analytical Cases

Physical parameters Value

Darcy velocity, q 10 cm/day

Water saturation, wS 1.0

Particle mass density, sρ 2.166666 g/cm3

Total porosity , φ 0.40

Longitudinal vertical, transverse horizonal
and transverse vertical dispersivities,

TVTHLV ,, ααα

0.0 cm

Apparent molecular dispersion coefficient,
*

w DS τφ
0.0 cm2/d

Radioactive decay coefficient, rλ 0.0 day-1

1st-order reaction rate (mobile), mλ 0.0 day-1

1st-order reaction rate (immobile), imλ 0.0 day-1

Boundary solute concentration, 0C 1.0 µg/cm3

Water volumetric flowrate (per point
source), q

0.225 cm3/day

Contaminant mass flowrate (per point
source), ∗qc

0.225 µg/day

Pulse period, 1t 3.6 days

Grid specifics

Element lengths, zyx δ=δ=δ 0.3 cm

Number nodes in x-direction 101

Number nodes in y-direction 2

Number nodes in z-direction 2

Time steps

Time duration 9.6 days

number time-steps 960

time-step size, tδ 0.01 day

Key computed parameters
Water content, θ 0.40

Bulk soil density, bρ 1.30 g/cm3
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Table 4.3.1.7

Parameter Settings in FACT simulation of van Genuchten φ Analytical Case

Physical parameters Value

Distribution coefficient, dk 0.5 cm3/µg

Dispersion coefficient, D 30 cm2/day

Longitudinal horizontal dispersivity, LHα 0.42, 0.6, 0.78 1.02,
1.1988 cm

Fraction of mobile water, θθm 0.35, 0.50, 0.65, 0.85,
0.999

Fraction of adsorption sites in contact with
mobile water, f

0.40

Mass transfer coefficient , α 0.15 day-1

Key computed parameters

Mobile water content, mθ 0.14, 0.2, 0.26, 0.34,
0.3996

Immobile water content, imθ 0.26, 0.2, 0.14, 0.06,
0.0004

Mobile retardation factor, mR 2.86, 2.30, 2.00, 1.76,
1.65

Immobile retardation factor, imR 2.50, 2.95, 3.79, 7.50,
976

Phasic velocity, xu 71.4, 50.0, 38.5, 29.4,
25.0 cm/day

Retarded phasic velocity, xu′ 25.0, 21.7, 19.2, 16.7,
15.2 cm/day

Retarded dispersion coefficient, xxD′ 10.5, 13.0, 15.0, 17.0,
18.2 cm2/day

Cell Peclet number, xPe 0.71, 0.50, 0.38, 0.29,
0.25

Cell Courant number, xCo 0.83, 0.72, 0.64, 0.56,
0.51
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Table 4.3.1.8

Parameter Settings in FACT simulation of van Genuchten f Analytical Case

Physical parameters Value

Distribution coefficient, dk 0.5 cm3/µg

Dispersion coefficient, D 30 cm2/day

Longitudinal horizontal dispersivity, LHα 0.78 cm

Fraction of mobile water, θθm 0.65

Fraction of adsorption sites in contact with
mobile water, f

0.25, 0.40, 0.55, 0.70

Mass transfer coefficient , α 0.15 day-1

Key computed parameters

Mobile water content, mθ 0.26

Immobile water content, imθ 0.14

Mobile retardation factor, mR 1.63, 2.00, 2.38, 2.75

Immobile retardation factor, imR 4.48, 3.79, 3.09, 2.39

Phasic velocity, xu 38.5 cm/day

Retarded phasic velocity, xu′ 23.7, 19.2, 16.2, 14.0
cm/day

Retarded dispersion coefficient, xxD′ 18.5, 15.0, 12.6, 10.9
cm2/day

Cell Peclet number, xPe 0.38

Cell Courant number, xCo 0.79, 0.64, 0.54, 0.47
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Table 4.3.1.9

Parameter Settings in FACT simulation of van Genuchten α Analytical Case

Physical parameters Value

Distribution coefficient, dk 0.5 cm3/µg

Dispersion coefficient, D 30 cm2/day

Longitudinal horizontal dispersivity, LHα 0.78 cm

Fraction of mobile water, θθm 0.65

Fraction of adsorption sites in contact with
mobile water, f

0.40

Mass transfer coefficient , α 0.0, 0.05, 0.15 0.50,
2.0, ∞ day-1

Key computed parameters

Mobile water content, mθ 0.26

Immobile water content, imθ 0.14

Mobile retardation factor, mR 2.0

Immobile retardation factor, imR 3.79

Phasic velocity, xu 38.5 cm/day

Retarded phasic velocity, xu′ 19.2 cm/day

Retarded dispersion coefficient, xxD′ 15.0 cm2/day

Cell Peclet number, xPe 0.38

Cell Courant number, xCo 0.64
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Table 4.3.1.10

Parameter Settings in FACT simulation of van Genuchten D Analytical Case

Physical parameters Value

Distribution coefficient, dk 0.5 cm3/µg

Dispersion coefficient, D 0, 5, 30, 50, 100
cm2/day

Longitudinal horizontal dispersivity, LHα 0.0, 0.13, 0.78, 1.3, 2.6
cm

Fraction of mobile water, θθm 0.65

Fraction of adsorption sites in contact with
mobile water, f

0.40

Mass transfer coefficient , α 0.15 day-1

Key computed parameters

Mobile water content, mθ 0.26

Immobile water content, imθ 0.14

Mobile retardation factor, mR 2.0

Immobile retardation factor, imR 3.79

Phasic velocity, xu 38.5 cm/day

Retarded phasic velocity, xu′ 19.2 cm/day

Retarded dispersion coefficient, xxD′ 0.0, 2.5, 15.0, 25, 50
cm2/day

Cell Peclet number, xPe ∞, 2.31, 0.38, 0.23,
0.12

Cell Courant number, xCo 0.64
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Table 4.3.1.11

Parameter Settings in FACT simulation of van Genuchten K Analytical Case

Physical parameters Value

Distribution coefficient, dk 0.0, 0.25, 0.5, 0.75,
1.0, 2.0 cm3/µg

Dispersion coefficient, D 30 cm2/day

Longitudinal horizontal dispersivity, LHα 0.78 cm

Fraction of mobile water, θθm 0.65

Fraction of adsorption sites in contact with
mobile water, f

0.40

Mass transfer coefficient , α 0.15 day-1

Key computed parameters

Mobile water content, mθ 0.26

Immobile water content, imθ 0.14

Mobile retardation factor, mR 1.0, 1.5, 2.0, 2.5, 3.0,
5.0

Immobile retardation factor, imR 1.0, 2.39, 3.79, 5.18,
6.57, 12.14

Phasic velocity, xu 38.5 cm/day

Retarded phasic velocity, xu′ 38.5, 25.6, 19.2, 15.4,
12.8, 7.7 cm/day

Retarded dispersion coefficient, xxD′ 30, 20, 15, 12, 10, 6
cm2/day

Cell Peclet number, xPe 0.38

Cell Courant number, xCo 1.28, 0.85, 0.64, 0.51,
0.43, 0.26
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INFLUENCE φ

Fig. 4.3.1.1 Calculated breakthrough curves for a sorbing medium as influenced by the
fraction of mobile liquid, φ
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Fig. 4.3.1.2 Calculated breakthrough curves for a sorbing medium as influenced by the
fraction of adsorption sites in the dynamic region, f
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Fig. 4.3.1.3 Calculated breakthrough curves for a sorbing medium as influenced by the
mass transfer coefficient, α
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Fig. 4.3.1.4 Calculated breakthrough curves for a sorbing medium as influenced by the
dispersion coefficient, D
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Fig. 4.3.1.5 Calculated breakthrough curves for a sorbing medium as influenced by the
adsorption coefficient, K

4.3.2 One-Dimensional Saturated Solute Transport in a Uniform Flow Field with
First-Order Mobile/Immobile Mass Transfer (VERSE-LC Comparison)

This problem deals with one-dimensional advection-dispersion of a non-conservative
solute species with a unit step change in concentration at the inlet through a semi-infinite
column with first-order mobile/immobile mass transfer and linear adsorption.  The
implementation of the first-order mobile/immobile mass transfer model into the FACT
finite element framework is tested by making a code-to-code comparison to VERSE-LC.

VERSE-LC solution:  The rate model equations in VERSE-LC (Whitley et al., 1998)
consider mass transfer effects such as axial dispersion, convection, film mass transfer,
intraparticle diffusion, and surface diffusion. Various equilibrium and non-equilibrium
isotherms are available in the model. Non-equilibrium isotherms are used when
adsorption/desorption rates are slower than mass transfer rates. Modes of operation
include frontal, isocratic and gradient elution, and displacement chromatography.
Processes with step functions (ideal or dispersed), flow rate changes, and forward and
reverse flow can be simulated. In addition to fixed beds, fluidized beds and moving beds
can also be simulated. VERSE-LC is not sorbent specific; any ion exchange, hydrophobic
interaction, reverse phase, or affinity sorbent system can be treated.

The non-dimensional mobile phase equation with mass transfer between the flowing bed
fluid and the non-porous particles is

( )pbf
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b

2

b

b ccN
x
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T

c −−
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∂
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∂
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(4.3.2.1)



WESTINGHOUSE SAVANNAH RIVER COMPANY Manual: WSRC-TR-99-00282
Section: 4, Rev. 0
Date: 3/2000

FACT CODE MANUAL Page: 124 of 130

where the dimensionless axial dispersion is defined as

Lu

E
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1

0

b

b
= (4.3.2.2)

The dimensionless film mass transfer is
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= (4.3.2.3)

The boundary and initial conditions are
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The non-dimensional particle surface equation is

( ) lY
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(4.3.2.5)

where lY  represents the equilibrium adsorption term

θ∂
∂

∂
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= p
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c
Yl (4.3.2.6)

The initial condition is

( )0cc,0 pp ==θ (4.3.2.7)

The multicomponent Langmuir isotherm is given as

p

p
p bC1

aC
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+
= (4.3.2.8)

Using the definitions for the scaled mobile and solid phase concentrations

e

p
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respectively, into Eq. (4.3.2.8) with b = 0 to yield a linear isotherm gives

p
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e
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= (4.3.2.10)

Substituting the derivative of Eq. (4.3.2.10) into Eq. (4.3.2.6) and rearranging Eq.
(4.3.2.5) gives
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Multiplying both sides of Eq. (4.3.2.11) by ( ) bb1 εε−  yields
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(4.3.2.12)

The Langmuir coefficient “a” in Eq. (4.3.2.8) for a linear isotherm is given as

( ) dsactual kaa ρ== (4.3.2.13)

However, inside VERSE-LC the Langmuir coefficient “a” is divided by volume fractions
depending on whether the porous or nonporous modeling option is chosen.  VERSE-LC
assumes as input that Eq. (4.3.2.13) is

( )
( )( )

( )



ε−ρ
ε−ε−ρ

=ρ=
model nonporousk1

model porousk11
ka

dbs

dpbs
dbVERSE (4.3.2.14)

For these set of simulations, we are using the nonporous model in VERSE-LC.
Therefore, the Langmuir coefficient “a” based on Eqs. (4.3.2.13) and (4.3.2.14) is

( )
( )

b

VERSE
actual 1

a
aa

ε−
== (4.3.2.15)

Substituting Eq. (4.3.2.15) into (4.3.2.12) yields the particle surface (immobile) equation

( ) ( )pbf
p

b

VERSE ccN
T

ca
−=

∂
∂

ε
(4.3.2.16)

Equations (4.3.2.1) and (4.3.2.16) represent the mobile phase and particle surface
(immobile) equations solved by VERSE-LC for these simulations.

The parameter settings used in the VERSE-LC simulations are given in Table 4.3.2.1.
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Table 4.3.2.1

Parameter Settings for the VERSE-LC Simulations

Physical parameters Value

Axial dispersion coefficient, bE 20.0 cm2/min

Particle radius, R 100.0 µm

Volumetric flow, Q 157.08 ml/min

Interparticle void fraction, bε 0.3

Intraparticle void fraction, pε 0.0

Particle mass density, sρ 1.0 g/ml

Film mass transfer parameter , fk 0.0, 0.00001, 0.0001,
0.001, 3.0 cm/min

Langmuir coefficient, ( )actuala 0.42857

Langmuir coefficient, ( )VERSEa 0.3

Langmuir coefficient, ( )VERSEb 0.0

Initial concentration, ( )0,xcb 0.0

Inlet solute concentration, ( )T,0cb 1.0

Grid specifics

Column length, L 500.0 cm

Column diameter, D 10.0 cm

Time specifics

Time duration, maxt 250.0 min

Key computed parameters

Cross-sectional area, A 78.5398 cm2

Interstitial velocity, 0u 6.66668 cm/min

L/R 50000

Peclet number, bPe 166.67

Film mass transfer, fN 0.0, 0.525, 5.25, 52.5,
157500.0

In order to perform a term by term comparison to the FACT transport equations, we must
convert Eqs. (4.3.2.1) and (4.3.2.16) to their dimensional form as
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The governing transport equations for the mobile and immobile water phase in FACT are,
respectively
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The following is a term by term comparison of the FACT and VERSE-LC transport
equations.

ionsconcentratcc,cc pimbm == (4.3.2.21)

( )  term timephase mobilek1f bdsm ε=ρφ−+θ (4.3.2.22)

( )( ) ( )  term timephase immobileak1f1 VERSEdsim =ρφ−−+θ (4.3.2.23)

 termdispersionEUD bbLH ε=α= (4.3.2.24)

termadvection uq 0bε= (4.3.2.25)

( ) ( ) term transfer masscck1
R

3
pbfb −ε−





=α (4.3.2.26)

FACT numerical simulation and comparison:  Values of the basic physical parameters
used in the verification simulations are presented in Table 4.3.2.2.  The grid chosen
consists of 501 rectangular brick elements uniformly sized (1.0 cm in length) and stacked
along the x-axis.  At the column inlet boundary (left face) a first-type Dirichlet boundary
condition, ( ) 0.1t,0cm = , is applied to the mobile solute concentration at the four nodes.
Due to the finite overall length of our mesh, at the outflow boundary (right face) the
dispersive flux is set to zero, while the advective flux is calculated as part of the solution.
Since this is a 1-D problem, solute concentrations do not exist in the transverse directions
(y and z directions).  Therefore, the dispersive fluxes along these four faces (top, bottom,
front and back) are set to zero.  The column is modeled as being fully saturated at a water
content of 0.30 (total porosity of 0.30).  For each simulation a transient calculation was
performed for 250 min utilizing 2500 time steps of 0.1 min. The mesh spacing and time
step size were chosen to keep the cell Peclet and Courant numbers less than 1 (if
possible).  The first-order mass transfer coefficient, α, was varied from 0 to 630 min-1.

The two limits chosen adequately establish the no adsorption and adsorption equilibrium
conditions.  The column concentration profiles at 50 min (Fig. 4.3.2.1) and the effluent
(breakthrough) curves (Fig. 4.3.2.2) are computed for each FACT simulation and then
compared to the VERSE-LC results.  The agreement between FACT and VERSE-LC is
excellent.
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Table 4.3.2.2

Parameter Settings in FACT simulation of VERSE-LC Test Case

Physical parameters Value

Darcy velocity, q 2 cm/min

Water saturation, wS 1.0

Distribution coefficient, dk 0.42857 ml/g

Particle mass density, sρ 1.0 g/ml

Total porosity , φ 0.30

Longitudinal horizontal dispersivity, LHα 3.0 cm

Longitudinal vertical, transverse horizonal
and transverse vertical dispersivities,

TVTHLV ,, ααα

0.0 cm

Apparent molecular dispersion coefficient,
*

w DS τφ
0.0 cm2/min

Radioactive decay coefficient, rλ 0.0 min-1

1st-order reaction rate (mobile), mλ 0.0 min-1

1st-order reaction rate (immobile), imλ 0.0 min-1

Boundary solute concentration, ( )t,0cm 1.0

Fraction of mobile water, θθm 0.3

Fraction of adsorption sites in contact with
mobile water, f

0.0

Mass transfer coefficient , α 0.0, 0.0021, 0.021,
0.21, 630 min-1

Grid specifics

Element lengths, zyx δ=δ=δ 1.0 cm

Number nodes in x-direction 501

Number nodes in y-direction 2

Number nodes in z-direction 2

Time steps

Time duration 250 min

number time-steps 2500

time-step size, tδ 0.1 min

Key computed parameters
Water content, θ 0.3

Mobile water content, mθ 0.3

Immobile water content, imθ 0.0

Bulk soil density, bρ 0.7 g/ml

Mobile retardation factor, mR 1.0

Immobile retardation factor, imR ∞
Phasic velocity, xu 6.66668 cm/min
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Physical parameters Value

Retarded phasic velocity, xu′ 6.66668 cm/min

Retarded dispersion coefficient, xxD′ 20.0 cm2/min

Cell Peclet number, xPe 0.333

Cell Courant number, xCo 0.666



WESTINGHOUSE SAVANNAH RIVER COMPANY Manual: WSRC-TR-99-00282
Section: 4, Rev. 0
Date: 3/2000

FACT CODE MANUAL Page: 130 of 130

Eb = 20.0 cm2/min
R =100.0 µm
Ud = 2.0 cm/min
L = 500 cm
D = 10 cm
εb = 0.3; εp = 0.0
kf varied
a = 0.3; b = 0.0
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Fig. 4.3.2.1 Relative solute concentration profile comparison for VERSE-LC at 50
minutes
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Fig. 4.3.2.2 Break-through curve comparison for VERSE-LC at 500 cm
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5 Problem Definition and Simulation Procedure
general procedure for using FACT to simulate groundwater flow and/or solute
transport in subsurface systems is outlined below.  The procedure (which is broken

up into five major steps) is concurrently applied as needed to an example problem to
further illustrate the process.

5.1 Conceptual Model

Develop a conceptual model of the physical application.  Prepare a schematic description
of the problem, its geometry, and the important features such as shown in Fig. 5.1.  The
diagram should identify zones of different material properties and potential boundary
conditions, as well as locations of wells, contamination sources, surface water, etc.
Determine whether flow, transport or both flow and transport simulation is desired, and
whether the simulations will be steady-state, transient or both (e.g. steady-state flow and
transient solute transport).  Determine whether the system is confined or unconfined.  For
unconfined systems, decide whether detailed knowledge of unsaturated zone behavior is
important.  If so, then ’real’ soil characteristic curves should be supplied to FACT.
Otherwise, pseudo-soil characteristic curves should be supplied.  In many circumstances
pseudo-soil properties are quite adequate.  Physical phenomena important to the problem
should be identified so that these effects can be included in the simulation.

Next assemble the information and data needed to quantitatively define the conceptual
model and/or calibrate the model.  Example data requirements for groundwater flow
problems include well head data, elevations and thickness of hydrostratigraphic units,
hydraulic properties such as conductivities, source bed areas, and leakance coefficients,
groundwater recharge and withdrawal.  Example data inputs for solute transport problems
include longitudinal and transverse dispersivities, solute properties (e.g., retardation and
decay coefficients), contaminant source characteristics (location, geometry, concentration,
fluxes, and decay constants), and groundwater velocities.

5.2 Model Grid

Define model coordinate system and create finite element mesh.  The grid coordinate axes
form a right hand Cartesian system with the z axis pointing in the upward vertical
direction.  In general, proper areal orientation of the mesh coordinate system is dependent
on the principal axes of the hydraulic conductivity tensor and, to a lesser extent,
orientation of any known no-flow surfaces (or other boundary conditions such as river
BC’s).  If the application involves an anisotropic conductivity field, then the finite
element grid should be aligned with the principal axes of the hydraulic conductivity
tensor to be consistent with the FACT governing equation for groundwater flow.  The
current version of FACT assumes that the principle axes of the anisotropic behavior is
spatially invariant.  Therefore, an average orientation must be determined.  Mesh
boundaries should generally be aligned with no-flow surfaces whenever possible to
simplify boundary condition specification and minimize data requirements.

A
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The overall mesh dimensions should envelope the physical region of interest at a
minimum.  It is frequently desirable to expand the mesh beyond this region of interest in
order to take advantage of convenient physical features for boundary condition
specification, such as groundwater divides (no-flow B.C.) and rivers (river B.C.) and
wells (prescribed head and/or concentration B.C.).  Some of these concepts are illustrated
in Fig. 5.2 which shows a finite element mesh superimposed upon the schematic diagram
of Fig. 5.1.  The left boundary in the plan view was positioned to be coincident with a
pair of wells for which the head is known.  The lower plan view boundary is aligned with
a flow line.  The bottom of the mesh in the cross-sectional view is aligned with an
impermeable layer.

Once the orientation and overall mesh dimensions have been decided, the computational
domain is discretized in each of the coordinate directions.  Although FACT is based on a
three-dimensional Cartesian formulation, one- and two-dimensional Cartesian models can
be created by specifying only one element along the ’absent’ coordinate axes or axis,
respectively.  The proper number of elements/nodes for ’present’ coordinate axes depends
on the physical phenomena being simulated, hydrostratigraphy and other geometric
features, desired accuracy, and the computer resources available to the user.  Significant
user judgment and/or trial-and-error experimentation may be required to determine the
proper grid resolution.  Regarding accuracy, the verification problems presented in
Section 4 can be used to develop a feel for accuracy as a function of spatial discretization.
Verification Problem 4.2.1 is especially instructive for solute transport applications and
contains some general guidelines for grid spacing.  In particular, the cell Peclet number
should be less than 2 ideally and no more than about 10 in practice.  The cell Peclet
number (dimensionless grouping) is defined as ui∆xi/Di where ∆xi is the element
dimension for the i’th coordinate direction, ui is the local pore velocity in that direction,
Ui/φ, and Di is the local dispersion coefficient.

FACT utilizes eight-noded trilinear hexahedron finite elements which may be fully
orthogonal, or areally orthogonal but vertically deformed as shown in Fig. 5.4.  The
vertical deformation is restricted to a permissible variation in the element depth and the
areal coordinates of the deformed 8-node element must be the same at the top and bottom
of each corner.  Deformed elements enable the user to accurately model stratigraphic
surfaces which are generally non-planar, and/or to conform the grid to layers of varying
thickness.  These concepts are illustrated in Fig. 5.2.  For the lower portion of the mesh,
each hydrostratigraphic layer has been assigned one computational mesh layer.  However
in the upper portion of the mesh, the mesh conforms to the entire thickness between the
ground surface and a deep confining unit.  The mesh does not align with intermediate low
permeability layers.  Deformed elements do introduce an added degree of numerical
approximation in the influence matrix formulation of the flow and transport equations
since the numerical scheme computationally assumes the elements to be entirely
orthogonal.  To properly handle deformed elements, two-point Gauss-Legendre
quadrature is available.  See verification Problem 4.1.4 for an example involving
deformed elements.
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Any element may be made inactive by the user.  No calculations are performed for
inactive elements and no flow occurs normal to their six faces.  Inactive elements are
effectively deleted from the physical simulation and can be used to model irregular
geometries with little impact on overall computation work load.  See Fig. 5.2 for a
specific example.

Mesh nodes are globally numbered sequentially as

( ) ( )nnxy1iznnx1iyixig −+−+=

where
ix - node position along x-axis (ix = 1, ..., nnx)
iy - node position along y-axis (iy = 1, ..., nny)
iz - node position along z-axis (iz = 1, ..., nnz)
nnx - number of nodes in x direction
nnxy - number of nodes in xy plane

Mesh elements are globally numbered similarly as

( ) ( )nexy1iznex1iyixie −+−+=

where
ix - element position along x-axis (ix = 1, ..., nex)
iy - element position along y-axis (iy = 1, ..., ney)
iz - element position along z-axis (iz = 1, ..., nez)
nex - number of elements in x direction
nexy - number of elements in xy plane

This numbering scheme is illustrated in Fig. 5.3 for the example problem.

For transient simulations the time domain must also be discretized.  The proper temporal
discretization depends on the physical phenomena being simulated, desired accuracy and
the computer resources available to the user.  The (linear) transport governing equations
have been discretized in the time domain with enough implicitness to make the resulting
numerical equation set unconditionally stable.  The flow equations are unconditionally
stability when linear (i.e. properties do not depend on head and boundary conditions are
linear).  There is no time step constraint for these cases.  For a nonlinear flow equation
resulting from head-dependent properties (and/or non-linear boundary conditions)
encountered in an unsaturated flow, unconditional stability cannot generally be rigorously
shown.  If stability problems are encountered due to strong nonlinearities, the time step
should be reduced.  Time steps which yield a cell Courant number less than 1 throughout
the mesh for each coordinate direction will usually result in a stable simulation.  The
dimensionless Courant number is defined as Co = ui∆t/∆xi where ∆xi is the element
dimension for the i’th coordinate direction, ui is the local retarted pore velocity in that
direction, Ui/θR, and ∆t the time step.  Stability aside, time steps satisfying Co < 1 may
be needed to achieve sufficient accuracy regardless of the linearity of the equation set.
See verification Problem 4.2.1 for an illustrative example.
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5.3 Material Properties and Boundary Conditions

Define hydraulic properties, boundary conditions, and initial conditions.  Hydraulic
properties, such as conductivity and specific storage, are assigned to elements.  For small
grids and simple conceptual models, property assignments can be done by hand.  For
sufficiently large grids or complex conceptual models, a user-developed automated or
semi-automated process for specifying element properties will be required.

Boundary conditions, sources and sinks, and initial conditions are defined on a nodal
basis.  The flow boundary condition and source/sink options at a node are

• specified head
• specified mixture flow
• pumping/injection well
• recirculation well
• head-dependent source bed (aquitard, river, drain or general head)
• vertical head-dependent line source
• combined recharge/drain (head-dependent)
• recharge

The recharge boundary condition is a special case of the more general prescribed flow
B.C. which allows the user to easily specify recharge in the uppermost plane of nodes.
The head-dependent boundary conditions are defined in Section 3.1.7.  The transport
boundary condition and source/sink options at a node are

• specified concentration
• specified solute mass flow
• pumping/injection well
• recirculation well
• combined recharge/drain
• recharge

Figure 5.2 illustrates how these boundary condition options might be applied to the
application shown schematically in Fig. 5.1.  Boundary conditions may be steady-state or
transient.  For transient boundary conditions, the transient function may be represented as
a step function, a first-degree spline or a cubic spline.

The initial value of head and/or concentration must be specified at each node.  In general,
the user supplies a default value for all nodes or specifies the values on a node by node
basis.  The output from a simulation can be conveniently used as the initial conditions for
a subsequent run through FACT I/O options.

For simulations involving only transport, the steady-state velocity in each coordinate
direction must be specified at each element.  As with the initial conditions, the user
generally supplies a default value and then overrides the default specification on an
element by element basis.  The velocity output from a simulation can be conveniently
used as input to a subsequent run through FACT I/O options.
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5.4 FACT Input Files

Create the necessary FACT input file(s).  Detailed instructions for creating a FACT input
file(s) are presented in Section 7.  Using Section 7, translate the conceptual model into a
FACT input file(s).

5.5 FACT Execution

Execute the FACT code and analyze output file(s).  FACT output files are described in
detail in Section 7.
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Fig. 5.1. Schematic drawing of an example groundwater flow and solute transport
problem.
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118 119 120 121 122 123 124 125 126 127 128 129 130

131 132 133 134 135 136 137 138 139 140 141 142 143

66 67 68 69 70 71 72 73 74 75 76 77 78

209 210 211 212 213 214 215 216 217 218
219 220 221

352 353 354 355 356 357 358 359 360 361
362 363 364

495 496 497 498 499 500 501
502

503
504

638 639 640 641 642 643 644

645

646

650

781 782 783 784 785 786 787
788

789

924 925 926 927 928 929
930

931

932

933

934 935
936

61 62 63 64 65 66 67 68 69 70 71 72

301 302 303 304 305 306 307

421
422 423 424 425 426

427

541 542 543 544 545 546
547

661 662 663
664 665 666

667

Node numbers shown are for bottom plane.  Element numbers are for bottom layer.

Fig. 5.3.  FACT node and element numbers for mesh shown in Fig. 5.2.
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Fig. 5.4.  Deformed eight-noded hexahedron element.
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6 Code Structure

6.1 Code Organization and Program Unit Description

program unit description of all subroutines, functions and Tecplot utility
functions in the FACT code are shown in Section 6.2.  The FACT code is written

in Fortran 77 with selected extensions to the Fortran 90 standard.  The selected features of
Fortran 90 used are modules, procedures and Fortran 90 memory allocation routines.  The
Tecplot utility functions are written in C.  The previous versions of FACT utilized C
memory allocation functions for the IRIX version and Fortran 90 memory allocation
functions for the Win32 version.  Version 2.0 of FACT has been consolidated into a
single source that will compile under Fortran 90 on both IRIX and Win32 environments
without any changes to the source code.

The internal data structure employed in the code is given in Section 6.3.  This version
utilizes the Fortran 90 module feature to store arrays and scalar variables.

Table 6.3 illustrates memory allocated to each array and module files associated with
each array.

Section 6.4 illustrates the FACT code structure using a call tree.

6.2 Program Unit Descriptions

Table 6.1 presents a brief description of all subroutines, functions and Tecplot utility
functions that comprise the FACT code.

Table 6.1
Brief Description of Each Program Unit in FACT v2.0

Program
Unit

Brief Description

arealc.f Subroutine computes vertically averaged solute concentrations contained within
a vertical line segment associated at every element centroid located within
specified aquifer units.  In addition, the overall mass of solute is computed at
every areal location (i.e., total solute contained within the vertical stack of
elements).  These 2D arrays of solute mass numbers are then written out in
ASCII Tecplot Data File format.

chkmem.f Subroutine checks if memory was sucessfully allocated or deallocated.  Also
keeps track of total memory allocated.

clear.f Subroutine sets all values in an array to zero.
cimtr.f Subroutine computes the new time immobile LHS and RHS matrices for the

immobile transport equation.
cinew.f Subroutine computes the new time immobile nodal solute concentrations.
cmax.f Subroutine writes the maximum mobile/immobile solute concentration as a

function of time.  The file cmax.dat is in ASCII Tecplot Data File format.
cmshdr.f Subroutine prints the configuration management header.

A
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Program
Unit

Brief Description

concBC.f Subroutine reads and processes the specified concentration boundary conditions
for transport..

conjgr.f Subroutine solves the symmetric system of equations:

fus =     (np equations)
by the pre-conditioned conjugate gradient (pcg) method.  The pcg method
chosen is a slight modification of the incomplete cholesky conjugate gradient

method (ICCG(0)).  This method uses TLDL  incomplete decomposition and
performs the iterative updates in a different order than Kershaw’s algorithm.

deriv.f Subroutine computes the first and second derivatives of water saturation wrt
pressure and the derivative of the relative permeability wrt water saturation by
approximating it in a finite difference fashion based upon a second order
central-difference approximation..

djacob.f Subroutine computes the Jacobian, the determinant of the Jacobian, the
weighted volume, the inverse of the Jacobian, and the derivative of the shape
function wrt global coordinates at each gauss point.

dlt.f Function effectively finds the b(ig,jg) element of the upper triangular matrix. It
does this by finding the symmetric b(jg,ig) element in the lower triangular
matrix if it exists, and then multiplies it by the diagonal element b(ig,ig).  If it
does not exist in the storage, a value of zero is returned since zero fill-in is
assumed.

dltslv.f Subroutine solves the system of (np) equations:

( ) yLxforyxL
1tt −

==
du.f Function effectively finds the b(ig,jg) element of the upper triangular matrix.  If

it does not exist in the storage, a value of zero is returned since zero fill-in is
assumed.

dump.f Subroutine writes out the binary files specified in the super file for categories
HEAD, CONC, VELN, WSAT, VELE, WTBL, MASB, RCDR and CIMN.

dxyzgn.f Subroutine calculates the nodal (x, y, or z) coordinates based upon specified
spatial increments.

elkrws.f Subroutine computes the nodal values of water saturation, relative permeability
and derivatives.  Centroidal values of water saturation, relative permeability and
derivatives are computed.  Nodal permeability weighting factors for each
coordinate direction are computed.  Upstream weighted centroidal relative
permeabilities are computed for each direction.

elmtrf.f Subroutine formulates the element matrices for the flow (mixture mass)
equation. These matrices are generated from analytically derived influence
coefficient matrices where it is assumed that the local coordinate system is
parallel to the corresponding global coordinate system axes.  The storage matrix
is also mass lumped. A standard Galerkin approximation process is employed to
create the governing system of time-dependent ordinary differential equations
(at the element assemblage level). Diagonal terms as well as cross terms
contribute to the seepage matrix.
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Program
Unit

Brief Description

elmtrt.f Subroutine formulates the element matrices for the solute transport equation.
These matrices are generated from analytically derived influence coefficient
matrices where it is assumed that the local coordinate system is parallel to the
corresponding global coordinate system axes.  An up-stream weighted residual
finite element approximation (Petrov-Galerkin type approach) is made for
spatial terms, while the standard Galerkin approximation is made for the other
terms.  Diagonal terms as well as cross terms contribute to the dispersion matrix.

files.f Subroutine reads the FACT super file and opens the files specified in each
category.

flow.f Subroutine computes the hydraulic head solution at the current time (n+1).
Perform Picard or Newton-Raphson iteration up to maximum allowable
iterations.  At the end of each iteration, updating of hydraulic head is done based
upon an under-relaxation formula.

flowbc.f Subroutine updates specified hydraulic head nodes, specified mass flow nodes,
recirculation well nodes, pumping/injection well nodes, head-dependent source
bed nodes, and groundwater recharge nodes.

frech.f Subroutine computes recharge or drainage for every surface node and overall
average recharge flux for flow model.   For transport model, computes net
recharge and drainage solute mass flows for entire upper surface of mesh.

fsread.f Subroutine reads transient flow solution for a transport only transient simulation.
genwn.f Subroutine distributes recirculation or pumping/injection well boundary

conditions out to global nodes that are in contact with elements spanned by the
active portion of the well screen(s).

glquadf.f Subroutine formulates the element matrices for the flow (mixture mass)
equation. These matrices are computed using two-point Gauss-Legendre
quadrature in each direction.  The storage matrix is also mass lumped. A
standard Galerkin approximation process is employed to create the governing
system of time-dependent ordinary differential equations (at the element
assemblage level). Diagonal terms as well as cross terms contribute to the
seepage matrix.

glquadt.f Subroutine formulates the element matrices for the solute transport equation.
These matrices are computed using two-point Gauss-Legendre quadrature in
each direction.  An up-stream weighted residual finite element approximation
(Petrov-Galerkin type approach) is made for spatial terms, while the standard
Galerkin approximation is made for the other terms.  Diagonal terms as well as
cross terms contribute to the dispersion matrix.

gradh.f Subroutine computes the gradient of the hydraulic head at the element centroid
for a distorted element.

group1.f Subroutine reads the problem description.
group2.f Subroutine reads and processes the simulation options.
group3.f Subroutine reads and processes the upstream weighting parameters.
group4.f Subroutine reads and processes the iteration parameters.
group5.f Subroutine reads and processes the time control parameters.
group6.f Subroutine reads and processes the output control parameters.
group7.f Subroutine reads and processes the mesh specification.
group8.f Subroutine reads and processes the initial conditions and flow solution.
group9.f Subroutine reads and processes the flow and transport material properties.

group10.f Subroutine reads and processes the boundary conditions.
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Program
Unit

Brief Description

group11.f Subroutine reads and processes the special features.
group12.f Subroutine reads and processes the spline profile data.
h2otbl.f Subroutine computes the water table elevations.
hdsb.f Subroutine incorporates head-dependent source bed (leakage flux) boundary

condition into the global LHS matrix and the RHS vector to account for all these
Cauchy (third-type) BCs.

hdsbBC.f Subroutine reads and processes the head-dependent source bed boundary
conditions.

headBC.f Subroutine reads and processes the specified head boundary conditions for flow.
ildlt.f Subroutine performs the incomplete decomposition of the symmetric (type M-

matrix) matrix s assuming zero fill-in, similar to the ICCG(0) approach of

Kershaw.  The resulting matrix is stored in b in the form LDLT .  L is a lower
triangular matrix, D a diagonal matrix, and T indicates the transpose of a matrix.
b is the pre-conditioner employed in the conjugate gradient algorithm.  During
the decomposition process no adjustments are made for pivoting.  It is assumed
that s is diagonally dominant; however, during the decomposition process
Kershaw’s modification to the diagonal is incorporated to enhance stability.

ilu.f Subroutine performs the incomplete lower-upper decomposition of the
asymmetric matrix r assuming zero fill-in. The resulting matrix is stored in the
matrix b in the form LU.  L is a lower triangular matrix and  U is a upper
triangular matrix.  Crouts decomposition is employed where it is assumed that
the diagonal of the upper triangular matrix is unity. b is the pre-conditioner
employed in the conjugate gradient algorithm.  During the decomposition
process no adjustments are made for pivoting.  It is assumed that r is diagonally
dominant and no modification is made to the diagonal to enhance stability.

initfl.f Subroutine initializes the hydraulic head to conditions at the problem starting
time.

initl.f Subroutine initializes the simulation to conditions at the problem starting time.
initmb.f Subroutine computes the surface boundary nodal arrays and active interior

nodes for use in the flow equation mass balance calculation.
inittr.f Subroutine initializes the transport to conditions at the problem starting time.
input.f Subroutine reads and processes the FACT input.
irange.f Subroutine checks the range of an integer input variables.
lsolv.f Subroutine solves the system of (np) equations:

( ) yDLxforyxDL
1−

==
where L and D are the lower triangular matrix and the diagonal matrix,
respectively.

lusolv.f Subroutine solves the system of  (np) equations.

( ) yULxforyxULxb
1−

===
where L and U are the lower and upper triangular matrices stored within b,
respectively.  It is assumed that the diagonal of the upper triangular matrix is
unity which results when a Crouts decomposition of b is performed.

main.f Main program driver for the FACT code.
matm2.f Subroutine performs matrix multiplication employing only the lower tridiagonal

members of symmetric matrix s.  i.e.: yxs =  (np equations).
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Program
Unit

Brief Description

mbfe.f Subroutine computes the flow equation mass balance.
meshgn.f Subroutine calculates the nodal connectivity matrix, coordinate values for entire

mesh, element geometric properties, and global coordinate centroid for each
element in mesh.

mfBC.f Subroutine reads and processes the specified mixture or mass flow boundary
conditions.

move.f Subroutine copies n bytes from one real array to another real array.
orthmn.f Subroutine solves the asymmetric system of equations:

tgcr =  (np equations)

by the pre-conditioned conjugate gradient (pcg) method.
pcgsol.f Subroutine solves the symmetric system of equations:

fus =  (np equations)
by the pre-conditioned conjugate gradient (pcg) method.  The pcg method
chosen is a slight modication of the incomplete cholesky conjugate gradient
method (ICCG(0)).

peco.f Subroutine computes the cell Peclet and Courant numbers in each direction at
the element centroid and writes them to an ASCII Tecplot Data File..

point.f Subroutine computes pointers of storage vector bs to suit storage requirements
of either the symmetric or unsymmetric solver.

print.f Subroutine writes selected print options at the specified print frequency.
prtobs.f Subroutine prints observation node hydraulic head and/or concentration at each

simulation time.
rchd.f Subroutine incorporates the combination recharge/drain boundary conditions

into the global LHS matrix and RHS vector to account for all .these Cauch
(third-type) BCs.

rchdBC.f Subroutine reads and processes the recharge/drain boundary conditions.
rechBC.f Subroutine reads and processes the groundwater recharge boundary conditions.
rrange.f Subroutine checks the range of a real input variable.
rupdt.f Subroutine updates the RHS vector only for the asymmetric system of transport

equations (steady-state velocity field and constant time step).
rwBC.f Subroutine reads and processes the recirculation well boundary conditions.
saxpy.f Subroutine multiplies a vector by a scalar and adds it to another vector.
scopy.f Subroutine duplicates a vector..
sdot.f Function computes the dot product of two vectors.
setup.f Subroutine computes parameters required for the flow or transport solution that

are static with respect to time and Picard or Newton-Raphson iteration.
shape8.f Subroutine computes the shape function for an 8-node brick element and its

gradient in the local coordinate system at the gauss points.
sline.f Subroutine computes volumetric flow rates for each line source.  This is done by

integration over each segment of the line source and then summing segment
contributions.  The flow rates are then printed to standard output.
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Program
Unit

Brief Description

smtrf.f Subroutine generates the symmetric system of equations:

yxa =  (np equations)

where only the lower triangular portion of a is created.  This global matrix is
stored for use by the symmetric pcg solver.  Boundary conditions are also
applied to the global matrix and its RHS vector.  These equations are the
discrete flow equations where the Picard iteration procedure is used to formulate
them.

snrm2.f
Function computes the L2 norm of r, ( )rr T

spline.f Subroutine computes the slopes of piecewise linear splines or the second
derivatives of cubic splines.

stmsrc.f Subroutine writes out the total mass flow rate of solute removed from the
recharge/drain boundary condition by drainage.  The file stmsrc.dat is an ASCII
Tecplot Data File.

supgp.f Subroutine computes the length of a streamline projected onto the Darcy
velocity vector at the element centroid.  The streamline length is then used to
evaluate the SUPG weighting parameter as a function of cell Peclet number.

tecplt.f Subroutine generates Tecplot binary Data Files for selected plot options at the
specified plot frequency.

timstp.f Subroutine determines the current time step and time.
tranbc.f Subroutine updates specified concentration nodes, specified mass flow nodes,

recirculation well nodes, pumping/injection well nodes, recharge/drain nodes,
and groundwater recharge nodes.

transprt.f Subroutine computes the mobile/immobile solute concentrations at the current
time (n+1).

umtrf.f Subroutine generates the asymmetric system of flow equations:

yxa =  (np equations)

where the entire matrix a is stored.  This global matrix is stored for use by the
orthomin pcg solver.  Boundary conditions are also applied to the global LHS
matrix and its RHS vector.  These equations are the discrete flow equations
where the Newton-Raphson iteration procedure is used to formulate them.

umtrt.f Subroutine generates the asymmetric system of transport equations:

yxa =  (np equations)

where the entire matrix a is stored.  This global matrix is stored for use by the
orthomin pcg solver.  Boundary conditions are also applied to the global LHS
matrix and its RHS vector.  These equations are the discrete linear transport
equations where no outer iteration scheme is required.

usolf.f Subroutine solves the asymmetric system of flow equations that are formulated
based on the Newton-Raphson iteration scheme:

tgcr =  (np equations)

by the pcg/orthomin solver.
usolt.f Subroutine solves the asymmetric system of transport equations:

tgcr =  (np equations)

by the pcg/orthomin solver.
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Program
Unit

Brief Description

vel_gl.f Subroutine computes 1) the phasic velocity components at the nodal locations
by applying the Galerkin procedure to Darcy’s momentum balance evaluating
elemental integrals using Gauss-Lengendre quadrature, 2)  Darcy velocity
components at element centroids.

vel_im.f Subroutine computes 1) the phasic velocity components at the nodal locations
by applying the Galerkin procedure to Darcy’s momentum balance evaluating
elemental integrals using influence matrices, 2)  Darcy velocity components at
element centroids.

velsat.f Subroutine computes 1) Saturated thickness, elemental water saturations, 2)
Phasic velocity components at the nodal locations by applying the Galerkin
procedure to Darcy’s momentum balance evaluating elemental integrals using
influence matrices or Gauss-Lengendre quadrature, 3)  Darcy velocity
components at element centroids.

vlsBC.f Subroutine reads and processes the vertical head-dependent line source
boundary conditions.

vlsrc.f Subroutine incorporates vertical head-dependent line sources into the global
LHS matrix and RHS vector.

wellBC.f Subroutine reads and processes the pumping/injection well boundary conditions.
wfind.f Subroutine determines which elements contain an observation well.
wprint.f Subroutine writes out screen averaged hydraulic head (flow) and concentration

(transport) for observation wells within each well group in a binary Tecplot
Data File as either (1) spatial scattered data contained within a single zone per
group for steady-state analyses or (2) temporal well data per zone within each
group for transient analyses.

wresid.f Subroutine computes the screen averaged hydraulic head (flow) and
concentration (transport) for each specified observation well.  The integration is
performed only over the active portion of the well screen residing within the
mesh domain.

yvalue.f Subroutine evaluates the Heaviside spline, first-degree spline or cubic spline for
a given value of x.

zfind.f Subroutine locates the adjacency position of global node jg within the iad matrix
for the ig row.  If node jg is not adjacent to node ig, then a zero value is
returned.

ziadmk.f Subroutine generates the adjacency matrix for nodes from the element
connectivity matrix.

zinser.f Subroutine adds j to the adjacency list for i and returns the position k where it
has been added, or where it was already in the list.

tecini.c Initializes the process of writing a binary Tecplot Data File.
teczne.c Writes header information about the next zone to be added to the Data File.
tecdat.c Writes an array of data to the Data File.
tecend.c Closes the current Tecplot binary Data File and appends the scratch file

contents.

6.3 Internal Data Structure

The module files contain specifications and definitions for use by other program units in
FACT.  The module statement is part of the Fortran 90 standard.  Each module defines



WESTINGHOUSE SAVANNAH RIVER COMPANY Manual: WSRC-TR-99-00282
Section: 6, Rev. 0
Date: 3/2000

FACT CODE MANUAL Page: 8 of 24

the variables, allocatable arrays and retains their association status, allocation status,
definition status, and value though the save statement.

