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Abstract

The Code Verification Project (COVE) is a series of benchmarking calculations designed to
verify numerical procedures for hydrologic flow and contaminant transport through a variably
saturated porous medium. The COVE-2A problem set is a subset of the COVE series. COVE-
2A compared the outputs from five hydrologic flow computer codes in the analysis of a one-
dimensional water infiltration problem set. Initial comparisons between the codes showed very
good agreement when comparing the pressure profiles through the domain. Saturations, which
are directly derived from the pressures, also agreed well. However, a second round of calculations
was required before all the codes could agree on calculated quantities that were derived from
the gradient of the pressure.
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1 INTRODUCTION

* The Nuclear Waste Repository Technology Department at Sandia National Labo-
ratories (SNL) is investigating the suitability of Yucca Mountain as a potential site for
underground burial of nuclear wastes. One element of the investigations is to assess&the
potential long-term effects of groundwater flow on the integrity of a potential 'repository.

A number of computer codes are being used to model groundwater flow through
geologic media in which the potential repository would be located. These codes compute
numerical solutions for problems that are usually analytically intractable. Consequently,
independent confirmation of the correctness of the solution is often not possible. Code
verification is a process that permits the determination of the numerical accuracy of codes
by comparing the results of several numerical solutions for the same problem. The inter-
national nuclear waste research community uses benchmarking for intercomparisons that
partially satisfy the Nuclear Regulatory Commission (NRC) definition of code verification
(Silling, 1983). This report presents the results from the COVE-2A (Code Verification)
project, which is a subset of the COVE project (Hayden, 1985).

1.1 The COVE Project

The COVE series of benchmarking projects have been designed to verify numerical
procedures for hydrologic flow and ontaminant transport in porous media. COVE-I
investigated a small-scale problem of water flow and contaminant transport through a
variably saturated porous medium (Hayden, 1985). COVE-2 problems involve a more
complex set of conditions by investigating' the performance of codes on problems of
repository-site scale. COVE-2A uses a one-dimensional (-D) geometry with five ho-
mogeneous geologic layers. COVE-2B uses a' two-dimensional (2-D) geometry with two
layers, and COVE-2C specifies two layers and an explicitly modeled fault. Both COVE-i
and COVE-2 problems assume one-phase, isothermal groundwater flow; COVE-3 con-
siders two-phase, nonisothermal, 2-D problems on a repository-site scale. The COVE-S
work has been completed (Hayden, 1985). This report describes COVE-2A activities;
the remaining COVE-2 and COVE-3 problems are in various stages of planning and
execution.

COVE-2A Problem Definition

The following is'a brief description of the COVE-2A problem. Complete details are
provided in the' original Problem Definition Memo (PDM) written by Prindle, 1986.

The COVE-2A problem used a 1-D geometry with five hydrogeologic zones (Figure
1). The geologic data were taken' from a description of the variably saturated,- fractured
volcanic tuffs underlying Yucca Mountain, Nye County, 'Nevada (Peters et al., 1984).
The hydrologic model used for the analyses was a composite fracture-matrix continuum
(Peters et al., 1988; Dudley et al., 1988). A zero pressure (saturated) boundary condition
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was imposed for all COVE-2A cases at the lower boundary.- The water flux imposed
at the top boundary varied from case to case. The material characterizations of the
hydrogeologic zones were provided to the participants. The problem set consisted of
twelve cases., These were composed of combinations of three different imposed fluxes,
two different material property sets, and a steady or transient boundary condition. The
three different imposed water fluxes were 0.1, 0.5 and 4.0 mm/yr. The lowest flux resulted
in most of the groundwater flowing through the matrix, and the highest resulted in a
fracture-dominated system.

WATER
INFILTRATION

GROUND Z 530.4 m
SURFACE TCwJ53. 

P~n s 503.6 m
465.5 m

TSwI

335.4 m

REPOSITORY 224.0 m
219.5 m

R T 130.3 m

ZL 00 M
WATER TABLE

Figure 1. Stratigraphy for COVE-2A Problems

For each of the imposed fluxes, there were two hydrologic property sets provided
for the Calico Hills (CH1n) hydrogeologic zone. The purpose of using different hydro-
logic properties was to investigate the sensitivity of the numerical solution techniques to
sharp contacts between materials of greatly different hydrologic characteristics. For one
property set, the Calico Hills zone was considered to be zeolitized (CHnz) and to have
hydrologic properties very similar to the Topopah Spring unit directly above. For the
other property set, the Calico Hills unit was assumed to be vitrified (CHnv) and to have
properties orders of magnitude different from the overlying Topopah Spring. The above
resulted in six steady-state cases.
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Finally, the six steady-cases were used as initial conditions for six transient cases
where the imposed flux was doubled in a 'step change. This resulted in six transient
cases. The twelve total cases allowed for code comparisons for both steady and transient
conditions with various combinations of matrix and fracture flow. The 12 cases defining
the problem set are listed in Table 1.

