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ABSTRACT

The code verification (COVE) activity of the Nevada Nuclear
Waste Storage Investigations (NNWSI) Project 1is the first
step in certification of flow and transport codes used for
NNWSI performance assessments of a geologic repository for
disposing of high-level radiocactive wastes. The goals of
the COVE activity are (1) to demonstrate and compare the
numerical accuracy and sensitivity of certain codes, (2) to
identify and resolve problems in running typical NNWSI
performance assessment calculations, and (3) to evaluate
computer requirements for running the codes. This report
describes the work done for COVE 1, the first step 1in
benchmarking some of the codes. Isothermal calculations
for the COVE 1 benchmarking have been completed using the
hydrologic flow codes SAGUARO, TRUST, and GWVIP: the radio-
nuclide transport codes FEMTRAN and TRUMP; and the coupled
flow and transport code TRACR3D. This report presents the
results of three cases of the benchmarking problem solved
for COVE 1, a comparison of the results, questions raised
regarding sensitivities to modeling techniques, and con-
clusions drawn regarding the status and numerical sensi-
tivities of the codes.



NOMENCLATURE

Symbols
C = relative solute concentration
= hydrodynamic dispersion coefficient (cm2/S)
Dd = molecular diffusion coefficient (cmz/s)
K = hydraulic conductivity (cm/s)
Kd = distribution coefficient (mL/g)
Kr.= relative hydraulic conductivity (K/Ksat)
n = outward normal direction vector of unit length
q = volumetric water flux (cm3/s-cm2)
s = volumetric percent water saturation
X = horizontal axis (cm)
z = vertical axis (cm)
n = porosity or empirical constant
¥ = pressure head (cm)
® = total hydraulic héad (cm), & =Y + z
© = volumetric moisture content
P = density (gm/cm3)
Subscripts
i = initial quantity or mesh index in x direction
j = mesh index in z direction
n = vector component in direction of outward normal, n
sat = saturated value
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1.0 INTRODUCTION

The Nevada Nuclear Waste Storage Investigations (NNWSI) Project,
managed by the Nevada Operations Office of the U.S. Department of
Energy (DOE), is examining the feasibility of constructing a reposi-
tory in tuff for the disposal of high-level radiocactive wastes at
Yucca Mountain, Nevada. Before the DOE can obtain construction,
operating, and decommissioning licenses for the repository from the
Nuclear Regulatory Commission (NRC), the long-term performance of the

repository must be assessed.

A major concern in the assessment of long-term performance is the
possible release of radionuclides to the environment after the reposi-
tory has been closed. In order to predict possible releases, it is
necessary to define the existing and future hydrologic and geochemical
systems of the tuff hundreds of meters below the land surface. Be-
cause these systems are heterogeneous, and because the changes to the
subsurface environment may not occur for tens to hundreds of thousands
of years, it is necessary to develop tools with which to make long-
term projections accurately. Among these tools are the codes used to
model (1) amounts and distributions of groundwater, rates of ground-
water flow, and hydrologic pathways through the tuff, and (2) radio-
nuclide transport along the hydrologic pathways to predict rates and

concentrations of radionuclide fluxes at specified boundaries.

The performance assessment codes used for analyses in license
application proceedings must be certified to be numerically correct
and physically valid as required by the NRC in 10 CFR 60 (NRC, 1983).
This certification is particularly important for the NNWSI Project
because applications of the hydrologic codes being used in this pro-

ject represent new fields of endeavor. Historically, these types of



codes have not been used for predicting hydrologic flow and radionu-
clide transport in hard rock such as that found at Yucca Mountain. 1In
order to certify these codes, Sandia National Laboratories (SNL) is
conducting verification and validation activities funded by the NNWSI
Project. The first of these activities, code verification (COVE), is

the subject of this report.

In NUREG-0856 (Silling, 1983), the NRC specifies criteria for the
documentation of computer codes used for the managemen£ of high-level
radicactive waste and describes the verification and validation activ-
ities that must be performed. The NRC has defined "verification" and
"validation," as well as other terms ffequently used in this report,

as follows:

Model--A representation of a process or system.

Mathematical model-~A mathematical representation of a process or

system.

Component model--A logically distinct subset of a model.

Numerical method--A procedure for solving a problem primarily by

a sequence of arithmetic operations.

Numerical model--A representation of a process or system using

numerical methods.

Computer code--A set of computer instructions for performing the

operations specified in a numerical model.

Verification--Assurance that a computer code correctly performs

the operations specified in a numerical model.

" Validation--Assurance that a model as embodied in a computer code

is a correct representation of the process or system for which it

is intended.

Figure 1-1 graphically depicts the process followed for devel-
oping, applying, and certifying the NNWSI performance assessment
codes. In the first step, a computer code is developed or an existing

code is selected for a particular application, and a user's manual is
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Figure 1-1. Development and Certification of NNWSI
Performance Assessment Codes



prepared. In the second step, several practical tasks are undertaken
concurrently with the initiation of the third step, certification.
These tasks include evaluation of computer requirements and identi-
fication of any problems involved in running the code for applications

specific to the Yucca Mountain site.

Figure 1-1 includes an expanded description of the certification
process (Step 3). During verification, the numerical correctness of a
code and its sensitivity to various modeling parameters, such as mesh
size and the size of time-step increments, are determined. The numer-
ical correctness of the code can be partially demonstrated by compar-
ing the results produced by component models in the code to analytic
solutions. However, when problems are addressed that are so complex
that they have no analytic solution, the code used to solve the prob-
lem is benchmarked. Benchmarking involves the comparison of numerical
solutions generated by a complex code to the results of different but
equivalent computer codes used to solve the same problem. In veri-
fying the numerical accuracy of a code by benchmarking or other
methods, not only must the code's numerical correctness be demon-
strated, but the sensitivity of the numerical method to variations in
modeling parameters must also be examined. These tasks are accom-
plished by varying the modeling parameters, such as time step, mesh
size, and convergence criteria, and by observing the extent to which

the variations affect a predicted outcome.

After the numerical accuracy of a code has been verified for a
particular application, the code is validated. During validation, the
code is first compared with laboratory experiments in which the rele-
vancy 6f physical assumptions is tested on a small, controlled scale
in a laboratory. Second, the models for the geohydrological and geo-
chemical systems developed using the code are compared with field-
scale experiments to validate the predictions of bulk behavior. This
step usually requires forﬁulating special functions to describe labo-
ratory measurements of physical behavior in terms of macroscopic;,
averaged properties. Each of these special functions is validated as

an integral part of the model developed using the computer code.



Finally, to validate the physical assumptions regarding processes that
occur very slowly over long periods of time, the code is used to
simulate natural analogues. The results of these simulations are

compared with observed behavior.

Because of the large-scale heterogeneities in geologic media and
the long time-scale of the processes simulated by performance assess-
ment codes, validation of the codes can never be complete. However, a
high degree of confidence in the predictions made using computer codes
can be obtained by careful and judicious application of the certifica-

tion process described above.

The three COVE activities that currently compose the verification
step in the certification procedure are shown in Figure 1-1. Cur-
rently, these problems include: (1) isothermal flow in a homogeneous
medium (COVE 1), (2) nonisothermal flow in a homogeneous medium (COVE
2), and (3) one- and two-dimensional isothermal flow in heterogeneous

media (COVE 3).

In COVE 1, steady-state flow and concentration fields were calcu-
lated for an initial value problem in which water and a contaminant
were allowed to drain out of a porous medium (a simulation of a sand
plot) in which the contaminant is initially distributed in the upper
0.1 m of the plot. Three cases of this problem were run using differ-

ent material properties, initial conditions, and boundary conditions.

Six codes were used in COVE 1. Three of these codes, SAGUARO
(Eaton et al., 1983), TRUST (Narasimhan and Witherspoon, 1976, 1977;:
Narasimhan et al., 1978), and GWVIP (Metcalfe, 1984: Pahwa, 1983) are
hydrologic flow codes. FEMTRAN (Martinez, 1985) and TRUMP (Edwards,
1972) are radionuclide transport codes and were coupled with the flow
fields generatea by SAGUARO and TRUST, respectively, to predict radio
nuclide movement in the flow fields. TRACR3D (Travis, 1984) is a
stand-alone code that calculates both fluid flow and radionuclide
transport. Before the COVE 1 study was begun, these codes had been
benchmarked to a limited extent, but they had not been benchmarked fo



a coupled flow and transport problem or against each other. In par-
ticular, the codes had not been compared using problems representative
of the hydrologic conditions at Yucca Mountain.

In COVE 2 and COVE 3, benchmarking activities will continue.
COVE 3 benchmarking will compare the results produced by codes that
model transport of heat, liquid water, and vapor using NORIA (Bixler,
in preparation), WAFE (Travis, in preparation), TOUGH (Pruess, in
preparation, and possibly PETROS (Hadley, 1985). COVE 2 will investi-
gate the behavior of the isothermal flow and transport codes on one-
and two-dimensional problems in which the layered units at Yucca
Mountain are simulated on a field scale. Eventually, the results of
COVE 2 and COVE 3 benchmarking activities will be compared with
results of laboratory and field tests performed by NNWSI.

Section 2 of this report contains a description of the problem
solved in COVE 1 and the material properties, initial conditions, and
boundary conditions used in the three cases studied. In Section 3,
the codes used in COVE 1 are described in detail. Section 4 presents
the results of COVE 1, Section 5 summarizes the study, and Section ©
presents the conclusions.

This report contains three appendices. Appeﬁdix A provides
descriptions of the mesh, time steps, and other computer statistics
used in generating the numerical solutions for each code. Appendix B
contains graphics showing the results of COVE lYMa, and Appendix C
contains graphics showing the results of COVE 1lYMb.



