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AB~STRACI

Independent testing of the PORFLO-3 computer code, Version 1.0, was conducted to

establish confidence that the code is ready forgeneral use in performance assessment
applications. This report describes the technical basis, approach, and results of the
independent testing. Verification (le., comparisons with known solutions) and benchmark

(Le., code-to-code comparisons) test problems were used to check the correctness of the

FORTRAN coding, computational efficiency and accuracy of the numerical algorithm, and
capability of the code to simulate diverse hydrologic conditions.

This testing was performed using a structured and quantitative evaluation protocol.

The protocol consisted of. (1) blind testing, (2) independent applications, (3) maintaining

test equivalence and (4) test cases of graduated difficulty. Graphical comparisons and

calculation of the relative root mean square (RRMS) values were used as indicators of

accuracy and consistency. Fourspecific ranges of RRMS values were chosen for use in
judging the quality of the comparison.

Four verification test problems were used to check the computational accuracy of

PORFLO-3 in solving the fluid flow, solute transport, and heat transport equations. Five

benchmark test problems, ranging in complexity, were used to check the code's simulation

capability.
In general, the test results showed that PORFLO-3 produces simulations of most

uncoupled processes with excellent stability, reasonable accuracy, and acceptable speed.

The primary finding of this independent testing is that PORFLO-3, Version 1.0, appears

operationalfor simulating:

o isothermal fluid flow and contaminant transport for both saturated and

unsaturated conditions
o conduction heat transport in a soil system.

However, potential coding logic errors may affect results of coupled flow and heat transport

simulations. Consequently, the code should not be used to solve coupled heat transport

and fluid flow problems until the questions raised by this testing are resolved.
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1.0 INTRODUCTION

EG&G Idaho, Inc., conducted independent testing of the PORFLO-3 Version 1.0
computer code to evaluate its-correctness and operability. The testing focused on
determining if the -code is ready for general use in performance and risk assessment
studies. This report describes the basis, approach and results of the PORFLO-3'testinig.
1.1 BACKGROUND

The PORFLO-3 computer code (Runchal and Sagar, 1989) is' one of the primary
analysis tools to be used by Westinghouse Hanford Company to evaluate hazardous and
radioactive'waste clean-up and disposal options at the Hanford Site, Washington. In
particular, the 'PORFLO-3 computer code will be used to assess migration of existing
contaminant plumes, evaluate alternative remedial actions, and aid in the design of

barriers for waste disposal sites. The computer code is based on numerical solution of

the general equations for: (1) nonisothermal saturated-unsaturated porous flow, (2)
transport of a reactive solute, and (3) coupled heat transport.

The governing equations describing these processes are approximated by an
integrated finite-difference technique. Both direct and iterative approaches are
available and can be used to solve the finite-difference equations. Major assumptions

of the model formulation are: (1) the fluid is incompressible, (2) fluid flow is
independent of the air phase, (3) hydraulic properties are non-hysteretic, (4) the porous

medium is rigid, and (5) solute concentrations do not affect the flow properties of the

water.
To evaluate whether PORFLO-3 Version 1.0 is a reliable analytical tool for

performance assessment applications, EG&G Idaho performed independent
verification and benchmark testing of the code. The basic aim of the computational

testing was to evaluate and demonstrate the general capabilities of PORFLO-3,
Version 1.0. The computer code was evaluated and compared with other codes in

terms of:
o Computational accuracy, speed and stability
o Capability to simulate realistic soil conditions

o Versatility and ease of use.
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The results of the computational testing reported here form the basis of
recommendations for additional code development, testing, and/or refinement. The

results of the testing also provide the quantitative basis for determining the operational

status of PORFLO-3, Version 1.0. The scope of the computational testing was lihmited
to verification and benchmark testing. As used here, a computer code is defined to be

fully verified when computational test results clearly demonstrate that the code
accurately represents the mathematical model. Benchmark testing involves
code-to-code comparisons using test problems that are realistic in nature and of
practical interest. In the context of the objectives of this report, a computer code is

defined to be benchmark texted when the computational tests show reasonable

agreement with simulations by other computer codes of similar capability. No attempt
was made to validate (i.e., evaluate the code's predictive capability) the code using field

or laboratory data.

1.2 VERIFICATION AND BENCHMARK TESTING
A fundamental objective of the testing was to examine the capabilities and

limitations of PORFLO-3, Version 1.0. The primary focus of the testing was to

determine the code's operational status. The experience gained from the testing
provided the basis of recommendations for code modifications that could enhance its
usability in performance assessment applications. The testing process follows the

general approach used in evaluating and/or certifying computer codes used in the

commercial high-level waste repository program (Ross, 1982). Two types of

computational testing were conducted: (1) verification and (2) benchmark.

Verification testing was performed by comparing known analytic solutions of

appropriate problems with equivalent simulations using the PORFLO-3 code. There
were two primary objectives of verification testing: (1) to check the accuracy'and
stability of the numerical techniques (e.g., finite difference) used to solve the governing

equations, and (2) to determine the operational status of the computer code; i.e.,

establish how well it performs in accordance with design objectives.
The benchmark tests varied in complexity and were designed to test individual

and coupled fluid-flow processes. In addition, the tests were designed to evaluate the

major features and options of the computer code.
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13 DESCRIPTION OF TEST PROBLEMS
Nine test problems were' selected to evaluate the computational capability of

PORFLO-3. These problems were'obtained from various technical publications and

from recent simulation studies at the Idaho National Engineering Laboratory (INEL).

The verification tests consisted of simple boundaiy-value problems with known
solutions. These simple tests provided a means of verifying the accuracy of the
numerical solution techniques employed by PORFLO-3. In contrast, the benchmark

tests involved relatively complex simulations of saturated and unsaturated flow, solute
transport, and coupled saturated flow and heat transport.' These tests were designed to

thoroughly evaluate the major features and capabilities of the PORFLO-3 code.
The four verification test problems have quasi-analytic and/or closed-form

analytic solutions. These known solutions allowed direct comparisons with the

numerical solutions produced by PORFLO-3. The differences between the known and

numerical solutions were analyzed to quantify the computational accuracy of the

PORFLO-3 code. Relative root mean squared (RRMS) error criteria were used to

judge code accuracy.
The five benchmark tests consisted of practical problems of increasing complexity.

Each problem was solved using PORFLO-3 and one or two other, independently
developed computer codes. The computer codes used in the benchmark testing were:

FEMWATER (Yeh and Ward, 1979), TRACR3D (Travis, 1984), FLASH, and
MAGNUM-2D (England et al., 1985). These codes were selected because they were

readily available and/or have been in common use for a considerable time, and

because they utilize distinctly different numerical solution techniques. These computer

codes are described in Appendix A.' Graphical comparisons were used to make
qualitative evaluations of code results.

The following are brief descriptions of the four verification problems.

VT-1 Philip's Solution for a Vertical Coiumnn; In this test, unsaturated flow in a
vertical column was simulated. Fluid flow through the soil column occurs by means of

capillary action and gravity.' A quasi-analytic solution for this problem' was published by

Philip (1957)'and was evaluated by the INFIL coipute'r code (El-Kadi, 1987). This test

provided a'basis for determining how accurately PORFLO-3'solves the nonlinear
Richard's equation for a relatively simple unsaturated flow problem.'
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VT-2 Theis Solution for Transient Drawdown. This test simulated transient, saturated
flow using the classical Theis solution (Theis, 1935). While saturated flow was
relatively easy to solve compared to nonlinear problems, the test nevertheless served to
verify the saturated-flow component of PORFLO-3. Comparisons between the analytic
solution and the PORFLO-3 numerical solution checked the computational accuracy of
the numerical technique.

VT-3 Transport of Heat by Unidirectional Flow. This test considered advective and
dispersive transport of heat in a uniform, horizontal soil column. A step-increase in
temperature was applied to one end of a horizontal column through which water was
flowing at a constant rate. The PORFLO-3 results were compared to an analytic

solution by Carslaw and Jaeger (1959) to check the computational accuracy of the
numerical solution.
VT-4 Three-Dimensional Soluk Transpot. Three-dimensional advective and
dispersive solute transport wvas considered in this test. A horizontally oriented
contaminant source area was specified at the top boundary of a hypothetical aquifer
with unidirectional flow in the horizontal plane. The analytic solution for this problem
was evaluated with a modified version of the GRDFLX code (Codell, 1982).

The following are brief descriptions of the five benchmark test problems.
BT-1 Two-Dimensional Sa urated-Unsaturated Flow. This test was taken from the
VAM2D user's guide (Huyakorn et al., 1989). Two-dimensional saturated and
unsaturated flow were simulated. Although the problem was relatively simple, it
demonstrated the ability of PORFLO-3 to solve both flow regimes. The FEMWATER

(Yeh and Ward, 1979) code was used for comparison.
BT-2 Two-dimensional Unsaturated Flow: Jornada Test Trench. This test simulated

infiltration of water into a relatively dry, heterogeneous soil. The problem was much
more difficult numerically than test case BT-1 and uses actual soil hydraulic properties

for the Jornada, NM site. The PORFLO-3 results were compared to results from two
other computer codes: FLASH and TRACR3D (Travis, 1984).
BT-3 Saturated Flow in a Fractured Porous Medium. In this test, steady-state flow was
simulated in a hypothetical, porous domain with two discrete fractures. The material
properties for the porous domain were based on measurements of the hydrologic
properties of basalts from the INEL site. The FLASH computer code was used to solve
this problem to provide a basis for comparison with PORFLO-3.
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BT-4 Buoyancy-Affected Flow in the Vicinity of a Hypothetical Waste Repository.
This test problem simulated coupled heat transport and fluid flow in a saturated, porous
medium. A homogeneous medium was assumed with an embedded source of constant

heat. The PORFLO-3 simulation results were compared to those of the

MAGNUM-2D (England et al., 1985) computer code.
BT-5 Three-Dimensional; Unsaturated Contaminant Transport: Hanford Site. This
test simulated three-dimensional unsaturated flow and contaminant transport. The
T-106 tank leak at the Hanford Site, Washington was simulated. This problem had

previously been simulated by Smoot and Sagar (1990). The comparison code was

TRACR3D (Travis, 1984). This problem served as a rigorous test of the fluid flow and
mass transport components of PORFLO-3.
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2.0 TEST APPROACH AND REQUIREMENTS

2.1 TEST OBJECTIVES
A prime objective of the work reported here was to determine the operational

status of the PORFLO-3 computer code. This was accomplished by an approach that
thoroughly tested the options, features and computational algorithms of the code.
Three basic conclusions were possible: the computer code: (1) performs well and is fully
operational, (2) is partially operational and corrections and/or improvements are
needed, and (3) is not operational and requires further development. The work was
performed using a formalized test protocol, quantitative performance indicator(s) and

evaluation criteria.

2.2 TEST PROTOCOL

The testing process was structured as an independent and unbiased evaluation of
PORFLO-3, Version 1.0. To perform the testing in a systematic, and consistent way, a
test protocol was developed and used. The protocol consisted of the following four
requirements:

(1) Blind testing
(2) Independent applications

(3) Test equivalence

(4) Graduated difficulty of tests.
The first requirement was that each computer code(s) be applied to the test

problems without prior knowledge of the analytic solution or benchmark simulation.

This, in effect, forced the code operator to rely on understanding of the physics of the
problem and computational characteristics of the code. This blind testing prevented
situations in which the code operator could have an unfair advantage, with respect to a
particular code, in selecting such computational parameters as the size of the maximum
time, integration factors, number of iterations, etc.