The internal data structure for FACT is presented as

Table 6.2
Brief Description of Each Module File in FACT v2.0

Module File Brief Description

adjmat.f The adjacency matrix for nodes generated from the element
connectivity matrix are stored.

areal.f Arrays for vertically-averaged mobile and immobile concentrations;
mobile, immobile and solid solute mass per unit area.

bccnt.f Boundary condition control parameters.
bctot.f Dirichlet and Neumann boundary conditions used in assembling the

global matrix.
cgstor.f Symmetric or asymmetric global LHS matrix.
cnode.f Spline multiplier and index of each specified concentration node.
concv.f Current and previous time values of nodal mobile/immobile

concentrations.
cons.f Commonly used constants, set with parameter statements.
ddmt.f LHS global array and RHS arrays for immobile transport equation.

dmpcnt.f Control parameters for restart files.
elcon.f Nodal connectivity matrix.
elctr.f Global centroidal coordinates for each element.
elmtr.f 8x8 elemental influence matrices for flow and transport.

epropn.f Element property numbers.
estore.f Element lengths and volumes.
fprop.f Hydraulic properties of each porous material.  Spline multipliers and

indices to variably saturated properties of each porous material.
gauss.f Arrays for Gauss-Legendre quadrature.
glbmtr.f RHS matrix for asymmetric transport equation.
gwrchd.f Recharge/drain parameters.
gwrech.f Groundwater recharge parameters.
headv.f Current and previous time values of nodal hydraulic head solution.
hnode.f Spline multiplier and index of each specified head node.

init.f Initial conditions and flow solution parameters.
io.f FACT I/O unit numbers.

itparm.f Iteration control parameters.
masbal.f Flow equation mass balance parameters.
memory.f Size of real and integer numbers.

mesh.f Mesh generation parameters.
mfnode.f Specified mixture or mass flow node parameters.
ndarea.f Nodal flow areas.
obsn.f Observation node data.
obsw.f Observation well group data.
pltcnt.f Control parameters for the Tecplot Data Files.

pointer.f Index pointers to the global symmetric or asymmetric LHS matrix.
precsn.inc Implicit double precision declaration of real variables.

prtcnt.f Control parameters for the printed output file.
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Module File Brief Description

rw.f Recirculation well parameters.
sb.f Head-dependent source bed parameters.

sfcnt.f Special feature parameters.
simopt.f Simulation option parameters.

soln.f Solution vector to the flow or transport equation.
spln.f Spline profile data and coefficient matrices.

tecmod.f Tecplot post-processing file parameters.
tecproc.f Interface procedure for the Tecplot binary file C functions, tecini,

teczne, tecdat and tecend.
timcnt.f Time control parameters.
tprop.f Soil-solute transport parameters.
units.f Output units and time conversion parameters for Tecplot ASCII and

binary files.
upswtg.f Upstream weighting parameters for flow and transport.

vele.f Darcy velocity components at each element centroid.
veln.f Phasic (pore) velocity components at each nodal location.
vls.f Vertical head-dependent line source parameters.

vsprop.f Derivatives of variably saturated properties and weighting factors at
each node within an element.

watsat.f Water saturation at each element centroid.
well.f Injection/pumping well boundary condition parameters.

workz.f Elemental matrices for flow or transport.
wtable.f Water table elevations.

6.3.1 Memory Allocation

Version 2.0 of the FACT code uses Fortran 90 memory allocation functions.  The
function allocate is used to assign memory to an array.  The deallocate function is used
to free memory.  There exists no counterpart to the realloc function in C.  The user can
reallocate memory to an array through a series of allocate and dellocate calls.

Table 6.3 shows the memory allocation and associated module files.

Table 6.3
FACT Array Memory Allocation

Array Memory
Allocation

Module file

iad ( )827np ×× adjmat.f

iadnum ( )4np × adjmat.f

iadpiv ( )4np × adjmat.f

aqname ( )8naq × areal.f

iebot ( )4naq × areal.f

ietop ( )4naq × areal.f

smm ( )8nexy × areal.f
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Array Memory
Allocation

Module file

smi ( )8nexy × areal.f

sms ( )8nexy × areal.f

smt ( )8nexy × areal.f

sf ( )8nnxy× areal.f

cm_aq ( )8nexynaq ×× areal.f

ci_aq ( )8nexynaq ×× areal.f

volm_aq ( )8naq × areal.f

voli_aq ( )8naq × areal.f

npdb ( )4nhn ×  ( )4ncn ×
( )4ndn ×

bctot.f

npnb ( )4nfn × bctot.f

dbval ( )8nhn ×  ( )8ncn ×
( )8ndn ×

bctot.f

qval ( )8nfn × bctot.f

qcval ( )8nfn × bctot.f

bs ( )8ibsize × cgstor.f

npdbt ( )4ncn × cnode.f

icnxy ( )4ncn × cnode.f

cnmlt ( )8ncn × cnode.f

cn ( )8np× concv.f

c ( )8np× concv.f

cni ( )8np× concv.f

ci ( )8np× concv.f

cilhs ( )8np× ddmt.f

cirhs ( )8np× ddmt.f

cmrhs ( )8np× ddmt.f

nrsto ( )4nrst × dmpcnt.f

rsttim ( )8nrstst × dmpcnt.f

nop ( )4ne8 ×× elcon.f

xctr ( )8ne × elctr.f

yctr ( )8ne × elctr.f

zctr ( )8ne × elctr.f

iprop ( )4ne × epropn.f
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Array Memory
Allocation

Module file

elkp ( )8ne × estore.f

emkp ( )8ne × estore.f

ehkp ( )8ne × estore.f

devol ( )8ne × estore.f

isatxy ( )4nmat8 ×× fprop.f

ipkrxy ( )4nmat × fprop.f

propf ( )8nmat8 ×× fprop.f

satmlt ( )8nmat × fprop.f

pkrmlt ( )8nmat × fprop.f

derivl ( )8883 ××× gauss.f

derivg ( )8883 ××× gauss.f

derivc ( )883 ×× gauss.f

shape ( )888 ×× gauss.f

wtg ( )88× gauss.f

wtvol ( )88× gauss.f

rhssv ( )827np ×× glbmtr.f

rhsci ( )8np × glbmtr.f

nrdn ( )4nrchd × gwrchd.f

nprd ( )4nrn × gwrchd.f

rchmax ( )8nrchd × gwrchd.f

rchcon ( )8nrchd × gwrchd.f

rdlc ( )8nrchd × gwrchd.f

rech ( )8nrn × gwrchd.f

igrtyp ( )4nrch × gwrech.f

igrfxy ( )4nrch × gwrech.f

igrcxy ( )4nrch × gwrech.f

igmin ( )4nrch × gwrech.f

igmax ( )4nrch × gwrech.f

incr ( )4nrch × gwrech.f

grfmlt ( )8nrch × gwrech.f

grcmlt ( )8nrch × gwrech.f

hn ( )8np× headv.f

h ( )8np× headv.f
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Array Memory
Allocation

Module file

hm ( )8np× headv.f

change ( )8np× headv.f

npdbf ( )4nhn × hnode.f

ihnxy ( )4nhn × hnode.f

hnmlt ( )8nhn × hnode.f

igact ( )4np × masbal.f

iwface ( )4nnznny ×× masbal.f

ieface ( )4nnznny ×× masbal.f

isface ( )4nnznnx ×× masbal.f

inface ( )4nnznnx ×× masbal.f

ibface ( )4nnynnx ×× masbal.f

itface ( )4nnynnx ×× masbal.f

rowa ( )8ibwidnp ××
( )827np ××

masbal.f

rowr ( )8np× masbal.f

fndout ( )8np× masbal.f

gmz ( )8np× masbal.f

ssandk ( )8np× masbal.f

xw ( )8nnx × mesh.f

yw ( )8nny× mesh.f

zw ( )8nnz × mesh.f

xcord ( )8np× mesh.f

ycord ( )8np× mesh.f

zcord ( )8np× mesh.f

xs ( )8ne × mesh.f

delx ( )8ne × mesh.f

npnbft ( )4nmfn × mfnode.f

ifmfxy ( )4nmfn × mfnode.f

icmfxy ( )4nmfn × mfnode.f

fmfmlt ( )8nmfn × mfnode.f

cmfmlt ( )8nmfn × mfnode.f

anode ( )8nnxy × ndarea.f

npobs ( )4nobsn × obsn.f
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Array Memory
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Module file

nwobs ( )4nwgrp × obsw.f

iflgw ( )4nobsw × obsw.f

ixwobs ( )4nobsw × obsw.f

iywobs ( )4nobsw × obsw.f

izwobsb ( )4nobsw × obsw.f

izwobst ( )4nobsw × obsw.f

wellid ( )8nobsw × obsw.f

xwobs ( )8nobsw × obsw.f

ywobs ( )8nobsw × obsw.f

zwobsb ( )8nobsw × obsw.f

zwobst ( )8nobsw × obsw.f

wtargh ( )8nobsw × obsw.f

wtargc ( )8nobsw × obsw.f

wavgh ( )8nobswntsf ×× obsw.f

wavgc ( )8nobswntst ×× obsw.f

resh ( )8nobsw × obsw.f

resc ( )8nobsw × obsw.f

nplto ( )4nplt× pltcnt.f

plttim ( )8npltst × pltcnt.f

nprto ( )8nprt × prtcnt.f

prttim ( )8nprtst × prtcnt.f

nnrw ( )4nrw × rw.f

iqrwxy ( )4nrw × rw.f

iqrw ( )4np × rw.f

qf ( )8nrw × rw.f

qc ( )8nrw × rw.f

cavg ( )8nrw × rw.f

efac ( )8nrw × rw.f

rwqn ( )8np × rw.f

isbtyp ( )4nsb × sb.f

ihsbxy ( )4nsb × sb.f

nsbni ( )4nsb × sb.f

npsb ( )4nsbn × sb.f
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Module file

hsbmlt ( )8nsb × sb.f

sblc ( )8nsb × sb.f

botsbe ( )8nsb × sb.f

hsb ( )8nsb × sb.f

sbnfa ( )8nsbn × sb.f

hvar ( )8np× soln.f

itype ( )4nspl× spln.f

ntp ( )4nspl× spln.f

intx ( )4nspl× spln.f

inty ( )4nspl× spln.f

yp1 ( )8nspl× spln.f

ypn ( )8nspl× spln.f

xtp ( )8npds× spln.f

ytp

( ) 











×∑

=

8intp
nspl

1i

spln.f

ztp

( ) 











×∑

=

8intp
nspl

1i

spln.f

zone ( )8np × tecmod.f

layer ( )8np × tecmod.f

ph ( )8np × tecmod.f

qsurf ( )8nnxy × tecmod.f

itsf ( )4nssf × timcnt.f

tmvec ( )8

( )8nts ×
( )8ntstot ×

timcnt.f

ixymt ( )4nmat × tprop.f

propt ( )8nmat15 ×× tprop.f

velx ( )8ne × vele.f

vely ( )8ne × vele.f

velz ( )8ne × vele.f

velxn ( )8np × veln.f

velyn ( )8np × veln.f



WESTINGHOUSE SAVANNAH RIVER COMPANY Manual: WSRC-TR-99-00282
Section: 6, Rev. 0
Date: 3/2000

FACT CODE MANUAL Page: 15 of 24

Array Memory
Allocation

Module file

velzn ( )8np × veln.f

cmass ( )8np × veln.f

nlseg ( )4nls× vls.f

ixwell ( )4nls× vls.f

iywell ( )4nls× vls.f

npseg
( ) 





 ××∑ =

4inlseg2
nls

1i

vls.f

cwell ( )8nls× vls.f

hwell ( )8nls× vls.f

swnd ( )8ne × watsat.f

nnwel ( )4nwell× well.f

igwel ( )4nwn × well.f

iqwxy ( )4nwell× well.f

icwxy ( )4nwell× well.f

wqn ( )8nwn × well.f

cwel ( )8nwell× well.f

xsurf ( )8nnxy × wtable.f

ysurf ( )8nnxy × wtable.f

zsurf ( )8nnxy × wtable.f

6.4 FACT Subprogram Call Tree

Tree of subprogram calls:

FACT

   FILES

      CMSHDR

         DATE_AND_TIME

      LEN_TRIM

   INPUT

      CMSHDR

      GROUP1

      GROUP2

         IRANGE

      GROUP3
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         RRANGE

      GROUP4

         IRANGE

      GROUP5

         CHKMEM

         IRANGE

         RRANGE

      GROUP6

         IRANGE

         CHKMEM

      GROUP7

         CHKMEM

         MESHGN

            CHKMEM

            DXYZGN

            SHAPE8

               CHKMEM

            DJACOB

      GROUP8

         IRANGE

      GROUP9

         CHKMEM

      GROUP10

         HEADBC

            CHKMEM

            IRANGE

         CONCBC

            CHKMEM

            IRANGE

         MFBC

            CHKMEM

            IRANGE

         RWBC

            CHKMEM

            GENWN
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               CHKMEM

         WELLBC

            CHKMEM

            GENWN

         HDSBBC

            CHKMEM

            IRANGE

         VLSBC

            CHKMEM

            IRANGE

         RCHDBC

            CHKMEM

            IRANGE

         RECHBC

            CHKMEM

            IRANGE

      GROUP11

         IRANGE

         CHKMEM

         WFIND

            CHKMEM

         INITMB

            CHKMEM

      GROUP12

         CHKMEM

         IRANGE

         SPLINE

            CHKMEM

   INITL

      INITFL

         CHKMEM

      MOVE

      INITTR

         CHKMEM

      MOVE
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   SETUP

      CHKMEM

      POINT

      ZIADMK

         ZINSER

   PRINT

   TECPLT

      CHKMEM

      TECINI

      TECZNE

      TECDAT

      TECEND

      AREALC

         DJACOB

   (START OF FLOW ONLY)

      (START OF TRANSIENT)

         TIMSTP

         FLOW

            FLOWBC

               YVALUE

            PCGSOL

               SMTRF

                  ELMTRF

                     ELKRWS

                        YVALUE

                        DERIV

                           YVALUE

                  GLQUADF

                     ELKRWS

                        YVALUE

                        DERIV

                           YVALUE

                     DJACOB

                  ZFIND

                  HDSB



WESTINGHOUSE SAVANNAH RIVER COMPANY Manual: WSRC-TR-99-00282
Section: 6, Rev. 0
Date: 3/2000

FACT CODE MANUAL Page: 19 of 24

                  RCHD

                  VLSRC

               ILDLT

                  DLT

                  ZFIND

               CONJGR

                  MATM2

                     ZFIND

                  SCOPY

                  LSOLV

                  DLTSLV

                     ZFIND

                  SDOT

                  SAXPY

                  SNRM2

            USOLF

               UMTRF

                  ELMTRF

                     ELKRWS

                        YVALUE

                        DERIV

                           YVALUE

                  GLQUADF

                     ELKRWS

                        YVALUE

                        DERIV

                           YVALUE

                     DJACOB

                  ZFIND

                  HDSB

                  RCHD

                  VLSRC

               ILU

                  DU

               ORTHMN
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                  SNRM2

                  LUSOLV

         H2OTBL

         VELSAT

            ELKRWS

               YVALUE

               DERIV

                  YVALUE

            VEL_IM

            VEL_GL

               DJACOB

               GRADH

         PRINT

         PRTOBS

         SLINE

         FRECH

         MBFE

            ELMTRF

            GLQUADF

            ZFIND

            CHKMEM

         TECPLT

            CHKMEM

            TECINI

            TECZNE

            TECDAT

            TECEND

            AREALC

               DJACOB

         WRESID

            CHKMEM

         DUMP

         MOVE

      (END OF TRANSIENT)

      WPRINT
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         TECINI

         TECZNE

         TECDAT

         TECEND

   (END OF FLOW ONLY SIMULATION)

   (START OF TRANSPORT ONLY SIMULATION)

      (START OF TRANSIENT)

         TIMSTP

         FSREAD

         PECO

            CHKMEM

            SUPGP

            TECINI

            TECZNE

            TECDAT

            TECEND

         TRANSPRT

            TRANBC

               YVALUE

            USOLT

               (UPDATE RHS ONLY)

               RUPDT

               (UPDATE LHS AND RHS)

               CIMTR

                  YVALUE

                  DJACOB

               UMTRT

                  ELMTRT

                     SUPGP

                     YVALUE

                  GLQUADT

                     DJACOB

                     SUPGP

                     YVALUE

                  ZFIND



WESTINGHOUSE SAVANNAH RIVER COMPANY Manual: WSRC-TR-99-00282
Section: 6, Rev. 0
Date: 3/2000

FACT CODE MANUAL Page: 22 of 24

               ILU

               ORTHMN

            CINEW

         PRINT

         PRTOBS

         FRECH

         STMSRC

         MASSUM

         TECPLT

         WRESID

         DUMP

         CMAX

         MOVE

      (END OF TRANSIENT)

      WPRINT

   (END OF TRANSPORT ONLY SIMULATION)

   (START OF FLOW AND TRANSPORT SIMULATION)

      (START OF TRANSIENT)

         TIMSTP

         (STEADY-STATE FLOW)

            FLOW

            H2OTBL

            VELSAT

            PECO

            FRECH

            MBFE

            MOVE

         (END OF STEADY-STATE FLOW)

         (TRANSIENT FLOW, KSSF.EQ.1)

            FLOW

            H2OTBL

            VELSAT

            PECO

            FRECH

            MBFE
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            MOVE

         (END OF TRANSIENT FLOW)

         TRANSPRT

         PRINT

         PRTOBS

         FRECH

         STMSRC

         TECPLT

         WRESID

         DUMP

         CMAX

         MOVE

      (END OF TRANSIENT)

      WPRINT (NWGRP.GT.0)

   (END OF FLOW AND TRANSPORT SIMULATION)
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7 Input and Output
he input and output files associated with the FACT code and their contents are
described below.  Examples of typical input files can be seen in Appendices B and

D.  These input files correspond to the verification test cases presented in Sections 4.1
and 4.2.

7.1 Super File

The FACT super file is a special type of file used to organize the individual files for input
and output to FACT.  The super file is a text file that contains the names of input/output
files and the Tecplot directory name.  The super file is read from standard input
(unit=5).  The first line of the super file is an identifier card, “FACTSUP”.  After the
identifier line, each subsequent line is preceded by a four-letter category code and a
filename.  The category code and filename have to be enclosed in single or double quotes.
The MAIN, PRNT and TECP categories are required.  The other categories are specified
based on the type of simulation, initial condition specifications and output control
options.  Table 7.1 shows the format of a typical super file.

Table 7.1
Super File Format

FACTSUP

“MAIN” “FACT.main”

“GEOM” “FACT.geom”

“MATL” “FACT.matl”

“BCFT” “FACT.bcft”

“SPLN” “FACT.spln”

“PRNT” “FACT.prnt”

“TECP” “/usr/people/abc/”

7.2 Input and Output Files

Table 7.2 summarizes the input and output (I/O) files specified within the FACT super
file.  The detailed content and organization of each file is presented in the next section.

FACT uses list-directed READ statements to process numeric data in the main input,
geometry, material properties, boundary conditions and spline profile data files.
Therefore, there are no data formatting requirements and the data associated with a given
READ statement may occupy multiple lines in the main input file.  Data groups are
delineated by required comment lines that serve the purpose of annotating the input.

T
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FACT has the capability of restarting a simulation from the exact conditions at the end of
a previous run through the use of ASCII or binary "restart" files.  This capability can be
used in many useful ways such as to

• start a transient calculation from a previously computed steady-state condition,

• seamlessly continue a transient calculation,

• start a steady-state model calibration run from the conditions that resulted from the
previous parameter values.

To use this capability, the user must save the solution from the earlier simulation in the
restart files designated in Group 6b.  Then the user must specify in Group 8 the state of
the restart (cold or hot start).  Details on how to do so are presented in the next section.

Besides a main output file, FACT can create additional output files intended for Tecplot
post-processing.  These files are presented in Table 7.4.

7.3 File Content and Organization

The data content and organization of each of the files listed in Table 7.2 is defined below.
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Table 7.2
Summary of FACT Input and Output Files

File Name Unit I/O Format Comments1

super file user-specified 5 input formatted
(ASCII)

Required for
standard input

main input user-specified in
super file

10 input formatted
(ASCII)

Required always for
category MAIN

geometry user-specified in
super file

11 input formatted
(ASCII)

Required for
category GEOM

material properties user-specified in
super file

12 input formatted
(ASCII)

Required for
category MATL

boundary conditions user-specified in
super file

13 input formatted
(ASCII)

Required for
category BCFT

spline data user-specified in
super file

14 input formatted
(ASCII)

Required for
category SPLN

printed output user-specified in
super file

15 output formatted
(ASCII)

Created always for
category PRNT

initial condition
head

user-specified in
super file

20 input binary
ASCII

Required for
category ICHN

initial condition
concentration

user-specified in
super file

21 input binary
ASCII

Required for
category ICCN

initial condition
immobile

concentration

user-specified in
super file

22 input binary
ASCII

Required for
category ICCI

flow solution
elemental velocity

user-specified in
super file

23 input binary
ASCII

Required for
category FSVE

flow solution
water saturation

user-specified in
super file

24 input binary
ASCII

Required for
category FSWS

flow solution
nodal velocity

user-specified in
super file

25 input binary
ASCII

Required for
category FSVN

flow solution
mass balance flow

user-specified in
super file

26 input binary
ASCII

Required for
category FSMB

flow solution
recharge/drain flow

user-specified in
super file

27 input binary
ASCII

Required for
category FSRD

flow solution
water table

user-specified in
super file

28 input binary
ASCII

Required for
category FSWT

head
solution

user-specified in
super file

29 output binary
ASCII

Required for
category HEAD

concentration
solution

user-specified in
super file

30 output binary
ASCII

Required for
category CONC

immobile
concentration

solution

user-specified in
super file

31 output binary
ASCII

Required for
category CIMN

elemental velocity
solution

user-specified in
super file

32 output binary
ASCII

Required for
category VELE

water saturation
solution

user-specified in
super file

33 output binary
ASCII

Required for
category WSAT

nodal velocity
solution

user-specified in
super file

34 output binary
ASCII

Required for
category VELN

mass balance
nodal flow

user-specified in
super file

35 output binary
ASCII

Required for
category MASB

recharge/drain
flow

user-specified in
super file

36 output binary
ASCII

Required for
category RCDR

water table
elevations

user-specified in
super file

37 output binary
ASCII

Required for
category WTBL

steady-state
observation well

statistics

user-specified in
super file

38 output formatted
(ASCII)

Required for
category OBSW
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File Name Unit I/O Format Comments1

summary of Tecplot
plot option time
steps and times

user-specified in
super file

39 output formatted
(ASCII)

Required for
category TECS

1Files associated with units 20-37 are binary by default with the standard 4 character
category name.  Appending the 2 characters “-A” to the category name allows the file to
be opened as formatted ASCII.  For example, use “HEAD-A” to write out an ASCII head
solution.

Table 7.3
FACT directory path for Tecplot files

Dir Name1 Comments

Directory for storing
Tecplot output files

user-specified in super
file

Required for category
TECP

1Directory path name must include a trailing “/” for UNIX and a “\” for Windows.

7.3.1 Main input file

The main input file is divided into 12 groups and arranged as follows:
1. Problem description
2. Simulation options
3. Upstream weighing
4. Iteration control parameters
5. Time control parameters
6. Output control parameters
7. Mesh specification
8. Initial conditions and flow solution
9. Material properties
10. Boundary conditions
11. Special features
12. Spline profile data

The above sequence must be strictly followed, although not every item will be present for
all simulations.  Groups 1-6, 8 and 11 must be read from the main input file.  Group 7 is
read from the main input file or geometry file (GEOM).  Group 9 is read from the main
input file or material properties file (MATL).  Group 10 is read from the main input file
or boundary conditions file (BCFT).  Group 12 is read from the main input file or the
spline profile data file (SPLN).  A description of the input variables and data formats is
presented below.  The user should keep in mind the following items when preparing the
main input file

• The data associated with a given READ statement is termed a "data record" in the
discussion below.

• A comment line is required before most data records as described below.
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• FACT uses list-directed READ statements to process numeric data.  Therefore, there
are no data formatting requirements and the data associated with a given READ
statement may occupy multiple lines in the main input file.

• FACT numbers the nodes in the x-direction first, y-direction second and z-direction
last, as discussed in Section 5.

The following data records are required as indicated:

_________________________________  Group  1  _____________________________

1. Problem description

This group read from file specified in MAIN category of super file.

A comment line followed by three data records:

comment

title(1)

title(2)

title(3)

title(1): Title 1 of problem.

title(2): Title 2 of problem.

title(3): Title 3 of problem.

_________________________________  Group  2  _____________________________

2. Simulation options

This group read from file specified in MAIN category of super file.

A comment line followed by one data record:

comment

kmod         kssf         ksst        iddmt         iwatp         ipicrd         iquad

kmod: Parameter indicating the type of modeling required;
= 0 flow simulation only,
= 1 transport simulation only,
= 2 flow and transport simulation.

kssf: Parameter indicating if the flow simulation is to be performed in
a steady-state manner;

= 0 steady-state,
= 1 transient.
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ksst: Parameter indicating if the transport simulation is to be
performed in a steady-state manner;

= 0 steady-state,
= 1 transient.

iddmt: Parameter indicating if Single-Domain or Dual-Domain mass
transfer model is to be used for transport simulation;

= 0 Single-Domain mass transfer model,
= 1 Dual-Domain mass transfer model.

iwatp: Parameter indicating if the aquifer system is unconfined and to be
treated using the variably saturated modeling approach;

= 0 saturated modeling,

= 1 variably saturated modeling using soil-water retention curve.

ipicrd: Parameter indicating the type iteration used to solve the nonlinear
system for the variably saturated flow modeling option;

= -n Newton-Raphson iteration with up to n backtracks used,
=  0 Newton-Raphson iteration,
=  1 Picard iteration.

iquad: Parameter indicating elemental quadrature method for flow and
transport equations,

= 0 influence matrix formulation (quick and analytic for
undistorted mesh).

= 1 Two-point Gauss-Legendre quadrature (highly recommended
for distorted mesh).

_________________________________  Group  3  _____________________________

3. Upstream weighting

This group read from file specified in MAIN category of super file.

A comment line followed by one data record:

comment

upstr         wfac

upstr: Upstream weighting of relative permeability for the flow
equation.  FACT requires 1upstr0 ≤≤  with upstr = 0.0 for no
upstream weighting and upstr = 1.0 for full upstream weighting.

wfac: Streamline-Upwind Petrov-Galerkin (SUPG) weighting
parameter for the advection terms in the transport equation
( 1wfac1 ≤≤− ).
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<0 Compute optimal choice of parameter ‘α’ to control
overshoot and minimize numerical dispersion.  Computed as
a function of cell Peclet and Courant number.  Optimized for

1Co ≤  at this time.
=0 No upwind weighting (standard Bubnov-Galerkin).
>0 User specified choice of parameter ‘α’.

_________________________________  Group  4  _____________________________

4. Iteration control parameters

This group read from file specified in MAIN category of super file.

A comment line followed by one data record:

comment

htol         ctol         nitmax        north

htol: Head tolerance to be used in the matrix solution of the flow
equation.

ctol: Concentration tolerance to be used in the matrix solution of the
transport equation.

nitmax: Maximum number of non-linear iterations of flow equation.

north: Maximum number of orthogonalizations in ORTHOMIN
( 40north1 ≤≤ ).

_________________________________  Group  5  _____________________________

5. Time control parameters (kssf=1 or ksst=1)

This group read from file specified in MAIN category of super file.

A comment line followed by one data record:

comment

nts         idt         mxstr         theta

nts: Number of time steps.

idt: Parameter indicating the type of time step variation;
= 0 specify simulation times,
= 1 specify simulation intervals and number of time steps per

interval.

mxstr: Maximum number of time step refinements (halving) allowed in
the non-linear iterative solution of the flow equation.
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theta: Time-weighting factor for transport equation, 10 ≤θ≤ .
= 0.0 explicit scheme,
= 0.5 Crank-Nicolson implicit scheme,
= 1.0 fully implicit scheme.

5(a) Simulation times (idt=0)

A comment line followed by one data record:

comment

tmvec(1)……….tmvec(nts)

tmvec(i): Time values at the end of time step (i = 1,nts)

5(b) Simulation intervals (IDT=1)

A comment line followed by multiple data records:

comment

nsi

tmst(1)        tmend(1)       nsti(1)

tmst(2)        tmend(2)       nsti(2)

    :                   :                   :

tmst(nsi)     tmend(nsi)     nsti(nsi)

nsi: Number of simulation intervals.

tmst(i): Starting time value.

tmend(i): Ending time value.

nsti: Number of time steps between tmst and tmend.

5(c) Time Step Numbers for Steady-State Flow Calculations (kmod=2,
kssf=0, ksst=1)

A comment line followed by multiple data records:

Comment

nssf

itsf(1)……….itsf(nssf)

nssf: Number of steady-state flow calculations ( )1nssf ≥ .

itsf(i): List of time step numbers for steady-state flow calculations (i=1,
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nssf).  First time step number must be 1.

_________________________________  Group  6  _____________________________

6. Output control parameters

This group read from file specified in MAIN category of super file.

A comment line followed by one data record:

comment

iprt         irst         iplt        ibug         iprint

iprt: Parameter specifying if printed output required;
= 0 no,
= 1 yes.

irst: Parameter specifying creation of binary restart files;
= 0 no,
= 1 yes.

iplt: Parameter specifying creation of binary Tecplot files;
= 0 no,
= 1 yes.

ibug: Parameter specifying printing of diagnostic information;
= 0 no,
= 1 yes.

iprint: Parameter specifying level of printing;
= 0 short,
= 1 medium,
= 2 long.

6(a) Printed output file (iprt=1)

A comment line followed by one data record:

comment

iprtf

iprtf: Parameter specifying print frequency type
= 0 specified time step interval,
= 1 specified set of simulation times.

Print at specified time step interval (iprtf=0)

One data record:
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iprtts

iprtts: Print time step interval.

Print at specified simulation times (iprtf=1)

One data record:

nprtst

nprtst: Number of print simulation times.

One data record:

prttim(1)……….prttim(nprtst)

prttim(i): Print simulation times.

Print options

One data record:

nprt

nprt: Number of print options.

One data record:

nprto(1)……….nprto(nprt)

nprto(i): Print options
= 0 print hydraulic heads
= 1 print concentrations
= 2 print nodal velocities
= 3 print water saturation
= 4 print elemental velocities
= 5 print water table elevations
= 6 print immobile concentrations

6(b) Restart files (irst=1)

A comment line followed by one data record:

comment

irstf

irstf: Parameter specifying dump frequency type
= 0 specified time step interval,
= 1 specified set of simulation times.

Dump at specified time step interval (irstf=0)
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One data record:

irstts

irstts: Dump time step interval.

Dump at specified simulation times (irstf=1)

One data record:

nrstst

nrstst: Number of dump simulation times.

One data record:

rsttim(1)……….rsttim(nrstst)

rsttim(i): Dump simulation times.

Dump options

One data record:

nrst

nrst: Number of dump options.

One data record:

nrsto(1)……….nrsto(nrst)

nrsto(i): Dump options
= 0 save hydraulic heads
= 1 save concentrations
= 2 save nodal velocities
= 3 save water saturation
= 4 save elemental velocities
= 5 save water table elevations
= 6 save mass balance flows
= 7 save recharge/drain flows
= 8 save immobile concentrations

6(c) Tecplot post-processing files (iplt=1)

A comment line followed by one data record:

comment

ipltf

ipltf: Parameter specifying plot frequency type
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= 0 specified time step interval,
= 1 specified set of simulation times.

Plot at specified time step interval (ipltf=0)

One data record:

ipltts

ipltts: Plot time step interval.

Plot at specified simulation times (ipltf=1)

One data record:

npltst

npltst: Number of plot simulation times.

One data record:

plttim(1)……….plttim(npltst)

plttim(i): Plot simulation times

Plot options

One data record:

nplt

nplt: Number of plot options.

One data record:

nplto(1)……….nplto(nplt)

nplto(i): Plot options
= 0 plot hydraulic heads
= 1 plot concentrations
= 2 plot nodal velocities
= 3 plot water saturation
= 4 plot elemental velocities
= 5 plot water table elevations
= 6 plot pressure heads
= 7 plot mass balance flows at top surface
= 8 plot vertically-averaged concentration in each aquifer,

surface mass flux and total solute mass.
= 9 plot immobile concentrations
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6(d) Vertically-averaged aquifer concentrations (kmod>0, nplto=8)

A comment line followed by multiple data records:

comment

naq     satmin     satmax

aqname(1)           iebot(1)           ietop(1)

aqname(2)           iebot(2)           ietop(2)

        :                        :                      :

aqname(naq)       iebot(naq)        ietop(naq)

naq: Number of aquifers ( )9naq1 ≤≤ .

satmin: Minimum element saturation for averaging
( )satmaxsatmin0 <≤ .

satmax: Maximum element saturation for averaging
( )1satmaxsatmin ≤< .

aqname(j): Aquifer identification ( 8 character string enclosed within
quotes).

iebot(j): Lower vertical element number of aquifer.

ietop(j): Upper vertical element number of aquifer.

6(e) Output units and timing conversion data

A comment line followed by one data record:

comment

strt_date         conv_time         conv_vol        conv_mass

strt_date: Starting date of simulation.

conv_time: Time conversion factor.

conv_vol: Volume conversion factor.

conv_mass: Mass conversion factor.

Note:  The date and time conversions are applied to all Tecplot output files.
The volume and mass conversions are applied only to the vertically-averaged areal
and total solute mass, recharge/drain solute mass flux and the total mass flowrate
of solute removed from the recharge/drain boundary condition by drainage.
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________________________________  Group 7  _____________________________

7. Mesh specification

This group read from file specified in MAIN or GEOM category of super file.

A comment line followed by one data record:

comment

nnx         nny         nnz        dxmax         dymax         dzmax         igrid

nnx: Number of nodes in the x-direction.  nnx must not be less than 2.

nny: Number of nodes in the y-direction.  nny must not be less than 2.

nnz: Number of nodes in the z-direction.  nnz must not be less than 2.

dxmax: Maximum value of spatial increment allowed in the x-direction.

dymax: Maximum value of spatial increment allowed in the y-direction.

dzmax: Maximum value of spatial increment allowed in the z-direction.

igrid: Parameter indicating if x, y and z nodal coordinates of the grid
lines are to be input or generated by the code

= 0 nodal coordinates are to be computed using generated values
of spatial increments,

= 1 input of grid line coordinates is needed,
= 2 grid line coordinates are to be input for the x and y directions,

and nodal coordinates are to be input for the z direction.

7(a) Coordinate generation parameters (igrid=0)

A comment line followed by one data record:

comment

dx         dy         dz        scfx         scfy         scfz

dx: Nodal spacing in the x-direction of the first grid block.

dy: Nodal spacing in the y-direction of the first grid block.

dz: Nodal spacing in the z-direction of the first grid block.

scfx: Scale factor in the x-direction.

scfy: Scale factor in the y-direction.



WESTINGHOUSE SAVANNAH RIVER COMPANY Manual: WSRC-TR-99-00282
Section: 7, Rev. 0
Date: 3/2000

FACT CODE MANUAL Page: 15 of 42

scfz: Scale factor in the z-direction.

Second data record:

xbeg         ybeg         zbeg        xend         yend         zend

xbeg: Minimum value of x-coordinate.

ybeg: Minimum value of y-coordinate.

zbeg: Minimum value of z-coordinate.

xend: Maximum value of x-coordinate.

yend: Maximum value of y-coordinate.

zend: Maximum value of z-coordinate.

7(b) Grid line x-coordinates (igrid=1 or 2)

A comment line followed by one data record:

comment

xw(1)……….xw(nnx)

xw(i): x-coordinates of grid lines.

7(c) Grid line y-coordinates (igrid=1 or 2)

A comment line followed by one data record:

comment

yw(1)……….yw(nny)

yw(i): y-coordinates of grid lines.

7(d) Grid line z-coordinates (igrid=1)

A comment line followed by one data record:

comment

zw(1)……….zw(nnz)

zw(i): z-coordinates of grid lines.
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7(e) Nodal z-coordinates (igrid=2)

A comment line followed by one data record:

zcord(i): z-coordinates of nodes.

7(f) Coordinate transformation from site to model coordinates (Observation
wells)

A comment line followed by one data record:

tht         dxs         dys

tht: Rotation angle (degrees counterclockwise).

dxs: Areal x translation.

dys: Areal y translation.

Note:  The coordinate transformation from site to model coordinates is applied
only to the observation well coordinates in Group 11.

_________________________________  Group  8  _____________________________

8. Initial conditions and flow solution

This group read from file specified in MAIN category of super file.

A comment line followed by one data record:

comment

istart

istart: Parameter indicating start of simulation
= 0 cold start,
= 1 hot start.

8(a) Cold start (istart=0)

Five data records:

jhead         hconst

jcon           conval

jcim           cimval

jvel            vcx         vcy        vcz

jwsat         swd

jhead: Initial condition for head
= 0 set constant value,
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= 1 read values from file specified in ICHN category of super
file.

hconst: Hydraulic head value.

jcon: Initial condition for concentration
= 0 set constant value,
= 1 read values from file specified in ICCN category of super

file.

conval: Concentration value.

jcim: Initial condition for immobile concentration
= 0 set constant value,
= 1 read values from file specified in ICCI category of super file.

cimval: Immobile concentration value.

jvel: Flow solution for Darcy velocity
= 0 set constant values,
= 1 read values from file specified in FSVE category of super

file.

vcx: Darcy velocity in x-direction.

vcy: Darcy velocity in y-direction.

vcz: Darcy velocity in z-direction.

jwsat: Flow solution for water saturation
= 0 set constant value,
= 1 read values from file specified in FSWS category of super

file.

swd: Water saturation.

Note:  All entries are required and are used based on the type of simulation.

8(b) Hot start (istart=1)

One data record:

hstime

hstime: Hot start time.



WESTINGHOUSE SAVANNAH RIVER COMPANY Manual: WSRC-TR-99-00282
Section: 7, Rev. 0
Date: 3/2000

FACT CODE MANUAL Page: 18 of 42

_________________________________  Group  9  _____________________________

9. Material properties

This group read from file specified in MAIN or MATL category of super file.

A comment line followed by one data record:

comment

nmat

nmat: Number of different porous materials.

9(a) Element property numbers (nmat>1)

A comment line followed by one data record:

comment

iprop(1)……….iprop(ne)

iprop(i): Material number specification for each element.  iprop(i) < 1
implies inactive element.

9(b) Hydraulic properties of soil (kmod=0 or 2)

A comment line followed by nmat data records:

comment

propf(1,1)…………propf(8,1)

propf(1,2)..………..propf(8,2)

     :                               :

propf(1,nmat)……..propf(8,nmat)

propf(1,j): Saturated hydraulic conductivity component Kxx of material j.

propf(2,j): Saturated hydraulic conductivity component Kyy of material j.

propf(3,j): Saturated hydraulic conductivity component Kzz of material j.

Note:  For isotropic material, set Kxx  = Kyy  = Kzz .

propf(4,j): Saturated hydraulic conductivity component Kxy of material j.

propf(5,j): Saturated hydraulic conductivity component Kxz of material j.
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propf(6,j): Saturated hydraulic conductivity component Kyz of material j.

propf(7,j): Specific storage, Ss, of material j.

propf(8,j): Effective porosity, φ, of material j.

9(c) Variably saturated properties (kmod=0 or 2, iwatp=1)

A comment line followed by nmat data records:

comment

satmlt(1)               isatxy(1)               pkrmlt(1)              ipkrxy(1)

satmlt(2)               isatxy(2)               pkrmlt(2)              ipkrxy(2)

     :                            :                              :                           :

satmlt(nmat)         isatxy(nmat)         pkrmlt(nmat)        ipkrxy(nmat)

satmlt(j): Spline multiplier of water saturation versus pressure head of
material j.

isatxy(j): Spline index of water saturation versus pressure head of material
j.

pkrmlt(j): Spline multiplier of relative permeability versus water saturation
of material j.

ipkrxy(j): Spline index of relative permeability versus water saturation of
material j.

9(d) Soil-solute transport parameters (kmod>0)

A comment line followed by NMAT data records:

comment

propt(1,1)…………propt(15,1)                 ixymt(1)

propt(1,2)..………..propt(15,2)                 ixymt(2)

     :                                 :                                   :

propt(1,nmat)……..propt(15,nmat)           ixymt(nmat)

propt(1,j): Distribution coefficient for linear adsorption, dk , of material j.

propt(2,j): Particle mass density, sρ , of material j.

propt(3,j): Total porosity, φ, of material j.
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propt(4,j): Longitudinal horizontal dispersivity, αLH , of material j.

propt(5,j): Longitudinal vertical dispersivity, αLV , of material j.

propt(6,j): Transverse horizontal dispersivity, αTH , of material j.

propt(7,j): Transverse vertical dispersivity, αTV , of material j.

propt(8,j): Apparent molecular diffusion coefficient of material j, Do (Do =

τφD*, where D* is the free-water molecular diffusion coefficient,
φ is porosity, and τ is tortuosity).

propt(9,j): Solute decay coefficient, rλ , of material j.

propt(10,j): First-order reaction rate for the mobile phase, mλ , of material j.

propt(11,j): Minimum fraction of mobile water, minΦ , of material j.

propt(12,j): Maximum (saturated) fraction of mobile water, satΦ , of material

j.

propt(13,j): Fraction of adsorption sites in contact with mobile phase, f, of
material j.

propt(14,j): First-order reaction rate for the immobile phase, imλ , of material
j.

propt(15,j): Spline multiplier of mass transfer coefficient between mobile and
immobile water, α , of material j.

ixymt(j): Spline index of mass transfer coefficient between mobile and
immobile water, α , of material j.

________________________________  Group 10  _____________________________

10. Boundary Conditions

This group read from file specified in MAIN or BCFT category of super file.

Boundary condition control record
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A comment line followed by one data record:

comment

nhn         ncn         nmfn        nrw         nwell         nsb         nls         nrech

nhn: Number of specified head nodes.

ncn: Number of specified concentration nodes.

nmfn: Number of specified mixture or mass flow nodes.

nrw: Number of recirculation wells.

nwell: Number of pumping/injection wells.

nsb: Number of head-dependent source beds.

nls: Number of vertical head-dependent line sources.

nrech: Parameter indicating if the groundwater recharge zones are to be
used.

= -1 combination recharge/drain,
=  0 no groundwater recharge,
=  n number of groundwater recharge zones.

10(a) Specified head nodes (kmod=0 or 2, nhn>0)

A comment line followed by nhn data records:

comment

npdbf(1)             hnmlt(1)             ihnxy(1)

npdbf(2)             hnmlt(2)             ihnxy(2)

      :                           :                         :

npdbf(nhn)         hnmlt(nhn)         ihnxy(nhn)

npdbf(i): Global node number.

hnmlt(i): Spline multiplier of head time series.

ihnxy(i): Spline index of head time series.
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10(b) Specified concentration nodes (kmod>0, ncn>0)

A comment line followed by ncn data records:

comment

npdbt(1)             cnmlt(1)             icnxy(1)

npdbt(2)             cnmlt(2)             icnxy(2)

      :                           :                         :

npdbt(ncn)         cnmlt(ncn)         icnxy(ncn)

npdbt(i): Global node number.

cnmlt(i): Spline multiplier of concentration time series.

icnxy(i): Spline index of concentration time series.

10(c) Specified mixture or mass flow nodes (nmfn>0)

A comment line followed by nmfn data records:

comment

npnbft(1)            fmfmlt(1)            ifmfxy(1) )          cmfmlt(2)           icmfxy(2)

npnbft(2)            fmfmlt(2)            ifmfxy(2)            cmfmlt(2)           icmfxy(2)

      :                           :                         :                            :                         :

npnbft(nmfn)     fmfmlt(nmfn)      ifmfxy(nmfn)      cmfmlt(nmfn)    icmfxy(nmfn)

npnbft(i): Global node number.

fmfmlt(i): Spline multiplier of flow time series.

ifmfxy(i): Spline index of flow time series.

cmfmlt(i): Spline multiplier of concentration time series.

icmfxy(i): Spline index of concentration time series.

 10(d) Recirculation wells (nrw > 0)

A comment line followed by nrw data records:
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comment

xrw(1)           yrw(1)           zbext(1)           ztext(1)          zbinj(1)           ztinj(1)

qrw(1)           iqrwxy(1)      efac(1)

      :                     :                   :                       :                     :                        :

xrw(nrw)       yrw(nrw)       zbext(nrw)       ztext(nrw)      zbinj(nrw)      ztinj(nrw)

qrw(nrw)       iqrwxy(nrw)  efac(nrw)

xrw(i): Well areal x-coordinate.

yrw(i): Well areal y-coordinate.

zbext(i): Well extraction screen bottom elevation.

ztext(i): Well extraction screen top elevation.

zbinj(i): Well injection screen bottom elevation.

ztinj(i): Well injection screen top elevation.

qrw(i): Well pumping volumetric flow.

iqrwxy(i) Spline index of pumping time series.

efac(i): Single pass extraction efficiency factor.