2.0 DESCRIPTION OF THE PROBLEM ADDRESSED IN COVE 1

2.1 COVE 1 Geometry

The hydrogeologic setting at Yucca Mountain consists of partiall
saturated to saturated, fractured and unfractured, layered volcanic
rock units. The most likely conceptual model of water flow and radio
nuclide transport through the unsaturated units of Yucca Mountain
depicts infiltration of water through the rock matrix of the layered
units (Montazer and Wilson, 1984). The problem chosen for COVE 1,
isothermal water drainage and contaminant transport in a variably
saturated porous medium, includes the physics of this conceptual flow
model for Yucca Mountain. A small-scale problem in a homogeneous
porous medium was selected for COVE 1 so that code capabilities and
numerical sensitivities could be investigated using small mesh sizes

and run times before proceeding to site-scale problems.

Figure 2-1 shows the geometry of the hypothetical problem and the«
region modeled in COVE 1. The hypothetical, three-dimensional plot o
a porous medium being drained is depicted in Figure 2-1(a). Taking
into account symmetry planes, the region to be modeled is reduced to
the 5-m x 1.5-m vertical plane shown in the cross-hatched area in
Figure 2-1(b). A base case and two variations of the problem were ru
using the geometry in Figure 2-1(b). The plot, initially at a satura-
tion of SO, is drained through an exit "hole" located 0.75 m below th
surface at the right boundary. The base case (COVE 1N) was originall:

posed and solved numerically by Pickens et al. (1979).

The same geometry was used in all three cases, but the material
properties, and initial and boundary conditions were varied. In the

second and third cases (COVE 1lYMa and COVE 1YMb), material properties
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and initial conditions representative of Yucca Mountain were used, but
the boundary conditions were varied. 1In this report, "representative"
refers to properties and conditions based on data derived from testing
of core samples taken from Yucca Mountain. These data are those that

were available when the COVE 1 problems were defined in August, 1983.

2.2 Material Properties for COVE 1N

In COVE 1N, sand that is initially saturated is allowed to drain
to an equilibrium, variably saturated condition in a 24-hr period
(Figure 2-2a). The contaminant is a stable, nonreacting solute ini-
tially present in the upper 0.10 m of the sand (Figure 2-2b). Charac-
teristic curves for pressure head and hydraulic conductivity as func-
tions of water content and hydrologic parameters are for medium-grain
sand. (Figure 2-3). The analytic equation corresponding to the charac-

teristic curve in Figure 2-3a for moisture content is

cosh {(w/wm)k + e} -0

oY) = o X (1)
cosh {(Y/Tm) + g} -0
where
_ o T Vr
g = -e-—o-+—e— cosh (>
o = 0.3, b4 = 38.71 cm,
o) m
E = 0.01 0 = 0.091
r
k = -2.85.

In Equation- 1, eo is saturated moisture content, k and ¢ are
empirical constants, Ym is the negative pressure at er, and @r is the

residual moisture content.

2-3
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The analytic equation for the hydraulic conductivity shown in
Figure 2-3b is

K(g) = pol C(2)
where

4.703 cm/s

h =
I}

5.561.

3
1l

In Equation 2, p and n are empirical constants.
The molecular diffusion coefficient was given as:
D, = Doa exp(bo) (3)

where

a = 0.003
b =10.0
_ -5 2 . -
Do = 2.0 x 10 cm /s (free water diffusivity).

In Equation 3, a and b are empirical constants.

Finally, the components of the hydrodynamic dispersion tensor

were given as:

2 2
D = O a V
XX LV /V F %V /V *+ Dy
D = a V 2/v + a Vv 2/v + D (4)
27 X L'Z d
= = - v
Dyg = Dgx = (o = ag) VyV,/



where

aT = 0.4 cm (transverse dispersivity)
qL = 2.0 cm (longitudinal dispersivity)

V = resultant velocity vector

VoV

horizontal, vertical components of velocity vector.

Some of the modelers departed from the geometry and boundary
conditions given above for COVE 1N. Bryan Travis at Los Alamos
National Laboratory (LANL) used an exit hole 5 cm in diameter instead
of 5 ¢m in radius in the TRACR3D calculations. T. Narasimhan and
Mulsen Alavi at Lawrence Berkeley Laboratories (LBL) initially used a
seepage-face boundary condition at the exit in TRUST and subseguently
reran the TRUST calculations using the constant pressure-head speci-

fication shown in Figure 2-2.

In Pickens et al. (1979}, the transient results for the spatial
distributions of the water table position, hydraulic heads, and water
contents were presented graphically. These results were generated
using a finite-element code developed by Pickens. The contaminant
transport was calculated using constant dispersivity, and the
resulting relative concentrations were presented as functions of time

and space.

In COVE 1N, the published solutions of this relatively simple
unsaturated flow and transport problem were compared to solutions
generated using current performance assessment codes: SAGUARO and
FEMTRAN; TRACR3D; and TRUST and TRUMP. In order to isolate the
effects of numerical techniques using a simple problem, the area and
time extent in COVE 1N were limited and did not include radicactive
decay, material iayering, or dependence of retardation parameters on
moisture content. ' Neither did COVE 1N test the ability of the codes
to model the highly nonlinear material properties of the tuff units at

Yucca Mountain.



2.3 Material Properties for COVE l¥Ma and COVE 1¥YMb

To test the codes on a simple problem using material properties
and hydrologic conditions representative of Yucca Mountain, COVE 1lY¥YMa
and COVE lYMb were defined to investigate any changes in code capa-
bilities and numerical sensitivities. The geometry used in COVE 1N
was retained, but the problem was redefined to cover longer time
periods using material properties and boundary and initial conditions
representative of an unsaturated tuff unit at Yucca Mountain. The
same set of material properties and initial conditions were used in

COVE 1YMa and COVE 1lYMb, but the boundary conditions varied.

The density, porosity, saturated hydraulic conductivity, and
saturation state are those of a nonwelded, zeolitized tuff sample
taken at from a depth of 474 m in Drillhole USW GU3 at Yucca Mountain

(Peters et al., 1982; Gee, 1983). These constant material properties

are given in Table 2-1 and are shown in Figure 2-4.

TABLE 2-1

PROPERTIES FOR COVE 1YMa AND COVE 1l¥Mb

P (dry bulk) 1.55 gm/cm3

n (average) : 0.324

Kooe 1.5 x 10710 cm/s
s (estimated)* 0.85

* .
This estimated value of saturation state was based on preliminary

data. Since the completion of COVE 1 calculations, this estimate is
being revised by the USGS (Montazer and Wilson, 1984).

A nonwelded unit instead of a densely welded unit was modeled
because the conceptual model of flow in the nonwelded units is rela-
tively simple. Matrix flow is always expected to dominate in the non-

welded, zeolitized units (Montazer and Wilson, 1984)}; therefore, the
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single-porosity, homogeneous porous medium model used in the COVE 1
problems is appropriate.

The relations used in COVE 1lYMa and COVE 1YMb are for

0(¥) = moisture content as a function of pressure head, V¥
(Peters et al., 1982; Gee, 1983)
Kr(o) = relative hydraulic conductivity as a function of 0

(Gee, 1983; Peters et al., 1982),

The moisture-content curve was derived by fitting the empirical
data to the theoretical model of Haverkamp, et al. (1977) using
statistical methods. The relative-conductivity curve was calculated
according to a model developed by Mualem (1976) These curves are
shown in Figure 2-5. The curves for hydraulic conductivity in Figure'
2-5 were generated by numerical evaluation of the following equation

from Mualem's work:

2
1/2 1/m|"
= ¢ 1 - - ¢
K/Ksat 1 (5)
where
O -0
¢ = - L

Os - Or
@s = saturated moisture content = n
Or = residual moisture content = 0.085.

The value of m is 1.0 for the nonwelded samples used. To guarantee
consistency between codes, the moaélers were requested to use tables
in the COVE 1lYM calculations instead of the analytic expression.
Linear interpolation was to be used between data points for the mate-

rial properties, and saturation for ¥ 3 =15 cm was to be assumed.
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The contaminant was retarded using an equilibrium, linear isotherm
to describe sorption. An equilibrium distribution coefficient of
Kd = 230 mL/g was given.

2.3.1 Boundary and Initial Conditions for COVE lYMa

Boundary and initial conditions for COVE 1lYMa are shown in Figure
2-4a. There was no flux into or out of the tuff material except at
the exit. A pressure head of v = -8,800 cm was prescribed at the exit
to provide a potential sink for water flow. The initial saturation
was 85%. Hydrodynamic dispersion occurred as the result of molecular

diffusion alone: the molecular diffusion coefficient was Dd = 8,33

-6
x 10 cmz/s-

Calculations were to model the system for at least 7,500 yr:

however, some modelers performed calculations for up to 20,000 yr.

2.3.2 Boundary and Initial Conditions for COVE 1l¥Mb

The third case, COVE 1lYMb, was a perturbation of COVE 1l¥Ma. The
same material properties and initial conditions were used, but differ-
ent boundary conditions were imposed. A flux was prescribed at the
upper boundary, and drainage was allowed out of the bottom boundary
(Figure 2-4b). The flux prescribed at the upper boundary was varied
in time by imposing a pulse of water midway through the time period of

the calculations at t = 5,000 yr.

The boundary and initial conditions prescribed for all three
COVE'l cases are summarized in Table 2-2. In two instances, the
modelers departed from these prescribed boundary conditions: the
initial TRUST calculations were performed using a seepage-face bound-
ary condition at the exit hole, and, in the TRACR3D calculations for
COVE 1lYMb, a pressure of ¥ = +980 cm at the bottom boundary was inad-

vertently imposed.