The second requirement was that the code developer not participate in the testing
process. The analyst performing the testing was permitted to consult with the code
developer(s) only: (1) if unexplained difficulties arose, (2) code modifications were

necessary to accommodate the special characteristics of a specific test problem, or (3)

to obtain clarification on input instructions.
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The third requirement was that each code, to the degree practicable, use the same
or similar spatial discretization for each test problem. The purpose of this requirement
was to foster equivalence of computational effort. However, no constraints were placed
on the time discretization (i.e., time step size) because several of the benchmark codes
utilize automatic time-step control.

The fourth and final requirement was adopted because of the need to test the
major options and features of PORFLO-3 for a wide range of problems. Consequently,
the test cases selected range from simple boundary-value problems to detailed
simulations of complex physical situations.

23 PERFORMANCE INDICATOR

To evaluate the PORFLO-3 code on a consistent basis, a quantitative indicator
was needed to judge the code's computational performance for each test. Many such

indicators exist. Among these are the: (1) maximum difference, (2) maximum relative
difference, (3) root mean square error and (4) relative root mean square error. Each
indicator is'limited with respect to being able to reflect "significant differences" between

the PORFLO-3 simulation results (e.g.,'pressure head and temperature) and the known
solution or referenrce simulation result.

Relative root mean square error was adopted as the performance indicator for the
verification tests reported here. This indicator is 'defined by the following formula:

Z ((a - n3)/ai)2

RRMS= I-. (1)
k

where

, analytic solution (pressure head or temperature) at point i,

= numerical solution (pressure head or temperature) at point i and

k = number of comparison points.

In using this performance indicator, "the numerical solution at boundary nodes (where
the solution was specified) were excluded from the RRMS calculation. Also excluded

7



were solutions at points where ad was very small. For purposes of this report, threshold
pressure-head values were specified as 0.01 cm, threshold temperature values were
0.OOi TC, and threshold concentration values were 0.001 g/cm3 .

To judge the accuracy of the verification test results, four performance categories
were defined. The evaluation of code performance was keyed to a specific range of
values for the RRMS. The ranges selected are somewhat arbitrary but, nevertheless,
are a consistent basis for evaluating how well the results compare.

The designations used to evaluate the verification test results and the respective

ranges of associated RRMS values are listed below:

o Excellent - RRMS c0.01

o Good - RRMS < 0.05

o Acceptable - RRMS •0.10

o Unacceptable - RRMS > 0.10.

Judging the quality of the benchmark test results is somewhat problematic because

the results are only relative comparisons. Numerical differences between simulation
results often reflect algorithm and/or distinct approximation approaches. An example
of this is the approach that Finite difference codes use to compute the interfacial
hydraulic conductivities; i.e., saturated hydraulic conductivities at interfaces between
grid nodes.

The specific method used for these calculations generally has a significant effect

on numerical solutions of the unsaturated flow equation (Schnabel and Richie, 1984).

The PORFLO-3 code, for example, uses an arithmetic, geometric, or harmonic mean,

depending on the user's specification. In contrast, the TRACR3D code (Travis, 1984)
uses only a harmonic mean approach. It is very evident that no consensus exists on the
appropriate method for calculating interfacial hydraulic conductivities. Patankar (1980,

p. 44), for example, derived an equation for interfacial conductivity which indicates that
only the harmonic mean approach yields a "mass-conservative" approximation. Crichlow

(1977, p. 112), however, claims that the harmonic mean approach leads to erroneous
fluxes when there are sharp contrasts in pressure head gradients and recommends an

"upwind" approach. Finite element and spectral element codes, in contrast, do not use

the concept of interfacial conductivity. Interfacial conductivity is a computational

8



artifact because hydraulic conductivity is actually discontinuous at the interfaces

between grid nodes. Instead, the hydraulic conductivity is approximated as a function
of space over the area or volume of the finite element.

Because significant differences were expected in the results from PORFLO-3 and
the other benchmark computer codes, the RRMS performance indicator was not used

for benchmark testing. Some of the reasons these differences occurred were

o Complexity of the geometry and physical setting of the test problems

o Strong nonlinearities and heterogeneity of the hydrologic settings

o Coupled nature of some of the test cases.i
Instead, graphical comparisons were made for such variables as pressure head,
volumetric moisture content, solute concentration, and/or temperature.
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3.0 VERIFICATION TESTS

3.1 PHILIP'S SOLUTION FOR A VERTICAL COLUMN

3.1.1 Problem Statement for VT-1
For this test the physical setting was a vertical, homogeneous soil column. The

initial condition was a uniform pressure head. The pressure head at the upper
boundary was held value corresponding to saturation. The bottom boundary was held
constant at the initial pressure head. Transient infiltration of moisture in the vertical

direction resulted from capillary forces and gravity.
The governing equation describing the vertical movement of moisture is Richard's

equation, given by

C y))!= at [K(V)v- 1)] (2)

where ip is the pressure head (cm), K(ip) is the unsaturated hydraulic conductivity

(cm/hour), t is time (hour), and zis the distance along the vertical coordinate (cm).

The specific moisture capacity C(ip) is given by

ao
C(9) = a (3)

where 0 is the volumetric moisture content. The pressure head, ip, is negative in

unsaturated soils and positive in fully saturated soils.

3.1.2 Test Objectives
The objective of this test was to evaluate whether PORFLO-3 correctly computes

the position of the wetting front during vertical infiltration of moisture into an

unsaturated soil subject to the following conditions:

o Uniform initial moisture content

o Saturated surface boundary

o Fixed and uniform temperature.

3.1.3 Analytic Solution
The quasi-analytic solution for this test was evaluated by the INFIL (El-Kadi,

1987) computer code. The quasi-analytic solution was based on the solution by Philip

(1957).
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3.1.4 Input Specifications
The total length of the vertical column was-15 cm. A finite-difference grid was

superimposed on the model domain using a uniform grid spacing of 0.075 cm. The soil

type in this verification problem was the same as that in the problem solved numerically
by Haverkamp et al. (1977). The soil was the Yolo light clay which was first described
by Moore (1939). Functional relationships for the moisture characteristic curves, i.e.,
pressure head and hydraulic conductivity versus moisture content, were described using
the Haverkamp et al. (1977) formulae:

a(Os-Or)
atN5 (In IV1 1)P r

and

A()K(V) Ks(+Ww1~ (S)
s(A +

where 0 isthe saturated volumetric moisture content, 0 r is the residual moisture

content, K. is the saturated hydraulic conductivity (cm/hr), and a, o, A and B are
curve-fitting parameters. For the Yolo light clay, the input parameter values used for
this problem were

a= 739

( = 4.0

A = 124.6

B= 1.77

K,= 0.04428 cm/hr

O.= 0.495

Or= 0.124.

Because the specified moisture characteristic curve was not one of the two analytic
options available in PORFLO-3, a table of values was generated and used as input for
the simulation. The initial condition was a uniform pressure head of -601.8 cm. This
pressure head corresponded to a moisture content of 0.238.

11



3.1.5 Output Requirements
The output from this test was the pressure head profile at 2 hours from the start of

moisture infiltration. This output was shown graphically and by RRMS values.

3.1.6 Verification Test Results
Test VT-1 required simulation of the movement of a moisture front in a vertical

soil column. The problem formulation tested PORFLO-3's ability to solve Richard's
equation for mildly' nonlinear soil hydraulic properties. Four computer runs were made
to evaluate the code options for calculating interfacial hydraulic conductivities. The
solutions obtained using the arithmetic mean and upwinding options predicted an
advance of the moisture front that was relatively more rapid than that of the
quasi-analytic solution. In contrast, the solution using the harmonic mean option
predicted a less rapid advance of the front. The solution using the geometric mean
option produced the best agreement with the analytic solution.

The final PORFLO-3 solution using the geometric mean option is compared with
the quasi-analytic solution (generated by the INFIL code) in Figure 1. These results
were obtained using the alternating direct implicit (ADI) solution with the convergence

2

4- 2chous

8 -

a 1 0 -

12 - - ANALYrIC
PORFLO-3

1 4-

loo66 200 300 400 500 600 700

Pressure Head (-cm)
Figure 1. Comparison of Pressure Heads for Test VT-1.

12



criterion specified as a value of less than 1 x 10-5 cm for the maximum residual at any
interior node of the grid. The solution was obtained using 101 nodes uniformly spaced

over the 15 cm domain. The graphical comparison shows that the'PORFLO-3 solution
is in excellent agreement with the analytic solution.

To calculate the RRMS value, an additional PORFLO-3 simulation was made

using the non-uniform discretization generated by the INFIL code. The result of this
simulation was checked against the result for the uniform grid simulation to ensure that
no change in wetting front location occurred due to a different discretization. The

computed RRMS value for test case VT-I was 6.2 x 10-2; this value is within the

"acceptable" category.
There are two possible explanations why the code does not achieve an "excellent"

RRMS value. The first is the space and time truncation errors introduced by the
finite-difference algorithm. The second, and most likely, is that the difference is the
result of approximations in the quasi-analytic solution which are implemented in the
INFIL code (El-Kadi, 1987). However, other authors (Haverkamp et al., 1977; Milly,

1982) have published results that appear to be in better agreement with the known
solution. Nevertheless, the magnitudes of the numerical error do not appear to be

significant.

Overall, the graphical comparisons and the RRMS computations show that the

PORFLO-3 code does'a good job of simulating vertical movement of moisture in a
homogeneous, unsaturated soil.
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3.2 THEIS SOLUTION FOR TRANSIENT DRAWDOWN
3.2.1 Problem Statement foir VT-2

This classic problem involved simulating transient drawdown of pressure head due
to pumping a confined aquifer of constant thickness that was fully penetrated by a well.
In radial coordinates, the governing equation for flow to a well in a confined, horizontal
aquifer is

b2'p +I Lip _SdwI (6)
ar 2 r.ar TAt

where r is the radial distance (in), S is the aquifer storage coefficient, and T is the

aquifer transmissivity (m 2/day).

3.2.2 Test Objectives
The objective of this test was to determine how accurately the PORFLO-3 code

solves the governing equation for transient, saturated flow.

3.2.3 Analytic Solution
The analytic solution for transient flow in response to pumping a horizontal,

confined aquifer is well known and consists of a simple mathematical expression. The
solution assumes an aquifer of infinite lateral extent with a constant thickness. The
initial hydraulic head is uniform and constant. The analytic solution for this
boundary-value problem was described by Theis (1935). The drawdown at a radial
distance r from the well is

Q0-9 = 4 Tlsf(u), (7)

where Q is the volumetric pumping rate (m 3/day), v vis the initial pressure head and 1P

is the pressure head at any time t. The well function, lW(u) represents the exponential
integral. The argument, u, is defined by

r2s (8)

4Tt

Values for the well function are tabulated in many textbooks (e.g. Freeze and Cherry,

1979).
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3.2.4 Input Specifications

The following input parameter values were specified for problem VT-2:
Initial head = 100 m
Transmissivity T = 300 m 2/day
Storage coefficient S = 0.002
Pumping rate Q = 2000 m3/day.

3.2.5 Output Requirements
The head profile versus distance was compared after 12 hours of pumping. The

results of the PORFLO-3 solution were compared to the Theis analytic solution
graphically and in terms of RRMS values.