Table 1. COVE-2A PROBLEM SET

Case Imposed Materials Time
Flux (mm/yr) Properties Domain

1 0.1 zeolitic steady
2 0.1 vitric steady
3 0.5 zeolitic steady
4 0.5 vitric steady
5 4.0 zeolitic steady
6 4.0 vitric steady
7 0.1 to 0.2 zeolitic step change
8 0.1 to 0.2 vitric step change
9 0.5 to 1.0 zeolitic step change
10 0.5 to 1.0 Ivitric step 'change
11 4.0 to 8.0 zeolitic step change
12 4.0 to 8.0 vitric step change

The requirement that all the analyses be based on the hydrologic equations and input
data specified in the PDA was made to ensure a meaningful comparison among all the
results. Input data were taken from characterizations of Yucca Mountain tuffs, (Peters et
al., 1984), and are listed in Table 2. Physical constants, such as the gravitational acceler-
ation, duration of a calendar year, and the compressibility of water, were also provided t6
ensure consistency among the participants. The extreme detail provided in the problem
statement was a result of difficulties encountered in COVE-I where the problems solved
by the individual participants were not identical (especially in their choice of boundary
and initial conditions). Participants were not requested to interpret the physical impli-
cations of their work (except as the phenomena relate to the performance of their codes),
although several did provide interpretations.

Potential computational difficulties were expected to arise from the strong varia-
tions of the hydraulic properties as a function of pressure head. Such effects often cause
numerical instabilities (Dykhuizen, 1989) or failure of convergence, especially'at inter-
faces where material properties change significantly. The cases where the fractures were
partially saturated proved to be the most difficult to calculate due to the more rapid
variation of hydraulic conductivity with pressure.
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Table 2. MATERIAL PROPERTIES

__ | TCw PTn TSw1 TSw2-3 | CHnv | CHnz

nm 0.08 0.40 0.11 0.11 0.46 0.28

ms) 9.7 x 10-12 3.9 x 10-7 1.9 x 10-11 1.9 x 101 2.7 x 10-7 2.0 x 10-11
(m/s)
Sr,m 0.002 0.100 0.080 0.080 0.041 0.110

atm 0.821 x 10-2 1.5 X 10-2 0.567 X 10-2 0.567 x 10-2 1.600 x 10-2 0.308 x 10-2

Pm 1.558 6.872 1.798 1.798 3.872 1.602

nf 1.4 x 10-4 2.7 x 10-5 4.1 x i0-5 1.8 x 10-4 4.6 x IO-5 4.6 x 10-5

K( 5.3 x 10-9 1.6 x 10-8 0.9 x 10-9 3.1 x 10-9 9.2 x 10-9 9.2 x 10-9

S(m J 0.0395 0.0395 0.0395 0.0395 0.0395 0.0395

a1 1.285 1.285 1.285 1.285 1.285 1.285

P7f 4.23 4.23 4.23 4.23 4.23 4.23

atLk 6.2 x 10-7 8.2 x 10-6 1.2 x 10-6 5.8 x 10-7 3.9 x 10-6 2.6 x 10-6

;af 1.32 x 10-6 1.9 x 10-7 5.6 x 10-8 1.2 x 10-7 2.8 x 10-8 2.8 x 10"
( 1 / r ) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Nomenclature:
K saturated hydraulic conductivity
n porosity
a van Genuchten parameter
abulk coefficient of consolidation

Subscripts:
f fracture
m matrix
r residual

S saturation
a' rock mass stress
,B van Genuchten parameter

4



1.2 Participants

Participants in the COVE-2A project and the documentation of their work are shown
in Table 3:

Table 3. COVE-2A PARTICIPANTS

Laboratory Code COVE-2A Report
Sandia National Laboratories TOSPAC Dudley et al., 1988

(SNL Division 6313)
Los Alamos National Laboratory TRACR3D Birdsell and Travis, 1991

(LANL)
Lawrence Berkeley Laboratory TRUST not yet available

(LBL)
Sandia National Laboratories LLUVIA Hopkins, 1989

- (SNL Division 1511)
Sandia National Laboratories NORIA Carrigan et al., 1991

(SNL Divisions 6231 and 1511)

1.3 Descriptions of Codes

The following descriptions of the codes used for COVE-2A are intended to highlight
the differences among them. More comprehensive treatments are provided in the individ-
ual reports. Although there is no a priori indication that the different implementations
can affect the results, this possibility must be considered when comparing the results.