2-2

TABLE

SUMMARY OF BOUNDARY CONDITIONS FOR COVE 1

Boundary?¥* COVE 1N COVE lYMa COVE 1YMb
Left
oY _ o _ oY _
(0, 2Z) 3% = © 3% = O 5% = O
Right
' VY Y oY
(5[Z>Zt) ﬁ:O ﬁ=o a—§=O
" oY oY oV
(5,Z<zt) ﬁ—o gi—o ﬁ'—o
(5 Z" < Z < z') ¥ =0 ¥ = -8,800 cm ee | -10.0
. t ! 32 :
2% _
AX - 10.0
Bottom
Y _ o 3% _ oY 3
(x, 0) 57 * 1 =20 5z °* 1 =0 57 * 1 =0
Top
oY 0¥ ' -10
(X, 1.5) 57 +1 =0 3z +1 =0 q, = 1.5 x 10 cm/s
for t <5,000 yr
”n -9
q, = 7.5 x 10 cm/ s
for 5,000 < t <£5,000
+ At where -2
At = 1.918 x 10 vr
(1 wk)
" _lo
q, = 1.5 x 10 cm/s
for t » 5,000 + At
L
*Zt = upper Z boundary of exit hole.
(1} " I
Z, = lower Z boundary of exit hole (distances are in meters).




2.4 Accuracy and Convergence Criteria

A common criterion for accuracy was developed to aid in inter-
preting results. A reasonable common criterion for all the codes was
selected based on the maximum allowable change in pressure within an

iteration. The accuracy specification was

L !

Yi . = Yi .
1 t1 ¢ 0.1% (6)
Yi,j
where
¥" = pressure head at new iteration
¥*' = pressure head at previous iteration.

In most instances, however, modelers varied this criterion, sometimes

in response to specifications in the codes. The actual criteria used
are shown in Table 4-2.

2.5 OQutput Variables

The hydraulic heads, pressure heads, moisture contents, constant-
pressure contours, and concentration profiles were calculated as
functions of time and space. The water velocities, as well as the
pressure heads, were compared in COVE 1N, 1YMa, and 1YMb in order to
interpret the concentration results because the concentration calcula-
tions use water velocity fields, not pressure fields, as input from

the hydrologic calculations. These output variables are discussed in

Section 4.
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3.0 DESCRIPTION OF CODES USED IN COVE 1

Several codes have been developed or specifically modified to use
for NNWSI performance assessment calculations. 1In COVE 1, five of
these codes were benchmarked by generating four sets of solutions to
the problem published by Pickens et al.: SAGUARO, TRUST, FEMTRAN, a
modified version of FEMWASTE (Yeh and Ward, 1981), TRUMP, and TRACR3D.
SAGUARO and TRUST are codes that solve the partial differential equa-
tion for fluid flow in unsaturated porous media based on Darcy's law,
which results in Richard's equation (Freeze and Cherry, 1979). GWVIP
a reservoir engineering code,‘Qas also used to perform the hydrologic
calculations. In addition to Richard's equation, GWVIP includes a
second momentum equation that accounts for air resistance to water
flow. No contaminant transport calculations were made for the flow
fields generated with GWVIP. FEMTRAN and TRUMP are mass-transport
codes and were used to predict contaminant movement for the flow
fields generated by SAGURO and TRUST, respectively. TRACR3D is a
stand-alone code that calculates both fluid flow, based on Richard's
equation, and mass transport. The mass-transport codes, FEMTRAN,
TRUMP, and TRACR3D, are based on the advection-diffusion equation and
conservation equations, with the inclusion of sorption as an addi-
tional term in the conservation equation. Sorption was modeled as an

equilibrium, linear-diffusion process in COVE 1lYMa and COVE 1lYMb.

3.1 Characteristics of Codes

The cases solved by each code for COVE 1 are shown in Table 3-1.
The characteristics of the codes are given in Tables 3-2 and 3-3,

which summarize information described in the rest of this section and

in the cited references.



TABLE 3-1

COVE 1 PROBLEMS SOLVED

COVE 1N COVE l¥YMa COVE 1¥Mb
Water Solute Water Solute Water Solute
Flow Transport Flow Transport Flow Transport
TRACR3D X X X X X X
SAGUARO X X X
FEMTRAN ‘ X X ' X
TRUST (LBL) X X X
TRUST (PNL)
TRUMP ' X X
GWVIP X X

3.1.1 TRACR3D

TRACR3D is a three-dimensional, finite-difference, isothermal
water-flow and contaminant-transport code developed at LANL by Bryan
Travis. TRACR3D has been used at LANL to interpret experiments for
geochemical transport properties of tuff. The code has been modified
extensively from its original form as an oil-shale analysis code to
aid in the analysis of the geochemical experiments and to perform

phenomenological studies for radiocactive waste disposal.
3.1.2 SAGUARO

The finite-element code, SAGUARO, was developed at SNL by Roger
Eaton for the NNWSI Project to model nonisothermal water flow in a
variably saturated, porous medium and has been used for near- and far-
field modeling. It is based on the saturated-flow code, MARIAH
(Gartling and Hickox, 1980 and 1982), which has been used at SNL to
model saturated flow systems in geologic media and in weapons studies.
SAGUARO is being used at SNL for the NNWSI Project to perform phenom-

enological studies of water-flow mechanisms, to make two-dimensicnal



CHARACTERISTICS OF HYDROLOGIC CODES USED IN COVE 1

TABLE 3-2

Code Diwmension Numerical Technigque Governing Equations Solution Technique Roundary Conditions

TRACRID? 3-b trinite ditference Alr- and water-mass Implicit, itecrative, Specified pressure,
combined with method conscrvation, successive over-, fluid saturation or flux,
ot characteristics, Richard's cquation relaxation techniques free flow, ponding
orthogonal clements

g b . - . . . - . L .

SAGUARLD 2-b Galerkin tinite-clement Ligquid-water mass and Gaussian elimination, Specified hcads or fluid
with quadrilateral or energy conservation, Crank-Nicolson flux, pondinqg
triangular elements, Richard's equation,

: Soret cffect,
Boussinesq model
c ) .o . . . . . L s .

TRUST 3-b Integrated finite dif- Liguid-water mass Mixed implicit/ Specified heads or fluid
ference, arbitrary conservation, explicit flux, seepaqe face
element shape Richard's equation

GWVI P 3-D Finite difference, Gas and water-mass No information Mo information
orthogonal elements conscrvation, available available

Richard's ecquation
g. lravis, 1984,
b. Eaton, 1983.

¢. Narasimhan and Witherspoon,
d. Pahwa,

1983.

1976 and 1977;

Narasimhan ¢t al., 1978,




TABLE 3-3

CHARACTERISTICS OF RADIONUCLIDE TRANSPORT CODES USED IN COVE

Governing Transport
Code Dimension Numerical Technique Equation Processes Physical Models Solution Technique Roundary Conditions
TRACR 30" 3-b Finite ditference Solute Advection, Radioactive decay Fxplicit or Specified concentra-

. combined with conservation dispersion, chaians, equilib- Runge-Kutta tion or flux, leachinq,
method ot diffusion cium adsorption band relecase
charaucteristics nonequilibrium

sorption
b‘b‘MTRANb 2+~D Galerkin tinite Solute con- Advection, Radioactive decay Gaussian Specified concentra-
celement, guadri- servation, dispersion, chains, eguilib- climination tion or flux., leachinq,
lateral clements Darcy's Law diffusion rium adsorption band release
with bilinear
tunctions
c o . . . . - . L. A
TRUMP 3-D Inteyrated tinite Solute Diffusion, Radiocactive Mixed implicit/ Specified concentra-
ditterence conservation advection decay explicit tion and flux
equilibrium
. sorption
a. Yravis, lyu4d.
L. Martincz, 1965,
c. Ekdwards, 1972.




models of flow systems at Yucca Mountain, and to identify preferential

pathways of water-flow for performance assessment sensitivity studies.

3.1.3 FEMTRAN

FEMTRAN, developed at SNL by Mario Martinez as an expansion of
FEMWASTE, is a two-dimensional, finite-element, isothermal radionu-
clide transport code that requires a hydrologic field as input.
Several unique features were incorporated in the FEMTRAN code to
facilitate coupling with SAGUARO and to enhance the accuracy of the
transport calculations. One such feature is the ability to calculate
velocity histories from a given pressure-field history instead of

requiring that velocities be input directly.
3.1.4 TRUST

The TRUST code is a three-~dimensional, isothermal water-flow code
originally developed at LBL by T. Narasimhan. It has been used widely
for general unsaturated-flow problems in compressible, porous media.
Two versions were run for COVE 1N: one at LBL and one at PNL. The
original author is using the code at LBLbfor the NNWSI Project to make
phenomenological studies of water-flow mechanisms and to do site-scale
modeling. The version at PNL is essentially the same and is used by
modelers at PNL to support both DOE and NRC studies. Only the LBL
version was used subsequently in COVE 1lYMa and COVE 1lYMb.

3.1.5 TRUMP

The TRUMP code was originally developed by Edwards as a general,
three-dimensional, finite-difference solver for heat transfer. As
such, it solves the advection-diffusion equation but does not include
mechanical dispérsion. Narasimhan has modified the TRUMP code to
model advective-diffusive transport of decay chains of radionuclides.
TRUMP was used to solve the nondispersive transport for COVE 1lYMa and
COVE 1YMb by entering the hydrologic field generated by TRUST. Con-
taminant transport in COVE 1N was not calculated because TRUMP does

not include a diépersion model.



3.1.6 GWVIP

The GWVIP code is a two~phase reservoir engineering code devel-
oped by Intera (Pahwa, 1983). It may be used to model two- and three-
dimensional nonisothermal flow of water, air, and vapor. The unique
feature of GWVIP is a separate equation for the gas phase, which, in
COVE 1, was the air phase. The governing equation for flow used in
the other hydrologic codes is for water flow only. This representa-
tion of flow in unsaturated media is valid as long as there is no
significant resistance to flow caused by the presence of air. The
COVE 1 problems were run by GWVIP both with and without including air-

phase resistance.