 10(e) Well boundary conditions (kmod=0 or 2, nwell>0)

A comment line followed by nwell data records:

comment

xwel(1)                  ywel(1)                 zbwel(1)                   ztwel(1)

qwel(1)                  iqwxy(1)               cwel(1)                      iqwxy(1)

      :                            :                             :                                   :

xwel(nwell)           ywel(nwell)           zbwel(nwell)            ztwel(nwell)

qwel(nwell)           iqwxy(nwell)         cwel(nwell)              iqwxy(nwell)

xwel(i): Well areal x-coordinate.

ywel(i): Well areal y-coordinate.

zbwel(i): Well screen bottom elevation.
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ztwel(i): Well screen top elevation.

qwel(i): Well pumping/injection volumetric flow.

iqwxy(i): Spline index of pumping time series.

cwel(i): Well injection concentration.

icwxy(i): Spline index of concentration time series.

 10(f) Head-dependent source beds (kmod=0 or 2, nsb>0)

A comment line followed by nsb data records:

comment

isbtyp(1)          hsbmlt(1)        ihsbxy(1)         nsbni(1)        sblc(1)         botsbe(1)

npsb(1)………npsb(nsbni(1))

sbnfa(1)….…..sbnfa(nsbni(1))

      :                            :                 :                        :                    :                    :

isbtyp(nsb)      hsbmlt(nsb)     ihsbxy(nsb)     nsbni(nsb)     sblc(nsb)     botsbe(nsb)

npsb(1)………npsb(nsbni(nsb))

sbnfa(1)….…..sbnfa(nsbni(nsb))

isbtyp(i): Source bed type identifier:
= 0 aquitard overlain by a surficial aquifer in which the head is

prescribed,
= 1 semipermeable bed overlain by a surface-water body (e.g.

river, stream or lake),
= 2 drain source bed,
= 3 general head source bed.

hsbmlt(i): Spline multiplier of head at the top of the source bed.

ihsbxy(i): Spline index of head at the top of the source bed.

nsbni(i): Number of nodes that will have leakage flux interaction with the
source bed.

sblc(i): Leakance coefficient of the source bed.  The leakance is defined
as the ratio of vertical hydraulic conductivity to saturated
thickness.

botsbe(i): Elevation of the bottom of the source bed.  (This is read but not
used when isbtyp=2 or 3).
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Source bed nodes

nsbni(i) data records:

npsb(j): Global node numbers of source bed nodes.

Source bed nodal flow areas  (isbtyp>0)

nsbni(i) data records:

sbnfa(j): Source bed nodal flow areas.

 10(g) Vertical head-dependent line sources (kmod=0 or 2, nls>0)

A comment line followed by nls data records:

comment

nlseg(1)             cwell(1)          hwell(1)            ixwell(1)           iywell(1)

npseg(1,1)                    npseg(2,1)

       :                                    :

npseg(1,nlseg(1))         npseg(2,nlseg(1))

nlseg(nls)          cwell(nls)        hwell(nls)         ixwell(nls)        iywell(nls)

npseg(1,1)                    npseg(2,1)

       :                                    :

npseg(1,nlseg(nls))      npseg(2,nlseg(nls))

nlseg(i): Number of segments in line source.

cwell(i): Well coefficient.

hwell(i): Well hydraulic head.

ixwell(i): Well area x grid line location.

iywell(i): Well area y grid line location.

nlseg(i) data records:

npseg(1,j): Lower global node of segment j in line i.

npseg(2,j): Upper global node of segment j in line i.



WESTINGHOUSE SAVANNAH RIVER COMPANY Manual: WSRC-TR-99-00282
Section: 7, Rev. 0
Date: 3/2000

FACT CODE MANUAL Page: 26 of 42

10(h) Recharge/Drain combination (nrch=-1)

A comment line followed by one data record:

comment

nrchd

nrchd: Number of recharge/drain groups.

nrchd data records:

rchmax(1)                   rchcon(1)                    rdlc(1)                     nrdn(1)

nprd(1)……….nprd(nrdn(1))

      :                                    :                                  :                               :

rchmax(nrchd)            rchcon(nrchd)             rdlc(nrchd)              nrdn(nrch)

nprd(1)……….nprd(nrdn(nrchd))

rchmax(i): Maximum recharge flux.

rchcon(i): Recharge solute concentration.

rdlc(i): Leakance coefficient of the drain.

nrdn(i): Number of recharge/drain nodes.

Recharge/drain nodes

nrdn(i) numbers:

nprd(j): Global node numbers of recharge/drain nodes.

10(i) Groundwater recharge (nrch>0)

A comment line followed by nrch data records:

comment

igrtyp(1)             grfmlt(1)             igrfxy(1)             grcmlt(1)             igrcxy(1)

igmin(1)             igmax(1)             incr(1)

      :                         :                          :                             :                            :

igrtyp(nrch)        grfmlt(nrch)        igrfxy(nrch)        grcmlt(nrch)        igrcxy(nrch)

igmin(nrch)        igmax(nrch)        incr(nrch)

igrtyp(i): Parameter indicating if the recharge is applied uniformly over the
top gridding surface.

= 0 uniform recharge applied over the top gridding surface,
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= 1 non-uniform recharge applied over the top gridding surface.

grfmlt(i): Spline multiplier of recharge flux time series.

igrfxy(i): Spline index of recharge flux time series.

grcmlt(i): Spline multiplier of recharge concentration time series.

igrcxy(i): Spline index of recharge concentration time series.

Non-uniform nodal range for the recharge zone (igrtyp=1)

igmin(i): Lowest global node number in the recharge zone.

igmax(i): Highest global node number in the recharge zone.

incr(i): Nodal increment between igmin(i) and igmax(i).

________________________________  Group 11  _____________________________

11. Special features

This group read from file specified in MAIN category of super file.

Control record

A comment line followed by one data record:

comment

iobsn         iobswg         imbal        pkrz

iobsn: Parameter indicating if the values of dependent variables ( head
and/or concentration) at some specified nodes are to be printed
for all time steps;

= 0 no
= 1 yes

iobswg: Parameter indicating if the values of dependent variables ( head
and/or concentration) at some specified observation well groups
are to be printed for all time steps;

= 0 no
= 1 yes

imbal: Parameter specifying if flow equation mass balance calculation is
required;

= 0 no
= 1 yes
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pkrz: Vertical relative permeability.  ( 0 1≤ ≤pkrz , set to negative
value to use computed values)

11(a) Observation node data (iobsn=1)

A comment line followed by one data record:

comment

nobsn

nobsn: Number of observation nodes.

One data record:

npobs(1)……….npobs(nobsn)

npobs(i): Global node numbers of observation nodes.

11(b) Observation well group data (iobswg=1)

A comment line followed by one data record:

comment

nwgrp

nwgrp: Number of observation well groups to compute average hydraulic
head or concentration.

One data record:

nwobs(1)……….nwobs(nwgrp)

nwobs(i): Number of observation wells per group.

A comment line followed by nobsw data records:

where ∑
=

=
nwgrp

1i

)i(nwobsnobsw
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comment

wellid(1)                     xwobs(1)                    ywobs(1)                    zwobsb(1)

zwobst(1)                   wtargh(1)                    wtargc(1)

         :                               :                                  :                                    :

wellid(nobsw)            xwobs(nobsw)            ywobs(nobsw)            zwobsb(nobsw)

zwobst(nobsw)           wtargh(nobsw)           wtargc(nobsw)

wellid(i): Well identification.  (8 character string enclosed within quotes)

xwobs(i): Well areal x-coordinate.

ywobs(i): Well areal y-coordinate.

zwobsb(i): Well screen bottom elevation.

zwobst(i): Well screen top elevation.

wtargh(i): Well hydraulic head target.

wtargc(i): Well concentration target.

________________________________  Group 12  _____________________________

12. Spline profile data

This group read from file specified in MAIN or SPLN category of super file.

A comment line followed by one data record:

comment

nsds

nsds: Number of spline data sets.

A comment line followed by nsds data records:
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comment

npds          nspd                       (First spline data set)

itype(1)………itype(nspd)

yp1(1)………..ypn(nspd)

xtp(1)………...xtp(npds)

ytp(1)…….…..ytp(npds)         (nspd records)

    :                          :

npds          nspd                       (Last spline data set)

itype(1)………itype(nspd)

yp1(1)………..ypn(nspd)

xtp(1)………...xtp(npds)

ytp(1)…….…..ytp(npds)         (nspd records)

npds: Number of data points in data set.

nspd: Number of splines per data set.

itype(ispl): Identifier of type of spline
= -1 heaviside spline,
=  0 first-degree spline,
=  1 cubic spline.

yp1(ispl): First derivative of the interpolating function at the lower
endpoint.  (Required input, but, used only for cubic splines.  If
set > 1.E10, natural cubic spline is generated at endpoint)

ypn(ispl): First derivative of the interpolating function at the upper
endpoint.  (Required input, but, used only for cubic splines.  If
set > 1.E10, natural cubic spline is generated at endpoint)

xtp(inx): Abscissa values or knots.

ytp(iny+1-ipt): Ordinate values.

Note:  For each spline data set, id=1,nsds

 ( ) ( )∑∑
==

≤≤+−
id

1i

id

1i

inspdispl11inspd
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( ) ( )∑∑
==

≤≤+−
id

1i

id

1i

inpdsinx11inpds

( ) ( )∑∑
==

≤≤+−
id

1i

id

1i

inpdsiny11inpds

)id(npdsipt1 ≤≤

7.3.2 Printed output file

The main output file is annotated and organized into the following categories.
• Configuration management header.
• Input processing.

• Problem description.
• Simulation options.
• Upstream weighting parameters.
• Iteration control parameters.
• Time control parameters.
• Output control parameters.
• Print file options.
• Restart file options.
• Tecplot file options.
• Mesh specification parameters.
• Coordinate generation parameters.
• Grid line coordinates.
• Nodal coordinates.
• Coordinate transformation data.
• Initial conditions and flow solution parameters.
• Material properties (Element property numbers, Hydraulic properties

of soil, variably saturated properties, and soil-solute transport
parameters).

• Boundary condition control parameters.
• Specified head nodes.
• Specified concentration nodes.
• Specified mixture or mass flow nodes.
• Recirculation wells.
• Pumping/Injection wells.
• Head-dependent source beds.
• Vertical head-dependent line sources.
• Recharge/drain combination parameters.
• Groundwater recharge parameters.
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• Special features control record.
• Observation node data.
• Observation well group data.
• Spline profile data.

• Solution
• Hydraulic heads (nprto=0).
• Concentrations (nprto=1).
• Nodal velocities (nprto=2).
• Water saturations (nprto=3).
• Elemental velocities (nprto=4).
• Water table elevations (nprto=5).
• Immobile concentrations (nprto=6).
• Observation node hydraulic head and/or concentration (iobsn=1).
• Volumetric flow rates for each line source segment (nls>0).
• Flow equation mass balance (imbal=1)

7.3.3 Initial condition head file

The binary or ASCII initial condition heads are read from the file specified in the ICHN
and ICHN-A categories, respectively.  A flow simulation is required (kmod=0 or 2).  The
user must specified either a cold start (istart=0) with jhead=1 or a hot start (istart=1) in
Group 8.  The heads are read using the following statements:

Binary file
read (iichn) rtime,(hn(ig),ig=1,np)

ASCII file
read (iichn,*) rtime,(hn(ig),ig=1,np)

7.3.4 Initial condition concentration file

The binary or ASCII initial condition concentrations are read from the file specified in the
ICCN and ICCN-A categories, respectively.  A transport simulation is required
(kmod>0).  The user must specified either a cold start (istart=0) with JCON=1 or a hot
start (istart=1) in Group 8.  The concentrations are read using the following statements:

Binary file
read (iiccn) rtime,(cn(ig),ig=1,np)

ASCII file
read (iiccn,*) rtime,(cn(ig),ig=1,np)

7.3.5 Initial condition immobile concentration file

The binary or ASCII initial condition concentrations are read from the file specified in the
ICCI and ICCI-A categories, respectively.  A transport simulation (kmod>0) and dual-
domain mass transfer model (iddmt=1) is required.  The user must specified either a cold
start (istart=0) with jcim=1 or a hot start (istart=1) in Group 8.  The immobile
concentrations are read using the following statements:
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Binary file
read (iicci) rtime,(cni(ig),ig=1,np)

ASCII file
read (iicci,*) rtime,(cni(ig),ig=1,np)

7.3.6 Flow solution elemental (Darcy) velocity file

The binary or ASCII flow solution elemental velocities are read from the file specified in
the FSVE and FSVE-A categories, respectively.  A transport only simulation is required
(kmod= 1).  The user must specified either a cold start (istart=0) with JVEL=1 or a hot
start (istart=1) in Group 8.  The Darcy velocities are read using the following statements:

Binary file
read (ifsve) rtime
read (ifsve) (velx(ie),ie=1,ne)
read (ifsve) (vely(ie),ie=1,ne)
read (ifsve) (velz(ie),ie=1,ne)

ASCII file
read (ifsve,*) rtime
read (ifsve,*) (velx(ie),ie=1,ne)
read (ifsve,*) (vely(ie),ie=1,ne)
read (ifsve,*) (velz(ie),ie=1,ne)

7.3.7 Flow solution water saturation file

The binary or ASCII flow solution water saturations are read from the file specified in the
FSWS and FSWS-A categories, respectively.  A transport only simulation is required
(kmod=1).  The user must specified either a cold start (istart=0) with jwsat=1 or a hot
start (istart=1) in Group 8.  The water saturations are read using the following statements:

Binary file
read (ifsws) rtime,(swnd(ie),ie=1,ne)

ASCII file
read (ifsws,*) rtime,(swnd(ie),ie=1,ne)

7.3.8 Flow solution nodal (phasic) velocity file

The binary or ASCII flow solution nodal velocities are read from the file specified in the
FSVN and FSVN-A categories, respectively.  A transport only simulation is required
(kmod=1).  The values are read in only if the FSVN or FSVN-A category is specified.
The nodal velocities are written to the tecnxxxx.plt files, if requested, and are used for
graphical purposes only, or printed.  The nodal velocities are read using the following
statements:

Binary file
read (ifsvn) rtime
read (ifsvn) (velxn(ig),ig=1,np)
read (ifsvn) (velyn(ig),ig=1,np)
read (ifsvn) (velzn(ig),ig=1,np)

ASCII file
read (ifsvn,*) rtime
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read (ifsvn,*) (velxn(ig),ig=1,np)
read (ifsvn,*) (velyn(ig),ig=1,np)
read (ifsvn,*) (velzn(ig),ig=1,np)

7.3.9 Flow solution mass balance flow file (NOT USED)

The binary or ASCII flow solution mass balance flows are read from the file specified in
the FSMB and FSMB-A categories, respectively.  A transport only simulation (kmod=1)
and a mass balance calculation (imbal=1) is required.  The mass balance flows are
required to perform a transport equation mass balance.  The transport equation mass
balance calculation is not available at this time.  The mass balance flows are read using
the following statements:

Binary file
read (ifsmb) rtime,np,nhn
read (ifsmb) (gmz(ig),ig=1,np)
read (ifsmb) (fndout(i),i=1,np)
read (ifsmb) (idum,i=1,np)

ASCII file
read (ifsmb,*) rtime,np,nhn
read (ifsmb,*) (gmz(ig),ig=1,np)
read (ifsmb,*) (fndout(i),i=1,np)
read (ifsmb,*) (idum,i=1,np)

7.3.10 Flow solution recharge/drain flow file

The binary or ASCII flow solution recharge/drain flows are read from the file specified in
the FSRD and FSRD-A categories, respectively.  A transport only simulation (kmod=1)
and recharge/drain boundary conditions (nrch=-1) are required.  The recharge flows (>0)
are used to compute the recharge mass flow into the mesh.  The recharge/drain flows are
read using the following statements:

Binary file
read (ifsrd) rtime
read (ifsrd) rechavg,gain,idum
read (ifsrd) (rech(i),i=1,nrn)
read (ifsrd) (idum,i=1,nrn)
do j=1,nrn
   read (ifsrd) rdum
end do

ASCII file
read (ifsrd,*) rtime
read (ifsrd,*) rechavg,gain,idum
read (ifsrd,*) (rech(i),i=1,nrn)
read (ifsrd,*) (idum,i=1,nrn)
do j=1,nrn
   read (ifsrd,*) rdum
end do

7.3.11 Flow solution water table file

The binary or ASCII flow solution water table elevations are read from the file specified
in the FSWT and FSWT-A categories, respectively.  A transport only simulation
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(kmod=1) and variably saturated option (iwatp=1) are required.  The water table
elevations are used to adjust the observation well active screen portion. The water table
elevations are written to the tecwxxxx.plt files, if requested, or printed.  The water table
elevations are read using the following statements:

Binary file
read (ifswt) rtime,(zsurf(i),i=1,nnxy)

ASCII file
read (ifswt,*) rtime,(zsurf(i),i=1,nnxy)

7.3.12 Head solution file

The binary or ASCII hydraulic head solution is written to the file specified in the HEAD
and HEAD-A categories, respectively.  A flow simulation (kmod=0 or 2) and dump
option (nrsto=0) is required.  The heads are written using the following statements:

Binary file
write(ihead) tsec,(hn(i),i=1,np)

ASCII file
write(ihead,*) tsec,(hn(i),i=1,np)

7.3.13 Concentration solution file

The binary or ASCII concentration solution is written to the file specified in the CONC
and CONC-A categories, respectively.  A transport simulation (kmod>0) and dump
option (nrsto=1) is required.  The concentrations are written using the following
statement:

Binary file
write(iconc) tsec,(cn(i),i=1,np)

ASCII file
write(iconc,*) tsec,(cn(i),i=1,np)

7.3.14 Immobile concentration solution file

The binary or ASCII immobile concentration solution is written to the file specified in the
CIMN and CIMN-A categories, respectively.  A transport simulation (kmod>0), dual-
domain mass transfer (iddmt=1) and dump option (nrsto=8) is required.  The immobile
concentrations are written using the following statements:

Binary file
write(icimn) tsec,(cni(i),i=1,np)

ASCII file
write(icimn,*) tsec,(cni(i),i=1,np)

7.3.15 Elemental (Darcy) velocity solution file

The binary or ASCII Darcy velocities are written to the file specified in the VELE and
VELE-A categories, respectively.  A flow simulation (kmod=0 or 2) and dump option
(nrsto=4) is required.  The Darcy velocities are written using the following statements:
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Binary file
write(ivele) tsec
write(ivele) (velx(ie),ie=1,ne)
write(ivele) (vely(ie),ie=1,ne)
write(ivele) (velz(ie),ie=1,ne)

ASCII file
write(ivele,*) tsec
write(ivele,*) (velx(ie),ie=1,ne)
write(ivele,*) (vely(ie),ie=1,ne)
write(ivele,*) (velz(ie),ie=1,ne)

7.3.16 Water saturation solution file

The binary or ASCII water saturations are written to the file specified in the WSAT and
WSAT-A categories, respectively.  A flow simulation (kmod=0 or 2) and dump option
(nrsto=3) is required.  The water saturations are written using the following statements:

Binary file
write(iwsat) tsec,(swnd(ie),ie=1,ne)

ASCII file
write(iwsat,*) tsec,(swnd(ie),ie=1,ne)

7.3.17 Nodal velocity solution file

The binary or ASCII nodal (phasic) velocities are written to the file specified in the
VELN and VELN-A categories, respectively.  A flow simulation (kmod=0 or 2) and
dump option (nrsto=2) is required.  The nodal velocities are written using the following
statements:

Binary file
write(iveln) tsec
write(iveln) (velxn(ig),ig=1,np)
write(iveln) (velyn(ig),ig=1,np)
write(iveln) (velzn(ig),ig=1,np)

ASCII file
write(iveln,*) tsec
write(iveln,*) (velxn(ig),ig=1,np)
write(iveln,*) (velyn(ig),ig=1,np)
write(iveln,*) (velzn(ig),ig=1,np)

7.3.18 Mass balance nodal flows file

The binary or ASCII mass balance nodal flows are written to the file specified in the
MASB and MASB-A categories, respectively.  A flow simulation (kmod=0 or 2), mass
balance calculation (imbal=1) and dump option (nrsto=6) are required.  The mass balance
flows are written using the following statements:

Binary file
write(imasb) tsec,np,nhn
write(imasb) (gmz(ig),ig=1,np)
write(imasb) (fndout(i),i=1,np)
write(imasb) (npdbf(i),i=1,nhn)
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ASCII file
write(imasb,*) tsec,np,nhn
write(imasb,*) (gmz(ig),ig=1,np)
write(imasb,*) (fndout(i),i=1,np)
write(imasb,*) (npdbf(i),i=1,nhn)

7.3.19 Recharge/drain flows file

The binary or ASCII recharge/drain flows are written to the file specified in the RCDR
and RCDR-A categories, respectively.  A flow simulation (kmod=0 or 2), recharge/drain
boundary condition (nrch=-1) and dump option (nrsto=7) is required.  The recharge/drain
flows are written using the following statements:

Binary file
write(ircdr) tsec
write(ircdr) rechavg,gain,nrn
write(ircdr) (rech(i),i=1,nrn)
write(ircdr) (nprd(i),i=1,nrn)
do i=1,nrn
   ig   = nprd(i)
   inxy = ig – (ig-1)/nnxy*nnxy
   write(ircdr) anode(inxy)
end do

ASCII file
write(ircdr,*) tsec
write(ircdr,*) rechavg,gain,nrn
write(ircdr,*) (rech(i),i=1,nrn)
write(ircdr,*) (nprd(i),i=1,nrn)
do i=1,nrn
   ig   = nprd(i)
   inxy = ig – (ig-1)/nnxy*nnxy
   write(ircdr,*) anode(inxy)
end do

7.3.20 Water table elevations file

The binary or ASCII water table elevations are written to the file specified in the WTBL
and WTBL-A categories, respectively.  A flow simulation (kmod=0 or 2), variably
saturated option (iwatp=1) and dump option (nrsto=5) is required.  The water table
elevations are written using the following statements:

Binary file
write(iwtbl) tsec,(zsurf(inxy),inxy=1,nnxy)

ASCII file
write(iwtbl,*) tsec,(zsurf(inxy),inxy=1,nnxy)

7.3.21 Steady-state observation well statistics file

The steady-state observation well statistics are written to the file specified in the OBSW
category.  Observation well group data (iobswg=1) must be specified.
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7.4 Tecplot post-processing files

The FACT code provides a series of binary Tecplot files and ASCII text files.  The ASCII
and binary files can be read in directly into Tecplot.  The ASCII files should be converted
to Tecplot binary files using Preplot.

Table 7.4
Summary of Tecplot binary and ASCII files

File Name Unit I/O Format Comments

nodal results tecnxxxx.plt - output C binary file Created if nplto=0,
1, 2, 6, or 9

elemental results tecexxxx.plt - output C binary file Created if nplto=3
or 4

water table
elevations

tecwxxxx.plt - output C binary file Created if nplto=5
and iwatp=1

surface fluxes tecqxxxx.plt - output C binary file Created if nplto=7
and imbal=1

observation well
group heads

obwfyyyy.plt - output C binary file Created if kmod=0
or 2 and iobswg=1

observation well
group

concentrations

obwtyyyy.plt - output C binary file Created if kmod>0
and iobswg=1

Peclet and Courant
numbers

pecozzzz.plt - output C binary file Created if kmod>0

solute mass
removed by

recharge/drain

stmsrc.dat 40 output formatted
(ASCII)

Created if kmod>0
and nrch=-1

maximum
concentration

cmax.dat 45 output formatted
(ASCII)

Created if kmod>0

areal solute mass
per unit area

sm.dat 80 output formatted
(ASCII)

Created if kmod>0
and nplto=8

total solute mass
within domain

tm.dat 81 output formatted
(ASCII)

Created if kmod>0
and nplto=8

nodal surface mass
fluxes due to

recharge/drain

sf.dat 82 output formatted
(ASCII)

Created if kmod>0
nrch=-1 and

nplto=8
vertically-averaged

aquifer
concentrations

aquiferx.dat 83-91 output formatted
(ASCII)

Created if kmod>0
and nplto=8

7.4.1 Nodal Results (nplto = 0, 1, 2, 6, or 9)

The FACT nodal based results are written to tecnxxxx.plt where xxxx is the time step
number.  The list of variables includes

x x-nodal coordinate
y y-nodal coordinate
z z-nodal coordinate
h hydraulic head (flow simulation)
c mobile concentration (transport simulation)
ux x-nodal pore velocity (flow simulation)
uy y-nodal pore velocity (flow simulation)
uz z-nodal pore velocity (flow simulation)
p pressure head (flow simulation)
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ci immobile concentration (dual-domain transport simulation)
zone material property number assigned to lowest node number within

an element
layer layer number ( )nnzlayer1 ≤≤

7.4.2 Elemental Results (flow simulation, nplto = 3 or 4)

The FACT elemental based results are written to tecexxxx.plt where xxxx is the time step
number.  The list of variables includes

xc x-centroidal coordinate
yc y-centroidal coordinate
zc z-centroidal coordinate
sw water saturation
vx x-centroidal Darcy velocity
vy y-centroidal Darcy velocity
vz z-centroidal Darcy velocity

7.4.3 Water Table Elevations (variably saturated flow simulation, nplto = 5)

The FACT nodal based water table elevations are written to tecwxxxx.plt where xxxx is
the time step number.  The list of variables includes

x x-nodal coordinate
y y-nodal coordinate
wt water table elevation
zone material property number assigned to lowest node number within

an element

7.4.4 Surface Fluxes (flow simulation, mass balance, nplto = 7)

The FACT nodal based surface fluxes are written to tecqxxxx.plt where xxxx is the time
step number.  The nodal surface volumetric flowrates are computed from the flow
equation mass balance calculation and then divided by the nodal area.  Incoming units of
length and time are assumed to be feet and days, respectively.  The list of variables
includes

x x-nodal coordinate
y y-nodal coordinate
qs surface flux (in/yr)
zone material property number assigned to lowest node number within

an element

7.4.5 Observation Well Group Heads (flow simulation, iobswg = 1)

The FACT observation well group heads are written to obwfyyyy.plt where yyyy is the
observation well group number.  The variable list depends on whether the simulation is
steady-state or transient.  The list of variables for a steady-state simulation includes

x well areal x-coordinate
y well areal y-coordinate
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resh hydraulic head residual
wtargh well hydraulic head target
wavgh computed screen-averaged hydraulic head

For a transient simulation, each observation well is placed into a Tecplot zone and
labeled with the wellid.  The list of variables for this case are

time converted simulation time
wavgh computed screen-averaged hydraulic head

7.4.6 Observation Well Group Concentrations (transport simulation, iobswg = 1)

The FACT observation well group concentrations are written to obwtyyyy.plt where yyyy
is the observation well group number.  The variable list depends on whether the
simulation is steady-state or transient.  The list of variables for a steady-state simulation
includes

x well areal x-coordinate
y well areal y-coordinate
resc concentration residual
wtargc well concentration target
wavgc computed screen-averaged concentration

For a transient simulation, each observation well is placed into a Tecplot zone and
labeled with the wellid.  The list of variables for this case are

time converted simulation time
wavgc computed screen-averaged concentration

7.4.7 Peclet and Courant Numbers (transport simulation)

The element Peclet and Courant numbers are written to pecozzzz.plt where zzzz is the
time step number.  This file is generated for a transport simulation initially and each time
the flow solution is updated.  The list of variables includes

xc x-centroidal coordinate
yc y-centroidal coordinate
zc z-centroidal coordinate
Pex x-direction Peclet number
Pey y-direction Peclet number
Pez z-direction Peclet number
Cox x-direction Courant number
Coy y-direction Courant number
Coz z-direction Courant number
Pesl streamline Peclet number
Cosl streamline Courant number

7.4.8 Solute Mass Removed by Recharge/Drain (transport simulation, nrch = -1)

The solute mass flow rate and total mass removed by the recharge/drain boundary
condition is written to stmsrc.dat.  The list of variables includes
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time converted simulation time
rate solute mass flow rate
total total solute mass removed

7.4.9 Maximum Concentration (transport simulation)

The maximum mobile/immobile concentration as a function of time is written to
cmax.dat.  The list of variables includes

time converted simulation time
cm_max maximum mobile concentration
ci_max maximum immobile concentration (dual-domain mass transfer)

7.4.10 Areal Solute Mass Per Unit Area (transport simulation, nplto = 8)

The areal solute mass per unit area in the mobile water, immobile water and solid are
written to sm.dat at the Tecplot plotting frequency.  Each plot dump is a Tecplot zone
labeled with the converted simulation time.  The list of variables includes

x x-centroidal coordinate
y y-centroidal coordinate
smm solute mass per unit area in mobile water
smi solute mass per unit area in immobile water (dual-domain mass

transfer)
sms solute mass per unit area in solid
smt total solute mass per unit area

7.4.11 Total Solute Mass (transport simulation, nplto = 8)

The total solute mass in the mobile water, immobile water and solid are written to tm.dat
at the Tecplot plotting frequency.  The list of variables includes

time converted simulation time
tmm total solute mass in mobile water
tmi total solute mass in immobile water (dual-domain mass transfer)
tms total solute mass in solid
tmt total solute mass

7.4.12 Nodal Surface Mass Fluxes Due to Recharge/Drain (transport simulation,
nrch = -1, nplto = 8)

The nodal surface fluxes due to recharge/drain boundary condition are written to sf.dat at
the Tecplot plotting frequency.  Each plot dump is a Tecplot zone labeled with the
converted simulation time.  The list of variables includes

x x-nodal coordinate
y y-nodal coordinate
Flux recharge/drain mass flux
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7.4.13 Vertically-averaged Aquifer Concentrations (transport simulation, nplto = 8)

The vertically-averaged solute mobile/immobile concentrations are written to aquiferx.dat
where x is the aquifer number.  Each plot dump is a Tecplot zone labeled with the
converted simulation time.  The list of variables includes

x x-centroidal coordinate
y y-centroidal coordinate
cm vertically-averaged solute mobile concentration
ci vertically-averaged solute immobile concentration (dual-domain

mass transfer)
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Appendix A - Test Problem Listing
his appendix contains a listing in Table A1 of all verification test problems that are
documented in Chapter 4.  A source listing of the input files presented below can

be found in Appendix B for flow only problems and in Appendix D for solute transport
only problems.  Example outputs for a selected flow problem and transport problem are
presented in Appendices C and E, respectively.

Table A1
Summary of Verification Simulations Performed on the FACT Code

Report
Section

Test Problem Description Input
Filename

4.1.1 Steady-state, 1D flow in a confined aquifer
General head boundary condition f_conf_gh.main

River boundary condition f_conf_r.main

4.1.2 Steady-state, 1D flow in a unconfined aquifer
No recharge f_unconf_nr.main

Recharge f_unconf_r.main

4.1.3 Steady-state, 2D flow through a heterogeneous aquifer
system

f_heter.main

4.1.4 Unconfined aquifer subject to a combined recharge/drain
boundary condition

f_rechdrain.main

4.1.5 Transient, 1D flow to a well in a confined aquifer (Theis,
1935)
Full mesh, coarse discretization f_theis_fc.main

Quadrant mesh, coarse discretization f_theis_qc.main

Quadrant mesh, fine discretization f_theis_qf.main

4.1.6 Transient, 1D flow to a well in an anisotropic confined
aquifer (Hantush and Thomas, 1966)
Full mesh, coarse discretization f_aniso_fc.main

Quadrant mesh, coarse discretization f_aniso_qc.main

Quadrant mesh, fine discretization f_aniso_qf.main

4.1.7 Transient, 1D flow to a well in a leaky confined aquifer
(Hantush and Jacob, 1955)
Coarse mesh f_leaky_qc.main

Fine mesh f_leaky_qf.main

4.1.8 Transient, 2D flow to a well in an unconfined aquifer
(Neuman, 1975)

f_neuman.main

4.1.9 Transient, 2D flow in an unconfined aquifer f_trandrain.main

4.1.10 Unsaturated vertical soil column
Steady-state flow at constant saturation f_unsat_cs.main

Reproduction of water retention curve (10 elements) f_unsat_wrc-10.main

Reproduction of water retention curve (250 elements) f_unsat_wrc-250.main

4.2.1 1-D saturated solute transport in a uniform flow field.
Basecase t_1d_basecase.main

Retardation (R = 2) t_1d_case_a.main

Radioactive decay (�r = 0.01) t_1d_case_b.main

Retardation and radioactive decay (R = 2, �r = 0.01) t_1d_case_c.main

Element size (�x = 20) t_1d_case_d.main

T
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Report
Section

Test Problem Description Input
Filename

Element size (�x = 40) t_1d_case_e.main

Element size (�x = 80) t_1d_case_f.main

Time step size (�t = 5) t_1d_case_g.main

Time step size (�t = 10) t_1d_case_h.main

Time step size (�t = 25) t_1d_case_i.main

Upstream spatial weighting (� = 1.0) t_1d_case_j.main

Temporal differencing (� = 1.0) t_1d_case_k.main

Upstream spatial weighting and temporal differencing
(� = 1.0, � = 1.0)

t_1d_case_l.main

Longitudinal dispersivity (�LH = 0.01) t_1d_case_m.main

Longitudinal dispersivity and upstream spatial weighting
(�LH = 0.01, � = 1.0)

t_1d_case_n.main

Longitudinal dispersivity and upstream spatial weighting
(�LH = 0.01, � = 0.27)

t_1d_case_o.main

4.2.2 2-D saturated solute transport in a uniform flow field.
Basecase (parallel grid) t_2d_parallel.main

Basecase (diagonal grid) t_2d_diagonal.main

Upstream spatial weighting (parallel grid, � = 1.0) t_2d_case_a.main

Upstream spatial weighting (diagonal grid, � = 1.0) t_2d_case_b.main

Retardation (parallel grid, R = 2) t_2d_case_c.main

Radioactive decay (parallel grid, �r = 0.005) t_2d_case_d.main

4.2.3 3-D saturated solute transport in a uniform flow field.
Basecase (parallel grid) t_3d_parallel.main

4.3.1 1-D saturated solute transport in a uniform flow field
with first-order mobile/immobile mass transfer
(VanGenuchten and Wierenga test cases).
Calculated effluent curves as influenced by the fraction
of mobile liquid, �
� = 0.35 phi-0.35.main

� = 0.50 phi-0.50.main

� = 0.65 phi-0.65.main

� = 0.85 phi-0.85.main

� = 0.999 phi-0.999.main

Calculated effluent curves as influenced by the fraction
of adsorption sites in the dynamic region, f
f = 0.25 f-0.25.main

f = 0.40 f-0.40.main

f = 0.55 f-0.55.main

f = 0.70 f-0.70.main

Calculated effluent curves as influenced by the mass
transfer coefficient, �
� = 0.0 alpha-0.0.main

� = 0.05 alpha-0.05.main

� = 0.15 alpha-0.15.main

� = 0.50 alpha-0.50.main

� = 2.0 alpha-2.main

� = � alpha-inf.main
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Report
Section

Test Problem Description Input
Filename

Calculated effluent curves as influenced by the
dispersion coefficient, D
D = 0 d-0.main

D = 5 d-5.main

D = 30 d-30.main

D = 50 d-50.main

D = 100 d-100.main

Calculated effluent curves as influenced by the
distribution coefficient, K
K = 0.0 k-0.0.main

K = 0.25 k-0.25.main

K = 0.50 k-0.50.main

K = 0.75 k-0.75.main

K = 1.0 k-1.0.main

K = 2.0 k-2.0.main

4.3.2 1-D saturated solute transport in a uniform flow field
with first-order mobile/immobile mass transfer (VERSE-
LC Case_4a comparison).
Calculated effluent curves and column profiles as
influenced by the surface mass transfer coefficient, kf (�)
kf = 0.0         (� = 0.0) kf-0.0.main

kf = 0.00001 (� = 0.0021) kf-0.00001.main

kf = 0.0001   (� = 0.021) kf-0.0001.main

kf = 0.001     (� = 0.21) kf-0.001.main

kf = 3.0         (� = 630) kf-3.0.main
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Appendix B - Flow Test Problem Input Files
he input files used to generate the FACT results presented in Section 4.1 for flow
verification problems are presented below.  These various simulation runs provide

verification tests for FACT.  The input files presented below should be exercised upon
the implementation of any new executable of FACT for verification purposes.

B.1 Steady-State, One-Dimensional Flow in a Confined Aquifer

The two input files associated with the flow verification problems presented in Section
4.1.1 are listed below.  The file named "f_conf_gh.main" invokes a general head
boundary condition while "f_conf_r.main" applies a river boundary condition.

file:  f_conf_gh.main
/Problem description                                                          1/

 V_V Case 4.1.1 (problem 1)

 Steady-state, one-dimensional flow in a confined aquifer

 General head boundary condition

/kmod   kssf   ksst   iddmt   iwatp   ipicrd   iquad                          2/

 0      0      0      0       0       -3       1

/upstr   wfac                                                                 3/

 0.      0.

/htol     ctol   nitmax   north                                               4/

 0.0001   0.0    100      0

/iprt   irst   iplt   ibug   iprint                                           6/

 1      0      1      0      0

/Print options                                                               6a/

 0

 1

 1

 0

/Tecplot options                                                             6c/

 0

 1

 1

 0

/strt_date   conv_time   conv_vol   conv_mass                                6e/

 0.          1.          1.         1.

/nnx   nny   nnz   dxmax    dymax    dzmax   igrid                            7/

 11    2     2     10000.   10000.   100.    1

/Grid line x-coordinates, xw(1),...,xw(nnx)                                  7b/

 0.   20.   40.   60.   80.   100.   120.   140.   160.   180.   200.

/Grid line y-coordinates, yw(1),...,yw(nny)                                  7c/

 0.   40.

/Grid line z-coordinates, zw(1),...,zw(nnz)                                  7d/

 0.   40.

/tht   dxs   dys                                                             7f/

 0.    0.    0.

/Initial conditions and flow solution                                         8/

 0

T
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 0   50.

 0    0.

 0    0.

 0    0.   0.   0.

 0    0.

/Number of different porous materials, nmat                                   9/

 1

/Saturated hydraulic properties, propf(1,j),...,propf(8,j)                   9b/

 2.e-01   2.e-01   2.e-01   0.   0.   0.   5.e-06   0.3

/nhn   ncn   nmfn   nrw   nwell   nsb   nls   nrech                          10/

 4     0     0      0     0       1     0     0

/Specified head nodes                                                       10a/

  1   50.   1

 12   50.   1

 23   50.   1

 34   50.   1

/Head-dependent source beds                                                 10f/

  3     25.     1      4     0.001     0.0

 11     22     33     44

 400.   400.   400.   400.

/iobsn   iobswg   imbal   pkrz                                               11/

 1       0        0       -1.

/Observation nodes                                                          11a/

 5

 5 10 15 20 25

/Number of spline datasets, nsds                                             12/

 1

/Spline data set #1: Constant                                               12-1/

 2   1

 0

 0.  0.

 0.  1.

 1.  1.

file:  f_conf_r.main
/Problem description                                                          1/

 V_V Case 4.1.1 (problem 2)

 Steady-state, one-dimensional flow in a confined aquifer

 River boundary condition

/kmod   kssf   ksst   iddmt   iwatp   ipicrd   iquad                          2/

 0      0      0      0       0       0        1

/upstr   wfac                                                                 3/

 0.      0.

/htol     ctol   nitmax   north                                               4/

 0.0001   0.0    100      0

/iprt   irst   iplt   ibug   iprint                                           6/

 1      0      1      0      0

/Print options                                                               6a/

 0

 1

 1

 0
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/Tecplot options                                                             6c/

 0

 1

 4

 0   2   3   4

/strt_date   conv_time   conv_vol   conv_mass                                6e/

 0.          1.          1.         1.

/nnx   nny   nnz   dxmax    dymax    dzmax   igrid                            7/

 11    2     2     10000.   10000.   100.    1

/Grid line x-coordinates, xw(1),...,xw(nnx)                                  7b/

 0.   20.   40.   60.   80.   100.   120.   140.   160.   180.   200.

/Grid line y-coordinates, yw(1),...,yw(nny)                                  7c/

 0.   40.

/Grid line z-coordinates, zw(1),...,zw(nnz)                                  7d/

 0.   40.

/tht   dxs   dys                                                             7f/

 0.    0.    0.

/Initial conditions and flow solution                                         8/

 0

 0   75.

 0    0.

 0    0.

 0    0.   0.   0.

 0    0.

/Number of different porous materials, nmat                                   9/

 1

/Saturated hydraulic properties, propf(1,j),...,propf(8,j)                   9b/

 2.e-01   2.e-01   2.e-01   0.   0.   0.   5.e-06   0.3

/nhn   ncn   nmfn   nrw   nwell   nsb   nls   nrech                          10/

 4     0     0      0     0       1     0     0

/Specified head nodes                                                       10a/

  1   140.   1

 12   140.   1

 23   140.   1

 34   140.   1

/Head-dependent source beds                                                 10f/

  1    100.     1      4     0.001    75.0

 11     22     33     44

 400.   400.   400.   400.

/iobsn   iobswg   imbal   pkrz                                               11/

 1       0        1       -1.

/Observation nodes                                                          11a/

 5

 5 10 15 20 25

/Number of spline datasets, nsds                                             12/

 1

/Spline data set #1: Constant                                              12-1/

 2   1

 0

 0.  0.

 0.  1.

 1.  1.
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B.2 Steady-State, One-Dimensional Flow in an Unconfined Aquifer

The two input files associated with the flow verification problems presented in Section
4.1.2 are listed below.  The file named "f_unconf_nr.main" involves no recharge and
"f_unconf_r.main" involves recharge.

file:  f_unconf_nr.main
/Problem description                                                          1/

 V_V Case 4.1.2 (problem 1)

 Steady-state, one-dimensional flow in a unconfined aquifer

 No recharge and constant head boundary conditions

/kmod   kssf   ksst   iddmt   iwatp   ipicrd   iquad                          2/

 0      0      0      0       1       -3       0

/upstr   wfac                                                                 3/

 0.      0.

/htol     ctol   nitmax   north                                               4/

 0.0001   0.0    200      25

/iprt   irst   iplt   ibug   iprint                                           6/

 1      0      1      0      0

/Print options                                                               6a/

 0

 1

 1

 0

/Tecplot options                                                             6c/

 0

 1

 6

 0   2   3   4   5   6

/strt_date   conv_time   conv_vol   conv_mass                                6e/

 0.          1.          1.         1.

/nnx   nny   nnz   dxmax    dymax    dzmax   igrid                            7/

 11    2     7     10000.   10000.   1000.   1

/Grid line x-coordinates, xw(1),...,xw(nnx)                                  7b/

 0.   10.   20.   30.   40.   50.   60.   70.   80.   90.   100.

/Grid line y-coordinates, yw(1),...,yw(nny)                                  7c/

 0.   10.

/Grid line z-coordinates, zw(1),...,zw(nnz)                                  7d/

 0.   10.   20.   30.   40.   50.   60.

/tht   dxs   dys                                                             7f/

 0.    0.    0.

/Initial conditions and flow solution                                         8/

 0

 0   40.

 0    0.

 0    0.

 0    0.   0.   0.

 0    0.

/Number of different porous materials, nmat                                   9/

 1

/Saturated hydraulic properties, propf(1,j),...,propf(8,j)                   9b/

 1.e-03   1.e-03   1.e-03   0.   0.   0.   1.e-04   0.3
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/Variably saturated properties, satmlt(1),isatxy(1),pkrmlt(1),ipkrxy(1)      9c/

 1.   2   1.   3

/nhn   ncn   nmfn   nrw   nwell   nsb   nls   nrech                          10/

 16    0     0      0     0       0     0     0

/Specified head nodes                                                       10a/

   1   40.   1

  12   40.   1

  23   40.   1

  34   40.   1

  45   40.   1

  56   40.   1

  67   40.   1

  78   40.   1

  89   40.   1

 100   40.   1

  11   20.   1

  22   20.   1

  33   20.   1

  44   20.   1

  55   20.   1

  66   20.   1

/iobsn   iobswg   imbal   pkrz                                               11/

 1       0        1       -1.

/Observation nodes                                                          11a/

 11

 1  2  3  4  5  6  7  8  9  10  11

/Number of spline datasets, nsds                                             12/

 3

/Spline data set #1: Constant                                              12-1/

 2   1

 0

 0.  0.

 0.  1.

 1.  1.

/Spline data set #2: Pseudo-soil water saturation                          12-2/

 4   1

 0

 0.     0.

-1.    -0.95   0.   1.

 0.05   0.05   1.   1.

/Spline data set #3: Pseudo-soil relative permeability                     12-3/

 2   1

 0

 0.    0.

 0.05  1.00

 0.05  1.00

file:  f_unconf_r.main
/Problem description                                                          1/

 V_V Case 4.1.2 (problem 2)

 Steady-state, one-dimensional flow in a unconfined aquifer

 Recharge and mixed boundary conditions
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/kmod   kssf   ksst   iddmt   iwatp   ipicrd   iquad                          2/

 0      0      0      0       1       -5       0

/upstr   wfac                                                                 3/

 1.      0.

/htol      ctol   nitmax   north                                              4/

 0.00001   0.0    200      25

/iprt   irst   iplt   ibug   iprint                                           6/

 1      1      1      0      0

/Print options                                                               6a/

 0

 1

 1

 0

/Dump  options                                                               6b/

 0

 1

 1

 0

/Tecplot options                                                             6c/

 0

 1

 6

 0   2   3   4   5   6

/strt_date   conv_time   conv_vol   conv_mass                                6e/

 0.          1.          1.         1.