TOSPAC

The SNL Repository Performance Assessment Division 'used the 'code TOSPAC
(Dudley et al., 1988) to solve the COVE-2A problems (Gauthier et al., 1991). TOSPAC
is a one-dimensional, finite-difference code that solves coupled matrix-fracture isothermal
liquid flow problems. In determining what output parameters would be available; the
COVE-2A project leader investigated the'capabilities of TOSPAC. Therefore, no modifi-
cations were required of this code to enable'output of the requested variables. TOSPAC
is capable of solving either the transient or the steady-state equations directly in one
dimension.

TRACR3D

Los Alamos National Laboratory (LANL)'used the code TRACR3D (Travis, 1984)
for the COVE-2A problems (Birdsell and Travis, 1991). TRACR3D is a finite-difference
code that has the capability of modeling one- and two-phase flow in one, two, and three
dimensions. TRACR3D uses tabular property data, so a preprocessor code was written to
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calculate the characteristic properties in a format useable by TRACR3D. The preproces-
sor calculated tables of relative permeability and pressure as a function of total saturation
using the van Genuchten relationships. The code could not include the effects of rock
compressibility; however, they were determined to be small. For the one-dimensional,
steady-state COVE-2A cases, the code was modified slightly to stop when it reached a
steady-state condition. For transient problems, the code was modified to run starting
from a time equal to the negative of the time necessary to reach steady-state; then at
time zero, the flux change was imposed.

TRUST

LBL used the code TRUST (Narasimhan et al., 1978) to solve the COVE-2A prob-
lems. This code uses an integral finite-difference method to solve the hydrologic mass
conservation equation. Originally, TRUST did not include the ability to separately cal-
culate water velocities in the matrix and fractures, nor did it include the effects of rock
compressibility. Several modifications to TRUST were made to facilitate solving the dif-
ferent cases. These primarily included coding the governing and constitutive equations in
a form identical with the specifications in the PDM. The TRUST code requires as input
an estimate of the pressure head profile. Like TRACR3D, a false transient is solved to
obtain the steady-state results for Cases 1 through 6. A preprocessor code was written to
estimate the steady solution in order to minimize the execution time requirement. This
code also attempted to optimize the calculational mesh sizes.

LLUVIA

The SNL Computational Fluid Dynamics Division used LLUVIA (Hopkins and
Eaton, 1989) to solve the COVE-2A problems (Hopkins, 1989). This code solves prob-
lems of one-dimensional, isothermal, steady-state fluid flow through saturated or partially
saturated rock. LLUVIA starts with a user-defined mesh on which output is requested.
The code actually solves the governing equation on a much finer mesh. The mesh is
automatically adapted to maintain accuracy. The code outputs the results at some of
these intermediate locations if it is found that the conductivity is changing rapidly. This
enables more accurate evaluation of the auxiliary output quantities. The steady-state
formulation in LLUVIA allowed quick solution of Cases 1 through 6. However, since
LLUVIA only performs steady-state calculations, the six transient COVE-2A cases were
calculated as steady-state problems with the fluxes set equal to the final values.

NORIA

The SNL Geophysics Division (in conjunction with the SNL Computational Fluid
Dynamics Division) used the code NORIA (Bixler, 1985) to solve the COVE-2A problems
(Carrigan et al., 1991). This code is a two-dimensional, finite-element heat- and mass-
transport code designed to solve multiphase transport problems in porous media. For
the COVE-2A problems, the full capabilities of NORIA were not required, so a "stripped
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down' version was used'that considered only single phase flow. NORIA is not capable
of performing true one-dimensional problems. Consequently, material properties were
,set to be transversely uniform, and appropriate side boundary conditions were used to
simulate one dimension. Because NORIA does not solve steady-state problems directly,
a false transient was simulated to the steady-state condition. The code' LLUVIA was
run to provide estimates of the steady profile at the NORIA' mesh locations in order to
reduce the NORIA execution times. '



2 SUMMARY OF PARTICIPANTS' REPORTED RESULTS

All the participants' calculations produced approximately the same results, although
there were some notable differences. They all observed that as the imposed flux increases,
the pressure heads increase, resulting in higher total saturations, higher hydraulic con-
ductivities, and higher velocities (matrix and fracture). For the transient problems, they
all calculated approximately the same times to achieve the new steady-state, and found
that the vitric layer property set resulted in increased times to obtain the new steady
state. Their reports stressed different aspects of the problem. As a rule, comparisons
were excellent for the primary parameter calculated, the pressure head. Agreement was
also good for the saturation level, which is directly derived from the pressure head. How-
ever, for quantities that are derived from the gradient of the pressure head (e.g., flux and
velocities), the calculations showed noticeable differences. Most of these differences were
corrected between the initial results and the final results. Section 3 of this report will
detail all of the computational differences that were found.