3.2 Numerical Formulations

In the process of solving the COVE 1 problems, some modifications
were made in the codes. FEMTRAN was modified to calculate a velocity
field from an input pressure field and to include subroutines that use
curves typical of Yucca Mountain. Certain numerical techniques proved
to be more accurate than others. For example, it was shown that an
averaged, "lumped-mass"” method of solution for velocities in the
finite-element code, SAGUARO, did not work as well as the standard
discontinuous method in FEMTRAN. These numerical sensitivities are

discussed in Section 4.

The discretization of the domain was left up to each modeler.
The meshes used by each code are shown in Appendix A (Figures A-1l
through A-5). Each of the codes used mass balances to some degree as
checﬁs on the results. However, some of the codes did not have the
capability to perform rigorous computation of mass balances for indi-
vidual cells before being used in COVE 1. Subsequent work has estab-
lished routines for calculating cell-mass balances in all the codes.

The mass balances for the COVE 1 problems are compared in Section 4.



4.0 RESULTS AND DISCUSSION OF COVE 1

4.1 Code Capabilities and Computer Reguirements

The capabilities of the codes used to model the unsaturated flow
and transport problems were demonstrated by the qualitative agreement
in most of the COVE 1 results. All codes except TRUMP, which had no
dispersion model, generated similar flow and concentration fields for
COVE IN. However, the concentration results differed in the vicinity
of the exit hole from those published by Pickens et al. The flow and
concentration fields predicted by the codes for COVE 1l¥YMa and COVE
1YMb were likewise in qualitative agreement. These results are sig-
nificant because this is the first time that the pairs of codes--
SAGUARO and FEMTRAN, and TRUST and TRUMP--have been used to solve the
coupled problems of hydrologic flow and contaminant transport, and
that the results have been compared. In this section, some of the
problems that had to be resolved to obtain good solutions for the
coupled problem are discussed. Some indications of the numerical
accuracy and sensitivities of the codes are also shown by gquantitativ
comparison of the results, where appropriate. The qualitative com-
parisons are shown in the contour plots and profiles in this section

and in Appendices B and C.

Quantitative differences in the results were usually small (less
than a few percent). For the hydraulic heads, the quantitative
differences were within 20% for moisture contents but differed by as
much as factors of 2 to 5 for the solute concentrations. Differences
in solute concentrations were greatest very near the exit. Relative
concentrations were seen to be sensitive to grid refinement through
the velocity term, which depends on the gradients of the pressure

across mesh cells. Differences in the modeling approaches, such as



interpretation of boundary conditions, grid refinement, time steps,
and convergence criteria, account for some of the quantitative differ-
ences in the results. The mesh sizes and time steps are given in
Table A-1l.

The numbers of elements used for the codes were similar. Between
247 and 434 elements were used in the codes that calculate hydrology
alone. A combined total of 1,287 to 1,728 elements was used for the
hydrologic~flow and contaminant-transport results for COVE 1N.
Because of the low fluxes in the problem, fewer elements were required
for COVE lYMa and COVE 1l¥Mb, which allowed considerably coarser meshes
to be used for transport calculations than were required in COVE IN.
The largest number of elements were used in the TRACR3D calculations

where no attempt was made to optimize the mesh size.

The computer times varied from 120 s on an IBM 360 for the
results of Pickens et al. in COVE 1N, to 1,920 s on a Cray for the
TRACR3D results in COVE lYMa. Although many more time steps were
used, TRUST required much less computer time than the other codes.
Typically, integrated finite-difference codes require less computer
time. The times required for the TRUMP contamihant-transport calcu-
lations for COVE 1YMA and COVE 1YMb were reported by Narasimhan to be
small compared to those required for TRACR3D and to be on the same
scale as those shown in Table A-1 for FEMTRAN.

The computer-run statistics shown in Table A-1 indicate that
these codes required similar but not equivalent mesh sizes and that
the time might be significantly shorter using the integrated finite-
differénce method., However, because no optimization was done for the
TRACR3D runs, and only limited sensitivity to mesh size and time-step
size was investigated for the SAGUARO and FEMTRAN calculations, this

conclusion is only tentative. -



4.2 Results of Calculations

4.2.1 Basis for Comparisons

Two categories of results were compared, as shown in Table 4-1.
In Category A, the statistics of running the codes were compared. The
parameters in Category A--overall mass balances, run times, and accu-
racy and convergence criteria--are given in Table 4-2 and Table A-1
and are discussed below. The second set of results in Table 4-1, the
results for Category B, are those variables analyzed to compare the
solutions of the water-flow and contaminant-transport problem. All
parameters were analyzed, but only significant results, representative
of the comparisons of all of the parameters, are discussed in this

report.

Not all participants were able to provide all Category B results,
either because manpower was lacking or because a code did not have the
capability to produce the results. The Category B output variables
provided by each participant are summarized in Table 4-3 and are
discussed in this section. These discussions reflect the consensus of
the participants in the final COVE 1 workshop held in La Jolla,
California, April 1984.

4,2.2 Results of COVE 1N

The Category B output variables published by Pickens et al. for

the reference case, COVE 1N, were

® water-table position,

® water-table decline,

¢ hydraulic-head contours,

® moisture-content coﬁiours,

e relative-concentration contours, and

e relative-concentration history at the exit.

These Category B variables are compared in Figures 4-1 through 4-6.



TABLE 4-1

OUTPUT VARIABLES FOR COVE 1 PROBLEMS

Category A

Results Parameter
Al Mesh
A2 Mass balances (and how formulated)
A3 Run times
A4 Accuracy and convergence criteria
A5 Input formulations, run listings, and estimated

set-up time

In the following list of variables, the water table
location is that defined in COVE 1N. The corresponding
variable in COVE 1¥YM is the uppermost contour for

¥ = -1,000 cm (COVE 1YMb) or fluid pressure (¥) at the
exit (COVE l¥YMa).

Category B

Results Variable

Bl Spatial position of water table (¥) at specified
times: p,t*

B2 Water table decline or (¥) at left boundary (or at the
exit for COVE 1 ¥YMa) as a function of time: p.,t

B3 Hydraulic head as a function of time, position: p.t

B4 Water content as a function of time, position: p,t

B5 Relative concentration as a function of time,
position: p.,t

B6 Volumetric concentration as a function of time,
position: p,t

B7 Relative concentration at the exit as a function of
time: p.,t

B8 Velocity as a function of time at x = 5 m,
z = mid-exit: p,t,h,v*

B9 Velocity as a function of time at x = 4.9 m,

. Z = 0.85 ms p[t'h,\)

B10O Velocity as a function of time at x = 5 m,
2 = 0.85 m: p,t,h,v

Bl1l Relative concentration as a function of height at

x =5 m, times as specified previously: p,t,

B12 Velocity as a function of height at x = 5 m; times are
: as specified previously: p.,t,h,v

*p = plot

h = horizontal component
t = table

v = vertical component




TABLE 4-2

MASS BALANCES AND CONVERGENCE CRITERIA

Mass Balance Convergence Criteria
Code N IYMa 1YMb {em)

TRACR3D® 0.75% <0.05% 4.2% AP <0.01
SAGUAROS <1% <1% <1% A/P <0.001
TRUSTY <2% 2-8% 1% AP <0.05
GWVIPS <0.01% <0.03% NA AP <0.1 or AO <0.05
TRUMP NA e g
FEMTRAN <1% <1% <1%

AP is the maximum allowable change in pressure between successive
iterations within a step.-

Mass balance is calculated as one minus the current system mass
normalized by the sum of the original system mass and the cumula-
tive mass that flowed out the boundaries and source/sinks.

The mass balance is calculated as the difference between the sum
of all mass that flowed out the boundaries and the rate of change
of mass stored in the system within a time step, normalized by tt
current amount of mass in the system.

The mass balance is calculated as the current mass in the system
minus the sum of the original system mass and all source/sinks ar
mass that flowed out the boundaries, normalized by the original
mass in the system.

Information is unavailable or not calculated.




COVE 1 RESULTS RECEIVED FOR FINAL EVALUATION

TABLE 4-3

Code AL A2 A3 A4 A5 Bl B2 B3 B4 B5 BG  B7 BB R9  BIO  BI1l  B12

SAGUARO/FEMTRAN

COVE IN X X X X X X X X X X X X X X X X

COVE 1lYMa X X X X X X X X X X X X X X X X

CuVE 1YMb X X X X X X X X X X X X X X X
TRACR 3D

COVE 1IN IS X X X X X X X X X X X X X X X X

COVE 1YMa X X X X X X X X X X X X X X X

CUVE 1YMb % X X X X X X X X X X X X X
TRUST/TRUMP

COVE 1IN X X X X X X X X X X X X X

COVE 1lYMa X X X X X X X X X X X X X X X X

COVE 1lYMb X X X X X X X X X X X X X X X X

|

GWVIP

CUOVE IN X X . X X X X X X X X

COVE 1YMa X X X X X X X X X X

COVE 1YMb
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Water Table and Moisture Content

Figures 4-1 and 4-2 show that the water table decline and
moisture-content contours, which reflect water table position, agree

very well; there is less than 5% difference in the results.

Hydraulic Head

Hydraulic head contours (Figure 4-3) agreé well on the right sid
of the system: however, on the left side, the results show two differ
ent behaviors. The 90-cm-head contours calculated using GWVIP,
Pickens' model, and TRUST with a constant-pressure boundary condition
fell to the left of those calculated using SAGUARO. This discrepancy
is not as great as it at first appears because the hydraulic head
gradient is very small in this region. The actual values for the
hydraulic heads at a point calculated by all the codes are in much

closer agreement, within 7%.