3.2.6 Verification Test Results

The solution method implemented for test problem VT-2 used a radial symmetry
configuration around a vertical well. A ten-degree arc through the entire aquifer
thickness was simulated. The radius of the model domain was 2000 m, a length
adequate to prevent the effects of pumping from reaching the outer boundary of the
cylinder. Variable grid spacing was used, with a minimum node spacing of 0.5 m and a
maximum spacing of 200 m. A uniform time step of 0.001 days was used.

The simulation results are compared to the Theis analytic solution in Figure 2.

The results show good agreement. The PORFLO-3 RRMS value, comparing the
simulation results and the analytical results, is 2.4 x 10-4. This value is well within the

"excellent" range. Based on the overall results, PORFLO-3 adequately solves the
governing equations for saturated flow.
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3.3 TRANSPORT OF HEAT BY UNIDIRECTIONAL FLOW
3.3.1 Problem StatementforVT-3

In this test advective and dispersive heat transport in a saturated porous domain
was simulated. The flow domain was a horizontal column with unidirectional flow
along the length of the column. Initially, the water temperature was uniformi'

throughout the column. Subsequently, water with a higher temperature began flowing
into the column from the left boundary. This problem was taken from test case HT-2,
which is documented in the report by Eyler and Budden (1984).

The form of the governing equation for one-dimensional heat transport is

AT aT a2 9
at AX aX2'

where T is temperature (0K), t is time (yr), x is the distance coordinate (m), D is the

thermal diffusivity (m 2/yr), and vis the interstitial flow velocity (m/fyr).
The flow velocity is defined in terms of parameters used in PORFLO-3 by

,, V . C. (10)

and

c OpIC1+l 0-)pc ( 1 1 )

where p is density (kg/m3 ), cis the specific heat capacity (J/kg/0 C), and Uis the Darcy

velocity (m/yr). The subscripts f, s, and t refer to the fluid, solid, and combined fluid
and solid, respectively.

The thermal diffusivity coefficient accounts for the effects of both dispersion in
the fluid and conduction in the combined fluid-solid medium, and is defined by

D = aLpIfU+Do (12)
Ct

where a is the longitudinal dispersivity length (in). For this problem, the molecular

thermal conductivity of the porous medium is

Dt=OD +(l-O)D,. (13)
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3.3.2 Test Objectives

The objective of this test was to evaluate the capability of PORFLO-3 to simulate

transient transport of thermal energy. The simulation results were compared to an
analytic solution for heat transport in a saturated medium with constant, unidirectional
flow of water for the following conditions:

o Semi-infinite domain
o Step increase in temperature at the upstream boundary

o Constant material properties

o Negligible buoyancy effects.

3.3.3 Analytic Solution
The analytic solution for this heat transport problem is the same as that for solute

transport by advection and dispersion. The solution for this boundary-value problem is

given in Carslaw and Jaeger (1959) as

T=TTo+ (T 2- ) erfc(X-7 ) +exp (D) eric(x$iY.t)J1 (14)

where T. and T I are the initial domain temperature and the increased temperature at

the boundary of the domain, respectively. A subroutine published in van Genuchten

and Alves (1982, p. 115) was used to evaluate the product of the exponential and

complimentary error functions.

3.3.4 Input Specifications
The parameters for test VT-3 were the same as for problem HT-2 in Eyler and

Budden (1984) with the exception of an increased Darcy velocity. This increase served
to better test the relative contributions of advection and dispersion to heat transport.

The input parameter values for the PORFLO-3 solution were
Fluid density pI = 1000 kg/m3

Fluid specific heat C1 = 4185 J/kg/ C

Fluid thermal conductivity D = 2.05 x 107 J/m/yr/ C

Solid density p8 = 2780 kglm3

Solid specific heat Cs = 850 J/kg/ 0C

Solid thermal conductivity Ds = 5.0 x 107 J/m/yr/0 C

Porosity 0 = 0.001
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Longitudinal dispersivity - a, = 2.0 m

Darcy velocity U = 0.9 m/yr.

Given these PORFLO-3 input parameter values, equations 10-13 were used to compute
the following values required for the analytic solution:

Advection velocity u = 1.59 m/yr

Thermal diffusivity D = 24.3 m2 /yr.

The problem domain for PORFLO-3 was one-dimensional, and was defined by
Length L = 4500 m

Initial temperature To = 100C

Boundary temperature T = 20'C.

3.3.5 Output Requirements

The output required from test BT-3 was the temperature profile along the domain
versus distance at times of 500, 1000, and 2000 years. The results were compared both
graphically and in terms of RRMS values.

3.3.6 Verification Test Results

Test problem VT-3 was simulated using a uniform grid with a node spacing of 25
m. The time step was kept constant at 5 yr. For this grid and time step selection, the

maximum grid Peclet and Courant numbers were 1.6 and 0.3, respectively. The
PORFLO-3 simulation results are nearly identical to those of the analytic solution, as
can be seen in Figure 3. Additionally, the PORFLO-3 RRMS values in Table 1 show
that the results for each time are well within the "excellent" range.

Based on the overall results, PORFLO-3 does an excellent job of simulating
advection and dispersion of thermal energy.

TABLE 1. PORFLO-3 RRMS Results for Test VT-3.

Solution Variable 500 yrs 1000 yrs 2000 yrs

Temperature 4.8 x 10-3 4.8 x 10-3 5.1 x 10-3
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Figure 3. Comparison of Temperature Profiles for Test VT-3.
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3.4 THREE-DIMENSIONAL SOLUTE TRANSPORT

3.4.1 Problem Statement for VT-4

Test VT-4 required simulating solute transport in a three-dimensional domain.
The physical setting was a homogeneous and isotropic confined aquifer. A horizontal
source area on the upper surface of the modeled domain continuously loaded a
contaminant into the aquifer (Figure 4) which initially' had zero contaminant
concentration everywhere. The amount of water brought in with the contaminant was
negligible compared to the amount of water flowing through the aquifer. The flow

within the aquifer was unidirectional and parallel to the x coordinate. Advective

transport moved the contaminant in the downstream, or x, direction, while dispersive

movement caused spreading of the contaminant in each of the spatial directions.
For this special case, the equation (Codell, 1982) for contaminant transport in

groundwater is given by

ac U A C DXa2 c DYa 2 C D a 2 C
At RDdX RDaX 2 RD Y 2 RDz (Z)

where

C = concentration (g/m3 )

D= aiU = dispersion coefficients in the i'th direction (m 2/s)

ai = dispersivity in the i'th direction (m)

U = pore velocity (m/s)
Kd

RD = 1 + -d = retardation coefficient

K'd = sorption coefficient (ml/g).

Figure 4. Problem Geometry for Test VT-4.
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3.4.2 Test Objectives
The objective of test VT-4 was to evaluate whether PORFLO-3 correctly solves

the governing equation for three-dimensional solute transport for the following
conditions:

o Constant, unidirectional groundwater velocity
o Finite and constant aquifer thickness
o No effect contaminant concentration on fluid viscosity or density.

3.4.3 Analytic Solution
The quasi-analytic solution for test VT-4 was provided in a collection of

mathematical models published in Codell and Duguid (1983). The GRDFLX computer

code (Codell et al., 1982), which utilizes a related analytic solution, was modified (Rood
et al., 1989) to solve this specific problem. This modified code was used to provide the
results with which to verify PORFLO-3 for test VT-4.

3.4.4 Input Specifications
The input specifications for test VT-4 were similar to those used at the INEL to

simulate a contaminant plume in the Snake River Plain Aquifer (Rood et al., 1989).
Although the assumptions were restrictive, test VT-4 was, nevertheless, representative
of field-scale conditions. The parameter values used for test VT-4 were

Flow velocity U = 1.4 x 10-5 m/s
Thickness of aquifer b = 50 m

Dispersivity in x direction a = 91 m

Dispersivity in y direction ay = 20 m
Dispersivity in z direction a = 20 m

Porosity 0 = 0.1

Retardation coefficient Rd = 1.0.
The contaminant source area was 200 by 200 m and was centered at the origin of

the Cartesian coordinate system of the numerical grid, as indicated in Figure 4. The
contaminant flux was 1.0 x 10-5 g/s/m2, applied uniformly over the entire source area.
The initial contaminant concentration throughout the entire domain was zero. The
contaminant flux began at time t=0 years, and continued at the specified constant rate
for the duration of the simulation.

0
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3.4.5 Output Requirements
The output requirements for test VT-4 were contour plots of contaminant

concentrations at the top surface of the modeled domain 5 years after contaminant

loading began. Additionally, time histories of contaminant concentration were required

at three locations: x=140, y=40, z=O meters; x=140, y=40, z=42 meters; and x=140,

y=300, z=0 meters; . These locations were chosen to provide three-dimensional

information on the spreading of the plume. They depict the concentration: (1)

downstream at the surface of the model domain close to the centerline formed by the
x-axis; (2) close to the centerline, but at depth; and (3) laterally, away from the

centerline, at the surface of the model domain. These results were compared both
graphically and in terms of their RRMS values.

3.4.6 Verification Test Results
Test VT-4 involved simulating three-dimensional advective and diffusive

contaminant transport in a unidirectional velocity field. The three-dimensional nature
of the problem illustrated the PORFLO-3 code's capability to simulate

three-dimensional, saturated flow and transport problems. The default mode of the
ADI solution method was used, with the convergence criterion specified as a value of
less than 1 x 10-3 g/m3 for the maximum residual. The time step was kept constant at

0.01 years.
The PORFLO-3 solution method took advantage of symmetry in the y direction.

Only half the domain from the x-centerline outward in the y direction was simulated.
Variable node spacing was used in each direction with finer spacing near the source
area. The minimum and maximum node spacing in the x, y, and z directions were: (10

m, 500 m), (20 m, 50 in), and (0.1 m, 10 in), respectively. The maximum Peclet and

Courant numbers corresponding to the choice of grid and time steps were 5.5 and 0.04,

respectively.
The concentration at the surface of the mnodel domain at 5 years, for both the

PORFLO-3 simulation and the quasi-analytic solution, are shown in Figure 5. The
results from the half-domain are mirrored across the x-axis to create the complete

plume. As can be seen by the contours in Figure 5, the results are comparable. As
previously mentioned, the node spacing was variable with progressively more space
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Figure 5. PORFLO-3 and Quasi-analytic Results for Test VT-4.

between nodes in the downstream direction. The effect of this progressively larger

spacing can be seen where the PORFLO-3 solution differs from the quasi-analytic

solution.
Perhaps more illustrative are the time histories of contaminant concentration at

the three locations depicted by node coordinates in Figure 6. The concentration
histories at the locations close to the centerline at the surface of the domain and at
depth show extremely good agreement. *The history for the location laterally away from
the centerline shows a slight deviation between the PORFLO-3 results and the analytic

solution.
This difference between the analytic and PORFLO-3 results, as shown in Figure 6,

can most likely be reduced by decreasing the node spacing in the y direction. The
lateral location, x= 140, y=300, z=O m, is in a region where the node spacing in the y

direction is increasing. The increasing lateral spacing between nodes at this location is

most likely inadequate and causes the divergence.

The agreement of results at this location could be improved with additional grid
refinement. Computational expense, however, prohibited making subsequent computer

runs with finer discretization.
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Figure 6. Time Histories of Contaminant Concentration for Test VT-4.

RRMS values were computed for the isoconcentration and time-history plots and
are shown in Table 2. The RRMS results were consistent with the results depicted in

Figures 5 and 6. The effect of the inadequate node spacing is reflected in the high

RRMS value for the x=140, y=300, z=0 m time history location. This is not

interpreted to be a failure of PORFLO-3 but rather, as previously explained,
inadequate node spacing. This effect is also seen in the larger RRMS value for the
surface concentration. The cutoff limit for use in RRMS calculations was 0.5 g/m3 (0.5

pg/cc). The high RRMS value results mostly from concentrations above the cutoff
value in regions away from the centerline.