/nnx   nny   nnz   dxmax    dymax    dzmax   igrid                            7/

 25    2     13    10000.   10000.   1000.   1

/xw(1),...,xw(nnx)                                                           7b/

   0.    40.    80.   120.   160.   200.   240.   300.   360.   400.   480.

 560.   640.   720.   800.   880.   960.  1040.  1120.  1200.  1290.  1380.

1460.  1550.  1640.

/yw(1),...,yw(nny)                                                           7c/

 0.   100.

/zw(1),...,zw(nnz)                                                           7d/

  0.   20.   40.   60.   80.   100.   120.   140.   164.   180.   200.

220.  240.

/tht   dxs   dys                                                             7f/

 0.    0.    0.

/Initial conditions and flow solution                                         8/

 0

 1   40.

 0    0.

 0    0.

 0    0.   0.   0.

 0    0.

/Number of different porous materials, nmat                                   9/

 1

/Saturated hydraulic properties, propf(1,j),...,propf(8,j)                   9b/

 3.28   3.28   3.28   0.   0.   0.   1.e-04   0.2

/Variably saturated properties, satmlt(j),isatxy(j),pkrmlt(j),ipkrxy(j)      9c/

 1.   2   1.   3

/nhn   ncn   nmfn   nrw   nwell   nsb   nls   nrech                          10/
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 26    0     0      0     0       0     0     1

/Specified head nodes                                                       10a/

   1   164.   1

  26   164.   1

  51   164.   1

  76   164.   1

 101   164.   1

 126   164.   1

 151   164.   1

 176   164.   1

 201   164.   1

 226   164.   1

 251   164.   1

 276   164.   1

 301   164.   1

 326   164.   1

 351   164.   1

 376   164.   1

 401   164.   1

 426   164.   1

 451   164.   1

 476   164.   1

 501   164.   1

 526   164.   1

 551   164.   1

 576   164.   1

 601   164.   1

 626   164.   1

/Groundwater recharge                                                       10i/

 0   3.28e-2   1   0.   1

/iobsn   iobswg   imbal   pkrz                                               11/

 1       0        1       -1.

/Observation nodes                                                          11a/

 25

  1  2  3  4  5  6  7  8  9  10

 11 12 13 14 15 16 17 18 19  20

 21 22 23 24 25

/Number of spline datasets, nsds                                             12/

 3

/Spline data set #1: Constant                                              12-1/

 2   1

 0

 0.  0.

 0.  1.

 1.  1.

/Spline data set #2: Pseudo-soil water saturation                          12-2/

 4   1

 0

 0.     0.

-1.0   -0.995    0.   1.

 0.005  0.005    1.   1.

/Spline data set #3: Pseudo-soil relative permeability                     12-3/



WESTINGHOUSE SAVANNAH RIVER COMPANY Manual: WSRC-TR-99-00282
Section: Appendix B, Rev. 0
Date: 3/2000

FACT CODE MANUAL Page: 8 of 80

 2   1

 0

 0.      0.

 0.005   1.000

 0.005   1.000

B.3 Steady-State, Two-Dimensional Flow through a Heterogeneous
Aquifer System

The input file associated with the flow verification problem presented in Section 4.1.3 is
listed below.

file:  f_heter.main
/Problem description                                                          1/

 V_V Case 4.1.3

 Steady-state, two-dimensional flow through a heterogeneous

 aquifer system (unconfined aquifer, confining unit, confined aquifer)

/kmod   kssf   ksst   iddmt   iwatp   ipicrd   iquad                          2/

 0      0      0      0       1       0        0

/upstr   wfac                                                                 3/

 0.      0.

/htol     ctol   nitmax   north                                               4/

 0.001    0.0    200      25

/iprt   irst   iplt   ibug   iprint                                           6/

 1      0      1      0      0

/Print options                                                               6a/

 0

 1

 1

 0

/Tecplot options                                                             6c/

 0

 1

 6

 0   2   3   4   5   6

/strt_date   conv_time   conv_vol   conv_mass                                6e/

 0.          1.          1.         1.

/nnx   nny   nnz   dxmax    dymax    dzmax   igrid                            7/

 21    2     21    10000.   10000.   1000.   1

/Grid line x-coordinates, xw(1),...,xw(nnx)                                  7b/

 0.   50.  100.  150.  200.  250.  300.  350.  400.  450.  500.

     550.  600.  650.  700.  750.  800.  850.  900.  950. 1000.

/Grid line y-coordinates, yw(1),...,yw(nny)                                  7c/

 0.    1.

/Grid line z-coordinates, zw(1),...,zw(nnz)                                  7d/

 0.   12.5   25.0   37.5   50.0   62.5   75.0   87.5  100.0

     102.5  105.0  107.5  110.0  122.5  135.0  147.5  160.0

     172.5  185.0  197.5  210.0

/tht   dxs   dys                                                             7f/

 0.    0.    0.

/Initial conditions and flow solution                                         8/

 0
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 0   145.

 0     0.

 0     0.

 0     0.   0.   0.

 0     0.

/Number of different porous materials, nmat                                   9/

 2

/Element property numbers, iprop(1),...,iprop(ne)                            9a/

 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2

 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2

 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2

 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2

 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

/Saturated hydraulic properties, propf(1,j),...,propf(8,j)                   9b/

 1.0        1.0        1.0        0.   0.   0.   1.0000e-04   0.3000

 0.001142   0.001142   0.001142   0.   0.   0.   1.0000e-04   0.3000

/Variably saturated properties, satmlt(j),isatxy(j),pkrmlt(j),ipkrxy(j)      9c/

 1.0   2   1.0   3

 1.0   2   1.0   3

/nhn   ncn   nmfn   nrw   nwell   nsb   nls   nrech                          10/

 84    0     0      0     0       0     0     0

/Specified head nodes                                                       10a/

   1    160.0    1

  22    160.0    1

  43    160.0    1

  64    160.0    1

  85    160.0    1

 106    160.0    1

 127    160.0    1

 148    160.0    1

 169    160.0    1

 190    160.0    1

 211    160.0    1

 232    160.0    1

 253    160.0    1

 274    160.0    1

 295    160.0    1
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 316    160.0    1

 337    160.0    1

 358    160.0    1

 379    162.5    1

 400    162.5    1

 421    165.0    1

 442    165.0    1

 463    167.5    1

 484    167.5    1

 505    170.0    1

 526    170.0    1

 547    170.0    1

 568    170.0    1

 589    170.0    1

 610    170.0    1

 631    170.0    1

 652    170.0    1

 673    170.0    1

 694    170.0    1

 715    170.0    1

 736    170.0    1

 757    170.0    1

 778    170.0    1

 799    170.0    1

 820    170.0    1

 841    170.0    1

 862    170.0    1

  21    120.0    1

  42    120.0    1

  63    120.0    1

  84    120.0    1

 105    120.0    1

 126    120.0    1

 147    120.0    1

 168    120.0    1

 189    120.0    1

 210    120.0    1

 231    120.0    1

 252    120.0    1

 273    120.0    1

 294    120.0    1

 315    120.0    1

 336    120.0    1

 357    120.0    1

 378    120.0    1

 399    122.5    1

 420    122.5    1

 441    125.0    1

 462    125.0    1

 483    127.5    1

 504    127.5    1

 525    130.0    1
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 546    130.0    1

 567    130.0    1

 588    130.0    1

 609    130.0    1

 630    130.0    1

 651    130.0    1

 672    130.0    1

 693    130.0    1

 714    130.0    1

 735    130.0    1

 756    130.0    1

 777    130.0    1

 798    130.0    1

 819    130.0    1

 840    130.0    1

 861    130.0    1

 882    130.0    1

/iobsn   iobswg   imbal   pkrz                                               11/

 1       0        1       -1.

/Observation nodes                                                          11a/

 3

 1   2   3

/Number of spline datasets, nsds                                             12/

 3

/Spline data set #1: Constant                                              12-1/

 2   1

 0

 0.  0.

 0.  1.

 1.  1.

/Spline data set #2: Pseudo-soil water saturation                          12-2/

 4   1

 0

 0.  0.

-1.    -0.99   0.  1.

 0.01   0.01   1.  1.

/Spline data set #3: Pseudo-soil relative permeability                     12-3/

 2   1

 0

 0.    0.

 0.01  1.0

 0.01  1.0

B.4 Unconfined Aquifer Subject to a Combined Recharge/Drain
Boundary Condition

The input file associated with the flow verification problem presented in Section 4.1.4 is
listed below.

file:  f_rechdrain.main
/Problem description                                                          1/

 V_V Case 4.1.4
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 Unconfined aquifer subject to a combined recharge/drain BC

 Seepline unknown a priori.

/kmod   kssf   ksst   iddmt   iwatp   ipicrd   iquad                          2/

 0      0      0      0       1       -3       0

/upstr   wfac                                                                 3/

 0.      0.

/htol     ctol   nitmax   north                                               4/

 0.001    0.0    200      10

/iprt   irst   iplt   ibug   iprint                                           6/

 1      1      1      0      0

/Print options                                                               6a/

 0

 1

 1

 0

/Dump options                                                                6b/

 0

 1

 1

 0

/Tecplot options                                                             6c/

 0

 1

 7

 0   2   3   4   5   6   7

/strt_date   conv_time   conv_vol   conv_mass                                6e/

 0.          1.          1.         1.

/nnx   nny   nnz   dxmax    dymax    dzmax   igrid                            7/

 21    2     21    10000.   10000.   1000.   2

/Grid line x-coordinates, xw(1),...,xw(nnx)                                  7b/

 0.   50.  100.  150.  200.  250.  300.  350.  400.  450.  500.

     550.  600.  650.  700.  750.  800.  850.  900.  950. 1000.

/Grid line y-coordinates, yw(1),...,yw(nny)                                  7c/

 0.    1.

/Nodal z-coordinates, zcord(1),...,zcord(np)                                 7e/

   0.0000   0.0000   0.0000   0.0000   0.0000   0.0000   0.0000   0.0000

   0.0000   0.0000   0.0000   0.0000   0.0000   0.0000   0.0000   0.0000

   0.0000   0.0000   0.0000   0.0000   0.0000   0.0000   0.0000   0.0000

   0.0000   0.0000   0.0000   0.0000   0.0000   0.0000   0.0000   0.0000

   0.0000   0.0000   0.0000   0.0000   0.0000   0.0000   0.0000   0.0000

   0.0000   0.0000   5.0000   4.8750   4.7500   4.6250   4.5000   4.3750

   4.2500   4.1250   4.0000   3.8750   3.7500   3.6250   3.5000   3.3750

   3.2500   3.1250   3.0000   2.8750   2.7500   2.6250   2.5000   5.0000

   4.8750   4.7500   4.6250   4.5000   4.3750   4.2500   4.1250   4.0000

   3.8750   3.7500   3.6250   3.5000   3.3750   3.2500   3.1250   3.0000

   2.8750   2.7500   2.6250   2.5000  10.0000   9.7500   9.5000   9.2500

   9.0000   8.7500   8.5000   8.2500   8.0000   7.7500   7.5000   7.2500

   7.0000   6.7500   6.5000   6.2500   6.0000   5.7500   5.5000   5.2500

   5.0000  10.0000   9.7500   9.5000   9.2500   9.0000   8.7500   8.5000

   8.2500   8.0000   7.7500   7.5000   7.2500   7.0000   6.7500   6.5000

   6.2500   6.0000   5.7500   5.5000   5.2500   5.0000  15.0000  14.6250

  14.2500  13.8750  13.5000  13.1250  12.7500  12.3750  12.0000  11.6250



WESTINGHOUSE SAVANNAH RIVER COMPANY Manual: WSRC-TR-99-00282
Section: Appendix B, Rev. 0
Date: 3/2000

FACT CODE MANUAL Page: 13 of 80

  11.2500  10.8750  10.5000  10.1250   9.7500   9.3750   9.0000   8.6250

   8.2500   7.8750   7.5000  15.0000  14.6250  14.2500  13.8750  13.5000

  13.1250  12.7500  12.3750  12.0000  11.6250  11.2500  10.8750  10.5000

  10.1250   9.7500   9.3750   9.0000   8.6250   8.2500   7.8750   7.5000

  20.0000  19.5000  19.0000  18.5000  18.0000  17.5000  17.0000  16.5000

  16.0000  15.5000  15.0000  14.5000  14.0000  13.5000  13.0000  12.5000

  12.0000  11.5000  11.0000  10.5000  10.0000  20.0000  19.5000  19.0000

  18.5000  18.0000  17.5000  17.0000  16.5000  16.0000  15.5000  15.0000

  14.5000  14.0000  13.5000  13.0000  12.5000  12.0000  11.5000  11.0000

  10.5000  10.0000  25.0000  24.3750  23.7500  23.1250  22.5000  21.8750

  21.2500  20.6250  20.0000  19.3750  18.7500  18.1250  17.5000  16.8750

  16.2500  15.6250  15.0000  14.3750  13.7500  13.1250  12.5000  25.0000

  24.3750  23.7500  23.1250  22.5000  21.8750  21.2500  20.6250  20.0000

  19.3750  18.7500  18.1250  17.5000  16.8750  16.2500  15.6250  15.0000

  14.3750  13.7500  13.1250  12.5000  30.0000  29.2500  28.5000  27.7500

  27.0000  26.2500  25.5000  24.7500  24.0000  23.2500  22.5000  21.7500

  21.0000  20.2500  19.5000  18.7500  18.0000  17.2500  16.5000  15.7500

  15.0000  30.0000  29.2500  28.5000  27.7500  27.0000  26.2500  25.5000

  24.7500  24.0000  23.2500  22.5000  21.7500  21.0000  20.2500  19.5000

  18.7500  18.0000  17.2500  16.5000  15.7500  15.0000  35.0000  34.1250

  33.2500  32.3750  31.5000  30.6250  29.7500  28.8750  28.0000  27.1250

  26.2500  25.3750  24.5000  23.6250  22.7500  21.8750  21.0000  20.1250

  19.2500  18.3750  17.5000  35.0000  34.1250  33.2500  32.3750  31.5000

  30.6250  29.7500  28.8750  28.0000  27.1250  26.2500  25.3750  24.5000

  23.6250  22.7500  21.8750  21.0000  20.1250  19.2500  18.3750  17.5000

  40.0000  39.0000  38.0000  37.0000  36.0000  35.0000  34.0000  33.0000

  32.0000  31.0000  30.0000  29.0000  28.0000  27.0000  26.0000  25.0000

  24.0000  23.0000  22.0000  21.0000  20.0000  40.0000  39.0000  38.0000

  37.0000  36.0000  35.0000  34.0000  33.0000  32.0000  31.0000  30.0000

  29.0000  28.0000  27.0000  26.0000  25.0000  24.0000  23.0000  22.0000

  21.0000  20.0000  45.0000  43.8750  42.7500  41.6250  40.5000  39.3750

  38.2500  37.1250  36.0000  34.8750  33.7500  32.6250  31.5000  30.3750

  29.2500  28.1250  27.0000  25.8750  24.7500  23.6250  22.5000  45.0000

  43.8750  42.7500  41.6250  40.5000  39.3750  38.2500  37.1250  36.0000

  34.8750  33.7500  32.6250  31.5000  30.3750  29.2500  28.1250  27.0000

  25.8750  24.7500  23.6250  22.5000  50.0000  48.7500  47.5000  46.2500

  45.0000  43.7500  42.5000  41.2500  40.0000  38.7500  37.5000  36.2500

  35.0000  33.7500  32.5000  31.2500  30.0000  28.7500  27.5000  26.2500

  25.0000  50.0000  48.7500  47.5000  46.2500  45.0000  43.7500  42.5000

  41.2500  40.0000  38.7500  37.5000  36.2500  35.0000  33.7500  32.5000

  31.2500  30.0000  28.7500  27.5000  26.2500  25.0000  55.0000  53.6250

  52.2500  50.8750  49.5000  48.1250  46.7500  45.3750  44.0000  42.6250

  41.2500  39.8750  38.5000  37.1250  35.7500  34.3750  33.0000  31.6250

  30.2500  28.8750  27.5000  55.0000  53.6250  52.2500  50.8750  49.5000

  48.1250  46.7500  45.3750  44.0000  42.6250  41.2500  39.8750  38.5000

  37.1250  35.7500  34.3750  33.0000  31.6250  30.2500  28.8750  27.5000

  60.0000  58.5000  57.0000  55.5000  54.0000  52.5000  51.0000  49.5000

  48.0000  46.5000  45.0000  43.5000  42.0000  40.5000  39.0000  37.5000

  36.0000  34.5000  33.0000  31.5000  30.0000  60.0000  58.5000  57.0000

  55.5000  54.0000  52.5000  51.0000  49.5000  48.0000  46.5000  45.0000

  43.5000  42.0000  40.5000  39.0000  37.5000  36.0000  34.5000  33.0000

  31.5000  30.0000  65.0000  63.3750  61.7500  60.1250  58.5000  56.8750
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  55.2500  53.6250  52.0000  50.3750  48.7500  47.1250  45.5000  43.8750

  42.2500  40.6250  39.0000  37.3750  35.7500  34.1250  32.5000  65.0000

  63.3750  61.7500  60.1250  58.5000  56.8750  55.2500  53.6250  52.0000

  50.3750  48.7500  47.1250  45.5000  43.8750  42.2500  40.6250  39.0000

  37.3750  35.7500  34.1250  32.5000  70.0000  68.2500  66.5000  64.7500

  63.0000  61.2500  59.5000  57.7500  56.0000  54.2500  52.5000  50.7500

  49.0000  47.2500  45.5000  43.7500  42.0000  40.2500  38.5000  36.7500

  35.0000  70.0000  68.2500  66.5000  64.7500  63.0000  61.2500  59.5000

  57.7500  56.0000  54.2500  52.5000  50.7500  49.0000  47.2500  45.5000

  43.7500  42.0000  40.2500  38.5000  36.7500  35.0000  75.0000  73.1250

  71.2500  69.3750  67.5000  65.6250  63.7500  61.8750  60.0000  58.1250

  56.2500  54.3750  52.5000  50.6250  48.7500  46.8750  45.0000  43.1250

  41.2500  39.3750  37.5000  75.0000  73.1250  71.2500  69.3750  67.5000

  65.6250  63.7500  61.8750  60.0000  58.1250  56.2500  54.3750  52.5000

  50.6250  48.7500  46.8750  45.0000  43.1250  41.2500  39.3750  37.5000

  80.0000  78.0000  76.0000  74.0000  72.0000  70.0000  68.0000  66.0000

  64.0000  62.0000  60.0000  58.0000  56.0000  54.0000  52.0000  50.0000

  48.0000  46.0000  44.0000  42.0000  40.0000  80.0000  78.0000  76.0000

  74.0000  72.0000  70.0000  68.0000  66.0000  64.0000  62.0000  60.0000

  58.0000  56.0000  54.0000  52.0000  50.0000  48.0000  46.0000  44.0000

  42.0000  40.0000  85.0000  82.8750  80.7500  78.6250  76.5000  74.3750

  72.2500  70.1250  68.0000  65.8750  63.7500  61.6250  59.5000  57.3750

  55.2500  53.1250  51.0000  48.8750  46.7500  44.6250  42.5000  85.0000

  82.8750  80.7500  78.6250  76.5000  74.3750  72.2500  70.1250  68.0000

  65.8750  63.7500  61.6250  59.5000  57.3750  55.2500  53.1250  51.0000

  48.8750  46.7500  44.6250  42.5000  90.0000  87.7500  85.5000  83.2500

  81.0000  78.7500  76.5000  74.2500  72.0000  69.7500  67.5000  65.2500

  63.0000  60.7500  58.5000  56.2500  54.0000  51.7500  49.5000  47.2500

  45.0000  90.0000  87.7500  85.5000  83.2500  81.0000  78.7500  76.5000

  74.2500  72.0000  69.7500  67.5000  65.2500  63.0000  60.7500  58.5000

  56.2500  54.0000  51.7500  49.5000  47.2500  45.0000  95.0000  92.6250

  90.2500  87.8750  85.5000  83.1250  80.7500  78.3750  76.0000  73.6250

  71.2500  68.8750  66.5000  64.1250  61.7500  59.3750  57.0000  54.6250

  52.2500  49.8750  47.5000  95.0000  92.6250  90.2500  87.8750  85.5000

  83.1250  80.7500  78.3750  76.0000  73.6250  71.2500  68.8750  66.5000

  64.1250  61.7500  59.3750  57.0000  54.6250  52.2500  49.8750  47.5000

 100.0000  97.5000  95.0000  92.5000  90.0000  87.5000  85.0000  82.5000

  80.0000  77.5000  75.0000  72.5000  70.0000  67.5000  65.0000  62.5000

  60.0000  57.5000  55.0000  52.5000  50.0000 100.0000  97.5000  95.0000

  92.5000  90.0000  87.5000  85.0000  82.5000  80.0000  77.5000  75.0000

  72.5000  70.0000  67.5000  65.0000  62.5000  60.0000  57.5000  55.0000

  52.5000  50.0000

/tht   dxs   dys                                                             7f/

 0.    0.    0.

/Initial conditions and flow solution                                         8/

 0

 0   80.

 0     0.

 0     0.

 0     0.   0.   0.

 0     0.

/Number of different porous materials, nmat                                   9/
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 1

/Saturated hydraulic properties, propf(1,j),...,propf(8,j)                   9b/

 1.0   1.0   1.0   0.   0.   0.   1.0000e-04   0.3

/Variably saturated properties, satmlt(j),isatxy(j),pkrmlt(j),ipkrxy(j)      9c/

 1.0   2   1.0   3

/nhn   ncn   nmfn   nrw   nwell   nsb   nls   nrech                          10/

 80    0     0      0     0       0     0     -1

/Specified head nodes                                                       10a/

   1    80.0   1

  22    80.0   1

  43    80.0   1

  64    80.0   1

  85    80.0   1

 106    80.0   1

 127    80.0   1

 148    80.0   1

 169    80.0   1

 190    80.0   1

 211    80.0   1

 232    80.0   1

 253    80.0   1

 274    80.0   1

 295    80.0   1

 316    80.0   1

 337    80.0   1

 358    80.0   1

 379    80.0   1

 400    80.0   1

 421    80.0   1

 442    80.0   1

 463    80.0   1

 484    80.0   1

 505    80.0   1

 526    80.0   1

 547    80.0   1

 568    80.0   1

 589    80.0   1

 610    80.0   1

 631    80.0   1

 652    80.0   1

 673    80.0   1

 694    80.0   1

 715    80.0   1

 736    80.0   1

 757    80.0   1

 778    80.0   1

 799    80.0   1

 820    80.0   1

  21    50.0   1

  42    50.0   1

  63    50.0   1

  84    50.0   1
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 105    50.0   1

 126    50.0   1

 147    50.0   1

 168    50.0   1

 189    50.0   1

 210    50.0   1

 231    50.0   1

 252    50.0   1

 273    50.0   1

 294    50.0   1

 315    50.0   1

 336    50.0   1

 357    50.0   1

 378    50.0   1

 399    50.0   1

 420    50.0   1

 441    50.0   1

 462    50.0   1

 483    50.0   1

 504    50.0   1

 525    50.0   1

 546    50.0   1

 567    50.0   1

 588    50.0   1

 609    50.0   1

 630    50.0   1

 651    50.0   1

 672    50.0   1

 693    50.0   1

 714    50.0   1

 735    50.0   1

 756    50.0   1

 777    50.0   1

 798    50.0   1

 819    50.0   1

 840    50.0   1

/Recharge/drain combination                                                 10h/

 1

 0.002739726   0.   1.   42

 841   842   843   844   845   846   847   848   849   850

 851   852   853   854   855   856   857   858   859   860

 861   862   863   864   865   866   867   868   869   870

 871   872   873   874   875   876   877   878   879   880

 881   882

/iobsn   iobswg   imbal   pkrz                                               11/

 1       0        1       -1.

/Observation nodes                                                          11a/

 11

 1  2  3  4  5  6  7  8  9  10  11

/Number of spline datasets, nsds                                             12/

 3

/Spline data set #1: Constant                                              12-1/
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 2   1

 0

 0.  0.

 0.  1.

 1.  1.

/Spline data set #2: Pseudo-soil water saturation                          12-2/

 4   1

 0

 0.  0.

 -1.   -0.99  0.   1.

  0.01  0.01  1.0  1.0

/Spline data set #3: Pseudo-soil relative permeability                     12-3/

 2   1

 0

 0.    0.

 0.01  1.00

 0.01  1.00

B.5 Transient, One-Dimensional Flow to a Well in an Isotropic
Confined Aquifer (Theis, 1935)

The input files associated with the flow verification problems presented in Section 4.1.5
are listed below.  The input file named "f_theis_fc.main" involves a full mesh with
relatively coarse discretization.  File "f_theis_qc.main" involves a quadrant mesh with the
same coarse discretization.  File "f_theis_qf.main" involves a quadrant mesh with
relatively fine resolution.

file:  f_theis_fc.main
/Problem description                                                          1/

 V_V Case 4.1.5 (coarse full grid)

 Transient, one-dimensional flow to a well in an isotropic

 confined aquifer (Theis,1935)

/kmod   kssf   ksst   iddmt   iwatp   ipicrd   iquad                          2/

 0      1      0      0       0       1        0

/upstr   wfac                                                                 3/

 0.      0.

/htol     ctol   nitmax   north                                               4/

 0.0001   0.0    200      0

/nts   idt   mxstr   theta                                                    5/

 20    0     3       1.

/Simulation times, tmvec(1),...,tmvec(nts)                                   5a/

   137.1     315.3     547.1     848.6    1239.9

  1748.9    2410.7    3271.1    4389.5    5843.4

  7733.6   10190.7   13385.1   17537.7   22936.1

 29954.0   39077.4   50937.7   66356.1   86400.0

/iprt   irst   iplt   ibug   iprint                                           6/

 1      0      1      0      0

/Print options                                                               6a/

 0

 1

 1
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 0

/Tecplot options                                                             6c/

 0

 1

 1

 0

/strt_date   conv_time   conv_vol   conv_mass                                6e/

 0.          1.          1.         1.

/nnx   nny   nnz   dxmax    dymax    dzmax   igrid                            7/

 21    21    2     10000.   10000.   1000.   1

/Grid line x-coordinates, xw(1),...,xw(nnx)                                  7b/

 -1200.   -850.  -600.  -425.  -300. -210.  -140.

   -90.    -55.   -25.     0.    25.   55.    90.

   140.    210.   300.   425.   600.  850.  1200.

/Grid line y-coordinates, yw(1),...,yw(nny)                                  7c/

 -1200.   -850.  -600.  -425.  -300. -210.  -140.

   -90.    -55.   -25.     0.    25.   55.    90.

   140.    210.   300.   425.   600.  850.  1200.

/Grid line z-coordinates, zw(1),...,zw(nnz)                                  7d/

 0.   10.

/tht   dxs   dys                                                             7f/

 0.    0.    0.

/Initial conditions and flow solution                                         8/

 0

 0    0.

 0    0.

 0    0.

 0    0.   0.   0.

 0    0.

/Number of different porous materials, nmat                                   9/

 1

/Saturated hydraulic properties, propf(1,j),...,propf(8,j)                   9b/

 2.3e-04   2.3e-04   2.3e-04   0.   0.   0.   7.5e-05   0.3

/nhn   ncn   nmfn   nrw   nwell   nsb   nls   nrech                          10/

 160   0     0      0     1       0     0     0

/Specified head nodes                                                       10a/

   1   0.0000   1

   2   0.0000   1

   3   0.0000   1

   4   0.0000   1

   5   0.0000   1

   6   0.0000   1

   7   0.0000   1

   8   0.0000   1

   9   0.0000   1

  10   0.0000   1

  11   0.0000   1

  12   0.0000   1

  13   0.0000   1

  14   0.0000   1

  15   0.0000   1

  16   0.0000   1
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  17   0.0000   1

  18   0.0000   1

  19   0.0000   1

  20   0.0000   1

  21   0.0000   1

 442   0.0000   1

 443   0.0000   1

 444   0.0000   1

 445   0.0000   1

 446   0.0000   1

 447   0.0000   1

 448   0.0000   1

 449   0.0000   1

 450   0.0000   1

 451   0.0000   1

 452   0.0000   1

 453   0.0000   1

 454   0.0000   1

 455   0.0000   1

 456   0.0000   1

 457   0.0000   1

 458   0.0000   1

 459   0.0000   1

 460   0.0000   1

 461   0.0000   1

 462   0.0000   1

 421   0.0000   1

 422   0.0000   1

 423   0.0000   1

 424   0.0000   1

 425   0.0000   1

 426   0.0000   1

 427   0.0000   1

 428   0.0000   1

 429   0.0000   1

 430   0.0000   1

 431   0.0000   1

 432   0.0000   1

 433   0.0000   1

 434   0.0000   1

 435   0.0000   1

 436   0.0000   1

 437   0.0000   1

 438   0.0000   1

 439   0.0000   1

 440   0.0000   1

 441   0.0000   1

 862   0.0000   1

 863   0.0000   1

 864   0.0000   1

 865   0.0000   1

 866   0.0000   1
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 867   0.0000   1

 868   0.0000   1

 869   0.0000   1

 870   0.0000   1

 871   0.0000   1

 872   0.0000   1

 873   0.0000   1

 874   0.0000   1

 875   0.0000   1

 876   0.0000   1

 877   0.0000   1

 878   0.0000   1

 879   0.0000   1

 880   0.0000   1

 881   0.0000   1

 882   0.0000   1

  22   0.0000   1

  43   0.0000   1

  64   0.0000   1

  85   0.0000   1

 106   0.0000   1

 127   0.0000   1

 148   0.0000   1

 169   0.0000   1

 190   0.0000   1

 211   0.0000   1

 232   0.0000   1

 253   0.0000   1

 274   0.0000   1

 295   0.0000   1

 316   0.0000   1

 337   0.0000   1

 358   0.0000   1

 379   0.0000   1

 400   0.0000   1

 463   0.0000   1

 484   0.0000   1

 505   0.0000   1

 526   0.0000   1

 547   0.0000   1

 568   0.0000   1

 589   0.0000   1

 610   0.0000   1

 631   0.0000   1

 652   0.0000   1

 673   0.0000   1

 694   0.0000   1

 715   0.0000   1

 736   0.0000   1

 757   0.0000   1

 778   0.0000   1

 799   0.0000   1



WESTINGHOUSE SAVANNAH RIVER COMPANY Manual: WSRC-TR-99-00282
Section: Appendix B, Rev. 0
Date: 3/2000

FACT CODE MANUAL Page: 21 of 80

 820   0.0000   1

 841   0.0000   1

  42   0.0000   1

  63   0.0000   1

  84   0.0000   1

 105   0.0000   1

 126   0.0000   1

 147   0.0000   1

 168   0.0000   1

 189   0.0000   1

 210   0.0000   1

 231   0.0000   1

 252   0.0000   1

 273   0.0000   1

 294   0.0000   1

 315   0.0000   1

 336   0.0000   1

 357   0.0000   1

 378   0.0000   1

 399   0.0000   1

 420   0.0000   1

 483   0.0000   1

 504   0.0000   1

 525   0.0000   1

 546   0.0000   1

 567   0.0000   1

 588   0.0000   1

 609   0.0000   1

 630   0.0000   1

 651   0.0000   1

 672   0.0000   1

 693   0.0000   1

 714   0.0000   1

 735   0.0000   1

 756   0.0000   1

 777   0.0000   1

 798   0.0000   1

 819   0.0000   1

 840   0.0000   1

 861   0.0000   1

/Pumping well                                                               10e/

 0.   0.   0.   10.   -0.004   1   0.   1

/iobsn   iobswg   imbal   pkrz                                               11/

 1       1        1       -1.

/Observation nodes                                                          11a/

 3

 221   223   662

/Observation well group data                                                11b/

 1

 2

/Targets                                                                    11b/

 "x = 55"   55.    0.   5.   5.   0.   0.



WESTINGHOUSE SAVANNAH RIVER COMPANY Manual: WSRC-TR-99-00282
Section: Appendix B, Rev. 0
Date: 3/2000

FACT CODE MANUAL Page: 22 of 80

 "y = 55"    0.   55.   5.   5.   0.   0.

/Number of spline datasets, nsds                                             12/

 1

/Spline data set #1: Constant                                               12-1/

 2   1

 0

 0.  0.

 0.  1.

 1.  1.

file:  f_theis_qc.main
/Problem description                                                          1/

 V_V Case 4.1.5 (coarse quadrant grid)

 Transient, one-dimensional flow to a well in an isotropic

 confined aquifer (Theis,1935)

/kmod   kssf   ksst   iddmt   iwatp   ipicrd   iquad                          2/

 0      1      0      0       0       1        0

/upstr   wfac                                                                 3/

 0.      0.

/htol     ctol   nitmax   north                                               4/

 0.0001   0.0    200      0

/nts   idt   mxstr   theta                                                    5/

 20    0     3       1.

/Simulation times, tmvec(1),...,tmvec(nts)                                   5a/

   137.1     315.3     547.1     848.6    1239.9

  1748.9    2410.7    3271.1    4389.5    5843.4

  7733.6   10190.7   13385.1   17537.7   22936.1

 29954.0   39077.4   50937.7   66356.1   86400.0

/iprt   irst   iplt   ibug   iprint                                           6/

 1      0      1      0      0

/Print options                                                               6a/

 0

 1

 1

 0

/Tecplot options                                                             6c/

 0

 1

 1

 0

/strt_date   conv_time   conv_vol   conv_mass                                6e/

 0.          1.          1.         1.

/nnx   nny   nnz   dxmax    dymax    dzmax   igrid                            7/

 11    11    2     10000.   10000.   1000.   1

/Grid line x-coordinates, xw(1),...,xw(nnx)                                  7b/

 0.0   25.   55.   90.0   140.   210.0   300.0   425.0   600.0   850.0   1200.

/Grid line y-coordinates, yw(1),...,yw(nny)                                  7b/

 0.0   25.   55.   90.0   140.   210.0   300.0   425.0   600.0   850.0   1200.

/Grid line z-coordinates, zw(1),...,zw(nnz)                                  7d/

 0.   10.

/tht   dxs   dys                                                             7f/

 0.    0.    0.
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/Initial conditions and flow solution                                         8/

 0

 0    0.

 0    0.

 0    0.

 0    0.   0.   0.

 0    0.

/Number of different porous materials, nmat                                   9/

 1

/Saturated hydraulic properties, propf(1,j),...,propf(8,j)                   9b/

 2.3e-04   2.3e-04   2.3e-04   0.   0.   0.   7.5e-05   0.3

/nhn   ncn   nmfn   nrw   nwell   nsb   nls   nrech                          10/

 42    0     0      0     1       0     0     0

/Specified head nodes                                                       10a/

 111   0.0000   1

 112   0.0000   1

 113   0.0000   1

 114   0.0000   1

 115   0.0000   1

 116   0.0000   1

 117   0.0000   1

 118   0.0000   1

 119   0.0000   1

 120   0.0000   1

 121   0.0000   1

 232   0.0000   1

 233   0.0000   1

 234   0.0000   1

 235   0.0000   1

 236   0.0000   1

 237   0.0000   1

 238   0.0000   1

 239   0.0000   1

 240   0.0000   1

 241   0.0000   1

 242   0.0000   1

  11   0.0000   1

  22   0.0000   1

  33   0.0000   1

  44   0.0000   1

  55   0.0000   1

  66   0.0000   1

  77   0.0000   1

  88   0.0000   1

  99   0.0000   1

 110   0.0000   1

 132   0.0000   1

 143   0.0000   1

 154   0.0000   1

 165   0.0000   1

 176   0.0000   1

 187   0.0000   1
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 198   0.0000   1

 209   0.0000   1

 220   0.0000   1

 231   0.0000   1

/Pumping well                                                               10e/

 0.   0.   0.   10.   -0.001   1   0.   1

/iobsn   iobswg   imbal   pkrz                                               11/

 1       1        1       -1.

/Observation nodes                                                          11a/

 1

 3

/Observation well group data                                                11b/

 1

 2

/Targets                                                                    11b/

 "x = 55"   55.    0.   5.   5.   0.   0.

 "y = 55"    0.   55.   5.   5.   0.   0.

/Number of spline datasets, nsds                                             12/

 1

/Spline data set #1: Constant                                               12-1/

 2   1

 0

 0.  0.

 0.  1.

 1.  1.

file:  f_theis_qf.main
/Problem description                                                          1/

 V_V Case 4.1.5 (fine quadrant grid)

 Transient, one-dimensional flow to a well in an isotropic

 confined aquifer (Theis,1935)

/kmod   kssf   ksst   iddmt   iwatp   ipicrd   iquad                          2/

 0      1      0      0       0       1        0

/upstr   wfac                                                                 3/

 0.      0.

/htol     ctol   nitmax   north                                               4/

 0.0001   0.0    200      0

/nts   idt   mxstr   theta                                                    5/

 40    0     3       1.

/Simulation times, tmvec(1),...,tmvec(nts)                                   5a/

    50.0     137.1     210.0     315.3     410.0

   547.1     680.0     848.6    1000.0    1239.9

  1450.0    1748.9    2000.0    2410.7    2700.0

  3271.1    3800.0    4389.5    5000.0    5843.4

  6500.0    7733.6    8500.0   10190.7   11500.0

 13385.1   15000.0   17537.7   20000.0   22936.1

 26000.0   29954.0   34000.0   39077.4   45000.0

 50937.7   58000.0   66356.1   76000.0   86400.0

/iprt   irst   iplt   ibug   iprint                                           6/

 1      0      1      0      0

/Print options                                                               6a/

 0
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 2

 1

 0

/Tecplot options                                                             6c/

 0

 1

 2

 0    2

/strt_date   conv_time   conv_vol   conv_mass                                6e/

 0.          1.          1.         1.

/nnx   nny   nnz   dxmax    dymax    dzmax   igrid                            7/

 19    19    2     10000.   10000.   1000.   1

/Grid line x-coordinates, xw(1),...,xw(nnx)                                  7b/

  0.0     4.     9.    15.    20.    25.    35.    45.     55.   65.

 80.0   100.   150.   225.   300.   450.   600.   850.   1200.

/Grid line y-coordinates, yw(1),...,yw(nny)                                  7c/

  0.0     4.     9.    15.    20.    25.    35.    45.     55.   65.

 80.0   100.   150.   225.   300.   450.   600.   850.   1200.

/Grid line z-coordinates, zw(1),...,zw(nnz)                                  7d/

 0.   10.

/tht   dxs   dys                                                             7f/

 0.    0.    0.

/Initial conditions and flow solution                                         8/

 0

 0    0.

 0    0.

 0    0.

 0    0.   0.   0.

 0    0.

/Number of different porous materials, nmat                                   9/

 1

/Saturated hydraulic properties, propf(1,j),...,propf(8,j)                   9b/

 2.3e-04   2.3e-04   2.3e-04   0.   0.   0.   7.5e-05   0.3

/nhn   ncn   nmfn   nrw   nwell   nsb   nls   nrech                          10/

 74    0     0      0     1       0     0     0

/Specified head nodes                                                       10a/

 343   0.0000   1

 344   0.0000   1

 345   0.0000   1

 346   0.0000   1

 347   0.0000   1

 348   0.0000   1

 349   0.0000   1

 350   0.0000   1

 351   0.0000   1

 352   0.0000   1

 353   0.0000   1

 354   0.0000   1

 355   0.0000   1

 356   0.0000   1

 357   0.0000   1

 358   0.0000   1
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 359   0.0000   1

 360   0.0000   1

 361   0.0000   1

 704   0.0000   1

 705   0.0000   1

 706   0.0000   1

 707   0.0000   1

 708   0.0000   1

 709   0.0000   1

 710   0.0000   1

 711   0.0000   1

 712   0.0000   1

 713   0.0000   1

 714   0.0000   1

 715   0.0000   1

 716   0.0000   1

 717   0.0000   1

 718   0.0000   1

 719   0.0000   1

 720   0.0000   1

 721   0.0000   1

 722   0.0000   1

  19   0.0000   1

  38   0.0000   1

  57   0.0000   1

  76   0.0000   1

  95   0.0000   1

 114   0.0000   1

 133   0.0000   1

 152   0.0000   1

 171   0.0000   1

 190   0.0000   1

 209   0.0000   1

 228   0.0000   1

 247   0.0000   1

 266   0.0000   1

 285   0.0000   1

 304   0.0000   1

 323   0.0000   1

 342   0.0000   1

 380   0.0000   1

 399   0.0000   1

 418   0.0000   1

 437   0.0000   1

 456   0.0000   1

 475   0.0000   1

 494   0.0000   1

 513   0.0000   1

 532   0.0000   1

 551   0.0000   1

 570   0.0000   1

 589   0.0000   1
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 608   0.0000   1

 627   0.0000   1

 646   0.0000   1

 665   0.0000   1

 684   0.0000   1

 703   0.0000   1

/Pumping well                                                               10e/

 0.   0.   0.   10.   -0.001   1   0.   1

/iobsn   iobswg   imbal   pkrz                                               11/

 1       1        0       -1.

/Observation nodes                                                          11a/

 1

 9

/Observation well group data                                                11b/

 1

 2

/Targets                                                                    11b/

 "x = 55"   55.    0.   5.   5.   0.   0.

 "y = 55"    0.   55.   5.   5.   0.   0.

/Number of spline datasets, nsds                                             12/

 1

/Spline data set #1: Constant                                               12-1/

 2   1

 0

 0.  0.

 0.  1.

 1.  1.

B.6 Transient, Two-Dimensional Flow to a Well in an Anisotropic
Confined Aquifer (Hantush and Thomas, 1966)

The input files associated with the flow verification problems presented in Section 4.1.6
are listed below.  The input file named "f_aniso_fc.main" involves a full mesh with
relatively coarse discretization.  File "f_aniso_qc.main" involves a quadrant mesh with
the same coarse discretization.  File "f_aniso_qf.main" involves a quadrant mesh with
relatively fine resolution.

file:  f_aniso_fc.main
/Problem description                                                          1/

 V_V Case 4.1.6 (coarse full grid)

 Transient, two-dimensional flow to a well in an anisotropic

 confined aquifer (Hantush and Thomas,1966)

/kmod   kssf   ksst   iddmt   iwatp   ipicrd   iquad                          2/

 0      1      0      0       0       1        0

/upstr   wfac                                                                 3/

 0.      0.

/htol     ctol   nitmax   north                                               4/

 0.0001   0.0    200      0

/nts   idt   mxstr   theta                                                    5/

 20    0     3       1.

/Simulation times, tmvec(1),...,tmvec(nts)                                   5a/
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   137.1     315.3     547.1     848.6    1239.9

  1748.9    2410.7    3271.1    4389.5    5843.4

  7733.6   10190.7   13385.1   17537.7   22936.1

 29954.0   39077.4   50937.7   66356.1   86400.0

/iprt   irst   iplt   ibug   iprint                                           6/

 1      0      1      0      0

/Print options                                                               6a/

 0

 1

 1

 0

/Tecplot options                                                             6c/

 0

 1

 2

 0   2

/strt_date   conv_time   conv_vol   conv_mass                                6e/

 0.          1.          1.         1.

/nnx   nny   nnz   dxmax    dymax    dzmax   igrid                            7/

 21    21    2     10000.   10000.   1000.   1

/Grid line x-coordinates, xw(1),...,xw(nnx)                                  7b/

 -1200.   -850.  -600.  -425.  -300. -210.  -140.

   -90.    -55.   -25.     0.    25.   55.    90.

   140.    210.   300.   425.   600.  850.  1200.

/Grid line y-coordinates, yw(1),...,yw(nny)                                  7c/

 -1200.   -850.  -600.  -425.  -300. -210.  -140.

   -90.    -55.   -25.     0.    25.   55.    90.

   140.    210.   300.   425.   600.  850.  1200.

/Grid line z-coordinates, zw(1),...,zw(nnz)                                  7d/

 0.   10.

/tht   dxs   dys                                                             7f/

 0.    0.    0.

/Initial conditions and flow solution                                         8/

 0

 0    0.

 0    0.

 0    0.

 0    0.   0.   0.

 0    0.