Initial results were sent in memorandum form to the principal investigator. In these
initial results, differences arose mostly from reporting results that contained undetected
errors. In future calculations, greater care should be taken to check the results.

This section will compare the results from the different codes in a general fashion.
It will identify the types of discrepancies and how they were resolved between the initial
and final results. Some observations will also be made about the execution times for the
different codes. The next section will compare the results case by case.

2.1 TOSPAC

TOSPAC solved every case. An error in the determination of fracture water velocity
was found from examining the initial results. Numerical instabilities were also observed.
Modifications of the code corrected these errors. One consequence of these modifications
was to triple the number of mesh nodes used in the problem to enhance accuracy and sta-
bilize the results. However, efficiency improvements allowed execution times to decrease
despite the additional mesh points.

The TOSPAC report provided an extensive analysis and interpretation of the COVE-
2A cases.

2.2 TRACR3D

TRACR3D successfully computed all of the COVE-2A cases. Solutions did not
oscillate at boundary interfaces; therefore, the numerical solution was considered stable.
TRACR3D neglected rock compressibility effects in its calculations, but showed that the
effect of this omission was small. The authors included an analysis of the difference
between cases contrasting the inclusion of vitric and zeolitic zones. They observed that

8



the high matrix conductivity of the vitric tuff prevented fracture-dominated flow in this
unit at all flux rates investigated.

The TRACR3D work initially had problems calculating matrix and fracture velocity
for the COVE-2A problems. Originally, these values were calculated by multiplying the
pressure gradient between two nodes by the matrix or fracture hydraulic conductivity at
the lower node. For locations with high gradients (such as at stratigraphic interfaces),Ithis
method is unsatisfactory because the conductivity can differ greatly between the nodes.
For the final results, the velocity calculation was modified to obtain more consistent
results.

Problems were also encountered because of insufficient accuracy in the tabulated
hydraulic properties and an insufficient convergence criterion for the pressure variable.
These were identified by LANL, and corrected, before the final code comparisons.

2.3 TRUST

TRUST was also able to solve all the cases. The results for water velocities (especially
in the fractures) differed'from other codes in several of the cases. Additionally, for some
of the transient cases, numerical instabilities occurred. The numerical instabilities were
probably caused by a mesh that was too coarse (Dykhuizen, 1989).

The coarse mesh probably also contributed to the water velocity discrepancies. How-
ever, it is possible that TRUST suffered from the same problem a's one identified by LANL
in TRACR3D. When solving a false transient to a steady-state condition, pressure is used
as the dependent variable, and the calculations are stopped when the pressure converges
to a near steady value. Very small changes in the pressure can cause noticeable changes
in the local flux. This may have accounted'fdr TRUST showing good agreement for
pressure, but noticeable differences for fracture velocities.

Initially TRUST had an error in calculating fluid velocities due to an indexing error.
This was corrected for the final TRUST results.

2.4 LLUVIA

Originally, LLUVIA was"designed to evaluate groundwater travel time, and conse-
quently reported outputs su'ch as saturation,'velocity,' and conductivity as approximate
averages over the internodal cells.'This resulted i'small errors'in the initial'resuilts that
were reported for LLUVIA. LLUVIA' was modified to evaluate thei'requested output as
point values 'to enable comparisons with the' other participants. This produced better
results for the flux and velocity'profiles.

LLUVIA is a one-dimensional, steady-state code;'therefore, Cases 7 through 12 were
solved with constant imposed fluxes equal to the respective final values. Transient results
were not available for comparison with the other participants.

9 , 9



2.5 NORIA

NORIA is a two-dimensional finite-element code that successfully computed all the
COVE-2A cases. Some cases converged slowly. To improve convergence, adjustment of
some of the code input variables was made. For the steady-state problems it was found
that increasing the liquid-compressibility reduced the computational effort required to
obtain the steady-state. For transient problems it was found that two modifications
allowed faster solutions. The first was to reduce the magnitude of the error tolerance.
The second was to not allow the hydraulic conductivity of the two-dimensional elements
to vary in the horizontal direction when solving these one-dimensional problems. Carrigan
et al., 1991 provided an analysis of the results, including an analysis of the mass balance
considerations for the steady and transient cases.