TABLE 2. PORFLO-3 RRMS Results for Test VT-4.

Solution Variable RRMS

Surface plane at 20 years 1.4 x 10-1
Time history at (140m,40m,Om) 1.9 x 10-2

Time history at (140m,300m,0m) 1.8 x 10-1
Time history at (140m,40m,42m) 2.0 x 10-2
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In summary, the graphical results and the computed RRMS values demonstrate
that PORFLO-3 satisfactorily models three-dimensional transport in a unidirectional
flow field. The results may improved with additional discretization, but such
improvement was deemed unnecessary.
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4.0 BENCHMARK TESTS

4.1 TWO-DIMENSIONAL SATURATED-UNSATURATED FLOW

4.1.1 - Problem Statement for BT-1

This benchmark test considered the steady-state movement of moisture for both
saturated and unsaturated flow conditions. The problem was taken from the VAM2D
user's guide (Huyakorn et al., 1989, p. 4-28). The physical setting and boundary

conditions are shown in Figure 7.

4.1.2 Test Objectives
The objective of this test was to evaluate how well PORFLO-3 numerically

simulates saturated and unsaturated flow for steady-state conditions.

4.1.3 Computer Codes Used
The computer codes originally chosen for comparison with PORFLO-3 were

FEMWATER (Yeh and Ward, 1979) and SUTRA (Voss, 1984). However, the SUTRA

code was unable to duplicate the results of either PORFLO-3 or FEMWATER in the
unsaturated portion of the problem. Because this difference was not easily resolved,
the SUTRA code was not included in the comparisons.

I =1 nm/yr

14 m

21 m 19 m

| 150 m |

Figure 7. Geometry for Test BT-1.
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4.1.4 Input Specifications
The solution domain for this test was represented by a computational grid of 31

nodes in the horizontal direction and 27 nodes in the vertical direction. In the vertical

direction, the node spacing was 2 m from y = 0 to y = 18 m, and then 1 m spacing froni
18 to 35 m. In the horizontal direction, node spacing was uniformly 5 m from x = 0 to x
= 150m.

The hydraulic properties of the soil for this test were taken from Huyakorn (1989).
The saturated hydraulic conductivity was 750 m/yr and the saturated porosity was 0.25.
The non-hysteretic moisture characteristic curve was given by

(Sw 0.2S) = [I1 + (0.2 )2]-1, (16)
0.7S

where Se,, was the volumetric water content, not the normalized water content.

Normalized water content consists of all terms on the left side of equation 16. The
relative conductivity was given by

Krw [(SW-0.25)]. (17)

The boundary condition at the top surface of the model domain was a flux of 1

m/yr, as indicated in Figure 7. A no-flow condition was imposed at the bottom
boundary. The boundary conditions for the sides of the model domain were no-flow
above the water table; below the water table, prescribed head values were based on
corresponding depth.

The initial heads were assigned based on an arbitrary horizontal water table that

was not consistent with the boundary conditions. This arbitrary water table was
assumed to exist at an elevation 18 m above the bottom boundary of the model domain.
Above 18 m, a uniform capillary pressure of -10 m was assigned.

4.1.5 Output Requirements
Two outputs were required for test BT-1. Both relate to a steady-state pressure

field based on the specifications given in the preceding section. The first required
output was a contour plot of pressure head for a vertical section across the model

domain. The second was the moisture content profile from the land surface to the

water table, at a distance of 30 meters from the left boundary of the domain.
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4.1.6 Benchmark Test Results

Test BT-1 required simulating saturated and unsaturated steady-state conditions.
The PORFLO-3 default solver mode, i.e. ADI solution, was used with the convergence
criterion specified as a value of less than 1 x 10-5 m for the maximum residual. The
PORFLO-3 code required 37 seconds of central processing unit (cpu) time for solving
test BT-1; FEMWATER used 8.2 seconds. (All cpu times in this report are for a
CRAY XMP using UNICOS 5.0.) The extra cpu time required for PORFLO-3 was

likely due to: the necessary overhead of a three-dimensional code compared to a much

simpler, two-dimensional code like FEMWATER.
The specified moisture characteristic curve was not one of the two analytic options

available in PORFLO-3; therefore, a table of values was generated and used as input
for the simulation. The spacing between grid nodes wasas described in Section 4.1.4,
with the exception that additional nodes were included near the left and right sides of
the model domain to assist in enforcing the prescribed boundary conditions below the
water table.

The pressure head profile for the PORFLO-3 simulation is shown in Figure 8.

The results show a slanting water table which results from the imposed boundary
conditions. Above the water table, the pressure head uniformly decreases with

elevation across the domain, but always maintains the same slope as the water table.

The FEMWATER simulation results are not shown because they are virtually

indistinguishable from the PORFLO-3 results. Rather, a contour map of the residuals
between the PORFLO-3 and FEMWATER results is given in Figure 9. Only the
portion of the model domain above 15 m in elevation is shown because the residuals
are small in the saturated zone when compared to the unsaturated zone. The residuals
were calculated by subtracting the FEMWATER results from the PORFLO-3 results at
all the nodes of the domain which were common to both simulations.

The moisture content profile at the required location is shown in Figure 10. The

PORFLO-3 and FEMWATER results agree very well. Differences in the capillary
fringe zone just above the water table are due to slightly different placements of nodes.
Comparisons of the agreement between PORFLO-3 and FEMWATER results in
Figures 9 and 10 show that the pressure heads are more sensitive to the prescribed
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Figure 10. Moisture Content Profile for Test BT-1.

infiltration flux than the moisture contents. From this, it is concluded that, if possible,
comparisons between benchmark results should be made in terms of pressure head
rather than moisture content.

Based on the overall agreement between the PORFLO-3 and FEMWATER
results, the PORFLO-3 code correctly solves the governing equations for combined
saturated-unsaturated flow.
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4.2 TWO-DINIENSIONAL UNSATURATED FLOW: JORNADA TEST TRENCH
4.2.1 Problem Statement for BT-2

Test BT-2 was taken from Smyth et al. (1989) and was in part based on the
physical setting and soil-hydraulic properties of the Jomada Test Site near Las Cruces,
New Mexico. This ongoing experiment is under the direction of Dr. Peter Wierenga of
the University of Arizona. The test involves transient, two-dimensional infiltration of
water into an extremely dry heterogeneous soil. Smyth et al. (1989) solved four

problems of increasing complexity using the TRACR3D computer code. Test BT-2 was

the fourth and most complex of these problems.

4.2.2 Test Objectives

The objective of test BT-2 was to determine the ability of PORFLO-3 to simulate
infiltration into an extremely dry soil. This test was representative of hydrologic

conditions typical of the Hanford Site. The problem was highly nonlinear due to the
nature of soil moisture characteristic curves for dry soils; hence, it serves as a rigorous

test of the computational algorithm.

4.2.3 Computer Codes Used
The computer codes chosen for comparison to PORFLO-3 were TRACR3D

(Travis, 1984) and FLASH. Smyth et al. (1989) had previously used TRACR3D to

solve this problem. The results presented for test BT-2 were regenerated using their
input deck.

4.2.4 Input Specifications
The model domain for test BT-2 was subdivided into four regions, as shown in

Figure 11. A uniform 2 cm/day infiltration rate was used for an area extending 225 cm
from the left boundary of the domain. All boundaries, except for the infiltration zone at

the top of the model domain, were treated as no-flow. The initial condition was a

uniform pressure head of -73 4 cm for all four zones.

A computational grid of 56 by 47 nodes in the horizontal and vertical directions,
respectively, was superimposed on the domain. The node spacing for the x direction
was 10 cm from x = 0 to x =350 cm, and 25 cm from x = 350 to x = 800 cm. In the y
direction the node spacing was 25 cm from y = 0 to y = 350 cm, and 10 cm from y =

350 to y = 650 cm.
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All soil properties were based on the van Genuchten (1978) formulation of the
Mualam (1976) model given by

where e

0 S(3r

a

n

m

= volumetric water content

= residual water content

= saturated water content

= fitting parameter (1/cm) .

= fitting parameter

n 9

= ~~(a+h)a"m (18)

and

K r = ( j { l - [ l . . . . ( 0 0 r ) i j( 1 9 )
X ) (I_[r °r X)])(19

where Kr = relative conductivity. Table 3 gives the values of various parameters that

describe the hydrologic properties of the four soil types.
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TABLE 3. van Genuchten Soil Parameters for Test BT-2.

Zone 0, Or a (cm-1) n Ks (cm/day)

1 .368 .1020 .0334 1.982 790.9

2 .351 .0985 .0363 1.632 469.9

3 .325 .0859 .0345 1.573 415.0

High K .325 .0859 .0345 1.573 4150.0

4.2.5 Output Requirements
The volumetric saturations for steady-state conditions throughout the entire

cross-section were compared graphically at a time 30 days after moisture infiltration
began. Comparison of pressure heads was not required because they did not show the

influence of the high conductivity zone as readily as the moisture contents did for this
test.

4.2.6 Benchmark Test Results
Test BT-2 involved simulating moisture infiltration into a two-dimensional,

multi-layered medium. The default mode of the ADI solution method was used, with
the convergence criterion specified as a value of less than 1 x 10-3 cm for the maximum

residual at any node in the domain. The PORFLO-3 solution used 5.95 minutes of cpu

time, the FLASH code took 16.8 minutes, and the TRACR3D code took 5.79 minutes.
The results from all three codes are shown in Figure 12. The effect of the high

conductivity zone can be easily seen. The PORFLO-3 and FLASH results agree

exceptionally well. Both the vertical advance and lateral spreading of the wetting fronts
are approximately the same for both codes.

The TRACR3D results show a greater extent of lateral spreading and a greater

vertical penetration of the wetting front. There are several possible explanations for
this difference. The first has to do with the method used in TRACR3D to calculate the

interfacial hydraulic conductivities. The second possibility is related to the distinct

finite-difference approximations used by PORFLO-3 and TRACR3D.
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Figure 12. Moisture Content Results for Test BT-2.

Based on the close graphical agreement between the PORFLO-3 and FLASH

results, and on the general agreement between PORFLO-3 and TRACR3D,
PORFLO-3 is concluded to correctly solve the governing equation for unsaturated flow.
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4.3 SATURATED FLOW IN A FRACTURED POROUS MEDIUM
4.3.1 Problem Statement ror BT-3

Test BT-3 required simulation of steady-state flow in a saturated, fractured-porous
medium. The hydraulic properties of the medium were based on core test data on
basalts from the Idaho National Engineering Laboratory. The fracture geometries were
assigned arbitrarily but in orientations that could be accommodated by PORFLO-3.

The problem boundary conditions were selected to assure hydraulic interaction
between the discrete fractures and the porous medium.

4.3.2 Test Objectives
The test was designed to evaluate the capability of PORFLO-3 to simulate

saturated flow in a fractured-porous medium.

4.3.3 Computer Codes Used

The FLASH computer code was selected for comparison to PORFLO-3. FLASH
uses a similar method of simulating fractures with line elements.