In the TRUST calculations that used a seepage-face boundary
condition at the exit, both rectangular and triangular exit geometrie
were used. A difference of about 50% in the exit area affected the
hydraulic heads as shown in Figure 4-3. The triangular exit hole;
which had the smaller area, resulted in a shift to the right in the
head contours near the right boundary, indicating increased resistanc
to flow. The location of the head contours shifted to the left about
20%. However, the actual values for head differ only by 1% to 2% at

any one location in the system.

Similar effects of exit area were reported in the SAGUARO cal-
culations: that is, the location of the hydraulic-head contours dif-
fered by as much as 20% even though the actual values for the hydrau-
lic head at a point varied -by less than 1%. This apparently large
difference in contours for small differences in head values is ex-
plained by the low gradients of hydraulic head (as low as 2.5%). Thi:
difference may also be seen for other variables, such as moisture con-

tent and relative concentration when the gradients are correspondingly
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small. Thus, although contours can be instructive for qualitative
comparisons in benchmarking activities, they can also be misleading if
used for quantitative interpretations of relative accuracy and

sensitivity.

Water Velocities, Mass Balances, and Cumulative Productions

The relative accuracies and sensitivities of the hydrologic
calculations in COVE IN were investigated to a limited extent by
comparing water velocities, water-mass balances, and cumulative water
productions at the exit. Water velocities were calculated by all the
hydrologic codes from the gradients of the pressure within a cell.
Darcy's law was used to derive these local velocities, which depend on
the local mesh size. These velocities can be sensitive to the mesh
size, especially in regions where gradients are large. The velocities
in the regions surrounding the exit sometimes differed by as much as
factors of 3. However, far away from the exit hole, the velocities

were similar.

The mass balance in the hydrologic field used in FEMTRAN calcula-
tions for COVE 1N is indicated by comparing the divergence and accumu-
lation of water mass in Figure 4-4. The global mass balance percent-
ages of the other codes are listed in Table 4-2. The difference
between the divergence and accumulation curves at 5 hr in Figure 4-4
indicates a net error of 20 gm/cm in the hydrologic field used by
FEMTRAN. This error can be compared to an initial water mass in the
system of 2.25 x 104 gm for a unit depth of 1 cm. Similarly, the mass
balancgs shown in Table A-2 for the other codes used in COVE 1IN are

within 2%.

In comparing water production at the exit, the results from TRUST
and TRACR3D showed more water exiting the flow domain than did SAGUARO
and GWVIP (Figure 4-5). At 12 hr, TRUST and TRACR3D calculated a
cumulative water flux out the exit hole of 2.85 x lO3 gm/cm and 2.93
x 10° gm/cm, respectively; 1.68 x lO3 gm/cm was predicted using
SAGUARO and GWVIP. The maximum difference of almost a factor of 2 in



the water production, however, translates into the difference between

6% and 13% of the total amount of mass initially in the system.

Relative Concentrations

The profile shapes and absolute values in relative concentrations
along the right boundary calculated by FEMTRAN differed from those
calculated by TRACR3D. At the first COVE workshop, the modelers
agreed that differences in the velocity fields and possible numerical
losses could be reasons for this spread in the results. Thus, besides
comparing the velocities at the exit for SAGUARO and TRACR3D, a more
rigorous treatment of the impermeable boundaries was employed in

FEMTRAN. Also, water productions at the exit were compared.

It was postulated that the treatment in the transport calcula-
tions of the impermeable boundary condition would have a potential
effect on concentration results as the result of numerical losses in
the finite-element codes. Finite~difference methods are able to
impose a water-flux boundary condition of exactly zero at the right
boundary. However, the finite-element water-flow calculations can
generate both positive and negative veloéities {on the order of 1.0 x
10-17 cm/s) along an impermeable boundary, which causes some contami-
nants to "leak" out. The small but nonzero negative velocities do not
compensate for the loss of these contaminants from the system. The
small negative fluxes that bring water back into the problem are a
numerical artifact created by finite-element solution to the water-
flow field to force a net integrated flux of zero over the entire
impermeable boundary. However, these small negative velocities for
water flowing back into the system do not convect contaminants in the
transport-contaminant calculations. In the transport calculations,
where the input velocity field is generated using an impermeable
boundary condition for convective flux, the Neumann boundary conditior

given by Equation 7 should theoretically be sufficient to ensure an

impermeable boundary for the solute:
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Equation 7 is the solute boundary condition specified in Figures
2-2(b) and 2-4(c) in which it is assumed that the water flux is every-
where zero at impermeable boundaries. This assumption is different
from the assumption that a net water flux of zero is integrated over
the entire impermeable boundary. Thus, when solving the convective-
dispersive equation at impermeable boundaries, using Equation 7 as the
boundary condition for solute transport, net convective water flux may
be zero integrated over the entire impermeable boundary., but the
corresponding net convective solute flux can be positive. To elimi-
nate this problem, the convective flux summed with the diffusive
gradient was specified to be zero by using the Cauchy boundary condi-
tion (Equation 8) in FEMTRAN at the impermeable boundaries to produce

the final results reported here.
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The degree of sensitivity to the boundary-condition specification
will increase as the concentration fluxes of concern approach the
order of numerical dispersion in a problem. When modeling the reposi-
tory, this effect can be eliminated by judicious location of
boundaries, choice of mesh size, and use of Equation 8 for impermeable

boundaries in the transport calculations.

The comparisons at the exit hole illustrate the maximum differ-
ences between the codes because this region has the highest gradients
and the most rapidly changing conditions, and is the most influenced
by boundary conditions and the geometry of the numerical approxima-
tion.. For instance, varying the number of nodes used at the exit hole
in SAGUARO while keeping the same number of elements changed the
spatial location of the head contours, near the exit hole only, by
about 20%. (This result corresponded to a difference of only a few
percent in the head at a single location, however.) Therefore,
FEMTRAN and TRACR3D concentration profiles as functions of height were
also compared at an interior node and at the right boundary (Figure

4-6). The agreement was better both qualitatively and quantitatively



at the interior node. The profiles at the interior node had the same
shape and a-maximum difference of 60%, compared to a difference of

more than a factor of 2 near the exit.

TRACR3D results gave consistently lower concentrations than the
FEMTRAN results. Thése concentration results were consistent with the
comparison of the hydrologic results predicted by TRACR3D, SAGUARO,
and Pickens et al. The concentrations at the exit (Figure 4-7), cal-
culated by the Pickens model, FEMTRAN, and TRACR3D differed by up to a
factor of 3. The greatest difference was between the Pickens' results
and those of FEMTRAN and TRACR3D. At the La Jolla workshop, it was
suggested that, because the differences persisted after treatment of
velocities and numerical losses had been eliminated as problems, the
manner in which the time steps were allowed to vary could be the cause
for the discrepancies. Pickens et al. used 45 time steps for the
problem, compared to 250 for TRACR3D and 92 for FEMTRAN, indicating
the use of larger time steps. Stability analysis of the advection-
diffusion equation shows that a "numerical-diffusion" term is intro-
duced in the governing equation in numerical approximations that rely
on differencing methods. This numerical-diffusion term is propor-
tional to the product of the time step and the square of the velocity
(Hirt, 1979). Using larger time steps results in increasingly greater
effects of numerical diffusion, which can account for the higher
concentration profiles at lower depths plotted by Pickens et al. and
FEMTRAN., The use of larger time steps may also account for transport
of contaminant below the exit in the Pickens calculations (Figure 4-8)

not seen in any of the other calculations.

Effects of Boundary Conditions and Velocity Formulations on Results

The few qualitative differences in COVE 1 results were most
evident at the boundaries of the system, where the finite-difference
and finite-element solution techniques implement boundary conditions
differently. 1In finite-difference codes, a no-flux condition can be
specitied exactly on a boundary; whereas, in the finite-element codes,

small but nonzero local velocities are often calculated on a boundary.
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Globally, the no-flux condition is strictly enforced in the finite-
element codes because the local nonzero velocities on the boundary are
both positive and negative and compensate for each other. 1In addi-
tion, the techniques of calculating velocities from the pressure
fields in finite-element codes often result in discontinuous veloci-
ties at nodal points. Thus, the sensitivity of the solutions for
pressure and relative concentration to the numerical technique used in
the finite-element code, SAGUARO, to calculate velocities was

examined.

Most finite-element water~flow codes use the discontinuous velo-
city formulation. The discontinuous velocity formulation is a direct
method of calculating velocities by applying Darcy's law to the gradi-
ents of the continuous pressure field in each element. The resulting
velocity field is discontinuocus at the nodal points because there are
discontinuities in the gradients at element boundaries. A lumped-mass
matrix-solver option in SAGUARO can be used to generate continuous
velocities, but use of this option smears out differences in pressure.
Results using these two methods showed that the discontinuous method
gave better mass balances and converged more quickly for the COVE 1N
problem.

A third method was developed in the process of solving the COVE 1
problems that applies the finite-element method of weighted residuals
to Darcy's law to determine the velocities from the pressure field.
This method results in continuous velocities at all nodal points.

This method was incorporated in FEMTRAN and gave results for concen-
tration profiles and velocities near the exit that were almost iden-
tical to the results obtained using the discontinuous method in
SAGUARO (Eaton and Martinez, in preparation). 1In contrast, the
lumped-mass method smea:ed the velocities near the exit and the con-
centration profiles neaf the right boundary. Mass balances indicated
that the lumped-mass method was nonconservative:; whereas, the discon-
tinuous and continuous methods resulted in essentially the same degree

of accuracy indicated by mass balances of both water and contaminant.