2.6 Code Performance Comparison

Table 2 lists the execution times for the codes to reach solutions for the various cases.
TRACR3D, TRUST, and NORIA were run on a Cray X'.MP super computer. LLUVIA
and TOSPAC were run on a VAX 8650. For each code, the total'reported execution times
for each case are listed, as well as a normalized time" consisting of the execution time
divided by the number of nodes for each problem. Additionally the normalized execution
times reported for the VAX 8650 computer were also divided by a factor of 10. This
nominally corrects for the fact that the VAX 8650 is significantly slower than the Cray
X-MP. This normalization somewhat accounts for the different meshes and computers
used by the different participants. However, because the participants were not told that
execution time comparisons were going to be made, it is unfair to rate the codes based
on execution times alone. No value judgments were given in the problem definition that
allowed the participants to weight accuracy against efficiency.

As can be seen from Table 4, Cases 1 through 6 are most efficiently solved by
LLUVIA or TOSPAC, which solve steady-state equations directly. The other codes
obtain the steady-state solution through the computation of a false transient.

Calculations for flux values in the transition from predominantly matrix flow to
predominantly fracture flow commonly encounter computational difficulties. For the
COVE-2A problem, these were Cases 3 and 4, and Cases 9 and 10. As Table 2 shows,
this is reflected in the longer execution times for these cases. The most inconsistent timing
appears to be for the TRUST Cases 3 and 4, which are extraordinarily short compared
with timings for other codes, and with timings for other TRUST cases. This, however,
can be easily explained. TRUST employs a preprocessor code to calculate an initial
condition. The pressure profile is easier to approximate for cases where the properties
change rapidly (as in Cases 3 and 4). Therefore TRUST probably had a much better
initial condition for calculating these steady-states conditions. For Cases 9 and 10, where
all codes started with the same initial condition, TRUST had the same difficulty as the
rest of the codes.
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Table 4.: TIMING INFORMATION FOR COVE-2A

LLUVIA Timing Information
(Run on VAX 8650)

Case Nodes CPU Time Time/Node
(s) xO.1.

TOSPAC Timing Information
(Run on VAX 8650)

Case Nodes CPU Time Time/Node
I (s) xO.1

1 214
2 211
3 187
4 207
5 215
6 281

30.6
20.4
28.8
21.8
33.0
46.9

0.014;
0.010
0.015
0.011
0.015
0.017

1 2303
2 2303
3 2303
4 2303
5 2303
6 - 2303
7 2303
8 2303
9 2303
10 2303
11 2303
12 2303

160
160
160
160
160
160

1056
985

24142
17389
7301
9164

0.007
0.007
0.007
0.007
0.007
0.007
0.046
0.043
1.05
0.76
0.32
0.40

TRACR3D Timing Information
(Run on Cray X-MP/48)

Case Nodes CPU Time Time/Node
(s)

TRUST Timing Information
(Run on

Case Nodes
Cray X-MP)
CPU Time

(s)
Time/Node

1 362
2 362
3 362
4 362
5 362
6 362
7 362
8 362
9 362
10 362
11 362
12 362

39.6
33.2
148
159
67.7
114
151
137
462
510
307
679

0.11
0.09
0.41
0.44
0.19
0.31
0.42
0.38
1.28
1.41
0.85
1.88

1 183
2 134
3 338
4 315
5 240
6 308
7 183
8 134
9 338
10 315
11 240
12 308

104
62.0
3.9
4.2
14.
7.4
290
211

3000
6720
149

7800

0.57
0.46
0.01
0.01
0.06
0.02
1.58
1.57
8.88
21.3
0.62
25.3
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TABLE 4 (CONTINUED) TIMING INFORMATION FOR COVE-2A

NORIA Timing Information
(Run on Cray X-MP)

Case Nodes CPU Time
(s)

1 401 60
2 401 90
3 401 400
4 401 630
5 401 150
6 401 250
7 401 60
8 401 60
9 401 1030
10 401 840
11 401 360
12 401 215

Time/Node

0.15
0.22
1.00
1.57
0.37
0.62
0.15
0.15
2.57
2.09
0.90
0.54

12



3 DISCUSSION OF RESULTS

Results for each case from each participant have been plotted together in the figures
presented in this report. The results identified as initial are the results obtained by the
participants before any comparisons with the others were made. The initial results show
greater variations among the participants. After some obvious errors were corrected, the
final results exhibited much greater agreement.