4.3.4 Input Specifications
Test BT-3 consisted of simulating saturated flow through a fractured basalt for

steady-state conditions. The geometry for the test and locations of the two fractures are
shown in Figure 13. A unit width was assumed for the third dimension. The boundary

10 cm
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20 cm
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Figure 13. Geometry for Test BT-3.
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conditions for this problem consisted of pressure heads of 0.0 cm and 0.2 cm specified

along the bottom and top of the model domain, respectively. No-flow boundaries were

specified for the sides.
The hydraulic properties of the basalt were derived from mercury intrusion tests

conducted on basalt cores from the INEL Site. The hydraulic conductivity was 4.0 x
10-3 cm/s and the saturated porosity was 0.24. Each fracture was assigned a width of
0.03 cm and a hydraulic conductivity of 6.0 x 10-3 cm/s.

A computational grid of 49 horizontal and 95 vertical nodes was superimposed on
the simulation domain. Line elements were superimposed at the fracture locations.

The node spacing was variable in both the vertical and horizontal directions in order to
increase the numerical resolution near the fractures. The maximum node spacing in the
vertical and horizontal directions was 1.5 cm and 1.25 cm, respectively; the minimum

spacing for vertical and horizontal directions was 0.5 cm and 0.125 cm.

4.3.5 Output Requirements

The output requirement for test BT-3 was a plot comparing contours of
steady-state pressure heads for a vertical cross-section of the model domain.s

4.3.6 Benchmark Results
The results for the PORFLO-3 and FLASH simulations are shown in Figure 14.

The PORFLO-3 results were obtained using the conjugate gradient solution method,
with a convergence criterion of 3.0 x 10-3. The conjugate gradient solution was used

instead of the default ADI method because better results were achieved for this
problem. The cpu times required for PORFLO-3 and FLASH were 3.6 and 6.0
seconds, respectively.

As can be seen from Figure 14, the PORFLO-3 and FLASH results agree very
well. Because the fractures have a greater conductivity than the porous basalt, the

pressure field is depressed at the upstream end and elevated at the downstream end of
the fractures. In conclusion, the excellent agreement between PORFLO-3 and FLASH

-indicates that PORFLO-3 correctly simulates saturated flow in a fractured-porous
medium.
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4.4 BUOYANCY-AFFECTED FLOW IN THE VICINITY OF A HYPOTHETICAL

WASTE REPOSITORY
4.4.1 Problem Statement for BT-4
Test BT-4 involved simulating coupled heat and flow in a saturated setting. The

simulation domain was homogeneous and isotropic. A hypothetical waste repository
located at depth served as the heat source for the problem. The heat source was
constant and uniform throughout the repository. The increase in fluid temperature

caused density changes which, in turn, induced groundwater flow. The simulation was
two-dimensional in the vertical plane.

4.4.2 Test Objectives
The objective of test BT-4 was to demonstrate the capability of PORFLO-3 to

simulate coupled heat and flow in a saturated porous medium. Both the transient
thermal fields and buoyancy-affected flow fields were simulated.

4.4.3 Computer Codes Used

The MAGNUM-2D code (England et al., 1985) was the benchmark code that was
chosen for comparison to the results generated by PORFLO-3.

4.4.4 Input Specifications

The problem geometry for test BT-4 is shown in Figure 11. The center of the 20

m high by 100 m wide repository was at coordinates (x = 500 m, z = -500 m), as

indicated in Figure 11. Hydraulic and thermal properties listed in Tables 4 and 5,

respectively, were assumed to be the same for both the repository and the surrounding
porous medium.

- A non-uniform rectangular grid was used in both coordinate directions, with
higher resolution around and within the repository. An effort was made to keep the
grid used by the two codes similar. An exact match was not possible, however, because

MAGNUM-2D is a finite-element code and eight-node quadrilateral elements were

used for this problem. For PORFLO-3, a total of 65 computational cells were used in

the x-direction and 69 in the z-direction. Minimum cell widths were 4 m; the increase in

widths between adjacent cells was limited to a factor of 1.5.;
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TABLE 4. Hydraulic Properties.

Kx (m/yr) KY (m/yr) SS (I/m) 0

3.0 x 10-2 3.0 x 10-2 1 x 10-4 0.01

TABLE 5. Thermal Properties

Pm cm K, at at

2400 930 5.6 x 107 50 2

where Pm

Cm

K,

al

al

= material density (kg/m3 )

= material specific heat (J/kg/ 'C)

= material thermal conductivity (Jlm/yearl 'C)

= longitudinal dispersivity (m)

= transverse dispersivity (m).
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The initial temperature was a constant 30 0C everywhere in the domain and the

total head was in hydrologic equilibrium and set to a value of 10 m. Conditions at the

boundary were fixed at the initial conditions on the top and bottom boundaries while

the sides were set to zero flux for both flow and heat. Heat generation in the repository
occurred uniformly at a constant rate of 2.0 x 107 (J/m 3/yr).

Reference properties of water in the porous zone at T = 25 'C were given as

follows:

Density pi = 997 kg/m3

Specific heat cs = 4184 J/kg/0C

Thermal conductivity D= 2.0 x 107 J/m/yrI0C.

4.4.5 Output Requirements
Transient temperature and total head distributions were compared graphically at

5, 25, and 50 years. Vertical profiles of temperature and total head at these times were

compared at an x-location of 500 m, the center of the repository. Horizontal profiles of

temperature and total head were compared at a z-location of -500 m, again at the
center of the repository.

4.4.6 Benchmark Test Results
Simulations using PORFLO-3 and MAGNUM-2D were run in a coupled flow and

heat transport mode for a fully saturated medium. For the PORFLO-3 simulation, a

conjugate gradient solution method with a convergence criterion of 1 .0 x 10-4 was used

for both pressure and temperature. Computer cpu times were 31 seconds for
PORFLO-3 and 168 seconds for MAGNUM-2D.

Comparisons of vertical and horizontal temperature profiles through the center of
the repository show excellent agreement, as evidenced in Figures 16 and 17. The two
sets of results are difficult to distinguish because they match so closely. As expected,

the maximum temperature occurs at the center of the repository and eventually levels
off to the imposed initial temperature of 30 'C away from the source. For example, after

50 years the maximum temperature reached 145 'C, the effects of heating are seen in the
surrounding medium more than 100 m away from the repository.
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Results for total head are shown in Figures 18 and 19. In these graphs, it is

evident that there is a difference in how the codes compute the effects of temperature

on the flow field. MAGNUM-2D shows a much greater deviation in total head from
equilibrium than does PORFLO-3. Although the results are different in magnitude, the
trend is the same. As the fluid around the repository becomes heated, its density
decreases and the fluid tends to rise. This buoyancy effect causes the pressure to

increase above the repository and decrease below it. It should be noted that the total

head profile in the horizontal plane is plotted'at a z-location of -480, m which is slightly

above the repository. This location was chosen because there is virtually no change in
head from equilibrium at the center of repository.

Differences in total head results cannot be resolved without further efforts to
examine the correctness of specific code algorithms. In attempting to determine the
cause for the differences, the input parameter values and units used in both codes were
carefully checked for accuracy. This search resulted in detection of a few minor errors,

but correction of these do not account for the relatively large inconsistency in head
results. There were, however, other problems encountered when varying the value of

parameters affecting the coupling mechanisms in the PORFLO-3 code. It is

questionable whether these problems are a cause of the disagreement, but they cast
doubt on the correctness of the PORFLO-3 results. A discussion of these issues, as well

as some of the differences between PORFLO-3 and MAGNUM-2D, can be found in

Appendix C.
The observation that the temperature results agree and the total head results do

not is possibly related to the direction of the coupling between heat transport and fluid
flow. In groundwater flow, thermal fields can strongly influence the flow patterns even

though the thermal field is only slightly affected by the flow. Based on the agreement of
the temperature profiles, PORFLO-3 correctly solves the governing equation for heat

transfer. However, based on comparisons with the MAGNUM-2D'code, PORFLO-3

cannot with certainty be documented to accurately predict the pressure field for a
non-isothermal fluid flow simulation.
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4.5 THIREE-DINiENSIONAL UNSATURATED CONTAMINANT TRANSPORT:

T106 TANK LEAK, HANFORD SITE, WASHINGTON
4.5.1 Problem Statement for B1T-5

Test BT-5 is taken from Smoot and Sagar (1990). The problem was to simulate in
three-dimensions, a contaminant plume migrating in the vadose zone in a stratified,

non-indurated sediment at the Hanford Site, Washington. A leak of fluid from the
T-106 tank containing 106Ru and 137Cs was the source of the plume. Test BT-5 was
limited to simulation of the 106Ru plume. The duration simulated began from the
initial leak and continued for 100 days. The model domain ranged from the ground
surface to the water table 62 m below the surface.

4.5.2 Test Objectives
The objective in test BT-5 was to demonstrate the capability of PORFLO-3 to

simulate movement of moisture and contaminants for a realistic, heterogeneous setting

undergoing transient, unsaturated flow conditions.

4.5.3 Computer Codes Used
The only other readily available computer code that has the capability required by

test BT-5 was TRACR3D.

4.5.4 Input Specifications
The input specifications for this test were taken from Smoot and Sagar (1990).

The stratigraphic setting and physical domain are shown in Figure 20. This domain was

discretized into a 36 x 36 x 39 grid containing 50,544 cells. The node spacing was
variable in each direction; however, the spacing in the x and y directions was equivalent.
The minimum spacing in the x and y directions was 2 m for the central portion of the

domain. The maximum 'spacing was '14 m near the lateral boundaries. For the vertical

direction, the smallest node spacing was 0.5 m at the base of the simulated tank and the
largest node spacing was 8 rn near the water table.

Although the actual tank was circular, for'purposes of the simulation it was
treated as if it were rectangular, with a length and width of 22 m and 'a height of 7.5 m.
For the simulation the tank was positioned to rest on the material interface between
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Figure 20. Geometry and Stratigraphy for Test BT-5.

zones 1 and 2 (Figure 20). The lower comer of the tank nearest to the Cartesian
coordinate origin was at a (61m, 61m, 193m); the upper corner, farthest from the origin,

was at (83m, 83m, 200.5m).
The soil properties and thicknesses are shown in Table 6. The hydrologic

properties were based on data from locations elsewhere at the Hanford Site (Smoot
and Sagar, 1990).

TABLE 6. van Genuchten Soil Parameters for Test Problem BT-5.

Zone 0 3 Or a n Kh Kv Thickness

(mi) (m/day) (m/day) (m)

1 .288 .030 10.08 2.9224 1.07 0.54 12.00

2 .627 .106 9.091 3.1071 0.52 0.26 7.75

3 .456 .047 6.658 2.6751 1.62 0.81 4.75
4 .451 .023 1.180 1.3945 0.04 0.02 14.50
5 .288 .030 10.08 2.9224 1.07 0.54 23.00
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Contaminant transport properties were assumed to be the same for each of the

five stratigraphic units. The molecular diffusion coefficient was 1 x 10-5 m2/day, the

longitudinal dispersivity was 1 m, and the transverse dispersivity was 0.1 m. The soil

bulk density was assumed to be a uniform 1.6 x 106 g/m3 . The fluid density was

assumed to be a constant 9.98 x 105 g/m3 . Partition coefficients were set to 0.0 mg/L

for each soil type.
Boundary conditions for test BT-5 consisted of no-flux at each of the four vertical

boundaries, for both flow and transport. At the surface boundary, an infiltration rate of

0.05 m/year was assigned for flow and no-flux for transport. The bottom boundary was

specified as the water table for flow and as zero-concentration for transport. These

specifications allowed any of the contaminant reaching the bottom boundary to be

swept away from the model domain.
The initial conditions for concentration were zero throughout the soil column.