The significant difference in the relative concentration his-
tories calculated using FEMTRAN, TRACR3D, and Pickens' model occurred
at the exit. This variance was attributed to several factors: dif-
ference in mesh sizes or geometries at the exit resulting in different
velocity fields, the different formulation of velocity from pressure
solutions, numerical losses at the right impermeable boundary, and
numerical dispersion. The sensitivity of the individual transport
results to some of these factors was examined by using the SAGUARO and
FEMTRAN codes, the TRACR3D code, and a stability analysis of the

advection-diffusion equation.

Three mesh sizes, which contained 247, 221, and 884 elements,
were used for the hydrologic calculations in SAGUARO (Figures A-la,
A-lb, and A-lc). The coarsest mesh affected concentration results by
about 20% (Figure 4-9). The pressure gradients, which became large
only at the exit, were smeared over greater distances in the coarse
mesh; thus, the velocities and concentrations were affected over a few
exit diameters. The finest grid used in the calculations (884 ele-
ments) did not differ significantly from those that used the moderate
247-element grid, which indicates that the moderate grid was appropri-
ate for the problem. It was surprising that the addition of 26 ele-
ments seemed to be as good as the addition of 663 elements, indicating
that refinement beyond relatively coarse meshes may be unnecessary for
NNWSI calculations.

The relative concentrations predicted by FEMTRAN in Figures 4-6
through 4-8 were calculated using the velocities produced by SAGUARO
with the discontinuous method. As the mesh was refined (Figure 4-9),

"results from all three methods converged to yield the same profiles.

The hydraulic heads calculated using SAGUARO, TRACR3D, and TRUST,
using a constant boundary condition (Figure 4-10a), were in close
gquantitative agreement (within a few percent) at the exit. The re-
sults of GWVIP differed from the results of other codes at the upper
boundary: whereas, the results of TRUST using the seepage-face bound-

ary condition differed from the others near the exit. There was
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little detectable difference between the moisture content profiles at
the boundary (Figure 4-10b).

4.2.3 Results of COVE lYMa

The hydrologic contours produced for COVE 1lYMa using SAGUARO,
TRUST, TRACR3D, and GWVIP are plotted in Figures B-1 through B-4 to
allow a qualitative comparison of the results. Relative concentration
contours produced by TRACR3D, TRUMP, and FEMTRAN are compared in Fig-
ures B-5 and B-6. These concentration contours are very flat, allow-
ing a quantitative analysis of accuracy by comparing the concentration
profiles to the analytic solution to the diffusion equation (Carslow
and Jaeger, 1980). This comparison is made in Figure B-7 in which the
results of FEMTRAN along the right boundary are plotted. Hydraulic-
head and relative-concentration profiles produced by all the codes
along the right boundary and at two interior points are plotted in
Figures B-8 through B-10 and Figures B-1ll to B-l14, respectively, to
compare quantitative results at different locations in the flow

region.

Hydrologic Contours

Pressure-head contours at 100, 7,500, 10,000, and 20,000 yr are
shown in Figures B-1 and B-2 for the four hydrologic flow codes. (In
Figure B-1(c), both hydraulic-head and pressure-head contours at
1,000 yr are shown in order to compare the results more closely.) All
head contours are in excellent gqualitative agreement and are very
close quantitatively as the pressures are usually within 5% of each
other at the same location. The shapes of the moisture-content ccn-
tours in Figures B-3 and B-4 are also in excellent gqualitative agree-
ment. However, the quantitative agreement between TRUST and the other
codes does not appear to be as good, with dryer regions predicted by
TRUST. The gradient of the moisture content in the regions where the
disagreement is greatest ranges from as high as 180% change per meter
(SAGUARO at t = 100 yr) to as low as 18% change per meter (SAGUARO at
t = 20,000 yr). These results differ from the results of the TRUST



calculations in which gradients of moisture content range from a

maximum of 46% change per meter to 5% change per meter.

Relative Concentration Contours

The moisture-content contours reflect in part the rate at which
water is calculated to move through the system. This water flux, in
turn, drives the transport of contaminants through the system in
convection-dominated problems. The concentration contours produced by
FEMTRAN, TRUMP, and TRACR3D, using the hydrologic fields calculated by
SAGUARQO, TRUST, and TRACR3D, respectively, are compared in Figures B-°
and B-6. The contours at 100 and 1,000 yr are essentially flat, indi-
cating one-dimensional, diffusive transport driven by contaminant
gradients as opposed to convection-dominated transport. This result
is to be expected because the front has not yet reached the exit hole
at 1,000 yr. By 7,500 yr, the contaminant front has reached the exit
hole and diffused beyond it. The nearly flat lines in Figure B-6a for
FEMTRAN and TRUMP indicate that very little contaminant is transportec
out of the exit hole and that diffusion continues to dominate convec-
tion; the TRACR3D results show steeper gradients near the exit.
However, the region of influence of the exit on concentration gradi-
ents is nearly the same for all codes, and breaks in the contour

slopes below 0.15 occur at about the same horizontal location.

The wide spread in the results for the 0.15 contour near the top
of the system could be caused by increasing sensitivity to time-step
sizes and cell size at low concentrations and low fluxes at long time-
scales. Each code used unique time-step histories, and especially
significant differences were observed between FEMTRAN and TRACR3D.
TRACR3D restricted the maximum time step to 3.5 x 109, compared to
3.1 x 10'° for PEMTRAN and 3.7 x 10t° for TRUST. TRACR3D also used a
combined total of 291 time Steps for the hydrologic flow and
contaminant-transport solution, compared to a combined total of 77
time steps used by SAGUARO and FEMTRAN (Appendix A). Because numeri-
cal dispersion is related to the square of the time step, normalized

by the velocity, the indication is that the contaminant-transport



results were more sensitive to differences in time steps in COVE 1YMa
than in COVE 1IN, where the velocities were much greater. However,
concentration profiles were in closer agreement even though the time-
step histories differed by the same order of magnitude as in COVE
lY¥YMa.

At 20,000 yr, concentration contours produced by FEMTRAN and
TRACR3D appear to differ significantly; however, the gradients over
the entire system are very small. The steepest vertical gradients are
about 10% change per meter and 30% change per meter for FEMTRAN and
TRACR3D, respectively, along the right boundary. A short distance
inside the boundary, at x = 4.6 m, these gradients are reduced to 7.5%
change per meter and 9.75% change per meter and become even smaller
farther to the left of the system. Quantitative comparison of con-
tours in areas of very low gradients, less than about 10%, can be
misleading because the region over which the values are very gradually
changing is large. Thus, the rest of the COVE lYMa results are pre-
sented as profiles and histories at specific times and locations in
Figures B-7 through B-10.

Comparison to Analytic Solution for Relative-Concentration Profiles

The concentration profiles calculated with FEMTRAN at the right
boundary compare exactly to the analytic solution for diffusive trans-
port (Carslaw and Jaeger, 1980) for 100 and 1,000 yr (Figure B-7).
Even at 7,500 yr, there is no visible difference in the predicted
concentration profiles, which is what would be expected considering
the flat concentration contours shown for FEMTRAN (Figure B-6). These
resulés demonstrate that, for the hydrologic field calculated by
SAGUARO in COVE 1lYMa and input to FEMTRAN, the accuracy of the FEMTRAN
results in COVE 1lYMa is exact. Thus, differences at early times
between the TRACR3D and FEMTRAN results are probably attributable to
differences in the hydrologic input for the transport calculation
because TRACR3D predicts stronger convection than that predicted by
SAGUARO. In addition, if numerical dispersion accounts for the dif-
ference in the concentration contours in Figures B-5 and B-6, this

difference occurs because diffusive transport of water is enhanced



through numerical dispersion in the hydrologic calculations, not

because of differences in the contaminant transport calculations.
This argument is supported by the numerous calculations performed
using FEMTRAN in which variations in time-step sizes were shown to
have little effect on the results reported. No corresponding sensi-
tivity study for the time-step size was performed using SAGUARO.
Also, differences in the hydrologic modeling, such as application of
boundary conditions and geometries used by the modelers, could be
equally responsible for these quantitative differences in the concen-

tration profiles.

Hydraulic Head and Relative Concentrations Along the Exit Boundary

There is no visible difference in the hydraulic-head profiles at
the right boundary for SAGUARO, TRACR3D, or GWVIP at 100 yr (Figure
B;B), except near the exit, where different formulations of the bound-
ary condition were used. 1In reviewing the input of the codes, it was
discovered that the TRACR3D calculations for COVE 1l¥YMa did not use the
specified boundary condition of ¥ = -8,800 cm at the exit, and TRUST
used a seepage-face boundary condition. In addition, SAGUARO spéci-
fied an initial hydraulic head, & = —l,OOO cm, instead of a constant
pressure head, ¥ = -1,000 cm. Even so, there is only a slight spread
in the hydraulic-head profiles at 1,000 and 7,500 yr (Figures B-9 and
B-10).

The corresponding concentration profiles along the right boundary
were also very close, except for the different rates at which the
. fronts appeared to move down through the system. Because the rate of
‘"movement of the front depends on the velocities calculated from the
head distributions, some difference was introduced by going from
nearly exact head profiles to the concentration profiles. These
results would be expected because all codes used slightly different

techniques and different cell sizes in calculating the velocities.



Hydraulic Heads and Relative Concentrations at Interior Nodes

Along the interior lines located at x = 25 cm and x = 425 cm
(Figures B-11 through B-13), the TRACR3D and GWVIP results for the
head profiles always agree within 3%. At 100 yr, SAGUARO, TRUST,
TRACR3D, and GWVIP, give essentially the same hydraulic-head profile
on the right side of the system (Figure B-11l). However, at 1,000 yr
and 7,500 yr, the TRUST profiles are consistently lower; that is, the
system is drier by 25%-50%. The SAGUARO results at 1,000 yr are
slightly higher than the TRACR3D and GWVIP results along the 425-cm
line but are essentially the same along the 25-cm line. The widest
spread between head profiles was near 425 cm at 7,500 yr, with SAGUARO
again showing higher heads than TRACR3D and GWVIP. However, near
25 cm, there was no difference between SAGUARO and TRACR3D, and GWVIP
profiles were lower by less than 2%. The participants in COVE 1
concurred that the differences in hydraulic heads were the result of
(1) the different exit conditions used, (2) the different treatments
of the bottom boundary condition, (3) the different initial conditions
used by SAGUARO, and (4) effects of numerical dispersion related to

the very low fluxes in the problem.