/Number of different porous materials, nmat                                   9/

 1

/Saturated hydraulic properties, propf(1,j),...,propf(8,j)                   9b/

 2.3e-04   2.3e-05   2.3e-04   0.   0.   0.   7.5e-05   0.3

/nhn   ncn   nmfn   nrw   nwell   nsb   nls   nrech                          10/

 160   0     0      0     1       0     0     0

/Specified head nodes                                                       10a/

   1   0.0000   1

   2   0.0000   1

   3   0.0000   1

   4   0.0000   1

   5   0.0000   1

   6   0.0000   1
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   7   0.0000   1

   8   0.0000   1

   9   0.0000   1

  10   0.0000   1

  11   0.0000   1

  12   0.0000   1

  13   0.0000   1

  14   0.0000   1

  15   0.0000   1

  16   0.0000   1

  17   0.0000   1

  18   0.0000   1

  19   0.0000   1

  20   0.0000   1

  21   0.0000   1

 442   0.0000   1

 443   0.0000   1

 444   0.0000   1

 445   0.0000   1

 446   0.0000   1

 447   0.0000   1

 448   0.0000   1

 449   0.0000   1

 450   0.0000   1

 451   0.0000   1

 452   0.0000   1

 453   0.0000   1

 454   0.0000   1

 455   0.0000   1

 456   0.0000   1

 457   0.0000   1

 458   0.0000   1

 459   0.0000   1

 460   0.0000   1

 461   0.0000   1

 462   0.0000   1

 421   0.0000   1

 422   0.0000   1

 423   0.0000   1

 424   0.0000   1

 425   0.0000   1

 426   0.0000   1

 427   0.0000   1

 428   0.0000   1

 429   0.0000   1

 430   0.0000   1

 431   0.0000   1

 432   0.0000   1

 433   0.0000   1

 434   0.0000   1

 435   0.0000   1

 436   0.0000   1
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 437   0.0000   1

 438   0.0000   1

 439   0.0000   1

 440   0.0000   1

 441   0.0000   1

 862   0.0000   1

 863   0.0000   1

 864   0.0000   1

 865   0.0000   1

 866   0.0000   1

 867   0.0000   1

 868   0.0000   1

 869   0.0000   1

 870   0.0000   1

 871   0.0000   1

 872   0.0000   1

 873   0.0000   1

 874   0.0000   1

 875   0.0000   1

 876   0.0000   1

 877   0.0000   1

 878   0.0000   1

 879   0.0000   1

 880   0.0000   1

 881   0.0000   1

 882   0.0000   1

  22   0.0000   1

  43   0.0000   1

  64   0.0000   1

  85   0.0000   1

 106   0.0000   1

 127   0.0000   1

 148   0.0000   1

 169   0.0000   1

 190   0.0000   1

 211   0.0000   1

 232   0.0000   1

 253   0.0000   1

 274   0.0000   1

 295   0.0000   1

 316   0.0000   1

 337   0.0000   1

 358   0.0000   1

 379   0.0000   1

 400   0.0000   1

 463   0.0000   1

 484   0.0000   1

 505   0.0000   1

 526   0.0000   1

 547   0.0000   1

 568   0.0000   1

 589   0.0000   1
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 610   0.0000   1

 631   0.0000   1

 652   0.0000   1

 673   0.0000   1

 694   0.0000   1

 715   0.0000   1

 736   0.0000   1

 757   0.0000   1

 778   0.0000   1

 799   0.0000   1

 820   0.0000   1

 841   0.0000   1

  42   0.0000   1

  63   0.0000   1

  84   0.0000   1

 105   0.0000   1

 126   0.0000   1

 147   0.0000   1

 168   0.0000   1

 189   0.0000   1

 210   0.0000   1

 231   0.0000   1

 252   0.0000   1

 273   0.0000   1

 294   0.0000   1

 315   0.0000   1

 336   0.0000   1

 357   0.0000   1

 378   0.0000   1

 399   0.0000   1

 420   0.0000   1

 483   0.0000   1

 504   0.0000   1

 525   0.0000   1

 546   0.0000   1

 567   0.0000   1

 588   0.0000   1

 609   0.0000   1

 630   0.0000   1

 651   0.0000   1

 672   0.0000   1

 693   0.0000   1

 714   0.0000   1

 735   0.0000   1

 756   0.0000   1

 777   0.0000   1

 798   0.0000   1

 819   0.0000   1

 840   0.0000   1

 861   0.0000   1

/Pumping well                                                               10e/

 0.   0.   0.   10.   -0.004   1   0.   1
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/iobsn   iobswg   imbal   pkrz                                               11/

 1       1        1       -1.

/Observation nodes                                                          11a/

 3

 179  181  223

/Observation well group data                                                11b/

 1

 3

/Targets                                                                    11b/

 "x = 55"   55.   0.   5.   5.   0.   0.

 "y = 55"    0.  55.   5.   5.   0.   0.

 "r = 55"   55.  55.   5.   5.   0.   0.

/Number of spline datasets, nsds                                             12/

 1

/Spline data set #1: Constant                                               12-1/

 2   1

 0

 0.  0.

 0.  1.

 1.  1.

file:  f_aniso_qc.main
/Problem description                                                          1/

 V_V Case (coarse quadrant grid)

 Transient, two-dimensional flow to a well in an anisotropic

 confined aquifer (Hanush and Thomas,1966)

/kmod   kssf   ksst   iddmt   iwatp   ipicrd   iquad                          2/

 0      1      0      0       0       1        0

/upstr   wfac                                                                 3/

 0.      0.

/htol     ctol   nitmax   north                                               4/

 0.0001   0.0    200      0

/nts   idt   mxstr   theta                                                    5/

 20    0     3       1.

/Simulation times, tmvec(1),...,tmvec(nts)                                   5a/

   137.1     315.3     547.1     848.6    1239.9

  1748.9    2410.7    3271.1    4389.5    5843.4

  7733.6   10190.7   13385.1   17537.7   22936.1

 29954.0   39077.4   50937.7   66356.1   86400.0

/iprt   irst   iplt   ibug   iprint                                           6/

 1      0      1      0      0

/Print options                                                               6a/

 0

 1

 1

 0

/Tecplot options                                                             6c/

 0

 1

 1

 0

/strt_date   conv_time   conv_vol   conv_mass                                6e/
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 0.          1.          1.         1.

/nnx   nny   nnz   dxmax    dymax    dzmax   igrid                            7/

 11    11    2     10000.   10000.   1000.   1

/Grid line x-coordinates, xw(1),...,xw(nnx)                                  7b/

 0.0   25.   55.   90.0   140.   210.0   300.0   425.0   600.0   850.0   1200.

/Grid line y-coordinates, yw(1),...,yw(nny)                                  7b/

 0.0   25.   55.   90.0   140.   210.0   300.0   425.0   600.0   850.0   1200.

/Grid line z-coordinates, zw(1),...,zw(nnz)                                  7d/

 0.   10.

/tht   dxs   dys                                                             7f/

 0.    0.    0.

/Initial conditions and flow solution                                         8/

 0

 0    0.

 0    0.

 0    0.

 0    0.   0.   0.

 0    0.

/Number of different porous materials, nmat                                   9/

 1

/Saturated hydraulic properties, propf(1,j),...,propf(8,j)                   9b/

 2.3e-04   2.3e-05   2.3e-04   0.   0.   0.   7.5e-05   0.3

/nhn   ncn   nmfn   nrw   nwell   nsb   nls   nrech                          10/

 42    0     0      0     1       0     0     0

/Specified head nodes                                                       10a/

 111   0.0000   1

 112   0.0000   1

 113   0.0000   1

 114   0.0000   1

 115   0.0000   1

 116   0.0000   1

 117   0.0000   1

 118   0.0000   1

 119   0.0000   1

 120   0.0000   1

 121   0.0000   1

 232   0.0000   1

 233   0.0000   1

 234   0.0000   1

 235   0.0000   1

 236   0.0000   1

 237   0.0000   1

 238   0.0000   1

 239   0.0000   1

 240   0.0000   1

 241   0.0000   1

 242   0.0000   1

  11   0.0000   1

  22   0.0000   1

  33   0.0000   1

  44   0.0000   1

  55   0.0000   1
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  66   0.0000   1

  77   0.0000   1

  88   0.0000   1

  99   0.0000   1

 110   0.0000   1

 132   0.0000   1

 143   0.0000   1

 154   0.0000   1

 165   0.0000   1

 176   0.0000   1

 187   0.0000   1

 198   0.0000   1

 209   0.0000   1

 220   0.0000   1

 231   0.0000   1

/Pumping well                                                               10e/

 0.   0.   0.   10.   -0.001   1   0.   1

/iobsn   iobswg   imbal   pkrz                                               11/

 1       1        1       -1.

/Observation nodes                                                          11a/

 3

 3   23   25

/Observation well group data                                                11b/

 1

 3

/Targets                                                                    11b/

 "x = 55"   55.   0.   5.   5.   0.   0.

 "y = 55"    0.  55.   5.   5.   0.   0.

 "r = 55"   55.  55.   5.   5.   0.   0.

/Number of spline datasets, nsds                                             12/

 1

/Spline data set #1: Constant                                               12-1/

 2   1

 0

 0.  0.

 0.  1.

 1.  1.

file:  f_aniso_qf.main
/Problem description                                                          1/

 V_V Case 4.1.6 (fine quadrant grid)

 Transient, two-dimensional flow to a well in an anisotropic

 confined aquifer (Hanush and Thomas,1966)

/kmod   kssf   ksst   iddmt   iwatp   ipicrd   iquad                          2/

 0      1      0      0       0       1        0

/upstr   wfac                                                                 3/

 0.      0.

/htol     ctol   nitmax   north                                               4/

 0.0001   0.0    200      0

/nts   idt   mxstr   theta                                                    5/

 40    0     3       1.

/Simulation times, tmvec(1),...,tmvec(nts)                                   5a/



WESTINGHOUSE SAVANNAH RIVER COMPANY Manual: WSRC-TR-99-00282
Section: Appendix B, Rev. 0
Date: 3/2000

FACT CODE MANUAL Page: 35 of 80

    50.0     137.1     210.0     315.3     410.0

   547.1     680.0     848.6    1000.0    1239.9

  1450.0    1748.9    2000.0    2410.7    2700.0

  3271.1    3800.0    4389.5    5000.0    5843.4

  6500.0    7733.6    8500.0   10190.7   11500.0

 13385.1   15000.0   17537.7   20000.0   22936.1

 26000.0   29954.0   34000.0   39077.4   45000.0

 50937.7   58000.0   66356.1   76000.0   86400.0

/iprt   irst   iplt   ibug   iprint                                           6/

 1      0      1      0      0

/Print options                                                               6a/

 0

 2

 1

 0

/Tecplot options                                                             6c/

 0

 1

 2

 0    2

/strt_date   conv_time   conv_vol   conv_mass                                6e/

 0.          1.          1.         1.

/nnx   nny   nnz   dxmax    dymax    dzmax   igrid                            7/

 19    19    2     10000.   10000.   1000.   1

/Grid line x-coordinates, xw(1),...,xw(nnx)                                  7b/

  0.0     4.     9.    15.    20.    25.    35.    45.     55.   65.

 80.0   100.   150.   225.   300.   450.   600.   850.   1200.

/Grid line y-coordinates, yw(1),...,yw(nny)                                  7c/

  0.0     4.     9.    15.    20.    25.    35.    45.     55.   65.

 80.0   100.   150.   225.   300.   450.   600.   850.   1200.

/Grid line z-coordinates, zw(1),...,zw(nnz)                                  7d/

 0.   10.

/tht   dxs   dys                                                             7f/

 0.    0.    0.

/Initial conditions and flow solution                                         8/

 0

 0    0.

 0    0.

 0    0.

 0    0.   0.   0.

 0    0.

/Number of different porous materials, nmat                                   9/

 1

/Saturated hydraulic properties, propf(1,j),...,propf(8,j)                   9b/

 2.3e-04   2.3e-05   2.3e-04   0.   0.   0.   7.5e-05   0.3

/nhn   ncn   nmfn   nrw   nwell   nsb   nls   nrech                          10/

 74    0     0      0     1       0     0     0

/Specified head nodes                                                       10a/

 343   0.0000   1

 344   0.0000   1

 345   0.0000   1

 346   0.0000   1
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 347   0.0000   1

 348   0.0000   1

 349   0.0000   1

 350   0.0000   1

 351   0.0000   1

 352   0.0000   1

 353   0.0000   1

 354   0.0000   1

 355   0.0000   1

 356   0.0000   1

 357   0.0000   1

 358   0.0000   1

 359   0.0000   1

 360   0.0000   1

 361   0.0000   1

 704   0.0000   1

 705   0.0000   1

 706   0.0000   1

 707   0.0000   1

 708   0.0000   1

 709   0.0000   1

 710   0.0000   1

 711   0.0000   1

 712   0.0000   1

 713   0.0000   1

 714   0.0000   1

 715   0.0000   1

 716   0.0000   1

 717   0.0000   1

 718   0.0000   1

 719   0.0000   1

 720   0.0000   1

 721   0.0000   1

 722   0.0000   1

  19   0.0000   1

  38   0.0000   1

  57   0.0000   1

  76   0.0000   1

  95   0.0000   1

 114   0.0000   1

 133   0.0000   1

 152   0.0000   1

 171   0.0000   1

 190   0.0000   1

 209   0.0000   1

 228   0.0000   1

 247   0.0000   1

 266   0.0000   1

 285   0.0000   1

 304   0.0000   1

 323   0.0000   1

 342   0.0000   1
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 380   0.0000   1

 399   0.0000   1

 418   0.0000   1

 437   0.0000   1

 456   0.0000   1

 475   0.0000   1

 494   0.0000   1

 513   0.0000   1

 532   0.0000   1

 551   0.0000   1

 570   0.0000   1

 589   0.0000   1

 608   0.0000   1

 627   0.0000   1

 646   0.0000   1

 665   0.0000   1

 684   0.0000   1

 703   0.0000   1

/Pumping well                                                               10e/

 0.   0.   0.   10.   -0.001   1   0.   1

/iobsn   iobswg   imbal   pkrz                                               11/

 1       1        1       -1.

/Observation nodes                                                          11a/

 3

 9   153   161

/Observation well group data                                                11b/

 1

 3

/Targets                                                                    11b/

 "x = 55"   55.   0.   5.   5.   0.   0.

 "y = 55"    0.  55.   5.   5.   0.   0.

 "r = 55"   55.  55.   5.   5.   0.   0.

/Number of spline datasets, nsds                                             12/

 1

/Spline data set #1: Constant                                               12-1/

 2   1

 0

 0.  0.

 0.  1.

 1.  1.

B.7 Transient, One-Dimensional Flow to a Well in a Leaky Confined
Aquifer (Hantush and Jacob, 1955)

The input files associated with the flow verification problems presented in Section 4.1.7
are listed below.  The input file named "f_leaky_qc.main" involves a mesh with relatively
coarse discretization.  File "f_leaky_qf.main" involves a mesh with relatively fine
resolution.

file:  f_leaky_qc.main
/Problem description                                                          1/
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 V_V Case 4.1.7 (coarse grid)

 Transient, one-dimensional flow to a well in a leaky

 confined aquifer (Hanush and Jacob,1955)

/kmod   kssf   ksst   iddmt   iwatp   ipicrd   iquad                          2/

 0      1      0      0       0       0        0

/upstr   wfac                                                                 3/

 0.      0.

/htol     ctol   nitmax   north                                               4/

 0.0001   0.0    200      0

/nts   idt   mxstr   theta                                                    5/

 24    0     3       1.

/Simulation times, tmvec(1),...,tmvec(nts)                                   5a/

   0.5     1.0     1.5     2.0     3.0     4.4

   6.0     8.0    10.0    14.5    16.0    20.0

  26.5    35.0    43.5    55.0    67.5    80.0

 101.0   120.0   149.0   170.0   200.0   217.0

/iprt   irst   iplt   ibug   iprint                                           6/

 1      0      1      0      0

/Print options                                                               6a/

 0

 1

 1

 0

/Tecplot options                                                             6c/

 0

 1

 1

 0

/strt_date   conv_time   conv_vol   conv_mass                                6e/

 0.          1.          1.         1.

/nnx   nny   nnz   dxmax    dymax    dzmax   igrid                            7/

 15    15    2     10000.   10000.   1000.   1

/Grid line x-coordinates, xw(1),...,xw(nnx)                                  7b/

  0.0   4.   9.   15.   25.   35.   45.   55.   60.   80.   100.   200.

 300. 410. 550.

/Grid line y-coordinates, yw(1),...,yw(nny)                                  7b/

  0.0   4.   9.   15.   25.   35.   45.   55.   60.   80.   100.   200.

 300. 410. 550.

/Grid line z-coordinates, zw(1),...,zw(nnz)                                  7d/

 0.   1.

/tht   dxs   dys                                                             7f/

 0.    0.    0.

/Initial conditions and flow solution                                         8/

 0

 0   20.

 0    0.

 0    0.

 0    0.   0.   0.

 0    0.

/Number of different porous materials, nmat                                   9/

 1

/Saturated hydraulic properties, propf(1,j),...,propf(8,j)                   9b/



WESTINGHOUSE SAVANNAH RIVER COMPANY Manual: WSRC-TR-99-00282
Section: Appendix B, Rev. 0
Date: 3/2000

FACT CODE MANUAL Page: 39 of 80

 5.0e-03   5.0e-03   5.0e-03   0.   0.   0.   1.0e-04   0.3

/nhn   ncn   nmfn   nrw   nwell   nsb   nls   nrech                          10/

 58    0     0      0     1       1     0     0

/Specified head nodes                                                       10a/

 211   20.000   1

 212   20.000   1

 213   20.000   1

 214   20.000   1

 215   20.000   1

 216   20.000   1

 217   20.000   1

 218   20.000   1

 219   20.000   1

 220   20.000   1

 221   20.000   1

 222   20.000   1

 223   20.000   1

 224   20.000   1

 225   20.000   1

 436   20.000   1

 437   20.000   1

 438   20.000   1

 439   20.000   1

 440   20.000   1

 441   20.000   1

 442   20.000   1

 443   20.000   1

 444   20.000   1

 445   20.000   1

 446   20.000   1

 447   20.000   1

 448   20.000   1

 449   20.000   1

 450   20.000   1

  15   20.000   1

  30   20.000   1

  45   20.000   1

  60   20.000   1

  75   20.000   1

  90   20.000   1

 105   20.000   1

 120   20.000   1

 135   20.000   1

 150   20.000   1

 165   20.000   1

 180   20.000   1

 195   20.000   1

 210   20.000   1

 240   20.000   1

 255   20.000   1

 270   20.000   1

 285   20.000   1
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 300   20.000   1

 315   20.000   1

 330   20.000   1

 345   20.000   1

 360   20.000   1

 375   20.000   1

 390   20.000   1

 405   20.000   1

 420   20.000   1

 435   20.000   1

/Pumping well                                                               10e/

 0.   0.   0.   1.   -0.1   1   0.   1

/Head-dependent source beds                                                 10f/

 0     20.     1      225     0.000001     1.0

 226   227   228   229   230   231   232   233   234   235   236   237   238

 239   240   241   242   243   244   245   246   247   248   249   250   251

 252   253   254   255   256   257   258   259   260   261   262   263   264

 265   266   267   268   269   270   271   272   273   274   275   276   277

 278   279   280   281   282   283   284   285   286   287   288   289   290

 291   292   293   294   295   296   297   298   299   300   301   302   303

 304   305   306   307   308   309   310   311   312   313   314   315   316

 317   318   319   320   321   322   323   324   325   326   327   328   329

 330   331   332   333   334   335   336   337   338   339   340   341   342

 343   344   345   346   347   348   349   350   351   352   353   354   355

 356   357   358   359   360   361   362   363   364   365   366   367   368

 369   370   371   372   373   374   375   376   377   378   379   380   381

 382   383   384   385   386   387   388   389   390   391   392   393   394

 395   396   397   398   399   400   401   402   403   404   405   406   407

 408   409   410   411   412   413   414   415   416   417   418   419   420

 421   422   423   424   425   426   427   428   429   430   431   432   433

 434   435   436   437   438   439   440   441   442   443   444   445   446

 447   448   449   450

/iobsn   iobswg   imbal   pkrz                                               11/

 1       1        1       -1.

/Observation nodes                                                          11a/

 1

 9

/Observation well group data                                                11b/

 1

 2

/Targets                                                                    11b/

 "x = 60"  60.0     0.0   0.0   0.0   0.0   0.0

 "y = 60"   0.0    60.0   0.0   0.0   0.0   0.0

/Number of spline datasets, nsds                                             12/

 1

/Spline data set #1: Constant                                               12-1/

 2   1

 0

 0.  0.

 0.  1.

 1.  1.
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file:  f_leaky_qf.main
/Problem description                                                          1/

 V_V Case 4.1.7 (fine grid)

 Transient, one-dimensional flow to a well in a leaky

 confined aquifer (Hanush and Jacob,1955)

/kmod   kssf   ksst   iddmt   iwatp   ipicrd   iquad                          2/

 0      1      0      0       0       0        0

/upstr   wfac                                                                 3/

 0.      0.

/htol     ctol   nitmax   north                                               4/

 0.0001   0.0    200      0

/nts   idt   mxstr   theta                                                    5/

 24    0     3       1.

/Simulation times, tmvec(1),...,tmvec(nts)                                   5a/

   0.5     1.0     1.5     2.0     3.0     4.4

   6.0     8.0    10.0    14.5    16.0    20.0

  26.5    35.0    43.5    55.0    67.5    80.0

 101.0   120.0   149.0   170.0   200.0   217.0

/iprt   irst   iplt   ibug   iprint                                           6/

 1      0      1      0      0

/Print options                                                               6a/

 0

 1

 1

 0

/Tecplot options                                                             6c/

 0

 1

 1

 0

/strt_date   conv_time   conv_vol   conv_mass                                6e/

 0.          1.          1.         1.

/nnx   nny   nnz   dxmax    dymax    dzmax   igrid                            7/

 24    24    2     10000.   10000.   1000.   1

/Grid line x-coordinates, xw(1),...,xw(nnx)                                  7b/

   0.    2.    4.    6.5   9.   12.   15.   20.   25.   30.   35.

  40.   45.   50.   55.   60.   70.   80.  100.  140.  200.  300.

 410.  550.

/Grid line y-coordinates, yw(1),...,yw(nny)                                  7b/

   0.    2.    4.    6.5   9.   12.   15.   20.   25.   30.   35.

  40.   45.   50.   55.   60.   70.   80.  100.  140.  200.  300.

 410.  550.

/Grid line z-coordinates, zw(1),...,zw(nnz)                                  7d/

 0.   1.

/tht   dxs   dys                                                             7f/

 0.    0.    0.

/Initial conditions and flow solution                                         8/

 0

 0   20.

 0    0.

 0    0.

 0    0.   0.   0.
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 0    0.

/Number of different porous materials, nmat                                   9/

 1

/Saturated hydraulic properties, propf(1,j),...,propf(8,j)                   9b/

 5.0e-03   5.0e-03   5.0e-03   0.   0.   0.   1.0e-04   0.3

/nhn   ncn   nmfn   nrw   nwell   nsb   nls   nrech                          10/

 94    0     0      0     1       1     0     0

/Specified head nodes                                                       10a/

   24   20.000   1

   48   20.000   1

   72   20.000   1

   96   20.000   1

  120   20.000   1

  144   20.000   1

  168   20.000   1

  192   20.000   1

  216   20.000   1

  240   20.000   1

  264   20.000   1

  288   20.000   1

  312   20.000   1

  336   20.000   1

  360   20.000   1

  384   20.000   1

  408   20.000   1

  432   20.000   1

  456   20.000   1

  480   20.000   1

  504   20.000   1

  528   20.000   1

  552   20.000   1

  576   20.000   1

  600   20.000   1

  624   20.000   1

  648   20.000   1

  672   20.000   1

  696   20.000   1

  720   20.000   1

  744   20.000   1

  768   20.000   1

  792   20.000   1

  816   20.000   1

  840   20.000   1

  864   20.000   1

  888   20.000   1

  912   20.000   1

  936   20.000   1

  960   20.000   1

  984   20.000   1

 1008   20.000   1

 1032   20.000   1

 1056   20.000   1
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 1080   20.000   1

 1104   20.000   1

 1128   20.000   1

 1152   20.000   1

  553   20.000   1

  554   20.000   1

  555   20.000   1

  556   20.000   1

  557   20.000   1

  558   20.000   1

  559   20.000   1

  560   20.000   1

  561   20.000   1

  562   20.000   1

  563   20.000   1

  564   20.000   1

  565   20.000   1

  566   20.000   1

  567   20.000   1

  568   20.000   1

  569   20.000   1

  570   20.000   1

  571   20.000   1

  572   20.000   1

  573   20.000   1

  574   20.000   1

  575   20.000   1

 1129   20.000   1

 1130   20.000   1

 1131   20.000   1

 1132   20.000   1

 1133   20.000   1

 1134   20.000   1

 1135   20.000   1

 1136   20.000   1

 1137   20.000   1

 1138   20.000   1

 1139   20.000   1

 1140   20.000   1

 1141   20.000   1

 1142   20.000   1

 1143   20.000   1

 1144   20.000   1

 1145   20.000   1

 1146   20.000   1

 1147   20.000   1

 1148   20.000   1

 1149   20.000   1

 1150   20.000   1

 1151   20.000   1

/Pumping well                                                               10e/

 0.   0.   0.   1.   -0.1   1   0.   1
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/Head-dependent source beds                                                 10f/

 0     20.     1      576     0.000001     1.0

  577   578   579   580   581   582   583   584   585   586   587   588

  589   590   591   592   593   594   595   596   597   598   599   600

  601   602   603   604   605   606   607   608   609   610   611   612

  613   614   615   616   617   618   619   620   621   622   623   624

  625   626   627   628   629   630   631   632   633   634   635   636

  637   638   639   640   641   642   643   644   645   646   647   648

  649   650   651   652   653   654   655   656   657   658   659   660

  661   662   663   664   665   666   667   668   669   670   671   672

  673   674   675   676   677   678   679   680   681   682   683   684

  685   686   687   688   689   690   691   692   693   694   695   696

  697   698   699   700   701   702   703   704   705   706   707   708

  709   710   711   712   713   714   715   716   717   718   719   720

  721   722   723   724   725   726   727   728   729   730   731   732

  733   734   735   736   737   738   739   740   741   742   743   744

  745   746   747   748   749   750   751   752   753   754   755   756

  757   758   759   760   761   762   763   764   765   766   767   768

  769   770   771   772   773   774   775   776   777   778   779   780

  781   782   783   784   785   786   787   788   789   790   791   792

  793   794   795   796   797   798   799   800   801   802   803   804

  805   806   807   808   809   810   811   812   813   814   815   816

  817   818   819   820   821   822   823   824   825   826   827   828

  829   830   831   832   833   834   835   836   837   838   839   840

  841   842   843   844   845   846   847   848   849   850   851   852

  853   854   855   856   857   858   859   860   861   862   863   864

  865   866   867   868   869   870   871   872   873   874   875   876

  877   878   879   880   881   882   883   884   885   886   887   888

  889   890   891   892   893   894   895   896   897   898   899   900

  901   902   903   904   905   906   907   908   909   910   911   912

  913   914   915   916   917   918   919   920   921   922   923   924

  925   926   927   928   929   930   931   932   933   934   935   936

  937   938   939   940   941   942   943   944   945   946   947   948

  949   950   951   952   953   954   955   956   957   958   959   960

  961   962   963   964   965   966   967   968   969   970   971   972

  973   974   975   976   977   978   979   980   981   982   983   984

  985   986   987   988   989   990   991   992   993   994   995   996

  997   998   999  1000  1001  1002  1003  1004  1005  1006  1007  1008

 1009  1010  1011  1012  1013  1014  1015  1016  1017  1018  1019  1020

 1021  1022  1023  1024  1025  1026  1027  1028  1029  1030  1031  1032

 1033  1034  1035  1036  1037  1038  1039  1040  1041  1042  1043  1044

 1045  1046  1047  1048  1049  1050  1051  1052  1053  1054  1055  1056

 1057  1058  1059  1060  1061  1062  1063  1064  1065  1066  1067  1068

 1069  1070  1071  1072  1073  1074  1075  1076  1077  1078  1079  1080

 1081  1082  1083  1084  1085  1086  1087  1088  1089  1090  1091  1092

 1093  1094  1095  1096  1097  1098  1099  1100  1101  1102  1103  1104

 1105  1106  1107  1108  1109  1110  1111  1112  1113  1114  1115  1116

 1117  1118  1119  1120  1121  1122  1123  1124  1125  1126  1127  1128

 1129  1130  1131  1132  1133  1134  1135  1136  1137  1138  1139  1140

 1141  1142  1143  1144  1145  1146  1147  1148  1149  1150  1151  1152

/iobsn   iobswg   imbal   pkrz                                               11/

 1       1        1       -1.
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/Observation nodes                                                          11a/

 1

 16

/Observation well group data                                                11b/

 1

 2

/Targets                                                                    11b/

 "x = 60"   60.    0.   0.   0.   0.   0.

 "y = 60"    0.   60.   0.   0.   0.   0.

/Number of spline datasets, nsds                                             12/

 1

/Spline data set #1: Constant                                               12-1/

 2   1

 0

 0.  0.

 0.  1.

 1.  1.

B.8 Transient, Two-Dimensional Flow to a Well in an Unconfined
Aquifer (Neuman, 1975)

The input file associated with the flow verification problem presented in Section 4.1.8 is
listed below.

file:  f_neuman.main
/Problem description                                                          1/

 V_V Case 4.1.8

 Transient, two-dimensional flow to a well in an unconfined aquifer

 (Neuman,1975)

/kmod   kssf   ksst   iddmt   iwatp   ipicrd   iquad                          2/

 0      1      0      0       1       -3       0

/upstr   wfac                                                                 3/

 0.      0.

/htol     ctol   nitmax   north                                               4/

 0.0001   0.0    200      25

/nts   idt   mxstr   theta                                                    5/

 23    0     3       1.

/Simulation times, tmvec(1),...,tmvec(nts)                                   5a/

 6.9444444d-04 1.3888888d-03 2.3888888d-03 3.4722222d-03 6.9444444d-03

 9.3888888d-03 1.3888888d-02 2.4722222d-02 3.4722222d-02 4.4722222d-02

 6.9444444d-02 9.3888888d-02 1.3888888d-01 2.4722222d-01 3.4722222d-01

 4.4722222d-01 6.9444444d-01 9.3888888d-01 1.3888888     2.4722222

 3.4722222     4.4722222     6.944444

/iprt   irst   iplt   ibug   iprint                                           6/

 1      0      1      0      0

/Print options                                                               6a/

 0

 1

 1

 0

/Tecplot options                                                             6c/

 0
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 1

 1

 0

/strt_date   conv_time   conv_vol   conv_mass                                6e/

 0.          1.          1.         1.

/nnx   nny   nnz   dxmax    dymax    dzmax   igrid                            7/

 25    25    27    10000.   10000.   6.5     1

/Grid line x-coordinates, xw(1),...,xw(nnx)                                  7b/

    0.0   448.0   744.0   872.0   936.0   969.0   984.0   992.0   996.0   998.0

  999.0   999.5  1000.0  1000.5  1001.0  1002.0  1004.0  1008.0  1016.0  1031.0

 1064.0  1128.0  1256.0  1512.0  2000.0

/Grid line y-coordinates, yw(1),...,yw(nny)                                  7b/

    0.0   448.0   744.0   872.0   936.0   969.0   984.0   992.0   996.0   998.0

  999.0   999.5  1000.0  1000.5  1001.0  1002.0  1004.0  1008.0  1016.0  1031.0

 1064.0  1128.0  1256.0  1512.0  2000.0

/Grid line z-coordinates, zw(1),...,zw(nnz)                                  7d/

  0.0   2.0   4.0   5.0   6.0   7.0   8.0   9.0   10.0   11.0   13.0   15.0

 17.0  19.0  21.0  23.0  25.0  26.0  27.0  28.0   29.0   30.0   32.0   34.0

 36.0  38.0  40.0

/tht   dxs   dys                                                             7f/

 0.    0.    0.

/Initial conditions and flow solution                                         8/

 0

 0   40.

 0    0.

 0    0.

 0    0.   0.   0.

 0    0.

/Number of different porous materials, nmat                                   9/

 1

/Saturated hydraulic properties, propf(1,j),...,propf(8,j)                   9b/

 21.0   21.0   20.978   0.   0.   0.   1.222835d-04   0.2

/Variably saturated properties, satmlt(j),isatxy(j),pkrmlt(j),ipkrxy(j)      9c/

 1.0   2   1.0   3

/nhn   ncn   nmfn   nrw   nwell   nsb   nls   nrech                          10/

 1025   0    0      0     1       0     0     0

/Specified head nodes                                                       10a/

    1   40.000   1

   26   40.000   1

   51   40.000   1

   76   40.000   1

  101   40.000   1

  126   40.000   1

  151   40.000   1

  176   40.000   1

  201   40.000   1

  226   40.000   1

  251   40.000   1

  276   40.000   1

  301   40.000   1

  326   40.000   1

  351   40.000   1
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  376   40.000   1

  401   40.000   1

  426   40.000   1

  451   40.000   1

  476   40.000   1

  501   40.000   1

  526   40.000   1

  551   40.000   1

  576   40.000   1

  601   40.000   1

  626   40.000   1

  651   40.000   1

  676   40.000   1

  701   40.000   1

  726   40.000   1

  751   40.000   1

  776   40.000   1

  801   40.000   1

  826   40.000   1

  851   40.000   1

  876   40.000   1

  901   40.000   1

  926   40.000   1

  951   40.000   1

  976   40.000   1

 1001   40.000   1

 1026   40.000   1

 1051   40.000   1

 1076   40.000   1

 1101   40.000   1

 1126   40.000   1

 1151   40.000   1

 1176   40.000   1

 1201   40.000   1

 1226   40.000   1

 1251   40.000   1

 1276   40.000   1

 1301   40.000   1

 1326   40.000   1

 1351   40.000   1

 1376   40.000   1

 1401   40.000   1

 1426   40.000   1

 1451   40.000   1

 1476   40.000   1

 1501   40.000   1

 1526   40.000   1

 1551   40.000   1

 1576   40.000   1

 1601   40.000   1

 1626   40.000   1

 1651   40.000   1
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 1676   40.000   1

 1701   40.000   1

 1726   40.000   1

 1751   40.000   1

 1776   40.000   1

 1801   40.000   1

 1826   40.000   1

 1851   40.000   1

 1876   40.000   1

 1901   40.000   1

 1926   40.000   1

 1951   40.000   1

 1976   40.000   1

 2001   40.000   1

 2026   40.000   1

 2051   40.000   1

 2076   40.000   1

 2101   40.000   1

 2126   40.000   1

 2151   40.000   1

 2176   40.000   1

 2201   40.000   1

 2226   40.000   1

 2251   40.000   1

 2276   40.000   1

 2301   40.000   1

 2326   40.000   1

 2351   40.000   1

 2376   40.000   1

 2401   40.000   1

 2426   40.000   1

 2451   40.000   1

 2476   40.000   1

 2501   40.000   1

 2526   40.000   1

 2551   40.000   1

 2576   40.000   1

 2601   40.000   1

 2626   40.000   1

 2651   40.000   1

 2676   40.000   1

 2701   40.000   1

 2726   40.000   1

 2751   40.000   1

 2776   40.000   1

 2801   40.000   1

 2826   40.000   1

 2851   40.000   1

 2876   40.000   1

 2901   40.000   1

 2926   40.000   1

 2951   40.000   1
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 2976   40.000   1

 3001   40.000   1

 3026   40.000   1

 3051   40.000   1

 3076   40.000   1

 3101   40.000   1

 3126   40.000   1

 3151   40.000   1

 3176   40.000   1

 3201   40.000   1

 3226   40.000   1

 3251   40.000   1

 3276   40.000   1

 3301   40.000   1

 3326   40.000   1

 3351   40.000   1

 3376   40.000   1

 3401   40.000   1

 3426   40.000   1

 3451   40.000   1

 3476   40.000   1

 3501   40.000   1

 3526   40.000   1

 3551   40.000   1

 3576   40.000   1

 3601   40.000   1

 3626   40.000   1

 3651   40.000   1

 3676   40.000   1

 3701   40.000   1

 3726   40.000   1

 3751   40.000   1

 3776   40.000   1

 3801   40.000   1

 3826   40.000   1

 3851   40.000   1

 3876   40.000   1

 3901   40.000   1

 3926   40.000   1

 3951   40.000   1

 3976   40.000   1

 4001   40.000   1

 4026   40.000   1

 4051   40.000   1

 4076   40.000   1

 4101   40.000   1

 4126   40.000   1

 4151   40.000   1

 4176   40.000   1

 4201   40.000   1

 4226   40.000   1

 4251   40.000   1
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 4276   40.000   1

 4301   40.000   1

 4326   40.000   1

 4351   40.000   1

 4376   40.000   1

 4401   40.000   1

 4426   40.000   1

 4451   40.000   1

 4476   40.000   1

 4501   40.000   1

 4526   40.000   1

 4551   40.000   1

 4576   40.000   1

 4601   40.000   1

 4626   40.000   1

 4651   40.000   1

 4676   40.000   1

 4701   40.000   1

 4726   40.000   1

 4751   40.000   1

 4776   40.000   1

 4801   40.000   1

 4826   40.000   1

 4851   40.000   1

 4876   40.000   1

 4901   40.000   1

 4926   40.000   1

 4951   40.000   1

 4976   40.000   1

 5001   40.000   1

 5026   40.000   1

 5051   40.000   1

 5076   40.000   1

 5101   40.000   1

 5126   40.000   1

 5151   40.000   1

 5176   40.000   1

 5201   40.000   1

 5226   40.000   1

 5251   40.000   1

 5276   40.000   1

 5301   40.000   1

 5326   40.000   1

 5351   40.000   1

 5376   40.000   1

 5401   40.000   1

 5426   40.000   1

 5451   40.000   1

 5476   40.000   1

 5501   40.000   1

 5526   40.000   1

 5551   40.000   1
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 5576   40.000   1

 5601   40.000   1

 5626   40.000   1

 5651   40.000   1

 5676   40.000   1

 5701   40.000   1

 5726   40.000   1

 5751   40.000   1

 5776   40.000   1

 5801   40.000   1

 5826   40.000   1

 5851   40.000   1

 5876   40.000   1

 5901   40.000   1

 5926   40.000   1

 5951   40.000   1

 5976   40.000   1

 6001   40.000   1

 6026   40.000   1

 6051   40.000   1

 6076   40.000   1

 6101   40.000   1

 6126   40.000   1

 6151   40.000   1

 6176   40.000   1

 6201   40.000   1

 6226   40.000   1

 6251   40.000   1

 6276   40.000   1

 6301   40.000   1

 6326   40.000   1

 6351   40.000   1

 6376   40.000   1

 6401   40.000   1

 6426   40.000   1

 6451   40.000   1

 6476   40.000   1

 6501   40.000   1

 6526   40.000   1

 6551   40.000   1

 6576   40.000   1

 6601   40.000   1

 6626   40.000   1

 6651   40.000   1

 6676   40.000   1

 6701   40.000   1

 6726   40.000   1

 6751   40.000   1

 6776   40.000   1

 6801   40.000   1

 6826   40.000   1

 6851   40.000   1
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 6876   40.000   1

 6901   40.000   1

 6926   40.000   1

 6951   40.000   1

 6976   40.000   1

 7001   40.000   1

 7026   40.000   1

 7051   40.000   1

 7076   40.000   1

 7101   40.000   1

 7126   40.000   1

 7151   40.000   1

 7176   40.000   1

 7201   40.000   1

 7226   40.000   1

 7251   40.000   1

 7276   40.000   1

 7301   40.000   1

 7326   40.000   1

 7351   40.000   1

 7376   40.000   1

 7401   40.000   1

 7426   40.000   1

 7451   40.000   1

 7476   40.000   1

 7501   40.000   1

 7526   40.000   1

 7551   40.000   1

 7576   40.000   1

 7601   40.000   1

 7626   40.000   1

 7651   40.000   1

 7676   40.000   1

 7701   40.000   1

 7726   40.000   1

 7751   40.000   1

 7776   40.000   1

 7801   40.000   1

 7826   40.000   1

 7851   40.000   1

 7876   40.000   1

 7901   40.000   1

 7926   40.000   1

 7951   40.000   1

 7976   40.000   1

 8001   40.000   1

 8026   40.000   1

 8051   40.000   1

 8076   40.000   1

 8101   40.000   1

 8126   40.000   1

 8151   40.000   1



WESTINGHOUSE SAVANNAH RIVER COMPANY Manual: WSRC-TR-99-00282
Section: Appendix B, Rev. 0
Date: 3/2000

FACT CODE MANUAL Page: 53 of 80

 8176   40.000   1

 8201   40.000   1

 8226   40.000   1

 8251   40.000   1

 8276   40.000   1

 8301   40.000   1

 8326   40.000   1

 8351   40.000   1

 8376   40.000   1

 8401   40.000   1

 8426   40.000   1

 8451   40.000   1

 8476   40.000   1

 8501   40.000   1

 8526   40.000   1

 8551   40.000   1

 8576   40.000   1

 8601   40.000   1

 8626   40.000   1

 8651   40.000   1

 8676   40.000   1

 8701   40.000   1

 8726   40.000   1

 8751   40.000   1

 8776   40.000   1

 8801   40.000   1

 8826   40.000   1

 8851   40.000   1

 8876   40.000   1

 8901   40.000   1

 8926   40.000   1

 8951   40.000   1

 8976   40.000   1

 9001   40.000   1

 9026   40.000   1

 9051   40.000   1

 9076   40.000   1

 9101   40.000   1

 9126   40.000   1

 9151   40.000   1

 9176   40.000   1

 9201   40.000   1

 9226   40.000   1

 9251   40.000   1

 9276   40.000   1

 9301   40.000   1

 9326   40.000   1

 9351   40.000   1

 9376   40.000   1

 9401   40.000   1

 9426   40.000   1

 9451   40.000   1
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 9476   40.000   1

 9501   40.000   1

 9526   40.000   1

 9551   40.000   1

 9576   40.000   1

 9601   40.000   1

 9626   40.000   1

 9651   40.000   1

 9676   40.000   1

 9701   40.000   1

 9726   40.000   1

 9751   40.000   1

 9776   40.000   1

 9801   40.000   1

 9826   40.000   1

 9851   40.000   1

 9876   40.000   1

 9901   40.000   1

 9926   40.000   1

 9951   40.000   1

 9976   40.000   1

10001   40.000   1

10026   40.000   1

10051   40.000   1

10076   40.000   1

10101   40.000   1

10126   40.000   1

10151   40.000   1

10176   40.000   1

10201   40.000   1

10226   40.000   1

10251   40.000   1

10276   40.000   1

10301   40.000   1

10326   40.000   1

10351   40.000   1

10376   40.000   1

10401   40.000   1

10426   40.000   1

10451   40.000   1

10476   40.000   1

10501   40.000   1

10526   40.000   1

10551   40.000   1

10576   40.000   1

10601   40.000   1

10626   40.000   1

10651   40.000   1

10676   40.000   1

10701   40.000   1

10726   40.000   1

10751   40.000   1



WESTINGHOUSE SAVANNAH RIVER COMPANY Manual: WSRC-TR-99-00282
Section: Appendix B, Rev. 0
Date: 3/2000

FACT CODE MANUAL Page: 55 of 80

10776   40.000   1

10801   40.000   1

10826   40.000   1

10851   40.000   1

10876   40.000   1

10901   40.000   1

10926   40.000   1

10951   40.000   1

10976   40.000   1

11001   40.000   1

11026   40.000   1

11051   40.000   1

11076   40.000   1

11101   40.000   1

11126   40.000   1

11151   40.000   1

11176   40.000   1

11201   40.000   1

11226   40.000   1

11251   40.000   1

11276   40.000   1

11301   40.000   1

11326   40.000   1

11351   40.000   1

11376   40.000   1

11401   40.000   1

11426   40.000   1

11451   40.000   1

11476   40.000   1

11501   40.000   1

11526   40.000   1

11551   40.000   1

11576   40.000   1

11601   40.000   1

11626   40.000   1

11651   40.000   1

11676   40.000   1

11701   40.000   1

11726   40.000   1

11751   40.000   1

11776   40.000   1

11801   40.000   1

11826   40.000   1

11851   40.000   1

11876   40.000   1

11901   40.000   1

11926   40.000   1

11951   40.000   1

11976   40.000   1

12001   40.000   1

12026   40.000   1

12051   40.000   1
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12076   40.000   1

12101   40.000   1

12126   40.000   1

12151   40.000   1

12176   40.000   1

12201   40.000   1

12226   40.000   1

12251   40.000   1

12276   40.000   1

12301   40.000   1

12326   40.000   1

12351   40.000   1

12376   40.000   1

12401   40.000   1

12426   40.000   1

12451   40.000   1

12476   40.000   1

12501   40.000   1

12526   40.000   1

12551   40.000   1

12576   40.000   1

12601   40.000   1

12626   40.000   1

12651   40.000   1

12676   40.000   1

12701   40.000   1

12726   40.000   1

12751   40.000   1

12776   40.000   1

12801   40.000   1

12826   40.000   1

12851   40.000   1

12876   40.000   1

12901   40.000   1

12926   40.000   1

12951   40.000   1

12976   40.000   1

13001   40.000   1

13026   40.000   1

13051   40.000   1

13076   40.000   1

13101   40.000   1

13126   40.000   1

13151   40.000   1

13176   40.000   1

13201   40.000   1

13226   40.000   1

13251   40.000   1

13276   40.000   1

13301   40.000   1

13326   40.000   1

13351   40.000   1
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13376   40.000   1