The pressure heads were assumed to be in equilibrium with the moisture infiltration

rate at the surface. By assuming unit gradient conditions, the hydraulic conductivity

became equal to the infiltration rate and the pressure head could be~estimated from the

assigned moisture characteristic curve for each stratigraphic zone. The initial pressure

heads for each zone calculated using this method are given in Table 7. The total head

at each node was then calculated by adding the corresponding elevation to the pressure

head.

TABLE 7. Initial Pressure Heads for Test BT-5.

Zone Pressure Head (m),

1 -0.2930

2 -0.2750

3 -0.5198
4 -1.6418

5 -0.2930
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The leak occurred at the bottom edge of the tank. In the PORFLO-3 simulation,
the source occurred in three cells. The source was defined by a rectangular volume that
abuts against a lower corner of the tank, as illustrated in Figure 2i. In the figure; the
origin of the axes c6rresponds to the comer of the tank. The source had one cbrner at

(61m, 6im, 192.25m) and the other at (63m, 67m, 193m). Each cell was 2m by 2m by
0.75 mi high.

The source term for both liquid and contaminant flux is given in Table 8. The
values in the table reflect the total source; the source was distributed equally between
the three cells. The values in Table 8 were chosen to simulate a ramped increase in flux
with time so linear interpolation was used to determine flux values for the source at any
given time. After 54 days, the source term for fluid and contaminant from the tank was

exhausted.
The tank was also simulated, but with properties assigned to assure no-flux for

flow and transport through the tank. In PORFLO-3 this was done by setting the
porosity to 0.0, the hydraulic conductivity to i x 10-30 , and the "moisture characteristic
values;, aand n, to 1 x 10-7 n' 1 and 3.0, respectively. The transport properties were the
same as the rest of zone in which the tank was located. The contaminant concentration
inside the tank was fixed at 5.1 x 109 IiCi/m 3. The half-life for 106Ru was 365 days.
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TABLE 8. Source Term for Test BT-5.

Time Liquid Flux Contaminant Flux

(days) (m 3/day) 4iCi/day)

0.0 '0.0 0.0

2.0 8.4 5.1 x 109
52.0 8.4 5.1 x 10 9

54.0 0.0 0.0

4.5.5 Output Requirements
The outputs required were contour plots of concentration and pressure head on a

vertical plane through the center of the source zone. /reduce This plane corresponded
to x=64 m. The contour plot was required at 100 days, the end of the simulation.

4.5.6 Benchmark Test Results
Test BT-5 was the most rigorous test of the unsaturated flow and transport

algorithms implemented in PORFLO-3. The PORFLO-3 solution used the conjugate
gradient method to solve the flow equation, with the convergence criterion specified as
a value of less than 1 x 10-3 m for the maximum residual. The contaminant transport

calculation used the ADI solution method, with the convergence criterion specified as a
value of less than 1 x 10 .

The time steps used in the two simulations was different. TRACR3D has internal

mechanisms to adjust the time step'according to how the solution behaves. The only
similarity that was enforced was that'the maximum time step for each simulation was
one day. The cpu requirements for the PORFLO-3 and TRACR3D simulations were

27.0 minutes and 164.3 minutes, respectively.
The node spacing specified in the input requirements was decreased slightly from

that presented in Smoot and Sagar (1990)'to improve the resolution of the simulation

results. The pressure head results for PORFLO'3 and TRACR3D are shown in Figures

22 and 23. Inadvertently, the TRACR3D input data was not set up to place the tank in

the same location as that used for the PORFLO-3 simulation. The tank was shifted
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Figure 23. TRACR3D Pressure Head Results for Test BT-5.
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two meters to the right and 1.25 m upwards; however, the location of the source zone

remained consistent between simulations. Because the downward movement of the
contaminant plume was the primary focus of the problem, the authors deemed the
discrepancy of the tank location not to be sufficiently important to rerun the
TRACR3D simulation.

Although the overall agreement in the results is satisfactory, there are differences
at several locations. One difference occurs at the material interfaces between the
stratigraphic zones. The TRACR3D results show a slightly wider vertical spread to the
transition region of pressure head across material interfaces. In the PORFLO-3
solution, the geometric mean was used to calculate interfacial hydraulic conductivities.
Relative hydraulic conductivity, which reduces the saturated conductivity, was included
in the geometric mean.

TRACR3D used a somewhat different approach. The saturated hydraulic

conductivity was calculated by harmonic averaging; donor cell or upwinding was used

for the relative conductivity. The difference in methodology used partially explains the
wider transition region in the TRACR3D results .

A second difference between the pressure head results is that the PORFLO-3
wetting front trails behind the TRACR3D wetting front. This is also due to the

differences in how PORFLO-3 and TRACR3D interfacial conductivities are calculated.

The upwinding used in TRACR3D results in more emphasis being placed on the higher
hydraulic conductivity; hence, the wetting front moves further.

The other required output was the concentration of 106Ru for the vertical plane

as the pressure head results. The contaminant concentrations simulated by PORFLO-3
and TRACR3D are shown in Figures 24 and 25. Comparison of the results indicates
differences analogous to those of the pressure head results. The TRACR3D

concentration front moves further downward than the PORFLO-3 front in the same

time duration. This difference results from two factors. Because the wetting front
moved further downward in the TRACR3D simulation, the fluid velocities were higher
and, therefore, the contaminant front also moved further. The second factor relates to
the dispersion coefficient formulas. The PORFLO-3 simulation used the Scheidegger
(1961) equations; TRACR3D fixes the dispersivities in each coordinate direction and

calculates mechanical dispersion was as the product of the velocity and dispersivity in
given direction.
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Figure 24. PORFLO-3 Concentration Results for Problem BT-5.
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Figure 25. TRACR3D Concentration Results for Problem BT-5.

52



In conclusion, the results of PORFLO-3 for test BT-5 agree sufficiently well in an
overall sense that PORFLO-3 is concluded to do a reasonable job of simulating
unsaturated flow and transport for complex, multi-layered, infiltration conditions.
There admittedly were differences between the two results, but these differences can
generally be explained by the differences between the two codes in calculational

methods.
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5.0 FINDINGS AND RECOMMENDATIONS

Detailed computational testing of the PORFLO-3 computer code was conducted
with two main objectives in mind: (1) to determine the operational status of version 1.0
of the code and (2) to examine the general capabilities and limitations of the code.
These objectives were accomplished through code verification (i.e., comparisons with

known solutions) and benchmark testing (i.e., code-to-code comparisons). The four
verification tests and five benchmark tests were specifically designed to

o Check the correctness of the FORTRAN coding
o Assess computational efficiency and accuracy
o Test the code's capability to simulate diverse hydrologic conditions.

This testing was performed using a structured and quantitative testing protocol. The

primary findings and recommendations derived from this detailed code testing are

summarized here.

5.1 GENERAL FINDINGS
The correctness of the PORFLO-3, Version 1.0, FORTRAN code was evaluated

through (1) comprehensive software interrogations using INEL's CRAFT software and
(2) computational testing. The CRAFT software analysis of the source code found only

a few minor coding problems (e.g., variables defined but not used, an
under-dimensioned array, an extraneous subroutine that was not executed) which have

been corrected. Problems encountered with benchmark test BT-4 (see section 4.4)
suggest a possible logic flaw exists in that part of the code that relates to coupled heat

transport and fluid flow in a saturated porous medium (see Appendix C); this problem

was brought to the attention of the code authors but was not resolved within the

duration of this study.
Results of the four verification test cases were judged in terms of relative root

mean square (RRMS) performance measure and specific RRMS ranges (see section
2.3). It was concluded that PORFLO-3 does an "excellent" job (i.e., RRMS less than
0.01) of accurately and efficiently solving the saturated flow equation. Results for the

unsaturated flow problem indicated only "acceptable" accuracy (i.e., RRMS less than

0.1); this finding, however, is believed to be biased by limitations of the approximate

analytical solution used. Testing of the mass and heat transport equations showed

"good" to "excellent" computational accuracy.
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Results of the five benchmark test cases generally showed reasonable agreement
between the PORFLO-3 simulations and those of the four independent computer
codes: FEMWATER, TRACR3D, FLASH, and MAGNUM-2D; descriptions of the
independent codes are summarized in Appendix A. The results of the benchmark tests
generally demonstrate'that PORFLO-3 has a strong capability to simulate'diverse
hydrologic conditions. In general, PORFLO-3Iwas easy to set up and run' in many
cases, the code was found to be more computationally efficient than the comparison

codes.
Based 'on the overall results of this independent testing, it is concluded that

PORFLO-3 is a versatile and powerful analysis tool that can be used to:.
o Analyze isothermal fluid flow patterns for saturated and unsaturated conditions
o Simulate conduction heat transport in a soil system
o Simulate isothermal three-dimensional mass transport.

Moreover, PORFLO-3 provides a practical and easy-to-use simulation tool that will
facilitates analysis of waste disposal sites.

Because of the unresolved problems identified with the coupled heat and flow
components, the current version of PORFLO-3 appears to be only partially operational.

The correctness of that portion of the code that relates to heat transport, and
particularly to simulating coupled heat and flow is questionable. These areas should be
further evaluated before the code is used in formal applications. A number of other
technical recommendations are made regarding future refinements and additional code
testing.

5.2 RECOMMENDED REFINEMENTS

The PORFLO-3 computer code'is a significant revision and advancement of the
original PORFLO code (Runchal et al., 1985). Based on the experience gained by
EG & G Idaho, Inc., in testing the code,'specific recommendations for code refinement
are made in the following areas:

o Model theory
o Computational algorithms'
o Input and output options

o Code documentation.
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Detailed recommendations for improvements in these areas are discussed below. Some

of these recommendations may already have been addressed in later versions of
PORFLO-3.
5.2.1 Model Theory

The theoretical and mathematical frameworks presently implemented in
PORFLO-3 (Sagar and Runchal, 1990) are intended to be applicable to a broad range
of saturated and unsaturated systems. However, there are three basic aspects of the
model theory that need refinement. Specifically, these aspects are:

o Formulation of the density disparity term, f, for nonisothermal, saturated flow

o Mathematical description of thermally driven unsaturated flow

o Representation of porosity in terms of multiple porosities.
To model buoyancy effects for saturated flow, PORFLO-3 uses the a density

disparity term (Sagar and Runchal, 1990, pp. 3-6) given by

pp=-P.- 1. (20)
P

In this formulation, density disparity is a function only of the fluid density, p, and an

arbitrary reference density, p * the density disparity is independent of the initial density.
Thus, the above equation implicitly assumes:

(1) the initial and reference densities are equal, i.e., p. = P

(2) the initial density (and therefore, the initial temperature) is constant, and

(3) the only non-circulatory state occurs when the fluid temperature is uniform.
Another way of relating the last assumption is to state that any temperature gradient,
no matter how small, will cause circulatory (i.e., buoyancy driven) flow. This
assumption does not appear to agree with the numerous studies of natural convection in

porous media (e.g., see Cheng 1978). These studies indicate that there is a threshold or

critical condition, i.e., a critical Rayleigh number, which produces the onset of

convection.
These limitations of the current formulation explain the inordinate sensitivity of

the PORFLO-3 code to the choice of p (see Appendix C). As a result, the above

density-disparity formulation can produce false upward or downward buoyancy currents
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depending on the choice'of p particularly in cases where the initial temperature profile

is non-uniform. It is recommended that an'alternate formulation be used which
includes the effects of initial density'on the density disparity term.