Relative concentration histories calculated using TRUMP, FEMTRAN
and TRACR3D are compared at the two interior points, x = 25 cm,
2 =75 cm and x = 125 cm, z = 75 cm in Figure B-14. As in COVE 1N,
TRACR3D predicted lower concentrations than did FEMTRAN, although the
shapes of the curves are the same. This result suggests differences
in the amount of numerical dispersion of the water in the hydrologic
inputs to the transport calculations in FEMTRAN and TRACR3D. The
quantitative agreement between the FEMTRAN, TRACR3D, and TRUMP solu-
tions shown in Figure B-l1l4 is within 50% at all times. This agreement
was considered acceptable in light of the deviation from the specified

boundary conditions that occurred. -
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4.2.4 Results of COVE 1l¥Mb

In the third case, COVE 1lYMb, the same geometry, material proper-
ties, and initial conditions used in COVE lYMa were specified. Only
the hydrologic boundary conditions were changed: a transient flux at
the upper boundary was imposed, and flow through the bottom boundary
was induced by specifying a fixed~pressure gradient. This problem was
defined to compare the effect of the transient and flow-through bound-
ary conditions in the codes. The hydrologic part of the problem was
solved by TRACR3D, SAGUARO, and TRUST. Concentrations were calculated
with TRACR3D, FEMTRAN, and TRUMP, using hydrologic results of TRACR3D,
SAGUARO,; and TRUST, respectively, as input. Results to 7,500 yr for
hydraulic heads, relative concentrations, and moisture contents are
shown in Appendix C. Only a few profiles are shown because most of
the results are qualitatively similar to those in COVE 1l¥YMa. No
guantitative comparison was warranted because the results of TRACR3D
were produced using a different bottom boundary condition from that

used in TRUST or SAGUARO.

The relative concentrations at an interior node were compared to
determine the effect of the differences in hydrology on contaminant
transport. Figure C-4 shows close agreement between FEMTRAN and

TRACR3D at the interior node, with maximum differences of 30%.

Hydraulic Heads and Relative Concentration Along the Exit Boundary

The hydraulic heads calculated along the right boundary using
TRACR3D, SAGUARO, and TRUST, and the corresponding relative concentra-
ftions calculated using TRACR3D, FEMTRAN and TRUMP are shown in Figures
¢-1, C-2, and C-3 for 100, 1,000, and 7,500 yr, respectively. There
is qualitative agreement in the profile shapes, but quantitative dif-
ferences of almost a factor of 3 are seen in the values for concentra-
tions. These differences are consistent with those seen in COVE 1lYMa
in that the relative concentrations calculated using TRACR3D are lower
than those using FEMTRAN. The guantitative agreement in the hydro-
logic heads predicted by TRUST and SAGUARO is within 25% at most times

and locations.



Hydraulic Heads and Relative Concentrations of Interior Nodes

Hydraulic-head profiles calculated using SAGUARO, TRUST, and
TRACR3D are plotted at the two interior locations, x = 25 cm and
X = 425 cm, at 100, 1,000, and 7,500 yr in Figures C-5 through C-7.
At 100 yr, there is very good qualitative agreement, with a maximum
spread of 15% in the results, which occurs in the top 25 cm of the
system. This difference was attributed to variations in the initial
time steps and grid spacing near the top boundary (Appendix A). At
1,000 yr, the agreement remained good, and the differences were again
no more than about 15% and were spread over a larger region of the
system. At 7,500 yr, however, the TRACR3D results are qualitatively,
as well as quantitatively, different from those produced using SAGUARO
and TRUST. TRACR3D shows hydraulic heads much higher than those in
SAGUARO or TRUST. 1Investigations for the cause of this difference
revealed that a bottom boundary condition of ¥ = +980 cm was inadver-
tently used in these TRACR3D calculations. The corresponding differ-
ences in saturation state caused nonlinearly greater hydraulic conduc-
tivities as the system approached saturation. As a result, a differ-
ent steady state was calculated using TRACR3D even though (to 1,000 or

more years) solutions at early times were in reasonable agreement.



5.0 SUMMARY

COVE has been established to begin certification of the hydro-
logic flow and contaminant transport codes used for performance
assessment in the NWWSI Project. The primary goal of COVE is to
verify the numerical accuracy and sensitivity of the codes by inter-
comparison of the results from equivalent codes. However, as the
codes are verified, it is advisable to gain practical experience with
the numerical difficulties likely to be encountered when the equations
are used to solve the nonlinear, unsaturated-flow problems representa-
tive of Yucca Mountain. Thus, additional goals of the COVE 1 activity
were to (1) evaluate the computer requirements of the different codes
proposed for use in NNWSI performance assessment calculations and
(2) to identify and resolve problems, if any, in running the codes.
The COVE 1 results did give indications of the relative numerical
accuracy and sensitivity of the codes; the results of subsequent COVE
activities will be analyzed for more definitive verification of the

numerical accuracy of the codes.

The goals of COVE 1 were accomplished by comparing the results of
five water-flow and contaminant transport codes (SAGUARO, FEMTRAN,
TRUST, TRUMP, and TRACR3D) currently being used for performance
assessment by the NNWSI Project. In addition, GWVIP, a reservoir
engineering code, was used to compare hydrologic results obtained
using Richard's equation for a single fluid to results obtained using
an additional equation that accounts for the presence of air as a

second fluid in the system.

Three cases of a drainage problem in an isothermal, homogeneous
geologic material were run in COVE 1 (Figures 2-1, 2-2, and 2-3).

Material properties and boundary conditions were used in COVE 1N that



correspond to a medium-grain sand and, in COVE 1lYMa and COVE 1lYMb, to
a nonwelded tuff (Figures 2-1, 2-4, and Table 2-1). A small system
was modeled to demonstrate capabilities of the codes and to investi-
gate sensitivities to numerical techniques in this first phase of code
verification. The hydraulic heads, pressure heads, moisture contents,
and velocities predicted using the hydrologic codes TRACR3D, SAGUARO,
TRUST, and GWVIP were compared. Relative concentrations calculated
using the contaminant transport codes TRACR3D, TRUMP, and FEMTRAN were
compared. The TRUMP code used TRUST results for the water-flow field
as input, and FPEMTRAN used SAGUARO results.

Pressure-head, moisture-content, and relative-concentration
contours and profile shapes were qualitatively compared. These com-
parisons showed the ability of the codes to solve a coupled,
unsaturated-flow and transport problem and gave an indication of the
numerical accuracy of the codes. The guantitative values for the
parameters were not expected to compare exactly because the meshes,
numerical techniques, and convergence and accuracy criteria used were

not identical for each code.

Because of the latitude allowed in choosing numerical modeling
parameters, quantitative agreement within 20% to 50% was considered
reasonable in most cases for the first evaluation, as long as the
qualitative behavior was the same. After an initial comparison at a
workshop held in Albuguerque, New Mexico, in September 1983, several
participants independently varied the mesh sizes, accuracy criteria,
and time steps to investigate the sensitivities of the codes they
used. A final workshop was held in April 1984 in La Jolla, California
during which most of the results described in this report were pre-
sented and a consensus regarding the interpretation of the comparisons
was reached by the modelers and the author of this report. Some
revised results using GWVIP were transmitted to the author after the
workshop in La Jolla (Pahwa, 1984).

The use of alternative boundary and initial conditions by some of

the modelers made qguantitative comparisons difficult to interpret.



Where alternative boundaries and initial conditions were used, it will
not be possible to reach a definitive conclusion regarding the quanti-
tative agreement between the codes until the cases have been rerun and
the participants have matched the specified boundary conditions as
closely as possible. In future COVE exercises, more stringent control
on the numerical modeling constraints will be specified so that sensi-
tivities to different numerical parameters can be estimated in a
consistent manner for all codes and numerical acccuracy can be gquanti-
tatively evaluated. The definition of the modeling constraints must
be an interative process because the appropriate mesh, time-step, and
accuracy criteria cannot be determined until after several attempts

have been made to a solve a problem.

In COVE 1, it was demonstrated that TRACR3D and the paired
codes—--SAGUARO and FEMTRAN, and TRUST and TRUMP--are capable of sclv-
ing a coupled, unsaturated-flow and transport problem using nonwelded
tuff properties representative of Yucca Mountain. In addition, some
initial results of sensitivity studies were shown, and some questions
and cautions were raised that must be addressed further to establish

the numerical accuracy of predictions made with the codes.

5.1 Results for COVE 1N

Differences in moisture-content contours calculated by all codes
were negligible for all three COVE 1 cases. Qualitative agreement of
the calculations for the hydraulic heads in COVE 1IN was good. Sensi-
tivity to the area and shape of the exit hole was studied using TRUST
and SAGUARO. The exit geometry was shown to affect the TRUST results
by about 40%. The same sensitivity was seen in the studies performed
using SAGUARO. In addition, the effect of using a seepage-face bound-
ary condition instead of a constant-pressure boundary condition at the

exit was investigated using TRUST.

Relative-concentration contours calculated in COVE 1IN using
FEMTRAN, TRACR3D, and TRUMP agreed qualitatively but varied by as much

as a factor of 5 at and above the exit along the right boundary and by



a factor of 2 at interior nodes. This variation was attributed to the
differences in the water velocities calculated from the pressure
fields. 1In addition, TRACR3D ran with time steps that were much
smaller than those used with the other codes, reducing numerical

diffusion.