13401   40.000   1

13426   40.000   1

13451   40.000   1

13476   40.000   1

13501   40.000   1

13526   40.000   1

13551   40.000   1

13576   40.000   1

13601   40.000   1

13626   40.000   1

13651   40.000   1

13676   40.000   1

13701   40.000   1

13726   40.000   1

13751   40.000   1

13776   40.000   1

13801   40.000   1

13826   40.000   1

13851   40.000   1

13876   40.000   1

13901   40.000   1

13926   40.000   1

13951   40.000   1

13976   40.000   1

14001   40.000   1

14026   40.000   1

14051   40.000   1

14076   40.000   1

14101   40.000   1

14126   40.000   1

14151   40.000   1

14176   40.000   1

14201   40.000   1

14226   40.000   1

14251   40.000   1

14276   40.000   1

14301   40.000   1

14326   40.000   1

14351   40.000   1

14376   40.000   1

14401   40.000   1

14426   40.000   1

14451   40.000   1

14476   40.000   1

14501   40.000   1

14526   40.000   1

14551   40.000   1

14576   40.000   1

14601   40.000   1

14626   40.000   1

14651   40.000   1
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14676   40.000   1

14701   40.000   1

14726   40.000   1

14751   40.000   1

14776   40.000   1

14801   40.000   1

14826   40.000   1

14851   40.000   1

14876   40.000   1

14901   40.000   1

14926   40.000   1

14951   40.000   1

14976   40.000   1

15001   40.000   1

15026   40.000   1

15051   40.000   1

15076   40.000   1

15101   40.000   1

15126   40.000   1

15151   40.000   1

15176   40.000   1

15201   40.000   1

15226   40.000   1

15251   40.000   1

15276   40.000   1

15301   40.000   1

15326   40.000   1

15351   40.000   1

15376   40.000   1

15401   40.000   1

15426   40.000   1

15451   40.000   1

15476   40.000   1

15501   40.000   1

15526   40.000   1

15551   40.000   1

15576   40.000   1

15601   40.000   1

   25   40.000   1

   50   40.000   1

   75   40.000   1

  100   40.000   1

  125   40.000   1

  150   40.000   1

  175   40.000   1

  200   40.000   1

  225   40.000   1

  250   40.000   1

  275   40.000   1

  300   40.000   1

  325   40.000   1

  350   40.000   1
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  375   40.000   1

  400   40.000   1

  425   40.000   1

  450   40.000   1

  475   40.000   1

  500   40.000   1

  525   40.000   1

  550   40.000   1

  575   40.000   1

  600   40.000   1

  625   40.000   1

  650   40.000   1

  675   40.000   1

  700   40.000   1

  725   40.000   1

  750   40.000   1

  775   40.000   1

  800   40.000   1

  825   40.000   1

  850   40.000   1

  875   40.000   1

  900   40.000   1

  925   40.000   1

  950   40.000   1

  975   40.000   1

 1000   40.000   1

 1025   40.000   1

 1050   40.000   1

 1075   40.000   1

 1100   40.000   1

 1125   40.000   1

 1150   40.000   1

 1175   40.000   1

 1200   40.000   1

 1225   40.000   1

 1250   40.000   1

 1275   40.000   1

 1300   40.000   1

 1325   40.000   1

 1350   40.000   1

 1375   40.000   1

 1400   40.000   1

 1425   40.000   1

 1450   40.000   1

 1475   40.000   1

 1500   40.000   1

 1525   40.000   1

 1550   40.000   1

 1575   40.000   1

 1600   40.000   1

 1625   40.000   1

 1650   40.000   1
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 1675   40.000   1

 1700   40.000   1

 1725   40.000   1

 1750   40.000   1

 1775   40.000   1

 1800   40.000   1

 1825   40.000   1

 1850   40.000   1

 1875   40.000   1

 1900   40.000   1

 1925   40.000   1

 1950   40.000   1

 1975   40.000   1

 2000   40.000   1

 2025   40.000   1

 2050   40.000   1

 2075   40.000   1

 2100   40.000   1

 2125   40.000   1

 2150   40.000   1

 2175   40.000   1

 2200   40.000   1

 2225   40.000   1

 2250   40.000   1

 2275   40.000   1

 2300   40.000   1

 2325   40.000   1

 2350   40.000   1

 2375   40.000   1

 2400   40.000   1

 2425   40.000   1

 2450   40.000   1

 2475   40.000   1

 2500   40.000   1

 2525   40.000   1

 2550   40.000   1

 2575   40.000   1

 2600   40.000   1

 2625   40.000   1

 2650   40.000   1

 2675   40.000   1

 2700   40.000   1

 2725   40.000   1

 2750   40.000   1

 2775   40.000   1

 2800   40.000   1

 2825   40.000   1

 2850   40.000   1

 2875   40.000   1

 2900   40.000   1

 2925   40.000   1

 2950   40.000   1
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 2975   40.000   1

 3000   40.000   1

 3025   40.000   1

 3050   40.000   1

 3075   40.000   1

 3100   40.000   1

 3125   40.000   1

 3150   40.000   1

 3175   40.000   1

 3200   40.000   1

 3225   40.000   1

 3250   40.000   1

 3275   40.000   1

 3300   40.000   1

 3325   40.000   1

 3350   40.000   1

 3375   40.000   1

 3400   40.000   1

 3425   40.000   1

 3450   40.000   1

 3475   40.000   1

 3500   40.000   1

 3525   40.000   1

 3550   40.000   1

 3575   40.000   1

 3600   40.000   1

 3625   40.000   1

 3650   40.000   1

 3675   40.000   1

 3700   40.000   1

 3725   40.000   1

 3750   40.000   1

 3775   40.000   1

 3800   40.000   1

 3825   40.000   1

 3850   40.000   1

 3875   40.000   1

 3900   40.000   1

 3925   40.000   1

 3950   40.000   1

 3975   40.000   1

 4000   40.000   1

 4025   40.000   1

 4050   40.000   1

 4075   40.000   1

 4100   40.000   1

 4125   40.000   1

 4150   40.000   1

 4175   40.000   1

 4200   40.000   1

 4225   40.000   1

 4250   40.000   1
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 4275   40.000   1

 4300   40.000   1

 4325   40.000   1

 4350   40.000   1

 4375   40.000   1

 4400   40.000   1

 4425   40.000   1

 4450   40.000   1

 4475   40.000   1

 4500   40.000   1

 4525   40.000   1

 4550   40.000   1

 4575   40.000   1

 4600   40.000   1

 4625   40.000   1

 4650   40.000   1

 4675   40.000   1

 4700   40.000   1

 4725   40.000   1

 4750   40.000   1

 4775   40.000   1

 4800   40.000   1

 4825   40.000   1

 4850   40.000   1

 4875   40.000   1

 4900   40.000   1

 4925   40.000   1

 4950   40.000   1

 4975   40.000   1

 5000   40.000   1

 5025   40.000   1

 5050   40.000   1

 5075   40.000   1

 5100   40.000   1

 5125   40.000   1

 5150   40.000   1

 5175   40.000   1

 5200   40.000   1

 5225   40.000   1

 5250   40.000   1

 5275   40.000   1

 5300   40.000   1

 5325   40.000   1

 5350   40.000   1

 5375   40.000   1

 5400   40.000   1

 5425   40.000   1

 5450   40.000   1

 5475   40.000   1

 5500   40.000   1

 5525   40.000   1

 5550   40.000   1
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 5575   40.000   1

 5600   40.000   1

 5625   40.000   1

 5650   40.000   1

 5675   40.000   1

 5700   40.000   1

 5725   40.000   1

 5750   40.000   1

 5775   40.000   1

 5800   40.000   1

 5825   40.000   1

 5850   40.000   1

 5875   40.000   1

 5900   40.000   1

 5925   40.000   1

 5950   40.000   1

 5975   40.000   1

 6000   40.000   1

 6025   40.000   1

 6050   40.000   1

 6075   40.000   1

 6100   40.000   1

 6125   40.000   1

 6150   40.000   1

 6175   40.000   1

 6200   40.000   1

 6225   40.000   1

 6250   40.000   1

 6275   40.000   1

 6300   40.000   1

 6325   40.000   1

 6350   40.000   1

 6375   40.000   1

 6400   40.000   1

 6425   40.000   1

 6450   40.000   1

 6475   40.000   1

 6500   40.000   1

 6525   40.000   1

 6550   40.000   1

 6575   40.000   1

 6600   40.000   1

 6625   40.000   1

 6650   40.000   1

 6675   40.000   1

 6700   40.000   1

 6725   40.000   1

 6750   40.000   1

 6775   40.000   1

 6800   40.000   1

 6825   40.000   1

 6850   40.000   1
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 6875   40.000   1

 6900   40.000   1

 6925   40.000   1

 6950   40.000   1

 6975   40.000   1

 7000   40.000   1

 7025   40.000   1

 7050   40.000   1

 7075   40.000   1

 7100   40.000   1

 7125   40.000   1

 7150   40.000   1

 7175   40.000   1

 7200   40.000   1

 7225   40.000   1

 7250   40.000   1

 7275   40.000   1

 7300   40.000   1

 7325   40.000   1

 7350   40.000   1

 7375   40.000   1

 7400   40.000   1

 7425   40.000   1

 7450   40.000   1

 7475   40.000   1

 7500   40.000   1

 7525   40.000   1

 7550   40.000   1

 7575   40.000   1

 7600   40.000   1

 7625   40.000   1

 7650   40.000   1

 7675   40.000   1

 7700   40.000   1

 7725   40.000   1

 7750   40.000   1

 7775   40.000   1

 7800   40.000   1

 7825   40.000   1

 7850   40.000   1

 7875   40.000   1

 7900   40.000   1

 7925   40.000   1

 7950   40.000   1

 7975   40.000   1

 8000   40.000   1

 8025   40.000   1

 8050   40.000   1

 8075   40.000   1

 8100   40.000   1

 8125   40.000   1

 8150   40.000   1
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 8175   40.000   1

 8200   40.000   1

 8225   40.000   1

 8250   40.000   1

 8275   40.000   1

 8300   40.000   1

 8325   40.000   1

 8350   40.000   1

 8375   40.000   1

 8400   40.000   1

 8425   40.000   1

 8450   40.000   1

 8475   40.000   1

 8500   40.000   1

 8525   40.000   1

 8550   40.000   1

 8575   40.000   1

 8600   40.000   1

 8625   40.000   1

 8650   40.000   1

 8675   40.000   1

 8700   40.000   1

 8725   40.000   1

 8750   40.000   1

 8775   40.000   1

 8800   40.000   1

 8825   40.000   1

 8850   40.000   1

 8875   40.000   1

 8900   40.000   1

 8925   40.000   1

 8950   40.000   1

 8975   40.000   1

 9000   40.000   1

 9025   40.000   1

 9050   40.000   1

 9075   40.000   1

 9100   40.000   1

 9125   40.000   1

 9150   40.000   1

 9175   40.000   1

 9200   40.000   1

 9225   40.000   1

 9250   40.000   1

 9275   40.000   1

 9300   40.000   1

 9325   40.000   1

 9350   40.000   1

 9375   40.000   1

 9400   40.000   1

 9425   40.000   1

 9450   40.000   1
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 9475   40.000   1

 9500   40.000   1

 9525   40.000   1

 9550   40.000   1

 9575   40.000   1

 9600   40.000   1

 9625   40.000   1

 9650   40.000   1

 9675   40.000   1

 9700   40.000   1

 9725   40.000   1

 9750   40.000   1

 9775   40.000   1

 9800   40.000   1

 9825   40.000   1

 9850   40.000   1

 9875   40.000   1

 9900   40.000   1

 9925   40.000   1

 9950   40.000   1

 9975   40.000   1

10000   40.000   1

/Pumping well                                                               10e/

 1000.   1000.   0.   40.   -3657.6   1   0.   1

/iobsn   iobswg   imbal   pkrz                                               11/

 1       1        0       -1.

/Observation nodes                                                          11a/

 27

   306     931    1556    2181    2806    3431    4056    4681

  5306    5931    6556    7181    7806    8431    9056    9681

 10306   10931   11556   12181   12806   13431   14056   14681

 15306   15931   16556

/Observation well group data                                                11b/

 1

 4

/Targets                                                                    11b/

 "x = 31"  1031.   1000.    0.   40.   0.   0.

 "y = 31"  1000.   1031.    0.   40.   0.   0.

 "x = y "  1021.9  1021.9   0.   40.   0.   0.

 "well"    1000.   1000.    0.   40.   0.   0.

/Number of spline datasets, nsds                                             12/

 3

/Spline data set #1: Constant                                              12-1/

 2   1

 0

 0.  0.

 0.  1.

 1.  1.

/Spline data set #2: Pseudo-soil water saturation                          12-2/

  4   1

  0

  0.     0.
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 -5.   -1.8    0.   1.

  0.1   0.1    1.   1.

/Spline data set #3: Pseudo-soil relative permeability                     12-3/

  2   1

  0

  0.      0.

  0.1     1.000

  0.1     1.000

B.9 Transient, Two-Dimensional Flow in an Unconfined Aquifer

The input file associated with the flow verification problem presented in Section 4.1.9 is
listed below.

file:  f_trandrain.main
/Problem description                                                          1/

 V_V Case 4.1.9

 Transient, two-dimensional flow in an unconfined aquifer

 Drain boundary condition

/kmod   kssf   ksst   iddmt   iwatp   ipicrd   iquad                          2/

 0      1      0      0       1       -3       0

/upstr   wfac                                                                 3/

 0.      0.

/htol     ctol   nitmax   north                                               4/

 0.01     0.0    200      25

/nts   idt   mxstr   theta                                                    5/

 44    0     3       1.

/Simulation times, tmvec(1),...,tmvec(nts)                                   5a/

 6.9444444d-05  1.0d-04         1.5d-04   2.0d-04   3.0d-04

 5.0d-04        1.1d-03         1.4d-03   1.5d-03   1.6d-03

 1.7d-03        1.75d-03        1.77d-03  2.1d-03   3.4722222d-03

 4.5d-03        6.0d-03         8.0d-03   1.0d-02   1.3888888d-02

 1.9d-02        2.5d-02         3.2d-02   4.0d-02   5.0d-02

 6.9444444d-02  9.0d-02         1.2d-01   1.6d-01   2.0d-01

 3.0d-01        3.4722222d-01   3.8d-01   4.1d-01   5.0d-01

 6.0d-01        7.0d-01         8.0d-01   1.0d-00   2.0d-00

 3.0d-00        6.0d-00         1.0d+01   1.0d+02

/iprt   irst   iplt   ibug   iprint                                           6/

 1      0      1      0      0

/Print options                                                               6a/

 0

 1

 4

 0   3   4   5

/Tecplot options                                                             6c/

 0

 1

 5

 0   2   4   5   6

/strt_date   conv_time   conv_vol   conv_mass                                6e/

 0.          1.          1.         1.

/nnx   nny   nnz   dxmax    dymax    dzmax   igrid                            7/
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 11    2     13    10000.   10000.   1000.   1

/Grid line x-coordinates, xw(1),...,xw(nnx)                                  7b/

 0.0   2.0   4.0   6.0   8.0   10.0   12.0   14.0   16.0   18.0   20.0

/Grid line y-coordinates, yw(1),...,yw(nny)                                  7b/

 0.   10.

/Grid line z-coordinates, zw(1),...,zw(nnz)                                  7d/

  0.0   5.0   10.0  15.0   20.0   25.0   30.0   35.0   40.0   45.0   50.0

 55.0  60.0

/tht   dxs   dys                                                             7f/

 0.    0.    0.

/Initial conditions and flow solution                                         8/

 0

 0   30.

 0    0.

 0    0.

 0    0.   0.   0.

 0    0.

/Number of different porous materials, nmat                                   9/

 1

/Saturated hydraulic properties, propf(1,j),...,propf(8,j)                   9b/

 4.0   4.0   4.0   0.   0.   0.   5.0000e-06   0.3

/Variably saturated properties, satmlt(j),isatxy(j),pkrmlt(j),ipkrxy(j)      9c/

 1.0   2   1.0   3

/nhn   ncn   nmfn   nrw   nwell   nsb   nls   nrech                          10/

 26    0     0      0     0       7     0     0

/Specified head nodes                                                       10a/

   1   1.0000   1

  12   1.0000   1

  23   1.0000   1

  34   1.0000   1

  45   1.0000   1

  56   1.0000   1

  67   1.0000   1

  78   1.0000   1

  89   1.0000   1

 100   1.0000   1

 111   1.0000   1

 122   1.0000   1

 133   1.0000   1

 144   1.0000   1

 155   1.0000   1

 166   1.0000   1

 177   1.0000   1

 188   1.0000   1

 199   1.0000   1

 210   1.0000   1

 221   1.0000   1

 232   1.0000   1

 243   1.0000   1

 254   1.0000   1

 265   1.0000   1

 276   1.0000   1
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/Head-dependent source beds                                                 10f/

  2     30.     4      2     2.5     0.0

 143    154

 12.5   12.5

  2     35.     4      2     2.5     0.0

 165    176

 25.0   25.0

  2     40.     4      2     2.5     0.0

 187    198

 25.0   25.0

  2     45.     4      2     2.5     0.0

 209    220

 25.0   25.0

  2     50.     4      2     2.5     0.0

 231    242

 25.0   25.0

  2     55.     4      2     2.5     0.0

 253    264

 25.0   25.0

  2     60.     4      2     2.5     0.0

 275    286

 12.5   12.5

/iobsn   iobswg   imbal   pkrz                                               11/

 1       0        1       1.

/Observation nodes                                                          11a/

 6

 143   154   165   176   187   198

/Number of spline datasets, nsds                                             12/

 4

/Spline data set #1: Transient head                                        12-1/

  5   1

  0

  0.     0.

  0.0    3.4722222d-03   1.3888888d-02   6.9444444d-02   3.4722222d-01

 30.0   40.0            45.0            50.0            50.0

/Spline data set #2: Pseudo-soil water saturation                          12-2/

  4   1

  0

  0.      0.

 -10.    -9.900   0.   1.

   0.01   0.01    1.   1.

/Spline data set #3: Pseudo-soil relative permeability                     12-3/

  2   1

  0

  0.      0.

  0.01    1.0

  0.01    1.0

/Spline data set #4: Source bed head                                       12-4/

  2   1

  0

  0.      0.

  0.0     1.0
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  1.0     1.0

B.10 Unsaturated Vertical Soil Column

The input files associated with the flow verification problems presented in Section 4.1.10
are listed below.  The input file named "f_unsat_cs.main" involves a steady unsaturated
flow through a soil column at constant saturation.  File "f_unsat_wrc-10.main" involves a
no flow and yields a saturation profile reproducing the water retention curve using 10
elements.  The 250 element case is “f_unsat_wrc-250.main”.

file:  f_unsat_cs.main
/Problem description                                                          1/

 V_V Case 4.1.10

 Unsaturated vertical soil column

 Steady-state flow at constant saturation of 75%

/kmod   kssf   ksst   iddmt   iwatp   ipicrd   iquad                          2/

 0      0      0      0       1       -3       0

/upstr   wfac                                                                 3/

 1.      0.

/htol        ctol   nitmax   north                                            4/

 0.0000001   0.0    200      25

/iprt   irst   iplt   ibug   iprint                                           6/

 1      0      1      0      0

/Print options                                                               6a/

 0

 1

 3

 0   3   4

/Tecplot options                                                             6c/

 0

 1

 4

 0   3   4   6

/strt_date   conv_time   conv_vol   conv_mass                                6e/

 0.          1.          1.         1.

/nnx   nny   nnz   dxmax    dymax    dzmax   igrid                            7/

 2     2     11    10000.   10000.   1000.   1

/Grid line x-coordinates, xw(1),...,xw(nnx)                                  7b/

 0.   0.01

/Grid line y-coordinates, yw(1),...,yw(nny)                                  7b/

 0.   0.01

/Grid line z-coordinates, zw(1),...,zw(nnz)                                  7d/

 0.   5.   10.   15.   20.   25.   30.   35.   40.   45.   50.

/tht   dxs   dys                                                             7f/

 0.    0.    0.

/Initial conditions and flow solution                                         8/

 0

 0    0.05

 0    0.

 0    0.

 0    0.   0.   0.

 0    0.
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/Number of different porous materials, nmat                                   9/

 1

/Saturated hydraulic properties, propf(1,j),...,propf(8,j)                   9b/

 0.163   0.163   0.163   0.   0.   0.   1.0e-04   0.3

/Variably saturated properties, satmlt(j),isatxy(j),pkrmlt(j),ipkrxy(j)      9c/

 1.0   2   1.0   3

/nhn   ncn   nmfn   nrw   nwell   nsb   nls   nrech                          10/

 8     0     0      0     0       0     0     0

/Specified head nodes                                                       10a/

  1   -9.377711175   1

  2   -9.377711175   1

  3   -9.377711175   1

  4   -9.377711175   1

 41   40.622288825   1

 42   40.622288825   1

 43   40.622288825   1

 44   40.622288825   1

/iobsn   iobswg   imbal   pkrz                                               11/

 1       0        0       -1.

/Observation nodes                                                          11a/

 5

 5   10   15   20   25

/Number of spline datasets, nsds                                             12/

 3

/Spline data set #1: Constant                                              12-1/

 2   1

 0

 0.  0.

 0.  1.

 1.  1.

/Spline data set #2: Van Genuchten water saturation                        12-2/

 101   1

 1

    0.1000E+12       0.1000E+12

  -67.41           -66.74           -66.06           -65.39           -64.72

  -64.04           -63.37           -62.69           -62.02           -61.34

  -60.67           -60.00           -59.32           -58.65           -57.97

  -57.30           -56.63           -55.95           -55.28           -54.60

  -53.93           -53.26           -52.58           -51.91           -51.23

  -50.56           -49.88           -49.21           -48.54           -47.86

  -47.19           -46.51           -45.84           -45.17           -44.49

  -43.82           -43.14           -42.47           -41.80           -41.12

  -40.45           -39.77           -39.10           -38.42           -37.75

  -37.08           -36.40           -35.73           -35.05           -34.38

  -33.71           -33.03           -32.36           -31.68           -31.01

  -30.34           -29.66           -28.99           -28.31           -27.64

  -26.96           -26.29           -25.62           -24.94           -24.27

  -23.59           -22.92           -22.25           -21.57           -20.90

  -20.22           -19.55           -18.88           -18.20           -17.53

  -16.85           -16.18           -15.50           -14.83           -14.16

  -13.48           -12.81           -12.13           -11.46           -10.79

  -10.11           -9.438           -8.764           -8.089           -7.415
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  -6.741           -6.067           -5.393           -4.719           -4.045

  -3.371           -2.696           -2.022           -1.348          -0.6741

  0.0

  0.3979           0.3986           0.3993           0.4001           0.4008

  0.4016           0.4024           0.4032           0.4040           0.4049

  0.4057           0.4066           0.4075           0.4084           0.4094

  0.4103           0.4113           0.4123           0.4133           0.4144

  0.4155           0.4166           0.4178           0.4189           0.4201

  0.4214           0.4226           0.4239           0.4253           0.4267

  0.4281           0.4295           0.4310           0.4326           0.4342

  0.4358           0.4375           0.4393           0.4411           0.4429

  0.4448           0.4468           0.4489           0.4510           0.4532

  0.4554           0.4578           0.4602           0.4628           0.4654

  0.4681           0.4710           0.4739           0.4770           0.4802

  0.4835           0.4869           0.4906           0.4943           0.4983

  0.5024           0.5067           0.5113           0.5160           0.5210

  0.5263           0.5318           0.5376           0.5437           0.5502

  0.5571           0.5643           0.5719           0.5801           0.5887

  0.5978           0.6075           0.6179           0.6289           0.6407

  0.6533           0.6667           0.6810           0.6962           0.7125

  0.7299           0.7483           0.7678           0.7885           0.8101

  0.8325           0.8556           0.8790           0.9022           0.9246

  0.9455           0.9640           0.9794           0.9908           0.9978

  1.000

/Spline data set #3: Van Genuchten relative permeability                   12-3/

 101   1

 1

    0.1000E+12       0.1000E+12

  0.3979           0.3986           0.3993           0.4001           0.4008

  0.4016           0.4024           0.4032           0.4040           0.4049

  0.4057           0.4066           0.4075           0.4084           0.4094

  0.4103           0.4113           0.4123           0.4133           0.4144

  0.4155           0.4166           0.4178           0.4189           0.4201

  0.4214           0.4226           0.4239           0.4253           0.4267

  0.4281           0.4295           0.4310           0.4326           0.4342

  0.4358           0.4375           0.4393           0.4411           0.4429

  0.4448           0.4468           0.4489           0.4510           0.4532

  0.4554           0.4578           0.4602           0.4628           0.4654

  0.4681           0.4710           0.4739           0.4770           0.4802

  0.4835           0.4869           0.4906           0.4943           0.4983

  0.5024           0.5067           0.5113           0.5160           0.5210

  0.5263           0.5318           0.5376           0.5437           0.5502

  0.5571           0.5643           0.5719           0.5801           0.5887

  0.5978           0.6075           0.6179           0.6289           0.6407

  0.6533           0.6667           0.6810           0.6962           0.7125

  0.7299           0.7483           0.7678           0.7885           0.8101

  0.8325           0.8556           0.8790           0.9022           0.9246

  0.9455           0.9640           0.9794           0.9908           0.9978

  1.000

  0.1103E-04       0.1155E-04       0.1211E-04       0.1269E-04       0.1331E-04

  0.1397E-04       0.1467E-04       0.1541E-04       0.1620E-04       0.1703E-04

  0.1792E-04       0.1887E-04       0.1987E-04       0.2095E-04       0.2209E-04
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  0.2331E-04       0.2461E-04       0.2601E-04       0.2750E-04       0.2909E-04

  0.3080E-04       0.3263E-04       0.3459E-04       0.3670E-04       0.3896E-04

  0.4140E-04       0.4402E-04       0.4685E-04       0.4990E-04       0.5320E-04

  0.5676E-04       0.6061E-04       0.6479E-04       0.6932E-04       0.7424E-04

  0.7959E-04       0.8541E-04       0.9175E-04       0.9868E-04       0.1062E-03

  0.1145E-03       0.1236E-03       0.1335E-03       0.1445E-03       0.1565E-03

  0.1698E-03       0.1844E-03       0.2007E-03       0.2186E-03       0.2386E-03

  0.2607E-03       0.2855E-03       0.3131E-03       0.3439E-03       0.3785E-03

  0.4175E-03       0.4613E-03       0.5108E-03       0.5668E-03       0.6303E-03

  0.7027E-03       0.7852E-03       0.8797E-03       0.9882E-03       0.1113E-02

  0.1257E-02       0.1425E-02       0.1619E-02       0.1846E-02       0.2113E-02

  0.2426E-02       0.2797E-02       0.3237E-02       0.3761E-02       0.4389E-02

  0.5146E-02       0.6061E-02       0.7175E-02       0.8537E-02       0.1021E-01

  0.1229E-01       0.1486E-01       0.1809E-01       0.2216E-01       0.2730E-01

  0.3386E-01       0.4225E-01       0.5303E-01       0.6695E-01       0.8497E-01

  0.1083           0.1385           0.1775           0.2273           0.2905

  0.3692           0.4654           0.5796           0.7109           0.8551

  1.000

file:  f_unsat_wrc-10.main
/Problem description                                                          1/

 V_V Case 4.1.10

 Unsaturated vertical soil column

 Water retention profile case

/kmod   kssf   ksst   iddmt   iwatp   ipicrd   iquad                          2/

 0      0      0      0       1       0        0

/upstr   wfac                                                                 3/

 0.      0.

/htol        ctol   nitmax   north                                            4/

 0.0000001   0.0    100      10

/iprt   irst   iplt   ibug   iprint                                           6/

 1      0      1      0      0

/Print options                                                               6a/

 0

 1

 2

 0   3

/Tecplot options                                                             6c/

 0

 1

 3

 0   3    6

/strt_date   conv_time   conv_vol   conv_mass                                6e/

 0.          1.          1.         1.

/nnx   nny   nnz   dxmax    dymax    dzmax   igrid                            7/

 2     2     11    10000.   10000.   1000.   1

/Grid line x-coordinates, xw(1),...,xw(nnx)                                  7b/

 0.   0.01

/Grid line y-coordinates, yw(1),...,yw(nny)                                  7b/

 0.   0.01

/Grid line z-coordinates, zw(1),...,zw(nnz)                                  7d/

 0.   5.   10.   15.   20.   25.   30.   35.   40.   45.   50.
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/tht   dxs   dys                                                             7f/

 0.    0.    0.

/Initial conditions and flow solution                                         8/

 0

 0    1.

 0    0.

 0    0.

 0    0.   0.   0.

 0    0.

/Number of different porous materials, nmat                                   9/

 1

/Saturated hydraulic properties, propf(1,j),...,propf(8,j)                   9b/

 0.163   0.163   0.163   0.   0.   0.   1.0e-04   0.3

/Variably saturated properties, satmlt(j),isatxy(j),pkrmlt(j),ipkrxy(j)      9c/

 1.0   2   1.0   3

/nhn   ncn   nmfn   nrw   nwell   nsb   nls   nrech                          10/

 8     0     0      0     0       0     0     0

/Specified head nodes                                                       10a/

  1   0.   1

  2   0.   1

  3   0.   1

  4   0.   1

 41   0.   1

 42   0.   1

 43   0.   1

 44   0.   1

/iobsn   iobswg   imbal   pkrz                                               11/

 1       0        0       -1.

/Observation nodes                                                          11a/

 5

 5   10   15   20   25

/Number of spline datasets, nsds                                             12/

 3

/Spline data set #1: Constant                                              12-1/

 2   1

 0

 0.  0.

 0.  1.

 1.  1.

/Spline data set #2: Van Genuchten water saturation                        12-2/

 101   1

 1

    0.1000E+12       0.1000E+12

  -67.41           -66.74           -66.06           -65.39           -64.72

  -64.04           -63.37           -62.69           -62.02           -61.34

  -60.67           -60.00           -59.32           -58.65           -57.97

  -57.30           -56.63           -55.95           -55.28           -54.60

  -53.93           -53.26           -52.58           -51.91           -51.23

  -50.56           -49.88           -49.21           -48.54           -47.86

  -47.19           -46.51           -45.84           -45.17           -44.49

  -43.82           -43.14           -42.47           -41.80           -41.12

  -40.45           -39.77           -39.10           -38.42           -37.75
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  -37.08           -36.40           -35.73           -35.05           -34.38

  -33.71           -33.03           -32.36           -31.68           -31.01

  -30.34           -29.66           -28.99           -28.31           -27.64

  -26.96           -26.29           -25.62           -24.94           -24.27

  -23.59           -22.92           -22.25           -21.57           -20.90

  -20.22           -19.55           -18.88           -18.20           -17.53

  -16.85           -16.18           -15.50           -14.83           -14.16

  -13.48           -12.81           -12.13           -11.46           -10.79

  -10.11           -9.438           -8.764           -8.089           -7.415

  -6.741           -6.067           -5.393           -4.719           -4.045

  -3.371           -2.696           -2.022           -1.348          -0.6741

  0.0

  0.3979           0.3986           0.3993           0.4001           0.4008

  0.4016           0.4024           0.4032           0.4040           0.4049

  0.4057           0.4066           0.4075           0.4084           0.4094

  0.4103           0.4113           0.4123           0.4133           0.4144

  0.4155           0.4166           0.4178           0.4189           0.4201

  0.4214           0.4226           0.4239           0.4253           0.4267

  0.4281           0.4295           0.4310           0.4326           0.4342

  0.4358           0.4375           0.4393           0.4411           0.4429

  0.4448           0.4468           0.4489           0.4510           0.4532

  0.4554           0.4578           0.4602           0.4628           0.4654

  0.4681           0.4710           0.4739           0.4770           0.4802

  0.4835           0.4869           0.4906           0.4943           0.4983

  0.5024           0.5067           0.5113           0.5160           0.5210

  0.5263           0.5318           0.5376           0.5437           0.5502

  0.5571           0.5643           0.5719           0.5801           0.5887

  0.5978           0.6075           0.6179           0.6289           0.6407

  0.6533           0.6667           0.6810           0.6962           0.7125

  0.7299           0.7483           0.7678           0.7885           0.8101

  0.8325           0.8556           0.8790           0.9022           0.9246

  0.9455           0.9640           0.9794           0.9908           0.9978

  1.000

/Spline data set #3: Van Genuchten relative permeability                   12-3/

 101   1

 1

    0.1000E+12       0.1000E+12

  0.3979           0.3986           0.3993           0.4001           0.4008

  0.4016           0.4024           0.4032           0.4040           0.4049

  0.4057           0.4066           0.4075           0.4084           0.4094

  0.4103           0.4113           0.4123           0.4133           0.4144

  0.4155           0.4166           0.4178           0.4189           0.4201

  0.4214           0.4226           0.4239           0.4253           0.4267

  0.4281           0.4295           0.4310           0.4326           0.4342

  0.4358           0.4375           0.4393           0.4411           0.4429

  0.4448           0.4468           0.4489           0.4510           0.4532

  0.4554           0.4578           0.4602           0.4628           0.4654

  0.4681           0.4710           0.4739           0.4770           0.4802

  0.4835           0.4869           0.4906           0.4943           0.4983

  0.5024           0.5067           0.5113           0.5160           0.5210

  0.5263           0.5318           0.5376           0.5437           0.5502

  0.5571           0.5643           0.5719           0.5801           0.5887
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  0.5978           0.6075           0.6179           0.6289           0.6407

  0.6533           0.6667           0.6810           0.6962           0.7125

  0.7299           0.7483           0.7678           0.7885           0.8101

  0.8325           0.8556           0.8790           0.9022           0.9246

  0.9455           0.9640           0.9794           0.9908           0.9978

  1.000

  0.1103E-04       0.1155E-04       0.1211E-04       0.1269E-04       0.1331E-04

  0.1397E-04       0.1467E-04       0.1541E-04       0.1620E-04       0.1703E-04

  0.1792E-04       0.1887E-04       0.1987E-04       0.2095E-04       0.2209E-04

  0.2331E-04       0.2461E-04       0.2601E-04       0.2750E-04       0.2909E-04

  0.3080E-04       0.3263E-04       0.3459E-04       0.3670E-04       0.3896E-04

  0.4140E-04       0.4402E-04       0.4685E-04       0.4990E-04       0.5320E-04

  0.5676E-04       0.6061E-04       0.6479E-04       0.6932E-04       0.7424E-04

  0.7959E-04       0.8541E-04       0.9175E-04       0.9868E-04       0.1062E-03

  0.1145E-03       0.1236E-03       0.1335E-03       0.1445E-03       0.1565E-03

  0.1698E-03       0.1844E-03       0.2007E-03       0.2186E-03       0.2386E-03

  0.2607E-03       0.2855E-03       0.3131E-03       0.3439E-03       0.3785E-03

  0.4175E-03       0.4613E-03       0.5108E-03       0.5668E-03       0.6303E-03

  0.7027E-03       0.7852E-03       0.8797E-03       0.9882E-03       0.1113E-02

  0.1257E-02       0.1425E-02       0.1619E-02       0.1846E-02       0.2113E-02

  0.2426E-02       0.2797E-02       0.3237E-02       0.3761E-02       0.4389E-02

  0.5146E-02       0.6061E-02       0.7175E-02       0.8537E-02       0.1021E-01

  0.1229E-01       0.1486E-01       0.1809E-01       0.2216E-01       0.2730E-01

  0.3386E-01       0.4225E-01       0.5303E-01       0.6695E-01       0.8497E-01

  0.1083           0.1385           0.1775           0.2273           0.2905

  0.3692           0.4654           0.5796           0.7109           0.8551

  1.000

file:  f_unsat_wrc-250.main
/Problem description                                                          1/

 V_V Case 4.1.10

 Unsaturated vertical soil column

 Water retention profile case

/kmod   kssf   ksst   iddmt   iwatp   ipicrd   iquad                          2/

 0      0      0      0       1       0        0

/upstr   wfac                                                                 3/

 0.      0.

/htol        ctol   nitmax   north                                               4/

 0.0000001   0.0    100      10

/iprt   irst   iplt   ibug   iprint                                           6/

 1      0      1      0      0

/Print options                                                               6a/

 0

 1

 2

 0   3

/Tecplot options                                                             6c/

 0

 1

 3

 0   3    6

/strt_date   conv_time   conv_vol   conv_mass                                6e/
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 0.          1.          1.         1.

/nnx   nny   nnz   dxmax    dymax    dzmax   igrid                            7/

 2     2     251   10000.   10000.   1000.   1

/Grid line x-coordinates, xw(1),...,xw(nnx)                                  7b/

 0.   0.01

/Grid line y-coordinates, yw(1),...,yw(nny)                                  7b/

 0.   0.01

/Grid line z-coordinates, zw(1),...,zw(nnz)                                  7d/

  0.0    0.2    0.4    0.6    0.8    1.0    1.2    1.4    1.6    1.8

  2.0    2.2    2.4    2.6    2.8    3.0    3.2    3.4    3.6    3.8

  4.0    4.2    4.4    4.6    4.8    5.0    5.2    5.4    5.6    5.8

  6.0    6.2    6.4    6.6    6.8    7.0    7.2    7.4    7.6    7.8

  8.0    8.2    8.4    8.6    8.8    9.0    9.2    9.4    9.6    9.8

 10.0   10.2   10.4   10.6   10.8   11.0   11.2   11.4   11.6   11.8

 12.0   12.2   12.4   12.6   12.8   13.0   13.2   13.4   13.6   13.8

 14.0   14.2   14.4   14.6   14.8   15.0   15.2   15.4   15.6   15.8

 16.0   16.2   16.4   16.6   16.8   17.0   17.2   17.4   17.6   17.8

 18.0   18.2   18.4   18.6   18.8   19.0   19.2   19.4   19.6   19.8

 20.0   20.2   20.4   20.6   20.8   21.0   21.2   21.4   21.6   21.8

 22.0   22.2   22.4   22.6   22.8   23.0   23.2   23.4   23.6   23.8

 24.0   24.2   24.4   24.6   24.8   25.0   25.2   25.4   25.6   25.8

 26.0   26.2   26.4   26.6   26.8   27.0   27.2   27.4   27.6   27.8

 28.0   28.2   28.4   28.6   28.8   29.0   29.2   29.4   29.6   29.8

 30.0   30.2   30.4   30.6   30.8   31.0   31.2   31.4   31.6   31.8

 32.0   32.2   32.4   32.6   32.8   33.0   33.2   33.4   33.6   33.8

 34.0   34.2   34.4   34.6   34.8   35.0   35.2   35.4   35.6   35.8

 36.0   36.2   36.4   36.6   36.8   37.0   37.2   37.4   37.6   37.8

 38.0   38.2   38.4   38.6   38.8   39.0   39.2   39.4   39.6   39.8

 40.0   40.2   40.4   40.6   40.8   41.0   41.2   41.4   41.6   41.8

 42.0   42.2   42.4   42.6   42.8   43.0   43.2   43.4   43.6   43.8

 44.0   44.2   44.4   44.6   44.8   45.0   45.2   45.4   45.6   45.8

 46.0   46.2   46.4   46.6   46.8   47.0   47.2   47.4   47.6   47.8

 48.0   48.2   48.4   48.6   48.8   49.0   49.2   49.4   49.6   49.8

 50.0

/tht   dxs   dys                                                             7f/

 0.    0.    0.

/Initial conditions and flow solution                                         8/

 0

 0    1.

 0    0.

 0    0.

 0    0.   0.   0.

 0    0.

/Number of different porous materials, nmat                                   9/

 1

/Saturated hydraulic properties, propf(1,j),...,propf(8,j)                   9b/

 0.163   0.163   0.163   0.   0.   0.   1.0e-04   0.3

/Variably saturated properties, satmlt(j),isatxy(j),pkrmlt(j),ipkrxy(j)      9c/

 1.0   2   1.0   3

/nhn   ncn   nmfn   nrw   nwell   nsb   nls   nrech                          10/

 8     0     0      0     0       0     0     0

/Specified head nodes                                                       10a/
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    1   0.   1

    2   0.   1

    3   0.   1

    4   0.   1

 1001   0.   1

 1002   0.   1

 1003   0.   1

 1004   0.   1

/iobsn   iobswg   imbal   pkrz                                               11/

 1       0        0       -1.

/Observation nodes                                                          11a/

 5

 5   10   15   20   25

/Number of spline datasets, nsds                                             12/

 3

/Spline data set #1: Constant                                              12-1/

 2   1

 0

 0.  0.

 0.  1.

 1.  1.

/Spline data set #2: Van Genuchten water saturation                        12-2/

 101   1

 1

    0.1000E+12       0.1000E+12

  -67.41           -66.74           -66.06           -65.39           -64.72

  -64.04           -63.37           -62.69           -62.02           -61.34

  -60.67           -60.00           -59.32           -58.65           -57.97

  -57.30           -56.63           -55.95           -55.28           -54.60

  -53.93           -53.26           -52.58           -51.91           -51.23

  -50.56           -49.88           -49.21           -48.54           -47.86

  -47.19           -46.51           -45.84           -45.17           -44.49

  -43.82           -43.14           -42.47           -41.80           -41.12

  -40.45           -39.77           -39.10           -38.42           -37.75

  -37.08           -36.40           -35.73           -35.05           -34.38

  -33.71           -33.03           -32.36           -31.68           -31.01

  -30.34           -29.66           -28.99           -28.31           -27.64

  -26.96           -26.29           -25.62           -24.94           -24.27

  -23.59           -22.92           -22.25           -21.57           -20.90

  -20.22           -19.55           -18.88           -18.20           -17.53

  -16.85           -16.18           -15.50           -14.83           -14.16

  -13.48           -12.81           -12.13           -11.46           -10.79

  -10.11           -9.438           -8.764           -8.089           -7.415

  -6.741           -6.067           -5.393           -4.719           -4.045

  -3.371           -2.696           -2.022           -1.348          -0.6741

  0.0

  0.3979           0.3986           0.3993           0.4001           0.4008

  0.4016           0.4024           0.4032           0.4040           0.4049

  0.4057           0.4066           0.4075           0.4084           0.4094

  0.4103           0.4113           0.4123           0.4133           0.4144

  0.4155           0.4166           0.4178           0.4189           0.4201

  0.4214           0.4226           0.4239           0.4253           0.4267
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  0.4281           0.4295           0.4310           0.4326           0.4342

  0.4358           0.4375           0.4393           0.4411           0.4429

  0.4448           0.4468           0.4489           0.4510           0.4532

  0.4554           0.4578           0.4602           0.4628           0.4654

  0.4681           0.4710           0.4739           0.4770           0.4802

  0.4835           0.4869           0.4906           0.4943           0.4983

  0.5024           0.5067           0.5113           0.5160           0.5210

  0.5263           0.5318           0.5376           0.5437           0.5502

  0.5571           0.5643           0.5719           0.5801           0.5887

  0.5978           0.6075           0.6179           0.6289           0.6407

  0.6533           0.6667           0.6810           0.6962           0.7125

  0.7299           0.7483           0.7678           0.7885           0.8101

  0.8325           0.8556           0.8790           0.9022           0.9246

  0.9455           0.9640           0.9794           0.9908           0.9978

  1.000

/Spline data set #3: Van Genuchten relative permeability                   12-3/

 101   1

 1

    0.1000E+12       0.1000E+12

  0.3979           0.3986           0.3993           0.4001           0.4008

  0.4016           0.4024           0.4032           0.4040           0.4049

  0.4057           0.4066           0.4075           0.4084           0.4094

  0.4103           0.4113           0.4123           0.4133           0.4144

  0.4155           0.4166           0.4178           0.4189           0.4201

  0.4214           0.4226           0.4239           0.4253           0.4267

  0.4281           0.4295           0.4310           0.4326           0.4342

  0.4358           0.4375           0.4393           0.4411           0.4429

  0.4448           0.4468           0.4489           0.4510           0.4532

  0.4554           0.4578           0.4602           0.4628           0.4654

  0.4681           0.4710           0.4739           0.4770           0.4802

  0.4835           0.4869           0.4906           0.4943           0.4983

  0.5024           0.5067           0.5113           0.5160           0.5210

  0.5263           0.5318           0.5376           0.5437           0.5502

  0.5571           0.5643           0.5719           0.5801           0.5887

  0.5978           0.6075           0.6179           0.6289           0.6407

  0.6533           0.6667           0.6810           0.6962           0.7125

  0.7299           0.7483           0.7678           0.7885           0.8101

  0.8325           0.8556           0.8790           0.9022           0.9246

  0.9455           0.9640           0.9794           0.9908           0.9978

  1.000

  0.1103E-04       0.1155E-04       0.1211E-04       0.1269E-04       0.1331E-04

  0.1397E-04       0.1467E-04       0.1541E-04       0.1620E-04       0.1703E-04

  0.1792E-04       0.1887E-04       0.1987E-04       0.2095E-04       0.2209E-04

  0.2331E-04       0.2461E-04       0.2601E-04       0.2750E-04       0.2909E-04

  0.3080E-04       0.3263E-04       0.3459E-04       0.3670E-04       0.3896E-04

  0.4140E-04       0.4402E-04       0.4685E-04       0.4990E-04       0.5320E-04

  0.5676E-04       0.6061E-04       0.6479E-04       0.6932E-04       0.7424E-04

  0.7959E-04       0.8541E-04       0.9175E-04       0.9868E-04       0.1062E-03

  0.1145E-03       0.1236E-03       0.1335E-03       0.1445E-03       0.1565E-03

  0.1698E-03       0.1844E-03       0.2007E-03       0.2186E-03       0.2386E-03

  0.2607E-03       0.2855E-03       0.3131E-03       0.3439E-03       0.3785E-03

  0.4175E-03       0.4613E-03       0.5108E-03       0.5668E-03       0.6303E-03
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  0.7027E-03       0.7852E-03       0.8797E-03       0.9882E-03       0.1113E-02

  0.1257E-02       0.1425E-02       0.1619E-02       0.1846E-02       0.2113E-02

  0.2426E-02       0.2797E-02       0.3237E-02       0.3761E-02       0.4389E-02

  0.5146E-02       0.6061E-02       0.7175E-02       0.8537E-02       0.1021E-01

  0.1229E-01       0.1486E-01       0.1809E-01       0.2216E-01       0.2730E-01

  0.3386E-01       0.4225E-01       0.5303E-01       0.6695E-01       0.8497E-01

  0.1083           0.1385           0.1775           0.2273           0.2905

  0.3692           0.4654           0.5796           0.7109           0.8551

  1.000
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Appendix C - Flow Test Problem Output Sample
he FACT output file corresponding to the input file “f_conf_gh.main” presented in
Appendix B for flow verification Problem 4.1.1 is presented below as an example.