The following discussion generally addresses the areas of disagreement among the
codes. In part, the narrative refers to the steps taken by the participants to produce
consistent results; these were summarized in the ,previous section. There is excellent
agreement by all codes for calculations of pressure head (which is the primary dependent
variable) and saturation (which is directly derived from the pressure). This is expected
because the codes use the pressure value in calculating their error tolerances. Agreement
for quantities derived from gradients of the pressure (such as fluxes and velocities) is not
quite as good.

A large change in fracture saturation is required to conform to the boundary con-
dition of complete saturation at the water table for many of the cases. This results in
orders-of-magnitude changes in fracture conductivity near the water table. The equiva-
lent porous medium model (Peters and Klavetter, 1988) assumes local pressure equilib-
rium between the matrix and fractures. Therefore, the gradient for both is the same at
every point. At locations near the-water table, the model predicts that the flow rapidly
shifts from the matrix to the fractures, causing the fracture velocity to increase dramati-
cally (sometimes by ten orders of magnitude). This causes a large spread in the reported
values for the fracture velocity near the water table (within 1 m elevation). This differ-
ence is very localized, and therefore has little impact on travel times or water content of
the mountain.

3.1 Steady-State Cases

For steady-state, one-dimensional problems, a good measure of the accuracy of a
problem solution is when the ratio of the computed flux to the flux imposed at the
boundary equals 1.0. This ratio was required output for all participants, and is referred
to here as normalized flux. The higher imposed flux values, where fracture flow existed,
resulted in the largest error in this measure, and the TRUST code typically reported the
highest errors. However, for Cases 5 and 6 (the highest imposed steady flux), the TRUST
code only exhibited 2 percent errors in this measure. For all of the other combinations
of Cases and participants the errors were less than 1 percent. As mentioned earlier, the
amount of deviation in this measure can be further reduced by decreasing mesh spacing,
and decreasing the convergence tolerance in the calculations.

Agreement between all codes was very good for the steady-state problems.

13



Case 1: Steady-state 0.1 mm/yr, zeolitic

Case was the least demanding case for the codes. The flow was steady, and almost
entirely contained within the matrix flow system. The initial results are shown in Figures
2 through 7. These show many discrepancies in the results when comparing the codes.
TOSPAC initially exhibited errors in calculating fracture velocities (Figure 4); however,
this is of little concern due to the dominance of the matrix flow system in this case.
This error becomes more of a concern in other cases where the fracture flow is dominant.
LLUVIA initially reported a small error in the normalized flux due to the coarse mesh
and the computational procedure used (Figure 3). Very localized errors occurred in the
TRUST results (see Figure 6 for the hydraulic conductivity) and in the TRACR3D results
(see Figure 4 for the fracture velocity) at the Paintbrush Topopah Spring (PTn/TSwl)
interface. These were so local that they would not cause any significant differences in the
water content or travel time over the scale of the problem.

The final results corrected the above noted errors except for the very localized error
by TRUST. Figure 8 shows that the pressure profile was unchanged due to the corrections
put in place for the final calculations. Figures 9 and 10 exhibit the corrected output for
the variables that did not agree in the initial comparison.
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Case 2: Steady-state 0.1 mm/yr, vitric

This case is identical to Case I except'that the Calico Hills geologic unit is now
defined as vitric. This results in a large change in the hydraulic conductivity at the
Topopah Springs'(TSw2-3) and Calico Hills (CHnv) interface. The initial and final
results for this case are similar to those of Case 1. The new interface (TSw2-3/CHnv)
introduced some new errors similar to the errors in Case 1 at the PTn/TSwl interface.
TRUST overestimated the hydraulic conductivity at the TSw2-3/CHnv interface, and
TRACR3D overestimated the velocities at this interface. But again these errors were
very localized. In the final calculations, these local effects were reduced by, TRUST and
eliminated by TRACR3D.

The TRUST results for fracture velocity diverged from the others in both the initial
and the final calculations. The fracture velocity final result is shown in Figure 11. For
all the COVE-2A results, the TRUST work was done with a coarser mesh than that used
by the other participants. It is thought that'a finer mesh and/or a tighter convergence
criterion would help improve the TRUST results. A correction in the indexing of nodal
values between the initial and the final results did not resolve the discrepancy in the
fracture velocity between TRUST and the other codes. However, this correction did help
in some of the later cases.