For unsaturated flow conditions, PORFLO-3 accounts for nonisothermal

conditions by using'the same density disparity equation as used for saturated flow. No

experimental evidence is available which shows that the density disparity formulation is

valid for nonisothermal flow in a partially saturated soil. The work of Philip and de

Vries (1957), Milly (1982) and others suggest a different mathematical theory for'

describing the thermally-driven liquid flow in unsaturated soils. The PORFLO-3 model
theory should be' revised to more properly describe the effects of nonisothermal
conditions for the unsaturated regime.

The present formulation of the PORFLO-3 model uses a representation of

porosity that consists of three components: total, diffusive, and effective. This approach

offers the analyst a way to describe distinct effects of porosity on the storage and

transmission of fluid, and on the transfer of thermal energy. These effects can be
important in modeling saturated flow through fractured-porous rocks. This capability,

however, is not likely to be used very often because of the general lack of such data for

fractured-porous media. In addition, the use of the three porosity components makes

the preparation of input data more complex'and cumbersome for the unfamiliar user.

For most soils, the total and effective porosities are approximately the'same; therefore,

the multiple porosity formulation'offers no significant advantage. The model theory

should be simplified to reflect a single porosity.

5.2.2 Computational Algorithms

As stated earlier, the testing in this study has demonstrated that the computational

algorithms in the PORFLO-3 code are highly efficient and well programmed. However,
three refinements' of the computational algorithms should be considered for future

revisions:
' 'Addition of a Newton-Rapfison iteration algorithm

o Addition of an automatic time-stepping scheme

o Simplification of the iterative solver routines.
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Version 1.0 of the PORFLO-3 code uses a Picard iteration method, i.e., successive
substitution, to solve the nonlinear, unsaturated flow equation. This scheme is simple

to implement but it is only linearly convergent. The Newton-Raphson method is
slightly more complex to implement, but has the advantage of being quadratically
convergent. This approach should be considered because if can solve more strongly
nonlinear problems and will generally converge in fewer iterations than the Picard
method.

For complex saturated-unsaturated flow problems, there is no simple criterion for
selecting the time step. As a result, the user must determine the appropriate time step
on a trial-and-error basis. This is inefficient and often frustrating for the general user.
It is possible to develop an algorithm which varies the time step, i.e., that halves or
doubles the time step in accordance with solution parameters such as the maximum
relative change in pressure head, number of iterations, etc. Such an algorithm is
implemented in the FLASH computer code. Automatic time stepping is easier for the
user and more efficient in terms of computer usage.

One option of PORFLO-3 allows the user to select either a direct or an iterative
solver for the system of finite difference equations. The iterative solver option utilizes
the NSPCG package (Oppe et al., 1988) developed at the University of Texas, Austin.
This package is very general and has several iterative solvers. The disadvantage of
using this package is its size; the solver package alone is about 40 percent of
PORFLO-3 source code, or about 8,000 lines. The NSPCG package could easily be
replaced with a single, preconditioned, conjugate-gradient routine that requires less
than 200 lines of code. This modification would make the PORFLO-3 code more

portable and reduce core storage requirements.

5.2.3 Input and Output Options
The PORFLO-3 code's input and output routines are versatile and easy to use.

The unique free-format input structure makes the code much more user-friendly than
many other codes. Based on the experience gained in this testing effort, the following
are recommendations for possible incorporation into future versions of the code:

o An option to allow the user to input either total head or pressure head
o Elimination of reference density as an input parameter
o Utilization of the original van Genuchten formulas for soil hydraulic properties.
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Most fluid flow codes utilize the pressure head formulation; in contrast,
PORFLO-3 uses the total head formulation. For many unsaturated applications, the

use of pressure head is more convenient than total head. The code could easily be
modified to allow the user to input data in either formulation.

The code presently requires input data for both the reference density and
reference temperature. This is inefficient and requires the user to perform an
unnecessary hand calculation. The code could easily be modified to calculate the
reference density from the reference temperature.

The van Genuchten formulas for soil hydraulic properties are very popular

because of their ability to provide excellent fits to laboratory data. The PORFLO-3
code has an option to allow input of the three van Genuchten parameters: en a, and n
(see equations 18 and 19). However, the PORFLO-3 authors require the user to input
the inverse of a. This is a likely source of difficulty for an unfamiliar user. Moreover,
this type of input has no practical advantage.

5.2.4 Code Documentation

For the most part, the PORFLO-3 Users Manual (Sagar and Runchal, 1990) is
well written and easy to follow. However, there are a few instances in which the input

instructions are confusing and incorrect. Thus, it is recommended that the users
manual be revised and updated. Examples of specific modifications that should be
made are

(1) The combination of the TRAN card and PROP card did not work correctly

for input of the retardation coefficients, as described in the users manual.
(2) The HIST card for output of time histories of state variables at node locations

failed to work correctly; this feature should be made operable.
(3) The first option on the VISC card is confusing because it appears that input of

coefficient B1 is necessary when in fact it is not.
This partial list should in no way be thought of as a substitute for an exhaustive revision

of the PORFLO-3 Users Manual.

59



53 RECOMMENDATIONS FOR ADDITIONAL TESTING
The various verification and benchmark tests cases were aimed at testing the

major features of the PORFLO-3 code. However, there are two areas that warrant
further testing. These areas are: (1) coupled heat transport and fluid flow in porous
media and (2) flow and mass transport in fractures. Both areas need to be further

tested for saturated and unsaturated conditions. This testing, however, should be

conducted only after possible coding error and model formulation problems are

resolved.
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APPENDIX A - DESCRIPTIONS OF INDEPENDENT CODES

Four independently developed computer codes were selected for use in
benchmark testing of the PORFLO-3 code: FEMWATER, TRACR3D, FLASH, and
MAGNUM-2D. These codes were selected because they are readily available, 4

applicable to a wide range of test cases, and/or are in common use by the technical
community. This appendix contains brief descriptions of these computer codes and
their major computational features.

FEMWATER

Description:

The FEMWATER computer code is designed to simulate saturated-unsaturated
flow in porous media. The code solves the two-dimensional flow equation in Cartesian
coordinates. The mathematical model implemented in FEMWATER is relatively
general and accounts for:

o Darcian fluid flow by pressure gradients, gravity, boundary fluxes, recharge and
withdrawals

o Heterogeneous and anisotropic media
o Transitions from unsaturated to saturated flow.

In addition, the FEMWATER code can accommodate problems with complex

two-dimesional geometries.
The FEMWATER code is an extension of the code originally developed by

Reeves and Duguid (1976). The code uses a Galerkin finite element technique and a
Picard iteration algorithm to solve the nonlinear governing equation. The code has
various options for solving the governing equations through time such as backward and

mid-differencing, Crank-Nicolson, consistent mass, and mass lumping. The finite
element technique uses a mesh consisting of 4-node quadrilateral elements.

The code accommodates two general types of boundary conditions: (1) Dirichlet
or fixed-head boundary conditions and (2) Neumann or flux-boundary conditions. The
computer code generates output for the nodal values of pressure head, volumetric
moisture content, and Darcy velocities at each time step. Yeh and Ward (1979) have
benchmark tested FEMWATER using results published for other computer codes.
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Computer Requirements:

The FEMWATER computer code is written in standard FORTRAN and is easy
to install on most mainframes and workstations.
Principal Contact: ' -

Dr. G. T. Yeh
The Pennsylvania State University
225 Sackett Building
University Park, PA 16802

References:

1. Yeh, G. T., and D. S. Ward, FEMWATER: a Finite Element Model of Water Flow
through Saturated-Unsaturated Porous Media, ORNL-5567, Oak Ridge National
Laboratory,'Oak Ridge, TN (1979).

2. Reeves, M., and J. O. Duguid, Water Movement Through Saturated-Unsaturated
Porous Media: A Finite Element Galerkin Model, ORNL-4927, Oak Ridge National
Laboratory, Oak Ridge, TN (1976)."'

TRAQR3D
Description:

The TRACR3D computer code, version 1.0, is designed to simulate one or
two-phase fluid flow and multicomponent contaminant transport in a three-dimensional
heterogeneous, porous medium. The mathematical basis for this code uses the
equivalent porous-continuum analogy. The code is applicable to water and/or air flow
and transport of dissolved radionuclides with decay chain processes. The governing

equations incorportated into the code account for the following major processes:
o Liquid and air flow
o Fluid flow by pressure gradients, gravity and boundary fluxes
o Mass transport attenuated by advection, dispersion,'diffusion, sorption, and

decay. ''

The model'theory assumes isothermal conditions'and a linear isotherm for the sorption
process. '
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The numerical technique implemented by TRACR3D is designed specifically to
handle strongly nonlinear problems, such those of unsaturated groundwater flow at arid

sites. An integrated finite-difference technique and a Newton-Raphson iteration
algorithm are used to solve the nonlinear flow equations. The mass transport equation
is also solved by an integrated finite-difference technique. Donor cell and tensorial,

anti-dispersion algorithms are options available to the user to minimize numerical
dispersion.

The code accommodates three types of flow and mass transport boundary
conditions. In addition, the codes has three options for input of soil hydraulic
properties: (1) Brooks-Corey equations, (2) van Genuchten equations or (3) tabular

input. The code is interfaced with post-processor routines that allow the user to
calculate and plot velocity vectors and pressure and/or concentration contours.

The computer code has been extensively verified with analytic solutions (Travis,
1984). Results from the code have been compared with field data (Perkins, 1985).
Version 1.0 of the computer code is maintained under configuration management and
software control procedures.
Computer Requirements:

The code is written in standard FORTRAN and is operational on a Cray XMP/24
supercomputer.
Principal Contact:

B. J. Travis

Los Alamos National Laboratory
Earth and Space Sciences Division
P. 0. Box 1663

Los Alamos, NM 87545

References:

1. Travis, B. J., TRACR3D: A Model of Flow and Transport in Porous Media,
LA-9667-MS, Los Alamos National Laboratory, Los Alamos, NM (1984).

2. Perkins, B., B. J. Travis and G. DePorter, Validation of the TRACR3D Code for
Soil Water Flow Under Saturated-Unsaturated Conditions in Three Experiments,
LA-10263, Los Alamos National Laboratory, Los Alamos, NM (1985).
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FLASH
Description:

The FLASH computer code is designed to simulate coupled heat and fluid flow in
saturated-unsaturated, fractured-porous media. The code solves the time-dependent,

two-dimensional forms of the governing equations in Cartesian or radial coordinate
systems. The major processes modeled are:

o Liquid and vapor water flow
o fluid flow by capillary, gravity and thermal forces
o Heat transport by conduction.

The model theory uses a "dual permeability" approach for describing fluid flow in
discrete fractures and porous continua. The numerical technique implemented in the
code is designed specifically to address strongly nonlinear problems, such those of

unsaturated flow in arid sites.
A Petrov-Galerkin finite element technique, in conjunction with a

Newton-Raphson iteration algorithm, is used to solve the nonlinear'governing

equations. The code uses an algorithm that automatically adjusts the time step, as

necessary, to maintain a fixed truncation error." The code accommodates any

combination of 3-node line elements, 6-node triangular elements, and 8-node
quadrilateral elements.

The code accommodates three types of boundary conditions: (1) fixed pressure
head and/or temperature, (2) fluid and/or heat flux and (3) free-drainage' flow. The
code is interfaced with several post-processor routines that allow the user to calculate

and plot velocity vectors, streamlines or pathlines, and pressure and/or temperature
contours.