C.1 Main Output File

f_conf_gh.prnt

                         ######    ##     ####    #####
                         #        #  #   #    #     #
                         #####   #    #  #          #
                         #       ######  #          #
                         #       #    #  #    #     #
                         #       #    #   ####      #

                                 #####            ###
                         #    # #     #          #   #
                         #    #       #         #     #
                         #    #  #####          #     #
                         #    # #         ###   #     #
                          #  #  #         ###    #   #
                           ##   #######   ###     ###

 Copyright 1998 Westinghouse Savannah River Company
 All rights reserved.

 CONFIGURATION STATUS:   Operational
 EXECUTABLE BUILD DATE:  11-01-1999
 EXECUTION DATE: 11-04-1999

 *** problem description ***

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

  V_V Case 4.1.1 (problem 1)
  Steady-state, one-dimensional flow in a confined aquifer
  General head boundary condition

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

 *** simulation options ***

 type of simulation ........................(kmod) =    0
 note:   kmod = 0 for flow only
              = 1 for transport only
              = 2 for flow and transport
 flow solution (0=s-s,1=trans) .............(kssf) =    0
 variably saturated flow ..................(iwatp) =    0
 note:    iwatp = 0 saturated model
                = 1 variably saturated model based
                    on water retention curve
 iterative method for flow ...............(ipicrd) =    1
 note:   ipicrd = -n N-R with n backtracking
                =  0 N-R
                =  1 Picard
 quadrature selection (0=influence matrix
 1=two point gauss-legendre ...............(iquad) =    1

 *** upstream weighting parameters ***

 upstream weighting of rel permeability ...(upstr) =  0.0000E+00

T
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 *** iteration parameters ***

 iteration tolerance for head ..............(htol) =  0.1000E-03
 maximum non-linear iterations ...........(nitmax) =    1

 *** output control parameters ***

 printed output required (0=no,1=yes) ......(iprt) =    1
 create restart file (0=no,1=yes) ..........(irst) =    0
 create TECPLOT plot files (0=no,1=yes) ....(iplt) =    1
 print diagnostic info (0=no,1=yes) ........(ibug) =    0
 print level (0=short,1=medium,2=long) ...(iprint) =    0

 print file options
 ------------------
 print frequency type .....................(iprtf) =    0
 note: iprtf = 0 print at specified time step interval
             = 1 print at specified simulation times
 print time step interval ................(iprtts) =    1
 number of print options ...................(nprt) =    1

 list of print options
 ---------------------
 0
 note:  nprto = 0 print hydraulic heads
              = 1 print concentrations
              = 2 print nodal velocities
              = 3 print water saturation
              = 4 print Darcy velocities
              = 5 print water table elevations
              = 6 print immobile concentrations

 tecplot file options
 --------------------
 plot frequency type ......................(ipltf) =    0
 note: ipltf = 0 plot at specified time step interval
             = 1 plot at specified simulation times
 plot time step interval .................(ipltts) =    1
 number of plot options ....................(nplt) =    1
 list of plot options
 --------------------
 0
 note:  nplto = 0 plot hydraulic heads
              = 1 plot concentrations
              = 2 plot nodal velocities
              = 3 plot water saturation
              = 4 plot Darcy velocities
              = 5 plot water table elevations
              = 6 plot pressure heads
              = 7 plot top boundary flows
              = 8 plot vertically-averaged
                  concentration in each aquifer
              = 9 plot immobile concentrations

 output units and timing conversion data
 --------------------
 starting date ......................(strt_date) =0.000000
 time conversion factor .............(conv_time) =1.000000
 volume conversion factor ............(conv_vol) =1.000000
 mass conversion factor .............(conv_mass) =1.000000

 *** mesh specification parameters ***

 number of nodes in x-direction .............(nnx) =     11
 number of nodes in y-direction .............(nny) =      2
 number of nodes in z-direction .............(nnz) =      2
 total number of nodes .......................(np) =     44
 total number of elements ....................(ne) =     10
 max value of x-direction increment .......(dxmax) =.1000E+05
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 max value of y-direction increment .......(dymax) =.1000E+05
 max value of z-direction increment .......(dzmax) =100.0
 grid generation indicator ................(igrid) =      1
 note:  igrid = 0 nodal coordinates are to be computed
                  using generated values of spatial
                  increments.
              = 1 input of x, y, and z grid line
                  coordinates is needed.
              = 2 gridline coordinates are to be input
                  for the x and y directions, and nodal
                  nodal coordinates are to be input for
                  z-direction.

 x-coordinates of grid lines
 ---------------------------
         0.00       20.00       40.00       60.00       80.00      100.00
       120.00      140.00      160.00      180.00      200.00

 y-coordinates of grid lines
 ---------------------------
         0.00       40.00

 z-coordinates of grid lines
 ---------------------------
         0.00       40.00

 coordinate tranformation data
 -----------------------------
 rotation angle .............................(tht) =     0.000
 areal x translation ........................(dxs) =     0.000
 areal y translation ........................(dys) =     0.000

 *** initial condition parameters ***

 cold or hot start (0=cold,1=hot) ........(istart) =    0
 i.c. for head (0=const,1=read) ...........(jhead) =    0
 constant head ...........................(hconst) =   50.00

 *** material properties ***

 number of different porous materials ......(nmat) =    1

 *** boundary condition data ***

 number of specified head nodes .............(nhn) =     4
 number of specified mass flow nodes .......(nmfn) =     0
 number of recirculation wells ..............(nrw) =     0
 number of pumping/injection wells ........(nwell) =     0
 number of head-dependent source beds .......(nsb) =     1
 number of head-dependent line sources ......(nls) =     0
 groundwater recharge ......................(nrch) =     0
 note:  nrch = -1 combination recharge/drain
             =  0 no groundwater recharge
             >  0 number of recharge zones

 specified head nodal data
 -------------------------

 data number:      1  (i)

 global node number ....................(npdbf(i)) =      1
 head time series spline multiplier ....(hnmlt(i)) =  0.5000E+02
 head time series spline index .........(ihnxy(i)) =      1

 data number:      2  (i)

 global node number ....................(npdbf(i)) =     12
 head time series spline multiplier ....(hnmlt(i)) =  0.5000E+02
 head time series spline index .........(ihnxy(i)) =      1
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 data number:      3  (i)

 global node number ....................(npdbf(i)) =     23
 head time series spline multiplier ....(hnmlt(i)) =  0.5000E+02
 head time series spline index .........(ihnxy(i)) =      1

 data number:      4  (i)

 global node number ....................(npdbf(i)) =     34
 head time series spline multiplier ....(hnmlt(i)) =  0.5000E+02
 head time series spline index .........(ihnxy(i)) =      1

 head-dependent source bed data
 ------------------------------

 note:  isbtyp = 0 aquitard overlain by a surficial
                   aquifer in which the head is
                   prescribed
               = 1 semipermeable bed overlain by a
                   surface-water body (e.g. river,
                   stream, or lake
               = 2 drain source bed
               = 3 general head source bed

 source bed number:      1  (i)

 source bed type ......................(isbtyp(i)) =     3
 head time series spline multiplier ...(hsbmlt(i)) =  0.2500E+02
 head time series spline index ........(ihsbxy(i)) =     1
 number of nodes on source bed .........(nsbni(i)) =     4
 source bed leakance coef ...............(sblc(i)) =  0.1000E-02

 list of nodes for source bed
 ----------------------------
    11         22         33         44

 list of effective flow areas of source bed nodes
 ------------------------------------------------
   0.4000E+03       0.4000E+03       0.4000E+03       0.4000E+03

 summary of source bed nodes by type
 -----------------------------------
 number of aquitard nodes ................(natard) =     0
 number of river nodes ...................(nriver) =     0
 number of drain nodes ...................(ndrain) =     0
 number of general head boundary nodes .....(nghb) =     4

 *** special features ***

 observation nodes (0=no,1=yes) ...........(iobsn) =     1
 observation wells (0=no,1=yes) ..........(iobswg) =     0
 mass balance calculation (0=no,1=yes) ....(imbal) =     0
 vertical relative permeability ............(pkrz) = -0.1000E+01
 note:  pkrz < 0  use computed value

 number of observation nodes ..............(nobsn) =     5
 list of observation nodes
 -------------------------
     5         10         15         20         25

 *** spline profile data ***

 note:  itype = -1 Heaviside spline
              =  0 linear spline
              =  1 cubic spline

 spline profile number:      1  (i)

 type of spline ........................(itype(i)) =     0
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 number of data points in profile ........(ntp(i)) =     2

 --point--     --abscissa--     --ordinate--     --spline--
                  value            value         coefficient

     1          0.0000           1.0000           0.0000
     2          1.0000           1.0000           0.0000

 *** nodal hydraulic head values ***

     node         head         node         head         node         head         node         head
    ------    ------------    ------    ------------    ------    ------------    ------    ----------

         1      50.000             2      50.000             3      50.000             4      50.000
         5      50.000             6      50.000             7      50.000             8      50.000
         9      50.000            10      50.000            11      50.000            12      50.000
        13      50.000            14      50.000            15      50.000            16      50.000
        17      50.000            18      50.000            19      50.000            20      50.000
        21      50.000            22      50.000            23      50.000            24      50.000
        25      50.000            26      50.000            27      50.000            28      50.000
        29      50.000            30      50.000            31      50.000            32      50.000
        33      50.000            34      50.000            35      50.000            36      50.000
        37      50.000            38      50.000            39      50.000            40      50.000
        41      50.000            42      50.000            43      50.000            44      50.000

 *************** begin FACT calculations ***************

 ---> elapsed simulation time:    0.000
      time step number:     1
      time step size:  0.000E+00

 matrix solution by pcg algorithm:
  no. of subiterations =     8
 residual dxnorm/xnorm =   0.368561E-06
       max. abs. error =   0.186223E-03

 *** nodal hydraulic head values ***

     node         head         node         head         node         head         node         head
    ------    ------------    ------    ------------    ------    ------------    ------    ----------

         1      50.000             2      48.750             3      47.500             4      46.250
         5      45.000             6      43.750             7      42.500             8      41.250
         9      40.000            10      38.750            11      37.500            12      50.000
        13      48.750            14      47.500            15      46.250            16      45.000
        17      43.750            18      42.500            19      41.250            20      40.000
        21      38.750            22      37.500            23      50.000            24      48.750
        25      47.500            26      46.250            27      45.000            28      43.750
        29      42.500            30      41.250            31      40.000            32      38.750
        33      37.500            34      50.000            35      48.750            36      47.500
        37      46.250            38      45.000            39      43.750            40      42.500
        41      41.250            42      40.000            43      38.750            44      37.500

    *** observation node information ***

     node         head         node         head         node         head         node         head
    ------    ------------    ------    ------------    ------    ------------    ------    ----------

         5      45.000            10      38.750            15      46.250            20      40.000
        25      47.500

 *************** end FACT calculations ***************
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Appendix D - Transport Test Problem Input Files
his appendix contains the basic input files used with FACT to generate the various
simulation runs presented in Section 4.2 and 4.3 for solute transport.  These various

simulation runs provide verification tests for FACT.  The input files presented below
should be exercised upon the implementation of any new executable of FACT for
verification purposes.

D.1 One-Dimensional Saturated Solute Transport in a Uniform Flow
Field

This problem deals with one-dimensional advection-dispersion of a non-conservative
solute species through a semi-infinite porous medium and is used to demonstrate the
impact that various FACT options (i.e., numerical approximations) have on its solution.

The following is the base case input file named t_1d_basecase.main:

file:  t_1d_basecase.main
/Problem description                                                          1/
 V_V Case 4.2.1 (basecase)
 One-Dimensional Saturated Solute Transport
 in a Uniform Flow Field
/kmod   kssf   ksst   iddmt   iwatp   ipicrd   iquad                          2/
 1      0      1      0       0       1        0
/upstr   wfac                                                                 3/
 0.      0.
/htol     ctol     nitmax   north                                             4/
 0.0      0.00001  1        1
/nts   idt   mxstr   theta                                                    5/
 2000   1     0       0.5
/Simulation intervals, nsi,tmst(j),tmend(j),nsti(j)                          5b/
 1
 0.   200.   2000
/iprt   irst   iplt   ibug   iprint                                           6/
 1      0      1      0      0
/Print options                                                               6a/
 0
 500
 3
 1   3   4
/Tecplot options                                                             6c/
 0
 250
 1
 1
/strt_date   conv_time   conv_vol   conv_mass                                6e/
 0.          1.          1.         1.
/nnx   nny   nnz   dxmax    dymax    dzmax   igrid                            7/
 201   2     2     10000.   10000.   6.5     1
/Grid line x-coordinates, xw(1),...,xw(nnx)                                  7b/
   0.     2.     4.     6.     8.    10.
  12.    14.    16.    18.    20.    22.
  24.    26.    28.    30.    32.    34.
  36.    38.    40.    42.    44.    46.
  48.    50.    52.    54.    56.    58.

T
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  60.    62.    64.    66.    68.    70.
  72.    74.    76.    78.    80.    82.
  84.    86.    88.    90.    92.    94.
  96.    98.   100.   102.   104.   106.
 108.   110.   112.   114.   116.   118.
 120.   122.   124.   126.   128.   130.
 132.   134.   136.   138.   140.   142.
 144.   146.   148.   150.   152.   154.
 156.   158.   160.   162.   164.   166.
 168.   170.   172.   174.   176.   178.
 180.   182.   184.   186.   188.   190.
 192.   194.   196.   198.   200.   202.
 204.   206.   208.   210.   212.   214.
 216.   218.   220.   222.   224.   226.
 228.   230.   232.   234.   236.   238.
 240.   242.   244.   246.   248.   250.
 252.   254.   256.   258.   260.   262.
 264.   266.   268.   270.   272.   274.
 276.   278.   280.   282.   284.   286.
 288.   290.   292.   294.   296.   298.
 300.   302.   304.   306.   308.   310.
 312.   314.   316.   318.   320.   322.
 324.   326.   328.   330.   332.   334.
 336.   338.   340.   342.   344.   346.
 348.   350.   352.   354.   356.   358.
 360.   362.   364.   366.   368.   370.
 372.   374.   376.   378.   380.   382.
 384.   386.   388.   390.   392.   394.
 396.   398.   400.
/Grid line y-coordinates, yw(1),...,yw(nny)                                  7c/
 0.0   2.0
/Grid line z-coordinates, zw(1),...,zw(nnz)                                  7d/
 0.0   2.0
/tht   dxs   dys                                                             7f/
 0.    0.    0.
/Initial conditions and flow solution                                         8/
 0
 0   0.
 0   0.
 0   0.
 0   1.0   0.   0.
 0   1.0
/Number of different porous materials, nmat                                   9/
 1
/Soil-solute transport properties, propt(1,j),...,propt(15,j),ixymt(j)       9d/
 0.0   1.0   0.25   5.0   5.0   0.0   0.0   0.0
 0.0   0.0   1.0    1.0   0.0   0.0   0.0   1
/nhn   ncn   nmfn   nrw   nwell   nsb   nls   nrech                          10/
 0     4     0      0     0       0     0     0
/Specified concentration nodes                                              10b/
   1   1.000   1
 202   1.000   1
 403   1.000   1
 604   1.000   1
/iobsn   iobswg   imbal   pkrz                                               11/
 1       1        0       -1.
/Observation nodes                                                          11a/
 1
 1
/Observation well group data                                                11b/
 1
 1
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/Targets                                                                    11b/
 'Col_Exit'   400.   0.   0.   2.   0.   0.
/Number of spline datasets, nsds                                             12/
 1
/Spline data set #1: Constant                                              12-1/
 2   1
 0
 0.  0.
 0.  1.
 1.  1.

Case A input file named t_1d_case_a.main is obtained by replacing Group 9d (Soil-solute
transport properties) in t_1d_basecase.main with the following:

file :  t_1d_case_a.main
/Soil-solute transport properties, propt(1,j),...,propt(15,j),ixymt(j)       9d/
 0.3333333    1.0   0.25   5.0   5.0   0.0   0.0   0.0
 0.0         0.0   1.0    1.0   0.0   0.0   0.0   1

Case B input file named t_1d_case_b.main is obtained by replacing Group 9d (Soil-solute
transport properties) in t_1d_basecase.main with the following:

file :  t_1d_case_b.main
/Soil-solute transport properties, propt(1,j),...,propt(15,j),ixymt(j)       9d/
 0.0    1.0   0.25   5.0   5.0   0.0   0.0   0.0
 0.01    0.0   1.0    1.0   0.0   0.0   0.0   1

Case C input file named t_1d_case_c.main is obtained by replacing Group 9d (Soil-solute
transport properties) in t_1d_basecase.main with the following:

file :  t_1d_case_c.main
/Soil-solute transport properties, propt(1,j),...,propt(15,j),ixymt(j)       9d/
 0.3333333     1.0   0.25   5.0   5.0   0.0   0.0   0.0
 0.01          0.0   1.0    1.0   0.0   0.0   0.0   1

Case D input file named t_1d_case_d.main:

file :  t_1d_case_d.main
/Problem description                                                          1/
 V_V Case 4.2.1 (mesh sensitivity,dx=20)
 One-Dimensional Saturated Solute Transport
 in a Uniform Flow Field
/kmod   kssf   ksst   iddmt   iwatp   ipicrd   iquad                          2/
 1      0      1      0       0       1        0
/upstr   wfac                                                                 3/
 0.      0.
/htol     ctol     nitmax   north                                             4/
 0.0      0.00001  1        1
/nts   idt   mxstr   theta                                                    5/
 500   1     0       0.5
/Simulation intervals, nsi,tmst(j),tmend(j),nsti(j)                          5b/
 1
 0.   50.   500
/iprt   irst   iplt   ibug   iprint                                           6/
 1      0      1      0      0
/Print options                                                               6a/
 0
 500
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 3
 1   3   4
/Tecplot options                                                             6c/
 0
 250
 1
 1
/strt_date   conv_time   conv_vol   conv_mass                                6e/
 0.          1.          1.         1.
/nnx   nny   nnz   dxmax    dymax    dzmax   igrid                            7/
 21    2     2     10000.   10000.   6.5     1
/Grid line x-coordinates, xw(1),...,xw(nnx)                                  7b/
   0.0   20.0   40.0   60.0   80.0  100.0  120.0  140.0  160.0  180.0
 200.0  220.0  240.0  260.0  280.0  300.0  320.0  340.0  360.0  380.0
 400.0
/Grid line y-coordinates, yw(1),...,yw(nny)                                  7c/
 0.0   20.0
/Grid line z-coordinates, zw(1),...,zw(nnz)                                  7d/
 0.0   20.0
/tht   dxs   dys                                                             7f/
 0.    0.    0.
/Initial conditions and flow solution                                         8/
 0
 0   0.
 0   0.
 0   0.
 0   1.0   0.   0.
 0   1.0
/Number of different porous materials, nmat                                   9/
 1
/Soil-solute transport properties, propt(1,j),...,propt(15,j),ixymt(j)       9d/
 0.0   1.0   0.25   5.0   5.0   0.0   0.0   0.0
 0.0   0.0   1.0    1.0   0.0   0.0   0.0   1
/nhn   ncn   nmfn   nrw   nwell   nsb   nls   nrech                          10/
 0     4     0      0     0       0     0     0
/Specified concentration nodes                                              10b/
  1   1.000   1
 22   1.000   1
 43   1.000   1
 64   1.000   1
/iobsn   iobswg   imbal   pkrz                                               11/
 1       0        0       -1.
/Observation nodes                                                          11a/
 1
 1
/Number of spline datasets, nsds                                             12/
 1
/Spline data set #1: Constant                                              12-1/
 2   1
 0
 0.  0.
 0.  1.
 1.  1.

Case E input file named t_1d_case_e.main:

file :  t_1d_case_e.main
/Problem description                                                          1/
 V_V Case 4.2.1 (mesh sensitivity,dx=40)
 One-Dimensional Saturated Solute Transport
 in a Uniform Flow Field
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/kmod   kssf   ksst   iddmt   iwatp   ipicrd   iquad                          2/
 1      0      1      0       0       1        0
/upstr   wfac                                                                 3/
 0.      0.
/htol     ctol     nitmax   north                                             4/
 0.0      0.00001  1        1
/nts   idt   mxstr   theta                                                    5/
 500   1     0       0.5
/Simulation intervals, nsi,tmst(j),tmend(j),nsti(j)                          5b/
 1
 0.   50.   500
/iprt   irst   iplt   ibug   iprint                                           6/
 1      0      1      0      0
/Print options                                                               6a/
 0
 500
 3
 1   3   4
/Tecplot options                                                             6c/
 0
 250
 1
 1
/strt_date   conv_time   conv_vol   conv_mass                                6e/
 0.          1.          1.         1.
/nnx   nny   nnz   dxmax    dymax    dzmax   igrid                            7/
 11    2     2     10000.   10000.   6.5     1
/Grid line x-coordinates, xw(1),...,xw(nnx)                                  7b/
 0.0   40.0   80.0  120.0  160.0  200.0  240.0  280.0  320.0  360.0  400.0
/Grid line y-coordinates, yw(1),...,yw(nny)                                  7c/
 0.0   40.0
/Grid line z-coordinates, zw(1),...,zw(nnz)                                  7d/
 0.0   40.0
/tht   dxs   dys                                                             7f/
 0.    0.    0.
/Initial conditions and flow solution                                         8/
 0
 0   0.
 0   0.
 0   0.
 0   1.0   0.   0.
 0   1.0
/Number of different porous materials, nmat                                   9/
 1
/Soil-solute transport properties, propt(1,j),...,propt(15,j),ixymt(j)       9d/
 0.0   1.0   0.25   5.0   5.0   0.0   0.0   0.0
 0.0   0.0   1.0    1.0   0.0   0.0   0.0   1
/nhn   ncn   nmfn   nrw   nwell   nsb   nls   nrech                          10/
 0     4     0      0     0       0     0     0
/Specified concentration nodes                                              10b/
  1   1.000   1
 12   1.000   1
 23   1.000   1
 34   1.000   1
/iobsn   iobswg   imbal   pkrz                                               11/
 1       0        0       -1.
/Observation nodes                                                          11a/
 1
 1
/Number of spline datasets, nsds                                             12/
 1
/Spline data set #1: Constant                                              12-1/
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 2   1
 0
 0.  0.
 0.  1.
 1.  1.

Case F input file named t_1d_case_f.main:

file :  t_1d_case_f.main
/Problem description                                                          1/
 V_V Case 4.2.1 (mesh sensitivity,dx=80)
 One-Dimensional Saturated Solute Transport
 in a Uniform Flow Field
/kmod   kssf   ksst   iddmt   iwatp   ipicrd   iquad                          2/
 1      0      1      0       0       1        0
/upstr   wfac                                                                 3/
 0.      0.
/htol     ctol     nitmax   north                                             4/
 0.0      0.00001  1        1
/nts   idt   mxstr   theta                                                    5/
 500   1     0       0.5
/Simulation intervals, nsi,tmst(j),tmend(j),nsti(j)                          5b/
 1
 0.   50.   500
/iprt   irst   iplt   ibug   iprint                                           6/
 1      0      1      0      0
/Print options                                                               6a/
 0
 500
 3
 1   3   4
/Tecplot options                                                             6c/
 0
 250
 1
 1
/strt_date   conv_time   conv_vol   conv_mass                                6e/
 0.          1.          1.         1.
/nnx   nny   nnz   dxmax    dymax    dzmax   igrid                            7/
 6     2     2     10000.   10000.   6.5     1
/Grid line x-coordinates, xw(1),...,xw(nnx)                                  7b/
 0.0   80.0  160.0  240.0  320.0  400.0
/Grid line y-coordinates, yw(1),...,yw(nny)                                  7c/
 0.0   80.0
/Grid line z-coordinates, zw(1),...,zw(nnz)                                  7d/
 0.0   80.0
/tht   dxs   dys                                                             7f/
 0.    0.    0.
/Initial conditions and flow solution                                         8/
 0
 0   0.
 0   0.
 0   0.
 0   1.0   0.   0.
 0   1.0
/Number of different porous materials, nmat                                   9/
 1
/Soil-solute transport properties, propt(1,j),...,propt(15,j),ixymt(j)       9d/
 0.0   1.0   0.25   5.0   5.0   0.0   0.0   0.0
 0.0   0.0   1.0    1.0   0.0   0.0   0.0   1
/nhn   ncn   nmfn   nrw   nwell   nsb   nls   nrech                          10/
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 0     4     0      0     0       0     0     0
/Specified concentration nodes                                              10b/
  1   1.000   1
  7   1.000   1
 13   1.000   1
 19   1.000   1
/iobsn   iobswg   imbal   pkrz                                               11/
 1       0        0       -1.
/Observation nodes                                                          11a/
 1
 1
/Number of spline datasets, nsds                                             12/
 1
/Spline data set #1: Constant                                              12-1/
 2   1
 0
 0.  0.
 0.  1.
 1.  1.

Case G input file named t_1d_case_g.main is obtained by replacing Group 5 in
t_1d_basecase.main with the following:

file :  t_1d_case_g.main
/nts   idt   mxstr   theta                                                    5/
 10     1     0       0.5
/Simulation intervals, nsi,tmst(j),tmend(j),nsti(j)                          5b/
 1
 0.   50.   10

Case H input file named t_1d_case_h.main is obtained by replacing Group 5 in
t_1d_basecase.main with the following:

file :  t_1d_case_h.main
/nts   idt   mxstr   theta                                                    5/
 5     1     0       0.5
/Simulation intervals, nsi,tmst(j),tmend(j),nsti(j)                          5b/
 1
 0.   50.   5

Case I input file named t_1d_case_i.main is obtained by replacing Group 5 in
t_1d_basecase.main with the following:

file :  t_1d_case_i.main
/nts   idt   mxstr   theta                                                    5/
 2     1     0       0.5
/Simulation intervals, nsi,tmst(j),tmend(j),nsti(j)                          5b/
 1
 0.   50.   2

Case J input file named t_1d_case_j.main is obtained by replacing Group 3 in
t_1d_basecase.main with the following:

file :  t_1d_case_j.main
/upstr   wfac                                                                 3/
 0.      1.
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Case K input file named t_1d_case_k.main is obtained by replacing Group 5 in
t_1d_basecase.main with the following:

file :  t_1d_case_k.main
/nts   idt   mxstr   theta                                                    5/
 500   1     0       1.0

Case L input file named t_1d_case_l is obtained by replacing Groups 3 and 5 in
t_1d_basecase.main with the following:

file :  t_1d_case_l.main
/upstr   wfac                                                                 3/
 0.      1.
/nts   idt   mxstr   theta                                                    5/
 500   1     0       1.0

Case M input file named t_1d_case_m.main is obtained by replacing Group 9d (Soil-
solute transport properties) in t_1d_basecase.main with the following:

file :  t_1d_case_m.main
/Soil-solute transport properties, propt(1,j),...,propt(15,j),ixymt(j)       9d/
 0.0   1.0   0.25   0.01   0.01    0.0   0.0   0.0
 0.0   0.0   1.0    1.0    0.0    0.0   0.0   1

Case N input file named t_1d_case_n is obtained by replacing Groups 3 and 9d (Soil-
solute transport properties) in t_1d_basecase.main with the following:

file :  t_1d_case_n.main
/upstr   wfac                                                                 3/
 0.      1.
/Soil-solute transport properties, propt(1,j),...,propt(15,j),ixymt(j)       9d/
 0.0   1.0   0.25   0.01   0.01    0.0   0.0   0.0
 0.0   0.0   1.0    1.0    0.0    0.0   0.0   1

Case O input file named t_1d_case_o.main is obtained by replacing Groups 3 and 9d
(Soil-solute transport properties) in t_1d_basecase.main with the following:

file :  t_1d_case_o.main
/upstr   wfac                                                                 3/
 0.      -1.
/Soil-solute transport properties, propt(1,j),...,propt(15,j),ixymt(j)       9d/
 0.0   1.0   0.25   0.01   0.01    0.0   0.0   0.0
 0.0   0.0   1.0    1.0    0.0    0.0   0.0   1

D.2 Two-Dimensional Saturated Solute Transport in a Uniform Flow
Field

This problem deals with two-dimensional (areal) advection-dispersion of a non-
conservative solute species from a point source through an infinite porous medium.  It is
used to demonstrate the impact that grid orientation with transverse dispersion has on the
solution from FACT.

The following is the base case (parallel grid) input file named t_2d_parallel.main:
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file :  t_2d_parallel.main
/Problem description                                                          1/
 V_V Case 4.2.2 (basecase,parallel grid)
 Two-Dimensional Saturated Solute Transport
 in a Uniform Flow Field
/kmod   kssf   ksst   iddmt   iwatp   ipicrd   iquad                          2/
 1      0      1      0       0       1        0
/upstr   wfac                                                                 3/
 0.      0.
/htol     ctol       nitmax   north                                           4/
 0.0      0.000001   1        1
/nts    idt   mxstr   theta                                                   5/
 140    1     0       0.5
/Simulation intervals, nsi,tmst(j),tmend(j),nsti(j)                          5b/
 1
 0.   1400.   140
/iprt   irst   iplt   ibug   iprint                                           6/
 1      0      1      0      0
/Print options                                                               6a/
 0
 140
 1
 1
/Tecplot options                                                             6c/
 0
 10
 1
 1
/strt_date   conv_time   conv_vol   conv_mass                                6e/
 0.          1.          1.         1.
/nnx   nny   nnz   dxmax    dymax    dzmax   igrid                            7/
 83    37    2     10000.   10000.   6.5     1
/Grid line x-coordinates, xw(1),...,xw(nnx)                                  7b/
-270.  -255.  -240.  -225.  -210.  -195.
-180.  -165.  -150.  -135.  -120.  -105.
 -90.   -75.   -60.   -45.   -30.   -15.
   0.    15.    30.    45.    60.    75.
  90.   105.   120.   135.   150.   165.
 180.   195.   210.   225.   240.   255.
 270.   285.   300.   315.   330.   345.
 360.   375.   390.   405.   420.   435.
 450.   465.   480.   495.   510.   525.
 540.   555.   570.   585.   600.   615.
 630.   645.   660.   675.   690.   705.
 720.   735.   750.   765.   780.   795.
 810.   825.   840.   855.   870.   885.
 900.   915.   930.   945.   960.
/Grid line y-coordinates, yw(1),...,yw(nny)                                  7c/
-270.  -255.  -240.  -225.  -210.  -195.
-180.  -165.  -150.  -135.  -120.  -105.
 -90.   -75.   -60.   -45.   -30.   -15.
   0.    15.    30.    45.    60.    75.
  90.   105.   120.   135.   150.   165.
 180.   195.   210.   225.   240.   255.
 270.
/Grid line z-coordinates, zw(1),...,zw(nnz)                                  7d/
   0.    33.5
/tht   dxs   dys                                                             7f/
 0.    0.    0.
/Initial conditions and flow solution                                         8/
 0
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 0   0.
 0   0.
 0   0.
 0   0.161   0.   0.
 0   1.0
/Number of different porous materials, nmat                                   9/
 1
/Soil-solute transport properties, propt(1,j),...,propt(15,j),ixymt(j)       9d/
 0.0   1.23077   0.35   21.3   0.0   4.3   0.0   0.0
 0.0   0.0       1.0     1.0   0.0   0.0   0.0   1
/nhn   ncn   nmfn   nrw   nwell   nsb   nls   nrech                          10/
 0     0     2      0     0       0     0     0
/Specified mass flow nodes                                                  10c/
 1513   0.1   1   1.17922   1
 4584   0.1   1   1.17922   1
/iobsn   iobswg   imbal   pkrz                                               11/
 0       0        0       -1.
/Number of spline datasets, nsds                                             12/
 1
/Spline data set #1: Constant                                              12-1/
 2   1
 0
 0.  0.
 0.  1.
 1.  1.

The following is the base case (diagonal grid) input file named t_2d_diagonal.main:

file :  t_2d_diagonal.main
/Problem description                                                          1/
 V_V Case 4.2.2 (basecase,diagonal grid)
 Two-Dimensional Saturated Solute Transport
 in a Uniform Flow Field
/kmod   kssf   ksst   iddmt   iwatp   ipicrd   iquad                          2/
 1      0      1      0       0       1        0
/upstr   wfac                                                                 3/
 0.      0.
/htol     ctol       nitmax   north                                           4/
 0.0      0.000001   1        1
/nts    idt   mxstr   theta                                                   5/
 140    1     0       0.5
/Simulation intervals, nsi,tmst(j),tmend(j),nsti(j)                          5b/
 1
 0.   1400.   140
/iprt   irst   iplt   ibug   iprint                                           6/
 1      0      1      0      0
/Print options                                                               6a/
 0
 140
 1
 1
/Tecplot options                                                             6c/
 0
 10
 1
 1
/strt_date   conv_time   conv_vol   conv_mass                                6e/
 0.          1.          1.         1.
/nnx   nny   nnz   dxmax    dymax    dzmax   igrid                            7/
 83    83    2     10000.   10000.   6.5     1
/Grid line x-coordinates, xw(1),...,xw(nnx)                                  7b/
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-270.  -255.  -240.  -225.  -210.  -195.
-180.  -165.  -150.  -135.  -120.  -105.
 -90.   -75.   -60.   -45.   -30.   -15.
   0.    15.    30.    45.    60.    75.
  90.   105.   120.   135.   150.   165.
 180.   195.   210.   225.   240.   255.
 270.   285.   300.   315.   330.   345.
 360.   375.   390.   405.   420.   435.
 450.   465.   480.   495.   510.   525.
 540.   555.   570.   585.   600.   615.
 630.   645.   660.   675.   690.   705.
 720.   735.   750.   765.   780.   795.
 810.   825.   840.   855.   870.   885.
 900.   915.   930.   945.   960.
/Grid line y-coordinates, yw(1),...,yw(nny)                                  7c/
-270.  -255.  -240.  -225.  -210.  -195.
-180.  -165.  -150.  -135.  -120.  -105.
 -90.   -75.   -60.   -45.   -30.   -15.
   0.    15.    30.    45.    60.    75.
  90.   105.   120.   135.   150.   165.
 180.   195.   210.   225.   240.   255.
 270.   285.   300.   315.   330.   345.
 360.   375.   390.   405.   420.   435.
 450.   465.   480.   495.   510.   525.
 540.   555.   570.   585.   600.   615.
 630.   645.   660.   675.   690.   705.
 720.   735.   750.   765.   780.   795.
 810.   825.   840.   855.   870.   885.
 900.   915.   930.   945.   960.
/Grid line z-coordinates, zw(1),...,zw(nnz)                                  7d/
   0.    33.5
/tht   dxs   dys                                                             7f/
 0.    0.    0.
/Initial conditions and flow solution                                         8/
 0
 0   0.
 0   0.
 0   0.
 0   0.11384419   0.11384419   0.
 0   1.0
/Number of different porous materials, nmat                                   9/
 1
/Soil-solute transport properties, propt(1,j),...,propt(15,j),ixymt(j)       9d/
 0.0   1.23077   0.35   21.3   0.0   4.3   0.0   0.0
 0.0   0.0       1.0     1.0   0.0   0.0   0.0   1
/nhn   ncn   nmfn   nrw   nwell   nsb   nls   nrech                          10/
 0     0     2      0     0       0     0     0
/Specified mass flow nodes                                                  10c/
 1513   0.1   1   1.17922   1
 8402   0.1   1   1.17922   1
/iobsn   iobswg   imbal   pkrz                                               11/
 0       0        0       -1.
/Number of spline datasets, nsds                                             12/
 1
/Spline data set #1: Constant                                              12-1/
 2   1
 0
 0.  0.
 0.  1.
 1.  1.
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Case A input file named t_2d_case_a.main is obtained by replacing Group 3 in
t_2d_parallel.main with the following:

file :  t_2d_case_a.main
/upstr   wfac                                                                 3/
 0.      1.

Case B input file named t_2d_case_b.main is obtained by replacing Group 3 in
t_2d_diagonal.main with the following:

file :  t_2d_case_b.main
/upstr   wfac                                                                 3/
 0.      1.

Case C input file named t_2d_case_c.main is obtained by replacing Group 9d (Soil-solute
transport properties) in t_2d_parallel.main with the following:

file :  t_2d_case_c.main
/Soil-solute transport properties, propt(1,j),...,propt(15,j),ixymt(j)       9d/
 0.4375    1.23077   0.35   21.3   0.0   4.3   0.0   0.0
 0.0      0.0       1.0     1.0   0.0   0.0   0.0   1

Case D input file named t_2d_case_d.main is obtained by replacing Group 9d (Soil-solute
transport properties) in t_2d_parallel.main with the following:

file :  t_2d_case_d.main
/Soil-solute transport properties, propt(1,j),...,propt(15,j),ixymt(j)       9d/
 0.0     1.23077   0.35   21.3   0.0   4.3   0.0   0.0
 0.005    0.0       1.0     1.0   0.0   0.0   0.0   1

D.3 Three-Dimensional Saturated Solute Transport in a Uniform
Flow Field

This input file corresponds to the solute transport problem described in Section 4.2.3.
This problem deals with three-dimensional advection-dispersion of a conservative solute
species from a point source through an infinite porous medium.  It is used to demonstrate
FACT's capability to solve 3-D transport problems and to yield 3-D results that can be
axisymmetric.

The following is the base case (parallel grid) input file named t_3d_basecase.main:

file :  t_3d_basecase.main
/Problem description                                                          1/
 V_V Case 4.2.3
 Three-Dimensional Saturated Solute Transport
 in a Uniform Flow Field
/kmod   kssf   ksst   iddmt   iwatp   ipicrd   iquad                          2/
 1      0      1      0       0       1        0
/upstr   wfac                                                                 3/
 0.      0.
/htol     ctol       nitmax   north                                           4/
 0.0      0.000001   1        1
/nts    idt   mxstr   theta                                                   5/
 140    1     0       0.5
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/Simulation intervals, nsi,tmst(j),tmend(j),nsti(j)                          5b/
 1
 0.   1400.   140
/iprt   irst   iplt   ibug   iprint                                           6/
 1      0      1      0      0
/Print options                                                               6a/
 0
 140
 1
 1
/Tecplot options                                                             6c/
 0
 10
 1
 1
/strt_date   conv_time   conv_vol   conv_mass                                6e/
 0.          1.          1.         1.
/nnx   nny   nnz   dxmax    dymax    dzmax   igrid                            7/
 83    37    37    10000.   10000.   6.5     1
/Grid line x-coordinates, xw(1),...,xw(nnx)                                  7b/
 -270.  -255.  -240.  -225.  -210.  -195.
 -180.  -165.  -150.  -135.  -120.  -105.
  -90.   -75.   -60.   -45.   -30.   -15.
    0.    15.    30.    45.    60.    75.
   90.   105.   120.   135.   150.   165.
  180.   195.   210.   225.   240.   255.
  270.   285.   300.   315.   330.   345.
  360.   375.   390.   405.   420.   435.
  450.   465.   480.   495.   510.   525.
  540.   555.   570.   585.   600.   615.
  630.   645.   660.   675.   690.   705.
  720.   735.   750.   765.   780.   795.
  810.   825.   840.   855.   870.   885.
  900.   915.   930.   945.   960.
/Grid line y-coordinates, yw(1),...,yw(nny)                                  7c/
 -270.  -255.  -240.  -225.  -210.  -195.
 -180.  -165.  -150.  -135.  -120.  -105.
  -90.   -75.   -60.   -45.   -30.   -15.
    0.    15.    30.    45.    60.    75.
   90.   105.   120.   135.   150.   165.
  180.   195.   210.   225.   240.   255.
  270.
/Grid line z-coordinates, zw(1),...,zw(nnz)                                  7d/
 -270.  -255.  -240.  -225.  -210.  -195.
 -180.  -165.  -150.  -135.  -120.  -105.
  -90.   -75.   -60.   -45.   -30.   -15.
    0.    15.    30.    45.    60.    75.
   90.   105.   120.   135.   150.   165.
  180.   195.   210.   225.   240.   255.
  270.
/tht   dxs   dys                                                             7f/
 0.    0.    0.
/Initial conditions and flow solution                                         8/
 0
 0   0.
 0   0.
 0   0.
 0   0.161   0.   0.
 0   1.0
/Number of different porous materials, nmat                                   9/
 1
/Soil-solute transport properties, propt(1,j),...,propt(15,j),ixymt(j)       9d/
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 0.0   1.23077   0.35   21.3   0.0   4.3   4.3   0.0
 0.0   0.0       1.0     1.0   0.0   0.0   0.0   1
/nhn   ncn   nmfn   nrw   nwell   nsb   nls   nrech                          10/
 0     0     1      0     0       0     0     0
/Specified mass flow nodes                                                  10c/
 56791   0.1   1   1.17922   1
/iobsn   iobswg   imbal   pkrz                                               11/
 0       0        0       -1.
/Number of spline datasets, nsds                                             12/
 1
/Spline data set #1: Constant                                              12-1/
 2   1
 0
 0.  0.
 0.  1.
 1.  1.

D.4 One-Dimensional Saturated Solute Transport in a Uniform Flow
Field with First-Order Mobile/Immobile Mass Transfer:
VanGenuchten and Wierenga Test Suite.

These problems deal with one-dimensional advection-dispersion of a non-conservative
solute species through a semi-infinite porous medium with first-order mobile/immobile
mass transfer.  A series of five parameter sensitivity studies, Figures 2 to 6, of
VanGenuchten and Wierenga’s “Mass Transfer Studies in Sorbing Porous Media I.
Analytical Solutions” were simulated by FACT.  The detailed discussion of the analytical
solutions and FACT comparisons can be found in section 4.3.1.