Fracture Velocity (m/s)
Figure 11. Case 2: Final Results for Steady-State Fracture Velocity Profile
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Case 3: Steady-state 0.5 mm/yr, zeolitic

This case is similar to Case 1 except that the flux has been increased. The initial
results for this case were similar to Cases 1 and 2 in degree of divergence by some
participants. This case resulted in some fracture flow in the TCw unit and the lower part
of the CHn unit (Figure 12). This case resulted in a six-orders of magnitude increase
in fracture flux over Case 1 (where the fracture velocity was negligible). The occurrence
of fracture flow increases the normalized flux errors (which are still small) in these units
(Figure 13). In contrast to the prior cases, the participants were less successful at getting
the normalized flux to be uniform (at unity) as shown in Figure 14, but the deviations
are still less than 1 percent. The initial differences in the fracture velocity (due to the
coding error in TOSPAC) were resolved (Figure 15).

Fracture Velocity (m/s)
Figure 12. Case 3: Initial Results for Steady-State Fracture Velocity Profile
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Fracture Velocity (m/s)
Figure 15. Case 3: Final Results for Steady-State Fracture Velocity Profile

Case 4: Steady-state 0.5 mm/yr, vitric

This case is the same as Case 2, except for the increased flux. As in all of the
previous cases, all of the codes produced identical results for the pressure profile (Figure
16). However, the initial TRUST results showed increased discrepancies in comparison
to the other participants for the secondary variables. This is illustrated best by the
normalized flux plot (Figure 17) and the fracture velocity plot (Figure 18). TRUST's
initial calculation of fracture velocity in the bottom portion of the problem domain has the
wrong sense, increasing with elevation. This is largely due to the previously mentioned
indexing error. Correction of this coding error brought the TRUST results in better
agreement with the others, but differences are still apparent in the final results (Figures
19 and 20).
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Fracture Velocity (m/s)
Figure 20. Case 4: Final Results for Steady-State Fracture Velocity Profile

Case 5: Steady-state 4.0 mm/yr, zeolitic

In this case, significant fracture flow occurs in all layers. Again, the initial results
for TRUST and TOSPAC diverged from those of the other participants due to 'coding
errors. This is best shown in the fracture velocity plot (Figure 21). The final results
showed better agreement, with TRUST still somewhat in disagreement (Figure 22). The
improved agreement between TRUST and the other participants (in comparison to the
previous cases) is due to the fact that the units are now nearly saturated. This results
in low gradients in the pressure, so that a fine mesh is 'not as important.
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Case 6: Steady-state 4.0 mm/yr, vitric

Case 6 is the same as Case 5, except for the increased conductivity of the lowest layer.
The comments made about Case 5 apply to this case. There are great divergences among
the initial calculations, which are mostly improved for all participants by recalculation.
The final results for TRUST are still somewhat different from the others. Figures 23
through 28 show the final results from all of the participants.
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Figure 24. Case 1;: Final Results for Steady-State Normalized Flux Profile
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3.2 Transient Cases

* For the transient cases the participants were asked to provide the same six plots,
discussed for the steady-state cases, at eight different times (The specified times varied
from case to case.). In general, as time progresses, the differences among the results
increases. Additionally, plots of the various calculated quantities as a function of time
for various elevations were requested. The specified elevations were (with one exception)
within a fraction of a meter of an interface. As was determined from the steady-state
results, the interfaces are often the source of a very localized error that is not of global
concern. The one exception is the time plots at the repository elevation (219.5 in). This
is not at a stratigraphic interface and can be used as a fair test to show differences in the
arrival times of the perturbed flux.

The same errors that were included in the initial results for the steady-state cases ap-
peared in the initial results for these transient cases. Only two new errors were identified.
The first was that some of the participants did not specify a small enough convergence
criterion. This resulted in excess truncation errors. The second was that tabulated prop-
erties were not specified with enough precision for use by TRACER3D and therefore their
results did not compare well with other participants. Birdsell and Travis (1991) provide
an excellent discussion on the sensitivity of the transient non-linear finite-differenced
equations to very small changes in the parameters and the convergence criterion. These
errors were identified by early comparisons of results and were fixed for the final calcu-
lations. Therefore, the initial results for the transient cases will not be presented here.

Again the normalized flux plots proved to be a good vehicle for comparing codes.
These plots as a function of elevation clearly show the progression of the flux perturbation.

Since LLUVIA is only a steady-state code, it could not produce the requested results
for these transient cases.