Mass balances of water and contaminant in COVE 1N were calculated
by all the codes to be within 2% of the total mass remaining in the
system at any one time. However, differences of up to 50% were seen
in the water productions calculated by GWVIP, SAGUARO, TRACR3D, and
TRUST at the exit. Using the seepage-face boundary condition at the
exit, the TRUST results for all three COVE 1 problems consistently
predicted drier conditions, lower hydraulic heads, and more water
production. Results of TRUST, using a constant-head boundary condi-

tion, were.generally more consistent with the GWVIP results.

A sensitivity study of the effect of mesh size on COVE 1N results
was performed using the SAGUARO and TRACR3D codes, and the effect on
the concentration fields 6f using different numerical techniques for
calculating velocities was investigated using SAGUARO and FEMTRAN. A
coarse mesh of 221 elements led to serious mass-balance errors in the
contaminant transport in FEMTRAN but had little effect on the pressure
fields in SAGUARO. A similar result was reported by Pickens et al.
Results obtained using the 884-element mesh did not differ from

results obtained using the 247-element mesh.

A study of velocity formulation was performed using SAGUARO and
FEMTRAN. The study showed that the traditional discontinuous method
of célculating velocities in finite-element codes gave the same
results as a continuous method using the finite-element technigue to
derive velocities from the pressure field. Lumped-mass techniques
were shown to be inferior for this problem, although the differences
between velocities calculated with the lumped-mass technique and the

discontinuous method decreased appreciably as the mesh was refined.



5.2 Results for COVE lYMa

The moisture-content and pressure-head contours calculated for
COVE l1YMa using SAGUARO, TRACR3D, and GWVIP agreed both qualitatively
and quantitatively at both interior and boundary nodes to 20,000 yr.
As in COVE 1N, the pressure-head profiles predicted with TRUST at
interior nodes were lower than the profiles produced by other codes,
although the shape of the profiles was similar. At 7,500 yr, quali-
tative as well as quantitative differences in the TRACR3D and FEMTRAN
results for relative concentrations were seen near the exit. By
20,000 yr, the spread was as much as a factor of 2. This difference
between TRACR3D and FEMTRAN concentrations at the exit, beginning at
7,500 yr, was attributed to numerical sensitivities to the modeling
parameters (time-step size, mesh, and velocity formulation), although
this inference was not proven. Other factors, such as sensitivity to
the progressively larger time steps used by all codes for the late-
time calculations, were not investigated. Contaminant transport
appeared to be diffusion-dominated because of the very low convective

fluxes in the nonwelded tuff representative of Yucca Mountain.

5.3 Results for COVE 1l¥Mb

The COVE 1l¥YMb comparisons of hydraulic-head and concentration
profiles were similar to those of COVE 1YMa, except that the hydraulic
heads predicted by TRACR3D at late times were about 40% higher than
those predicted by SAGUARO or TRUST. This result was not surprising,
however, because a different bottom boundary condition was inadver-
tently used in these TRACR3D calculations. The results produced by
TRUST in COVE 1Y¥Mb were closer to the SAGUARO results than the results
of TRUST in either COVE 1N or COVE lYMa,. As in COVE 1N and COVE lYMa,
the relative-concentration profiles calculated using FEMTRAN and
TRACR3D agreed qualitatively, although quantitative differences of up
to a factor of 2 were seen at very late times. The contaminant trans-

port appeared to be diffusion-dominated as in COVE 1lYMa.
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In the course of solving these COVE 1 problems, several important
code podifications were made. These modifications included (1) en-
hanced techniques for calculating accurate velocities for input to the
transport calculations, (2) material property models in all the codes
capable of accepting characteristic curves representative of Yucca
Mountain tuff, and (3) interpolation routines for investigating behav-

ior at ‘specified locations.



6.0 CONCLUSIONS

The COVE 1 benchmarking activity demonstrated that the hydrology
codes, TRACR3D, SAGUARO, TRUST, and GWVIP, and the contaminant trans-

port codes, FEMTRAN, TRACR3D, and TRUMP have similar capabilities for
modeling system behavior using material properties and conditions
representative of the nonwelded tuff matrix at Yucca Mountain. 1In
addition, these codes (which use different numerical solution techni-
ques and incorporate slightly different mathematical models) have
independently reproduced the qualitative solutions published by
Pickens et al. for water flow and contaminant transport out of a plot
of sand. This exercise has established the relative capabilities of
the codes for solving transient, isothermal water-flow and
contaminant-transport problems in homogeneous porous media, identifiec
several numerical sensitivities, and suggested areas that warrant
further investigation for establishing the uniqueness of solutions fo:

long-time predictions using properties typical of Yucca Mountain.

The TRACR3D code and the combination of the SAGUARO and FEMTRAN
codes appear to have éimilar two-dimensional modeling capabilities an
produce qualitatively similar contaminant-transport results. The
TRUMP code, using TRUST input, was shown to produce results comparable
to those calculated using TRACR3D and FEMTRAN for nondispersive trans-
port. All the hydrology codes have similar modeling capabilities with
regards to the physics of the problem studied. The GWVIP study showed
that using a separate equation to consider the air phase had no effect
on modeling the nonwelded tuff unit. The experiences gained in
coupling the SAéUARO and FEMTRAN codes and the TRUST and TRUMP codes
demonstrated the ability to perform flow and transport calculations
efficiently. However, it is prudent to use an equivalent mesh in the

water-flow code and the contaminant-transport code because of the



sensitivity of the transport calculations to the calculated velocity

fields.

Using Darcy's law, the velocities are calculated to be pro-

portional to the pressure gradient within a cell. For this reason,

the
the

are

the

velocities can be very sensitive to the cell size in regions of
mesh where pressure gradients are steep.

For the problems in which the flux is low and the permeabilities
small, the various sensitivity studies performed in COVE 1 showed

following results.

Concentration results can be significantly affected by mesh

size even though pressure fields are relatively unaffected.

Discontinuous methods of velocity calculations in the finite-
element method are adequate for problems with low fluxes and

/

are preferable to the lumped-mass methods.

The exit area can affect hydrologic flow and contaminant
transport results, but the effect becomes small more than 10

diameters away from the exit.

Hydrologic results are relatively insensitive to the specifi-
cation of constant pressure head, as opposed to total head at

an exit.

In addition, it was shown that global mass balances of water

fluxes do not ensure a rigorous impermeable boundary in the finite-

element codes. The lack of a rigorously impermeable boundary can

result in errors in contaminant-transport calculations. Consideration

of these numerical effects led to the conclusion that the accuracy and

uniqueness of long-time predictions of flow at and transport long

times at Yucca Mountain ‘usually require sensitivity analyses of the

numerical calculations to the mesh size, boundary condition specifica-

tions, geometries and, perhaps, velocity-calculation techniques. 1In
addition, the COVE 1l results suggest that the effect of time-step

sizes on numerical dispersion in problems representative of the

physical system at Yucca Mountain should be investigated further.



In Cove 1YMA, the results from the FEMTRAN code agree well with
an analytic solution for transport by diffusion alone. This agreement
suggests that the transport process will be dominated by diffusion in
the nonwelded units at Yucca Mountain. The same might not be true in
blocks of welded tuff because the fractures present in the welded tuff

matrix may enhance convective transport under high flux conditions.

Future COVE activities should address the relative accuracy of
the codes, as well as the relative capabilities and sensitivities of
the codes investigated in COVE 1. The sensitivity studies and inter-
code comparisons performed in COVE 1 indicated that satisfaction of
stability and accuracy criteria within a code does not necessarily
ensure the unigueness of solutions for hydraulic heads, moisture
conteﬁts, or contaminant transport. The accuracy and uniqueness of
solutions for these variables must be further demonstrated by inter-
code comparison of more representative problems and by comparisoh of
the results with laboratory and field data. 1In particular, the
following flow and transport problems should be part of NNWSI bench-

marking activities:

e a large-scale, layered, variably saturated problem (COVE 2),

and

e a nonisothermal problem including vapor (COVE 3).

COVE 1 has been an important first step in the certification of
the NNWSI performance assessment codes in that benchmarking to study
numerical sensitivities and accuracies has been initiated. The
results, which have been archived for future reference, will be avail-
Table, if necessary, to demonstrate compliance with certain benchmark-
ing requirements specified in NUREG-0856. In addition, the experi-
ences gained in modeling COVE l1lYMa and COVE 1YMb can be used in future
performance assessment models of the Yucca Mountain system. Activi-
ties for COVE 2 and COVE 3 are currently being planned (1) to address
some of the questions raised by COVE 1 and the issues listed above and
(2) to investigate the physical validity of the models being used for

the hydrologic and geochemical transport mechanisms at Yucca Mountain.
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p = constant
at 5 mesh points

SAGUARO Finite-Element Mesh (247 Elements) Train
Triangular Exit Hole

— X

SAGUARO Finite-Element Coarse Mesh (221 Elements)

SAGUARO/FEMTRAN Finite-Element Fine Mesh (884 Elements)

Figure A-1. SAGUARO Finite-Element Mesh
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Figure A-5. FEMTRAN Finite-Element Mesh




APPENDIX B
RESULTS OF COVE lYMa

In Figures’B?a through B-14, the following symbols are used:

TRACR3D
GWVIP

TRUST
TRUMP

SAGUARO
FEMTRAN

o + DO
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APPENDIX C
RESULTS OF COVE 1lYMb

In Figures C-1 through C-7, the following symbols are
used: :

TRACR3D
GWVIP

TRUST
TRUMP

o 4+ DO

SAGUARO
FEMTRAN
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Figure C-2. Hydraulic-Head Profiles at Two Interior Nodes
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