The FLASH computer code has been extensively verified with analytic solutions

and benchmark tested with numerous'other computer codes, 'such as UNSAT-H,

TRACR3D, FEMWATER, SUTRA, and TOUGH. The computer code is maintained

under configuration management and software control procedures.

Computer Requirements:

The code is written in FORTRAN 8X and is 'operational on a Cray XMP/24, SUN
workstation and IBM PS/2 with extended memory.
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Principal Contact:

R. G. Baca
EG&G Idaho, Inc.
Geosciences Unit
P. 0. Box 1625/MS 2107
Idaho Falls, ID 83415

References:

1. Baca, R. G. and S. 0. Magnuson, "Finite Element Techniques for Nonlinear Porous
Flow Equations," to be submitted to Journal of Computational Physics.

MAQNUM-2D
Description:

The MAGNUM-2D computer code is designed to simulate coupled fluid flow and
heat transport in a heterogeneous, anisotropic fractured-porous medium. The code
solves the time-dependent, two-dimensional forms of the governing equations in
Cartesian or radial coordinate systems. The major processes modeled are:

o Fluid density-dependent saturated groundwater flow,
o Heat transport attenuated by advection, dispersion, and diffusion.

The model formulation is based on the classical porous-media theory (Bear, 1972).

The numerical techniques implemented by the MAGNUM-2D code are designed
to address saturated flow conditions. The code accommodates a variety of fluid flow

and heat transport boundary conditions. Primary output of the code are the nodal
values for pressure head and temperature. The code is interfaced with various
post-processor programs that allow the user to calculate and plot velocity vectors,

streamlines or pathlines, and pressure and/or temperature histories and contours.

The computer code has been verified with analytic solutions and benchmark

tested using published results for other computer codes (Eyler and Budden, 1985) such

as PORFLO-2, SWENT, FTRANS, and TEMPEST.

Computer Requirements:

The MAGNUM-2D code is written in standard FORTRAN-77 and is easy to

install on most computer systems. The code has been installed on a Cray XMP/24,
SUN workstation and IBM PS/2 model 70 with extended memory.
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Principal Contact:

R. G. Baca
EG&G Idaho, Inc.

Geosciences Unit

P. 0. Box 1625/MS 2107
Idaho Falls, ID 83415

References:

1. England, R. L., N. W. Kline, K. J. Ekblad, and R. G. Baca, MAGNUM-2D

Computer Code: Users Guide, RHO-BW-CR-143, Rockwell Hanford Operations,
Richland, WA (1985).

1. Eyler, L. L. and M. J. Budden, Verification and Benchmarking of MAGNUM-2D: A
Finite Element Computer Code for Flow and Heat Transfer in Fractured-Porous
Media, PNL-5237, Pacific Northwest Laboratory, Richland, WA (1985).
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APPENDIX B - SUMIMARY OF RRMS RESULTS

The relative root mean square (RRMS) was computed in the verification tests and
used to judge the quality of the PORFLO-3 simulation results. This appendix contains
a summary of the PORFLO-3 RRMS values obtained from each verification test. The
table below shows the RRMS values, their corresponding classification (see section
2.3), and a short description of the comparison made.

Problem RRMS Classification Description

4

6.2 x 10-2VT-1 Acceptable Pressure Head at 2 hours

VT-2

VT-3

2.4 x 10-4

4.8 x 10-3

4.8 x 10-3

5.1 x 10-3

Excellent

Excellent
Excellent
Excellent

Total Head at 12 hours

Temperature at 500 years
Temperature at 1000 years
Temperature at 2000 years

VT-4 1.4 x 10-1
1.9 x 10-2

1.8 x 10-1

2.0 x 10-2

Unacceptable
Good

Unacceptable

Good

Surface Concentration at 20 years
Time History of Concentration at
x=140, y=40, and z=0 m
Time History of Concentration at
x=140, y=300, and z=0 m

Time History of Concentration at

x=140, y=40, and z=42 m
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APPENDIX C - DISCUSSION OF TEST BT-4

As described in section 4.4, problems were encountered with test BT-4 which

involved a simulation of coupled heat and flow. The PORFLO-3 and MAGNUM-2D
codes were used to simulate a hypothetical waste repository in a homogeneous aquifer.
Inherent differences between the two codes initially made the task of simulating
comparable problems difficult. This appendix discusses these code differences and how

the PORFLO-3 code and input to both codes were modified to simulate an
approximately equivalent problem. Additionally, inconsistencies in the PORFLO-3

total head results that were discovered during the comparison process are discussed.
The governing equation for nonisothermal, saturated flow in a porous continuum,

written in indicial notation for a two-dimensional Cartesian coordinate system, is

Oh a [ di( ah + 6 j)]+y aT (C. )

where Ss = specific storage of the porous rock matrix

h = head or pressure

t = time coordinate

xi -space coordinates (x,y,z)

K , = principal hydraulic conductivities

6b = thermal buoyancy or density disparity

oil = Kronecker delta

y = thermal coupling coefficient

T = temperature of the water/rock system.

Heat transfer in saturated media can affect fluid flow by (1) changes in the density and
viscosity of the fluid and (2) a transient temperature change, creating a time-dependent

pressure source. The first effect is manifested through temperature-dependent

hydraulic conductivity and the thermal buoyancy term 6b. The second effect is

proportional to the time-rate-of-change of temperature, y(aT/at). Each of these

effects will be discussed in turn.
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The PORFLO-3 code has three different options for calculating the fluid density
and viscosity as a function of temperature. The first relationship for density (Perry and
Chilton, 1973) is a power-lawv equation given by

p=p [(TC-T)1(Tc T*)] * (C.2)

where T is the critical temperature, A is an experimentally determined constant, and p

is a known reference density corresponding to the reference temperature T . This

option was used in test BT-4 because the second option (polynomial) has a limited
temperature range (0 to 50 QC) and the third option is appropriate only for solute
transport. The first option in the code for viscosity is an exponential function of
temperature given by

IL= cxpT+ ))I (C.3)

where B is a fitting parameter and a converts temperature from 'K to 'C. This option

was chosen because of its applicability for the temperature range.
In contrast, the MAGNUM-2D code approximates the properties of density and

viscosity using a one-dimensional Hermitian expansion. Although these two methods of
calculating density are different, the maximum error compared to tabulated values

(Daugherty et al., 1985) is approximately 1 %. The difference between the methods
cannot account for the differences in the computed head between the two codes.

Another difference between the two codes involved the formulation of the

thermal buoyancy term. The MAGNUM-2D code includes the effect of the initial

density when calculating the thermal buoyancy term of equation C. 1. The PORFLO-3

code, however, uses a formulation that assumes the reference density is equal to the

initial density. The specific density disparity equations used in each of the codes are

PORFLO-3 6b= P.- II (C.'I)
p

and

MAGNUM-2D 6 b =(C.5)
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For purposes of making comparable simulations, the expressions were made equivalent
by adjusting the input to MAGNUM-2D so that the reference density, p, was equal to
the initial density, -p 0. This was done prior to making any simulations and, therefore,
was discounted as a possible source of the difference in total head results. At elevated
temperatures, this equality may not correctly model the buoyancy effects; it should,
however, cause each code to yield similar results.

A third possible cause of differences between the two codes was the formulation
of the compressibility term, i.e. the time-dependent pressure source term in flow
equation C. 1. The expanded source term expressions for each code'are written as

PORFLO-3

d~T ORPT 0 (p _1Vdp )T') _O(Op)\ (C
at at p )( p(T) at ) P-( at))

and

MAGNUM - 2D

ATT 1 p )(T (,p)
a at e At ¢ _ AT At P _ t. C7

where 0 = volumetric moisture content

R = density ratio

P = bulk modulus of the fluid

4) = -effective porosity.

The differences are evident in the final expressions. In PORFLO-3,'the volumetric
moisture content in a saturated problem is equal to the diffusive porosity (PORFLO-3
uses three different types of porosities), 'which can be set equal to the effective porosity
4, used by MAGNUM-2D. The other difference, of perhaps more importance, is that
PORFLO-3'calculates the source term using the reference density. MAGNUM-2D
uses the fluid density calculated at the current temperature. This difference in
calculation methods could affect the results because, at elevated temperatures,' the
density of water decreases and the pressure source term equation C.7 (MAGNUM-2D)
would become larger than that of equation C.6 (PORFLO-3).
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An attempt was made to remedy this difference in formulation by modifying the
PORFLO-3 code to use the actual density. This adjustment did not substantially affect

the head results, as anticipated. Hence, the code was left in its original form for the
results presented in section 4.4.

In the process of attempting to eliminate formulation differences, various
discrepancies were noted in the PORFLO-3 results. These discrepancies were

associated with the effect of reference temperature on the total head results and with
the contribution of the time-dependent source term to the total head solution.

To examine the effect of reference temperature on the total head results, each

code was run to simulate a 50 year period using reference temperatures of 30, 50 and
100TC. These results are shown in Figures C. I and C.2 for PORFLO-3 and Figures C.3
and C.4 for MAGNUM-2D.

Using a reference temperature higher than the initial temperature (30 'C) caused

the PORFLO-3 total head results to decrease over the modeled domain. Although not

shown, using a reference temperature lower than the initial temperature caused the

total head to increase. It is not known if this dependency on reference temperature is a
coding error or a limitation in the model. In Figure C. l, the effect of fixing the total
head on the top and bottom boundaries is apparent. If the top and bottom boundary
conditions had been specified as no-flow, then the decrease in total head observed in
the interior of the modeled domain would also occur at the boundaries.

Inspection of Figure C.2 suggests another problem with the PORFLO-3 solution.
On the left boundary an inconsistency exists when the reference temperature differs
from the initial temperature. The computed heads should be symmetric about the

center of the domain as seen in the MAGNUM-2D results in Figure C.4. This buildup
of pressure on the left boundary is probably symptomatic of a coding error.

The second discrepancy of the PORFLO-3 code that was investigated was the

contribution of the time-dependent source term to the total head solution. By changing

the input, PORFLO-3 can neglect or retain the source term. The total head results for
a simulation in which the source term effect was absent are shown in Figures C.5 and
C.6. Three observations can be noted from these graphs. First, and perhaps the most
obvious, is that the shift in the head disappears, even when the reference temperature is
not equal to the initial temperature. The second is that there is still a problem with the
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build-up of pressure on the left boundary of the model domain. The third is in Figure
C.5; the decrease in head below the repository is equal to the increase in head above

the repository. This was not the case when the pressure source term was included, as

seen in Figure C. 1. The results from the MAGNUM-2D code, which automatically
incorporates the source term, exhibit this symmetric behavior.

A final remark regarding these graphs is that the effect of the source term is

noticeable for this problem. This effect is difficult to determine from Figure C.6,
because of the scale used, but in Figure C.5 the maximum pressure for a reference
temperature of 30 'C is approximately 11 m. This pressure is well below the nearly 12.5
m of maximum head increase shown in Figure C. I when the source term was included

in the PORFLO-3 simulation.
In conclusion, significant differences in model formulation exist between

PORFLO-3 and MAGNUM-2D. Modifications were made to the PORFLO-3 code
and to the input in an attempt to minimize the differences. The results of these

attempts could not account for the remaining persistent differences in the computed

values for total head. In trying to alleviate differences between PORFLO-3 and
MAGNUM-2D, discrepancies in the behavior of the PORFLO-3 results were

discovered. These discrepancies were investigated and suggest that there may be some
errors in the PORFLO-3 source code that are reflected in a non-isothermal fluid flow
simulation. This possibility should be further investigated.
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