D.4.1 Calculated Effluent Curves for a Sorbing Medium as Influenced by
the Fraction of Mobile Water, �.

file :  phi-0.35.main
/Problem description                                                          1/
 Van Genuchten & Wierenga: Mass Transfer Studies in Sorbing Porous Media
 Calculated effluent curves for a sorbing medium as influenced
 by the fraction mobile liquid (phi = 0.35)
/kmod   kssf   ksst   iddmt   iwatp   ipicrd   iquad                          2/
 1      0      1      1       0       1        1
/upstr   wfac                                                                 3/
 0.0     0.0
/htol     ctol       nitmax   north                                           4/
 0.0      0.000001   1        1
/nts   idt   mxstr   theta                                                    5/
 960   1     3       0.5
/Simulation intervals, nsi,tmst(j),tmend(j),nsti(j)                          5b/
 1
 0.0   36.   3600
/iprt   irst   iplt   ibug   iprint                                           6/
 0      0      0      0      0
/strt_date   conv_time   conv_vol   conv_mass                                6e/
 0.0         1.2         1.0        1.0
/nnx   nny   nnz   dxmax    dymax    dzmax   igrid                            7/
 101   2     2     10.      10.      10.     1
/Grid line x-coordinates, xw(1),...,xw(nnx)                                  7b/
  0.0   0.3   0.6   0.9   1.2   1.5
  1.8   2.1   2.4   2.7   3.0   3.3
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  3.6   3.9   4.2   4.5   4.8   5.1
  5.4   5.7   6.0   6.3   6.6   6.9
  7.2   7.5   7.8   8.1   8.4   8.7
  9.0   9.3   9.6   9.9  10.2  10.5
 10.8  11.1  11.4  11.7  12.0  12.3
 12.6  12.9  13.2  13.5  13.8  14.1
 14.4  14.7  15.0  15.3  15.6  15.9
 16.2  16.5  16.8  17.1  17.4  17.7
 18.0  18.3  18.6  18.9  19.2  19.5
 19.8  20.1  20.4  20.7  21.0  21.3
 21.6  21.9  22.2  22.5  22.8  23.1
 23.4  23.7  24.0  24.3  24.6  24.9
 25.2  25.5  25.8  26.1  26.4  26.7
 27.0  27.3  27.6  27.9  28.2  28.5
 28.8  29.1  29.4  29.7  30.0
/Grid line y-coordinates, yw(1),...,yw(nny)                                  7c/
 0.0   0.3
/Grid line z-coordinates, zw(1),...,zw(nnz)                                  7d/
 0.0   0.3
/tht   dxs   dys                                                             7f/
 0.    0.    0.
/Initial conditions and flow solution                                         8/
 0
 0    0.
 0    0.
 0    0.
 0   10.   0.   0.
 0    1.
/Number of different porous materials, nmat                                   9/
 1
/Soil-solute transport properties, propt(1,j),...,propt(15,j),ixymt(j)       9d/
 0.5   2.166666666   0.4    0.42   0.0   0.0   0.0    0.0
 0.0   0.0           0.35   0.35   0.4   0.0   0.15   1
/nhn   ncn   nmfn   nrw   nwell   nsb   nls   nrech                          10/
 0     0     4      0     0       0     0     0
/Specified mass flow nodes                                                  10c/
   1   0.225   1   1.   2
 102   0.225   1   1.   2
 203   0.225   1   1.   2
 304   0.225   1   1.   2
/iobsn   iobswg   imbal   pkrz                                               11/
 0       1        0       -1.
/Observation well group data                                                11b/
 1
 1
/Targets                                                                    11b/
 'Col_Exit'   30.   0.   0.   0.3   0.   0.   1
/Number of spline datasets, nsds                                             12/
 2
/Spline data set #1: Constant                                              12-1/
 2   1
 0
 0.  0.
 0.  1.
 1.  1.
/Spline data set #1: Pulse                                                 12-2/
 3   1
 -1
 0.  0.
 0.  3.6  36.0
 1.  0.0   0.0
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Input file phi-0.50.main is obtained by replacing Group 9d (Soil-solute transport
properties) in phi-0.35.main with the following:

file :  phi-0.50.main
/Soil-solute transport properties, propt(1,j),...,propt(15,j),ixymt(j)       9d/
 0.5   2.166666666   0.4    0.6    0.0   0.0   0.0    0.0
 0.0   0.0           0.5    0.5    0.4   0.0   0.15   1

Input file phi-0.65.main is obtained by replacing Group 9d (Soil-solute transport
properties) in phi-0.35.main with the following:

file :  phi-0.65.main
/Soil-solute transport properties, propt(1,j),...,propt(15,j),ixymt(j)       9d/
 0.5   2.166666666   0.4    0.78    0.0   0.0   0.0    0.0
 0.0   0.0           0.65   0.65    0.4   0.0   0.15   1

Input file phi-0.85.main is obtained by replacing Group 9d (Soil-solute transport
properties) in phi-0.35.main with the following:

file :  phi-0.85.main
/Soil-solute transport properties, propt(1,j),...,propt(15,j),ixymt(j)       9d/
 0.5   2.166666666   0.4    1.02    0.0   0.0   0.0    0.0
 0.0   0.0           0.85   0.85    0.4   0.0   0.15   1

Input file phi-0.999.main is obtained by replacing Group 9d (Soil-solute transport
properties) in phi-0.35.main with the following:

file :  phi-0.999.main
/Soil-solute transport properties, propt(1,j),...,propt(15,j),ixymt(j)       9d/
 0.5   2.166666666   0.4     1.1988    0.0   0.0   0.0    0.0
 0.0   0.0           0.999   0.999     0.4   0.0   0.15   1

D.4.2 Calculated Effluent Curves for a Sorbing Medium as Influenced by
the Fraction of the Adsorption Sites in the Dynamic Region, f.

file :  f-0.25.main
/Problem description                                                          1/
 Van Genuchten & Wierenga: Mass Transfer Studies in Sorbing Porous Media
 Calculated effluent curves for a sorbing medium as influenced
 by the fraction of the adsorption sites in the dynamic region (f = 0.25)
/kmod   kssf   ksst   iddmt   iwatp   ipicrd   iquad                          2/
 1      0      1      1       0       1        1
/upstr   wfac                                                                 3/
 0.0     0.0
/htol     ctol       nitmax   north                                           4/
 0.0      0.000001   1        1
/nts   idt   mxstr   theta                                                    5/
 960   1     3       0.5
/Simulation intervals, nsi,tmst(j),tmend(j),nsti(j)                          5b/
 1
 0.0   36.   3600
/iprt   irst   iplt   ibug   iprint                                           6/
 0      0      0      0      0
/strt_date   conv_time   conv_vol   conv_mass                                6e/
 0.0         1.2         1.0        1.0
/nnx   nny   nnz   dxmax    dymax    dzmax   igrid                            7/
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 101   2     2     10.      10.      10.     1
/Grid line x-coordinates, xw(1),...,xw(nnx)                                  7b/
  0.0   0.3   0.6   0.9   1.2   1.5
  1.8   2.1   2.4   2.7   3.0   3.3
  3.6   3.9   4.2   4.5   4.8   5.1
  5.4   5.7   6.0   6.3   6.6   6.9
  7.2   7.5   7.8   8.1   8.4   8.7
  9.0   9.3   9.6   9.9  10.2  10.5
 10.8  11.1  11.4  11.7  12.0  12.3
 12.6  12.9  13.2  13.5  13.8  14.1
 14.4  14.7  15.0  15.3  15.6  15.9
 16.2  16.5  16.8  17.1  17.4  17.7
 18.0  18.3  18.6  18.9  19.2  19.5
 19.8  20.1  20.4  20.7  21.0  21.3
 21.6  21.9  22.2  22.5  22.8  23.1
 23.4  23.7  24.0  24.3  24.6  24.9
 25.2  25.5  25.8  26.1  26.4  26.7
 27.0  27.3  27.6  27.9  28.2  28.5
 28.8  29.1  29.4  29.7  30.0
/Grid line y-coordinates, yw(1),...,yw(nny)                                  7c/
 0.0   0.3
/Grid line z-coordinates, zw(1),...,zw(nnz)                                  7d/
 0.0   0.3
/tht   dxs   dys                                                             7f/
 0.    0.    0.
/Initial conditions and flow solution                                         8/
 0
 0    0.
 0    0.
 0    0.
 0   10.   0.   0.
 0    1.
/Number of different porous materials, nmat                                   9/
 1
/Soil-solute transport properties, propt(1,j),...,propt(15,j),ixymt(j)       9d/
 0.5   2.166666666   0.4    0.78   0.0    0.0   0.0    0.0
 0.0   0.0           0.65   0.65   0.25   0.0   0.15   1
/nhn   ncn   nmfn   nrw   nwell   nsb   nls   nrech                          10/
 0     0     4      0     0       0     0     0
/Specified mass flow nodes                                                  10c/
   1   0.225   1   1.   2
 102   0.225   1   1.   2
 203   0.225   1   1.   2
 304   0.225   1   1.   2
/iobsn   iobswg   imbal   pkrz                                               11/
 0       1        0       -1.
/Observation well group data                                                11b/
 1
 1
/Targets                                                                    11b/
 'Col_Exit'   30.   0.   0.   0.3   0.   0.   1
/Number of spline datasets, nsds                                             12/
 2
/Spline data set #1: Constant                                              12-1/
 2   1
 0
 0.  0.
 0.  1.
 1.  1.
/Spline data set #1: Pulse                                                 12-2/
 3   1
 -1
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 0.  0.
 0.  3.6  36.0
 1.  0.0   0.0

Input file f-0.40.main is obtained by replacing Group 9d (Soil-solute transport properties)
in f-0.25.main with the following:

file :  f-0.40.main
/Soil-solute transport properties, propt(1,j),...,propt(15,j),ixymt(j)       9d/
 0.5   2.166666666   0.4    0.78   0.0   0.0   0.0    0.0
 0.0   0.0           0.65   0.65   0.4    0.0   0.15   1

Input file f-0.55.main is obtained by replacing Group 9d (Soil-solute transport properties)
in f-0.25.main with the following:

file :  f-0.55.main
/Soil-solute transport properties, propt(1,j),...,propt(15,j),ixymt(j)       9d/
 0.5   2.166666666   0.4    0.78   0.0    0.0   0.0    0.0
 0.0   0.0           0.65   0.65   0.55    0.0   0.15   1

Input file f-0.70.main is obtained by replacing Group 9d (Soil-solute transport properties)
in f-0.25.main with the following:

file :  f-0.70.main
/Soil-solute transport properties, propt(1,j),...,propt(15,j),ixymt(j)       9d/
 0.5   2.166666666   0.4    0.78   0.0   0.0   0.0    0.0
 0.0   0.0           0.65   0.65   0.7    0.0   0.15   1

D.4.3 Calculated Effluent Curves for a Sorbing Medium as Influenced by
the Mass Transfer Coefficient, �.

file :  alpha-0.0.main
/Problem description                                                          1/
 Van Genuchten & Wierenga: Mass Transfer Studies in Sorbing Porous Media
 Calculated effluent curves for a sorbing medium as influenced
 by the mass transfer coefficient (alpha = 0).
/kmod   kssf   ksst   iddmt   iwatp   ipicrd   iquad                          2/
 1      0      1      1       0       1        1
/upstr   wfac                                                                 3/
 0.0     0.0
/htol     ctol       nitmax   north                                           4/
 0.0      0.000001   1        1
/nts   idt   mxstr   theta                                                    5/
 960   1     3       0.5
/Simulation intervals, nsi,tmst(j),tmend(j),nsti(j)                          5b/
 1
 0.0   36.   3600
/iprt   irst   iplt   ibug   iprint                                           6/
 0      0      0      0      0
/strt_date   conv_time   conv_vol   conv_mass                                6e/
 0.0         1.2         1.0        1.0
/nnx   nny   nnz   dxmax    dymax    dzmax   igrid                            7/
 101   2     2     10.      10.      10.     1
/Grid line x-coordinates, xw(1),...,xw(nnx)                                  7b/
  0.0   0.3   0.6   0.9   1.2   1.5
  1.8   2.1   2.4   2.7   3.0   3.3
  3.6   3.9   4.2   4.5   4.8   5.1
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  5.4   5.7   6.0   6.3   6.6   6.9
  7.2   7.5   7.8   8.1   8.4   8.7
  9.0   9.3   9.6   9.9  10.2  10.5
 10.8  11.1  11.4  11.7  12.0  12.3
 12.6  12.9  13.2  13.5  13.8  14.1
 14.4  14.7  15.0  15.3  15.6  15.9
 16.2  16.5  16.8  17.1  17.4  17.7
 18.0  18.3  18.6  18.9  19.2  19.5
 19.8  20.1  20.4  20.7  21.0  21.3
 21.6  21.9  22.2  22.5  22.8  23.1
 23.4  23.7  24.0  24.3  24.6  24.9
 25.2  25.5  25.8  26.1  26.4  26.7
 27.0  27.3  27.6  27.9  28.2  28.5
 28.8  29.1  29.4  29.7  30.0
/Grid line y-coordinates, yw(1),...,yw(nny)                                  7c/
 0.0   0.3
/Grid line z-coordinates, zw(1),...,zw(nnz)                                  7d/
 0.0   0.3
/tht   dxs   dys                                                             7f/
 0.    0.    0.
/Initial conditions and flow solution                                         8/
 0
 0    0.
 0    0.
 0    0.
 0   10.   0.   0.
 0    1.
/Number of different porous materials, nmat                                   9/
 1
/Soil-solute transport properties, propt(1,j),...,propt(15,j),ixymt(j)       9d/
 0.5   2.166666666   0.4    0.78   0.0   0.0   0.0   0.0
 0.0   0.0           0.65   0.65   0.4   0.0   0.0   1
/nhn   ncn   nmfn   nrw   nwell   nsb   nls   nrech                          10/
 0     0     4      0     0       0     0     0
/Specified mass flow nodes                                                  10c/
   1   0.225   1   1.   2
 102   0.225   1   1.   2
 203   0.225   1   1.   2
 304   0.225   1   1.   2
/iobsn   iobswg   imbal   pkrz                                               11/
 0       1        0       -1.
/Observation well group data                                                11b/
 1
 1
/Targets                                                                    11b/
 'Col_Exit'   30.   0.   0.   0.3   0.   0.   1
/Number of spline datasets, nsds                                             12/
 2
/Spline data set #1: Constant                                              12-1/
 2   1
 0
 0.  0.
 0.  1.
 1.  1.
/Spline data set #1: Pulse                                                 12-2/
 3   1
 -1
 0.  0.
 0.  3.6  36.0
 1.  0.0   0.0
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Input file alpha-0.05.main is obtained by replacing Group 9d (Soil-solute transport
properties) in alpha-0.05.main with the following:

file :  alpha-0.05.main
/Soil-solute transport properties, propt(1,j),...,propt(15,j),ixymt(j)       9d/
 0.5   2.166666666   0.4    0.78   0.0   0.0   0.0    0.0
 0.0   0.0           0.65   0.65   0.4   0.0   0.05    1

Input file alpha-0.15.main is obtained by replacing Group 9d (Soil-solute transport
properties) in alpha-0.05.main with the following:

file :  alpha-0.15.main
/Soil-solute transport properties, propt(1,j),...,propt(15,j),ixymt(j)       9d/
 0.5   2.166666666   0.4    0.78   0.0   0.0   0.0    0.0
 0.0   0.0           0.65   0.65   0.4   0.0   0.15    1

Input file alpha-0.50.main is obtained by replacing Group 9d (Soil-solute transport
properties) in alpha-0.05.main with the following:

file :  alpha-0.50.main
/Soil-solute transport properties, propt(1,j),...,propt(15,j),ixymt(j)       9d/
 0.5   2.166666666   0.4    0.78   0.0   0.0   0.0   0.0
 0.0   0.0           0.65   0.65   0.4   0.0   0.5    1

Input file alpha-2.main is obtained by replacing Group 9d (Soil-solute transport
properties) in alpha-0.05.main with the following:

file :  alpha-2.main
/Soil-solute transport properties, propt(1,j),...,propt(15,j),ixymt(j)       9d/
 0.5   2.166666666   0.4    0.78   0.0   0.0   0.0   0.0
 0.0   0.0           0.65   0.65   0.4   0.0   2.0    1

Input file alpha-inf.main is obtained by replacing Group 9d (Soil-solute transport
properties) in alpha-0.05.main with the following:

file :  alpha-inf.main
/Soil-solute transport properties, propt(1,j),...,propt(15,j),ixymt(j)       9d/
 0.5   2.166666666   0.4    0.78   0.0   0.0   0.0     0.0
 0.0   0.0           0.65   0.65   0.4   0.0   1.e+8    1

D.4.4 Calculated Effluent Curves for a Sorbing Medium as Influenced by
the Dispersion Coefficient, D.

file :  d-0.main
/Problem description                                                          1/
 Van Genuchten & Wierenga: Mass Transfer Studies in Sorbing Porous Media
 Calculated effluent curves for a sorbing medium as influenced
 by the dispersion coefficient (D = 0)
/kmod   kssf   ksst   iddmt   iwatp   ipicrd   iquad                          2/
 1      0      1      1       0       1        1
/upstr   wfac                                                                 3/
 0.0     0.0
/htol     ctol       nitmax   north                                           4/
 0.0      0.000001   1        1
/nts   idt   mxstr   theta                                                    5/
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 960   1     3       0.5
/Simulation intervals, nsi,tmst(j),tmend(j),nsti(j)                          5b/
 1
 0.0   36.   3600
/iprt   irst   iplt   ibug   iprint                                           6/
 0      0      0      0      0
/strt_date   conv_time   conv_vol   conv_mass                                6e/
 0.0         1.2         1.0        1.0
/nnx   nny   nnz   dxmax    dymax    dzmax   igrid                            7/
 101   2     2     10.      10.      10.     1
/Grid line x-coordinates, xw(1),...,xw(nnx)                                  7b/
  0.0   0.3   0.6   0.9   1.2   1.5
  1.8   2.1   2.4   2.7   3.0   3.3
  3.6   3.9   4.2   4.5   4.8   5.1
  5.4   5.7   6.0   6.3   6.6   6.9
  7.2   7.5   7.8   8.1   8.4   8.7
  9.0   9.3   9.6   9.9  10.2  10.5
 10.8  11.1  11.4  11.7  12.0  12.3
 12.6  12.9  13.2  13.5  13.8  14.1
 14.4  14.7  15.0  15.3  15.6  15.9
 16.2  16.5  16.8  17.1  17.4  17.7
 18.0  18.3  18.6  18.9  19.2  19.5
 19.8  20.1  20.4  20.7  21.0  21.3
 21.6  21.9  22.2  22.5  22.8  23.1
 23.4  23.7  24.0  24.3  24.6  24.9
 25.2  25.5  25.8  26.1  26.4  26.7
 27.0  27.3  27.6  27.9  28.2  28.5
 28.8  29.1  29.4  29.7  30.0
/Grid line y-coordinates, yw(1),...,yw(nny)                                  7c/
 0.0   0.3
/Grid line z-coordinates, zw(1),...,zw(nnz)                                  7d/
 0.0   0.3
/tht   dxs   dys                                                             7f/
 0.    0.    0.
/Initial conditions and flow solution                                         8/
 0
 0    0.
 0    0.
 0    0.
 0   10.   0.   0.
 0    1.
/Number of different porous materials, nmat                                   9/
 1
/Soil-solute transport properties, propt(1,j),...,propt(15,j),ixymt(j)       9d/
 0.5   2.166666666   0.4    0.00   0.0   0.0   0.0    0.0
 0.0   0.0           0.65   0.65   0.4   0.0   0.15   1
/nhn   ncn   nmfn   nrw   nwell   nsb   nls   nrech                          10/
 0     0     4      0     0       0     0     0
/Specified mass flow nodes                                                  10c/
   1   0.225   1   1.   2
 102   0.225   1   1.   2
 203   0.225   1   1.   2
 304   0.225   1   1.   2
/iobsn   iobswg   imbal   pkrz                                               11/
 0       1        0       -1.
/Observation well group data                                                11b/
 1
 1
/Targets                                                                    11b/
 'Col_Exit'   30.   0.   0.   0.3   0.   0.   1
/Number of spline datasets, nsds                                             12/
 2
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/Spline data set #1: Constant                                              12-1/
 2   1
 0
 0.  0.
 0.  1.
 1.  1.
/Spline data set #1: Pulse                                                 12-2/
 3   1
 -1
 0.  0.
 0.  3.6  36.0
 1.  0.0   0.0

Input file d-5.main is obtained by replacing Group 9d (Soil-solute transport properties) in
d-0.main with the following:

file :  d-5.main
/Soil-solute transport properties, propt(1,j),...,propt(15,j),ixymt(j)       9d/
 0.5   2.166666666   0.4    0.13    0.0   0.0   0.0    0.0
 0.0   0.0           0.65   0.65   0.4   0.0   0.15   1

Input file d-30.main is obtained by replacing Group 9d (Soil-solute transport properties)
in d-0.main with the following:

file :  d-30.main
/Soil-solute transport properties, propt(1,j),...,propt(15,j),ixymt(j)       9d/
 0.5   2.166666666   0.4    0.78    0.0   0.0   0.0    0.0
 0.0   0.0           0.65   0.65   0.4   0.0   0.15   1

Input file d-50.main is obtained by replacing Group 9d (Soil-solute transport properties)
in d-0.main with the following:

file :  d-50.main
/Soil-solute transport properties, propt(1,j),...,propt(15,j),ixymt(j)       9d/
 0.5   2.166666666   0.4    1.30    0.0   0.0   0.0    0.0
 0.0   0.0           0.65   0.65   0.4   0.0   0.15   1

Input file d-100.main is obtained by replacing Group 9d (Soil-solute transport properties)
in d-0.main with the following:

file :  d-100.main
/Soil-solute transport properties, propt(1,j),...,propt(15,j),ixymt(j)       9d/
 0.5   2.166666666   0.4    2.60    0.0   0.0   0.0    0.0
 0.0   0.0           0.65   0.65   0.4   0.0   0.15   1

D.4.5 Calculated Effluent Curves for a Sorbing Medium as Influenced by
the Distribution Coefficient, K.

file :  k-0.0.main
/Problem description                                                          1/
 Van Genuchten & Wierenga: Mass Transfer Studies in Sorbing Porous Media
 Calculated effluent curves for a sorbing medium as influenced
 by the adsorption constant (K = 0)
/kmod   kssf   ksst   iddmt   iwatp   ipicrd   iquad                          2/
 1      0      1      1       0       1        1
/upstr   wfac                                                                 3/
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 0.0     0.0
/htol     ctol       nitmax   north                                           4/
 0.0      0.000001   1        1
/nts   idt   mxstr   theta                                                    5/
 960   1     3       0.5
/Simulation intervals, nsi,tmst(j),tmend(j),nsti(j)                          5b/
 1
 0.0   36.   3600
/iprt   irst   iplt   ibug   iprint                                           6/
 0      0      0      0      0
/strt_date   conv_time   conv_vol   conv_mass                                6e/
 0.0         1.2         1.0        1.0
/nnx   nny   nnz   dxmax    dymax    dzmax   igrid                            7/
 101   2     2     10.      10.      10.     1
/Grid line x-coordinates, xw(1),...,xw(nnx)                                  7b/
  0.0   0.3   0.6   0.9   1.2   1.5
  1.8   2.1   2.4   2.7   3.0   3.3
  3.6   3.9   4.2   4.5   4.8   5.1
  5.4   5.7   6.0   6.3   6.6   6.9
  7.2   7.5   7.8   8.1   8.4   8.7
  9.0   9.3   9.6   9.9  10.2  10.5
 10.8  11.1  11.4  11.7  12.0  12.3
 12.6  12.9  13.2  13.5  13.8  14.1
 14.4  14.7  15.0  15.3  15.6  15.9
 16.2  16.5  16.8  17.1  17.4  17.7
 18.0  18.3  18.6  18.9  19.2  19.5
 19.8  20.1  20.4  20.7  21.0  21.3
 21.6  21.9  22.2  22.5  22.8  23.1
 23.4  23.7  24.0  24.3  24.6  24.9
 25.2  25.5  25.8  26.1  26.4  26.7
 27.0  27.3  27.6  27.9  28.2  28.5
 28.8  29.1  29.4  29.7  30.0
/Grid line y-coordinates, yw(1),...,yw(nny)                                  7c/
 0.0   0.3
/Grid line z-coordinates, zw(1),...,zw(nnz)                                  7d/
 0.0   0.3
/tht   dxs   dys                                                             7f/
 0.    0.    0.
/Initial conditions and flow solution                                         8/
 0
 0    0.
 0    0.
 0    0.
 0   10.   0.   0.
 0    1.
/Number of different porous materials, nmat                                   9/
 1
/Soil-solute transport properties, propt(1,j),...,propt(15,j),ixymt(j)       9d/
 0.0   2.166666666   0.4    0.78   0.0   0.0   0.0    0.0
 0.0   0.0           0.65   0.65   0.4   0.0   0.15   1
/nhn   ncn   nmfn   nrw   nwell   nsb   nls   nrech                          10/
 0     0     4      0     0       0     0     0
/Specified mass flow nodes                                                  10c/
   1   0.225   1   1.   2
 102   0.225   1   1.   2
 203   0.225   1   1.   2
 304   0.225   1   1.   2
/iobsn   iobswg   imbal   pkrz                                               11/
 0       1        0       -1.
/Observation well group data                                                11b/
 1
 1
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/Targets                                                                    11b/
 'Col_Exit'   30.   0.   0.   0.3   0.   0.   1
/Number of spline datasets, nsds                                             12/
 2
/Spline data set #1: Constant                                              12-1/
 2   1
 0
 0.  0.
 0.  1.
 1.  1.
/Spline data set #1: Pulse                                                 12-2/
 3   1
 -1
 0.  0.
 0.  3.6  36.0
 1.  0.0   0.0

Input file k-0.25.main is obtained by replacing Group 9d (Soil-solute transport properties)
in k-0.0.main with the following:

file :  k-0.25.main
/Soil-solute transport properties, propt(1,j),...,propt(15,j),ixymt(j)       9d/
 0.25    2.166666666   0.4    0.78   0.0   0.0   0.0    0.0
 0.0    0.0           0.65   0.65   0.4   0.0   0.15   1

Input file k-0.50.main is obtained by replacing Group 9d (Soil-solute transport properties)
in k-0.0.main with the following:

file :  k-0.50.main
/Soil-solute transport properties, propt(1,j),...,propt(15,j),ixymt(j)       9d/
 0.5    2.166666666   0.4    0.78   0.0   0.0   0.0    0.0
 0.0   0.0           0.65   0.65   0.4   0.0   0.15   1

Input file k-0.75.main is obtained by replacing Group 9d (Soil-solute transport properties)
in k-0.0.main with the following:

file :  k-0.75.main
/Soil-solute transport properties, propt(1,j),...,propt(15,j),ixymt(j)       9d/
 0.75    2.166666666   0.4    0.78   0.0   0.0   0.0    0.0
 0.0    0.0           0.65   0.65   0.4   0.0   0.15   1

Input file k-1.0.main is obtained by replacing Group 9d (Soil-solute transport properties)
in k-0.0.main with the following:

file :  k-1.0.main
/Soil-solute transport properties, propt(1,j),...,propt(15,j),ixymt(j)       9d/
 1.0    2.166666666   0.4    0.78   0.0   0.0   0.0    0.0
 0.0   0.0           0.65   0.65   0.4   0.0   0.15   1

Input file k-2.0.main is obtained by replacing Group 9d (Soil-solute transport properties)
in k-0.0.main with the following:

file :  k-2.0.main
/Soil-solute transport properties, propt(1,j),...,propt(15,j),ixymt(j)       9d/
 2.0    2.166666666   0.4    0.78   0.0   0.0   0.0    0.0
 0.0   0.0           0.65   0.65   0.4   0.0   0.15   1
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D.5 One-Dimensional Saturated Solute Transport in a Uniform Flow
Field with First-Order Mobile/Immobile Mass Transfer:
VERSE-LC Comparison.

These problems deal with one-dimensional advection-dispersion of a non-conservative
solute species through a semi-infinite porous medium with first-order mobile/immobile
mass transfer and linear adsorption.  A series of five mass transfer coefficient settings
were simulated with FACT and compared to VERSE-LC.  The detailed discussion of the
VERSE-LC numerical engine and FACT comparisons can be found in section 4.3.2.

D.5.1 Calculated Effluent Curves and Column Profiles as Influenced by the
Surface Mass Transfer Coefficient, kf(�).

file :  kf-0.0.main
/Problem description                                                          1/
 Simulation of Verse Case_4a using the nonporous option,
 linear adsorption isotherm and surface mass transfer
 coefficient, kf = 0 (alpha = 0).
/kmod   kssf   ksst   iddmt   iwatp   ipicrd   iquad                          2/
 1      0      1      1       0       1        0
/upstr   wfac                                                                 3/
 0.0     0.0
/htol     ctol     nitmax   north                                             4/
 0.0      0.0001   1        1
/nts   idt   mxstr   theta                                                    5/
 2500  1     3       0.5
/Simulation intervals, nsi,tmst(j),tmend(j),nsti(j)                          5b/
 1
 0.0   250.   2500
/iprt   irst   iplt   ibug   iprint                                           6/
 1      0      1      0      0
/Print options                                                               6a/
 0
 2500
 1
 1
/Tecplot options                                                             6c/
 0
 500
 1
 1
/strt_date   conv_time   conv_vol   conv_mass                                6e/
 0.0         1.0         1.0        1.0
/nnx   nny   nnz   dxmax    dymax    dzmax   igrid                            7/
 501   2     2     10.      10.      10.     1
/Grid line x-coordinates, xw(1),...,xw(nnx)                                  7b/
  0.000    1.000    2.000    3.000    4.000    5.000
  6.000    7.000    8.000    9.000   10.000   11.000
 12.000   13.000   14.000   15.000   16.000   17.000
 18.000   19.000   20.000   21.000   22.000   23.000
 24.000   25.000   26.000   27.000   28.000   29.000
 30.000   31.000   32.000   33.000   34.000   35.000
 36.000   37.000   38.000   39.000   40.000   41.000
 42.000   43.000   44.000   45.000   46.000   47.000
 48.000   49.000   50.000   51.000   52.000   53.000
 54.000   55.000   56.000   57.000   58.000   59.000
 60.000   61.000   62.000   63.000   64.000   65.000
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 66.000   67.000   68.000   69.000   70.000   71.000
 72.000   73.000   74.000   75.000   76.000   77.000
 78.000   79.000   80.000   81.000   82.000   83.000
 84.000   85.000   86.000   87.000   88.000   89.000
 90.000   91.000   92.000   93.000   94.000   95.000
 96.000   97.000   98.000   99.000  100.000  101.000
102.000  103.000  104.000  105.000  106.000  107.000
108.000  109.000  110.000  111.000  112.000  113.000
114.000  115.000  116.000  117.000  118.000  119.000
120.000  121.000  122.000  123.000  124.000  125.000
126.000  127.000  128.000  129.000  130.000  131.000
132.000  133.000  134.000  135.000  136.000  137.000
138.000  139.000  140.000  141.000  142.000  143.000
144.000  145.000  146.000  147.000  148.000  149.000
150.000  151.000  152.000  153.000  154.000  155.000
156.000  157.000  158.000  159.000  160.000  161.000
162.000  163.000  164.000  165.000  166.000  167.000
168.000  169.000  170.000  171.000  172.000  173.000
174.000  175.000  176.000  177.000  178.000  179.000
180.000  181.000  182.000  183.000  184.000  185.000
186.000  187.000  188.000  189.000  190.000  191.000
192.000  193.000  194.000  195.000  196.000  197.000
198.000  199.000  200.000  201.000  202.000  203.000
204.000  205.000  206.000  207.000  208.000  209.000
210.000  211.000  212.000  213.000  214.000  215.000
216.000  217.000  218.000  219.000  220.000  221.000
222.000  223.000  224.000  225.000  226.000  227.000
228.000  229.000  230.000  231.000  232.000  233.000
234.000  235.000  236.000  237.000  238.000  239.000
240.000  241.000  242.000  243.000  244.000  245.000
246.000  247.000  248.000  249.000  250.000  251.000
252.000  253.000  254.000  255.000  256.000  257.000
258.000  259.000  260.000  261.000  262.000  263.000
264.000  265.000  266.000  267.000  268.000  269.000
270.000  271.000  272.000  273.000  274.000  275.000
276.000  277.000  278.000  279.000  280.000  281.000
282.000  283.000  284.000  285.000  286.000  287.000
288.000  289.000  290.000  291.000  292.000  293.000
294.000  295.000  296.000  297.000  298.000  299.000
300.000  301.000  302.000  303.000  304.000  305.000
306.000  307.000  308.000  309.000  310.000  311.000
312.000  313.000  314.000  315.000  316.000  317.000
318.000  319.000  320.000  321.000  322.000  323.000
324.000  325.000  326.000  327.000  328.000  329.000
330.000  331.000  332.000  333.000  334.000  335.000
336.000  337.000  338.000  339.000  340.000  341.000
342.000  343.000  344.000  345.000  346.000  347.000
348.000  349.000  350.000  351.000  352.000  353.000
354.000  355.000  356.000  357.000  358.000  359.000
360.000  361.000  362.000  363.000  364.000  365.000
366.000  367.000  368.000  369.000  370.000  371.000
372.000  373.000  374.000  375.000  376.000  377.000
378.000  379.000  380.000  381.000  382.000  383.000
384.000  385.000  386.000  387.000  388.000  389.000
390.000  391.000  392.000  393.000  394.000  395.000
396.000  397.000  398.000  399.000  400.000  401.000
402.000  403.000  404.000  405.000  406.000  407.000
408.000  409.000  410.000  411.000  412.000  413.000
414.000  415.000  416.000  417.000  418.000  419.000
420.000  421.000  422.000  423.000  424.000  425.000
426.000  427.000  428.000  429.000  430.000  431.000
432.000  433.000  434.000  435.000  436.000  437.000
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438.000  439.000  440.000  441.000  442.000  443.000
444.000  445.000  446.000  447.000  448.000  449.000
450.000  451.000  452.000  453.000  454.000  455.000
456.000  457.000  458.000  459.000  460.000  461.000
462.000  463.000  464.000  465.000  466.000  467.000
468.000  469.000  470.000  471.000  472.000  473.000
474.000  475.000  476.000  477.000  478.000  479.000
480.000  481.000  482.000  483.000  484.000  485.000
486.000  487.000  488.000  489.000  490.000  491.000
492.000  493.000  494.000  495.000  496.000  497.000
498.000  499.000  500.000
/Grid line y-coordinates, yw(1),...,yw(nny)                                  7c/
 0.0   1.0
/Grid line z-coordinates, zw(1),...,zw(nnz)                                  7d/
 0.0   1.0
/tht   dxs   dys                                                             7f/
 0.    0.    0.
/Initial conditions and flow solution                                         8/
 0
 0    0.
 0    0.
 0    0.
 0    2.   0.   0.
 0    1.
/Number of different porous materials, nmat                                   9/
 1
/Soil-solute transport properties, propt(1,j),...,propt(15,j),ixymt(j)       9d/
 0.42857143   1.0   0.3   3.0   0.0   0.0   0.0   0.0
 0.0          0.0   1.0   1.0   0.0   0.0   0.0   1
/nhn   ncn   nmfn   nrw   nwell   nsb   nls   nrech                          10/
 0     4     0      0     0       0     0     0
/Specified concentration nodes                                              10b/
    1   1.000   1
  502   1.000   1
 1003   1.000   1
 1504   1.000   1
/iobsn   iobswg   imbal   pkrz                                               11/
 0       1        0       -1.
/Observation well group data                                                11b/
 1
 1
/Targets                                                                    11b/
 'Col_Exit'  500.   0.   0.   1.   0.   0.
/Number of spline datasets, nsds                                             12/
 1
/Spline data set #1: Constant                                              12-1/
 2   1
 -1
 0.   0.
 0.   1.
 1.   1.

Input file kf-0.00001.main is obtained by replacing Group 9d (Soil-solute transport
properties) in kf-0.0.main with the following:

file :  kf-0.00001.main
/Soil-solute transport properties, propt(1,j),...,propt(15,j),ixymt(j)       9d/
 0.42857143   1.0   0.3   3.0   0.0   0.0   0.0      0.0
 0.0          0.0   1.0   1.0   0.0   0.0   2.1e-3    1
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Input file kf-0.0001.main is obtained by replacing Group 9d (Soil-solute transport
properties) in kf-0.0.main with the following:

file :  kf-0.0001.main
/Soil-solute transport properties, propt(1,j),...,propt(15,j),ixymt(j)       9d/
 0.42857143   1.0   0.3   3.0   0.0   0.0   0.0     0.0
 0.0          0.0   1.0   1.0   0.0   0.0   0.021    1

Input file kf-0.001.main is obtained by replacing Group 9d (Soil-solute transport
properties) in kf-0.0.main with the following:

file :  kf-0.001.main
/Soil-solute transport properties, propt(1,j),...,propt(15,j),ixymt(j)       9d/
 0.42857143   1.0   0.3   3.0   0.0   0.0   0.0    0.0
 0.0          0.0   1.0   1.0   0.0   0.0   0.21    1

Input file kf-3.0.main is obtained by replacing Group 9d (Soil-solute transport properties)
in kf-0.0.main with the following:

file :  kf-3.0.main
/Soil-solute transport properties, propt(1,j),...,propt(15,j),ixymt(j)       9d/
 0.42857143   1.0   0.3   3.0   0.0   0.0   0.0      0.0
 0.0          0.0   1.0   1.0   0.0   0.0   6.3e+2    1
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Appendix E - Transport Test Problem Output Sample
he FACT output file corresponding to the input file “phi-0.35.main” presented in
Appendix D for transport verification is presented below as an example.

E.1 Main Output File

phi-0.35.prnt
                         ######    ##     ####    #####
                         #        #  #   #    #     #
                         #####   #    #  #          #
                         #       ######  #          #
                         #       #    #  #    #     #
                         #       #    #   ####      #

                                 #####            ###
                         #    # #     #          #   #
                         #    #       #         #     #
                         #    #  #####          #     #
                         #    # #         ###   #     #
                          #  #  #         ###    #   #
                           ##   #######   ###     ###

 Copyright 1998 Westinghouse Savannah River Company
 All rights reserved.

 CONFIGURATION STATUS:   Operational
 EXECUTABLE BUILD DATE:  11-01-1999
 EXECUTION DATE: 11-08-1999

 *** problem description ***

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

  Van Genuchten & Wierenga: Mass Transfer Studies in Sorbing Porous Media
  Calculated effluent curves for a sorbing medium as influenced
  by the fraction mobile liquid (phi = 0.35)

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

 *** simulation options ***

 type of simulation ........................(kmod) =    1
 note:   kmod = 0 for flow only
              = 1 for transport only
              = 2 for flow and transport
 flow solution (0=s-s,1=trans) .............(kssf) =    0
 transport solution (0=s-s,1=trans) ........(ksst) =    1
 mass transfer model
 (0=single-domain,2=dual-domain) ..........(iddmt) =    1
 quadrature selection (0=influence matrix
 1=two point gauss-legendre ...............(iquad) =    1

 *** upstream weighting parameters ***

 (for transport)

T
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 upstream weighting factor .................(wfac) =  0.0000E+00

 *** iteration parameters ***

 conc tolerance for cg matrix solution .....(ctol) =  0.1000E-05
 maximum no. of orthogonalizations ........(north) =    1
 note:  1 <= north <= 40.

 *** time control parameters ***

 number of time steps .......................(nts) =  960
 time step variation ........................(idt) =    1
 note:   idt = 0 specify simulation times
             = 1 specify simulation intervals and
                 # of time steps per interval
 time-weighting factor for transport ......(theta) =  0.5

 number of simulation intervals .............(nsi) =    1

    start time        end time        # of time steps
    ----------        --------        ---------------

     0.0000E+00      0.3600E+02        3600

 *** output control parameters ***

 printed output required (0=no,1=yes) ......(iprt) =    0
 create restart file (0=no,1=yes) ..........(irst) =    0
 create TECPLOT plot files (0=no,1=yes) ....(iplt) =    0
 print diagnostic info (0=no,1=yes) ........(ibug) =    0
 print level (0=short,1=medium,2=long) ...(iprint) =    0

 output units and timing conversion data
 --------------------
 starting date ......................(strt_date) =0.000000
 time conversion factor .............(conv_time) =1.200000
 volume conversion factor ............(conv_vol) =1.000000
 mass conversion factor .............(conv_mass) =1.000000

 *** mesh specification parameters ***

 number of nodes in x-direction .............(nnx) =    101
 number of nodes in y-direction .............(nny) =      2
 number of nodes in z-direction .............(nnz) =      2
 total number of nodes .......................(np) =    404
 total number of elements ....................(ne) =    100
 max value of x-direction increment .......(dxmax) =10.00
 max value of y-direction increment .......(dymax) =10.00
 max value of z-direction increment .......(dzmax) =10.00
 grid generation indicator ................(igrid) =      1
 note:  igrid = 0 nodal coordinates are to be computed
                  using generated values of spatial
                  increments.
              = 1 input of x, y, and z grid line
                  coordinates is needed.
              = 2 gridline coordinates are to be input
                  for the x and y directions, and nodal
                  nodal coordinates are to be input for
                  z-direction.

 x-coordinates of grid lines
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 ---------------------------
         0.00        0.30        0.60        0.90        1.20        1.50
         1.80        2.10        2.40        2.70        3.00        3.30
         3.60        3.90        4.20        4.50        4.80        5.10
         5.40        5.70        6.00        6.30        6.60        6.90
         7.20        7.50        7.80        8.10        8.40        8.70
         9.00        9.30        9.60        9.90       10.20       10.50
        10.80       11.10       11.40       11.70       12.00       12.30
        12.60       12.90       13.20       13.50       13.80       14.10
        14.40       14.70       15.00       15.30       15.60       15.90
        16.20       16.50       16.80       17.10       17.40       17.70
        18.00       18.30       18.60       18.90       19.20       19.50
        19.80       20.10       20.40       20.70       21.00       21.30
        21.60       21.90       22.20       22.50       22.80       23.10
        23.40       23.70       24.00       24.30       24.60       24.90
        25.20       25.50       25.80       26.10       26.40       26.70
        27.00       27.30       27.60       27.90       28.20       28.50
        28.80       29.10       29.40       29.70       30.00

 y-coordinates of grid lines
 ---------------------------
         0.00        0.30

 z-coordinates of grid lines
 ---------------------------
         0.00        0.30

 coordinate tranformation data
 -----------------------------
 rotation angle .............................(tht) =     0.000
 areal x translation ........................(dxs) =     0.000
 areal y translation ........................(dys) =     0.000

 *** initial condition parameters ***

 cold or hot start (0=cold,1=hot) ........(istart) =    0
 i.c. for conc (0=const,1=read).............(jcon) =    0
 constant conc ...........................(conval) =   0.000
 i.c. for immobile conc (0=const,1=read) ...(jcon) =    0
 constant immobile conc ..................(cimval) =   0.000
 i.c. for vel  (0=const,1=read) ............(jvel) =    0
 constant darcy velocity in x-direction .....(vcx) =   10.00
 constant darcy velocity in y-direction .....(vcy) =   0.000
 constant darcy velocity in z-direction .....(vcz) =   0.000
 i.c. for wsat (0=const,1=read) ...........(jwsat) =    0
 constant water saturation ..................(swd) =   1.000

 *** material properties ***

 number of different porous materials ......(nmat) =    1

 *** boundary condition data ***

 number of specified concentration nodes ....(ncn) =     0
 number of specified mass flow nodes .......(nmfn) =     4
 number of recirculation wells ..............(nrw) =     0
 number of pumping/injection wells ........(nwell) =     0
 groundwater recharge ......................(nrch) =     0
 note:  nrch = -1 combination recharge/drain
             =  0 no groundwater recharge
             >  0 number of recharge zones
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 specified mass flow nodal data
 ------------------------------

 data number:      1  (i)

 global node number ...................(npnbft(i)) =      1
 flow time series spline multiplier ...(fmfmlt(i)) =  0.2250E+00
 flow time series spline index ........(ifmfxy(i)) =      1
 conc time series spline multiplier ...(cmfmlt(i)) =  0.1000E+01
 conc time series spline index ........(icmfxy(i)) =      2

 data number:      2  (i)

 global node number ...................(npnbft(i)) =    102
 flow time series spline multiplier ...(fmfmlt(i)) =  0.2250E+00
 flow time series spline index ........(ifmfxy(i)) =      1
 conc time series spline multiplier ...(cmfmlt(i)) =  0.1000E+01
 conc time series spline index ........(icmfxy(i)) =      2

 data number:      3  (i)

 global node number ...................(npnbft(i)) =    203
 flow time series spline multiplier ...(fmfmlt(i)) =  0.2250E+00
 flow time series spline index ........(ifmfxy(i)) =      1
 conc time series spline multiplier ...(cmfmlt(i)) =  0.1000E+01
 conc time series spline index ........(icmfxy(i)) =      2

 data number:      4  (i)

 global node number ...................(npnbft(i)) =    304
 flow time series spline multiplier ...(fmfmlt(i)) =  0.2250E+00
 flow time series spline index ........(ifmfxy(i)) =      1
 conc time series spline multiplier ...(cmfmlt(i)) =  0.1000E+01
 conc time series spline index ........(icmfxy(i)) =      2

 *** special features ***

 observation nodes (0=no,1=yes) ...........(iobsn) =     0
 observation wells (0=no,1=yes) ..........(iobswg) =     1
 mass balance calculation (0=no,1=yes) ....(imbal) =     0
 vertical relative permeability ............(pkrz) = -0.1000E+01
 note:  pkrz < 0  use computed value

 number of observation well groups ........(nwgrp) =     1
 # of observation wells per group
 --------------------------------
     1

 well group number:      1

 well number:      1  (i)

 well identification ..................(wellid(i)) =  Col_Exit
 well areal x-coordinate ...............(xwobs(i)) =  0.3000E+02
 well areal y-coordinate ...............(ywobs(i)) =  0.0000E+00
 well screen bottom elevation .........(zwobsb(i)) =  0.0000E+00
 well screen top elevation ............(zwobst(i)) =  0.3000E+00
 well concentration target ............(wtargc(i)) =  0.0000E+00
 well x-dir element # .................(ixwobs(i)) =   100
 well y-dir element # .................(iywobs(i)) =     1
 well z-dir screen bottom element #...(izwobsb(i)) =     1
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 well z-dir screen top element #..,,,.(izwobst(i)) =     1

 *** spline profile data ***

 note:  itype = -1 Heaviside spline
              =  0 linear spline
              =  1 cubic spline

 spline profile number:      1  (i)

 type of spline ........................(itype(i)) =     0
 number of data points in profile ........(ntp(i)) =     2

 --point--     --abscissa--     --ordinate--     --spline--
                  value            value         coefficient

     1          0.0000           1.0000           0.0000
     2          1.0000           1.0000           0.0000

 spline profile number:      2  (i)

 type of spline ........................(itype(i)) =    -1
 number of data points in profile ........(ntp(i)) =     3

 --point--     --abscissa--     --ordinate--     --spline--
                  value            value         coefficient

     1          0.0000           1.0000           0.0000
     2          3.6000           0.0000           0.0000
     3          36.000           0.0000           0.0000

 *************** begin FACT calculations ***************

 ---> elapsed simulation time:   1.0000E-02
      time step number:     1
      time step size:  0.100E-01

 matrix solution by orthomin
 no. of subiterations =     6   residual dxnorm/xnorm =   0.254087E-07   max. abs. error =
0.187349E-07

 ---> elapsed simulation time:   2.0000E-02
      time step number:     2
      time step size:  0.100E-01

 matrix solution by orthomin
 no. of subiterations =     5   residual dxnorm/xnorm =   0.331616E-06   max. abs. error =
0.388999E-06

�
 ---> elapsed simulation time:    9.600
      time step number:   960
      time step size:  0.100E-01

 matrix solution by orthomin
 no. of subiterations =     3   residual dxnorm/xnorm =   0.469383E-07   max. abs. error =
0.206479E-07
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 *************** end FACT calculations ***************
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