Case 7: Transient step change from 0.1 to 0.2 mm/yr, zeolitic

This transient involves very low fluxes that result in little fracture flow. All par-
ticipants obtained very similar results for all of the requested output. Because all of
the participants started from the same initial condition (Case 1), discrepancies among
the codes increase with time. Figures 29 through 34 show a comparison of the results
at 100,000 years, which is approaching the new steady-state. Except for very localized
errors at interfaces (which are of no consequence), the agreement is very good. NORIA
seems to be approaching the new steady-state at a slightly slower pace (Figure 30).

Figures 35 through 40 show the time plots for the output variables at the 219.5 meter
elevation. Again it is shown that NORIA approaches the new steady-state at the slowest
rate, but the difference in all of the results are on the order of a few percent (Figure 39).
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Case 8: Transient step change from 0.1 to 0.2 mm/yr, vitric

This transient is very similar to the transient of Case 1, and therefore the results
from the different participants could be compared in a similar manner. At 100,000 years,
all codes predicted conditions close to a steady-state at the new flux level. Results from
NORIA again lagged behind the other three codes, but the fluxes it predicted were only
one percent lower (Figure 41). All codes show the increased time required to reach the
new steady-state when the Calico Hills layer is defined by the vitric property set.

0.900 0.925 0.950 0.975
Normolized Flux

Figure 41. Case 8: Final Results for Normalized Flux Profile at 100,000 Years

Case 9: Transient step change from 0.5 to 1.0 mm/yr, zeolotic

This transient is similar to Cases 7 and 8, but now fracture flow becomes more
dominant. Again the participants' calculations agree very well. The transient reaches
a new steady-state at the last time plane requested (450 years). The normalized flux
exhibits a value of unity throughout the domain (Figure 42). However, Figure 42 does
show a small offset error in the TRUST normalized flux (0.8 percent), and a local error
in the TCw layer. The overall offset seems to begin at the elevation of the local error
and is probably caused by the coarse mesh. Figure 43 shows the excellent agreement for
the fracture velocity (the variable that exhibits the greatest variation among codes) at
300 years. The TRUST calculation shows a slightly greater penetration of the front into
the domain. Figures 44 through 49 show the time history of the output variables at the
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219.5-meter elevation. The agreement is very good. The apparent disparity among the
codes is due to the fine scale of the y-axis, and the sparse data. TRUST and TRACR3D
did not output data at a fine enough time scale'to resolve''the passage of the front.

Especially for this case, which involved a transition from matrix to fracture flow,
the TRACR3D results were found to be very sensitive to the degree of precision in the
permeability values that were tabulated for the code's use. This was determined and
corrected before presentation of the final results.
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Case 10: Transient step change from 0.5 to 1.0 mm/yr, vitric

This case is very similar to Case 9. The only change is that of the material properties
for the Calico Hills geologic unit. The higher matrix conductivity for the vitric Calico
Hills unit resulted in much more gradual changes in that layer when the front arrived.
This made the calculations, in some sense, easier for the computer codes when the front
reached the Calico Hills unit. However, not all of the codes required less CPU time for
Case 10 than was required for Case 9. Again, the agreement among the codes was very
good. Figure 50 is provided as a typical comparison of the codes for this case.
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Figure 50. Case 10: Final Results for Pressure Head at 250 Years

Case 11: Transient step change from 4.0 to 8.0 mm/yr, zeolitic

This case resulted in the fracture flow system transporting the majority of the flux
throughout the transient. The matrix flow system is almost completely saturated, even
at the beginning of the transient. The entire transient lasts only two years before the new
steady condition is established. In general there was good agreement among the codes.
Figures 51 and 52 show strong evidence of numerical oscillations in the TRUST results.
Near the front, the flux oscillates with elevation. This oscillation is also apparent in the
time plots where the oscillation appears as a function of time for one point (however, the
low frequency of the temporal output prevents a detailed depiction of the oscillation). It
is interesting to note that this instability does not seem to effect the progression of the
front through the domain, for TRUST predicts about the same behavior for the motion
of the front. As was noted earlier, the numerical instability probably arose from the
coarse calculational mesh used for this code.
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TRACR3D bad problems computing the passage -of the wetting front through the
problem domain, especially for Cases 11 and 12. Thesecases had relatively small changes
in pressure as the wetting front advanced. Because TRACR3D (as"do the other codes)
uses pressure changes to determine the time step, the time step increased tolthe point
that the wetting front could not be accurately followed. A similar problem was also
identified in the initial NORIA results for Case 11. Forcing smaller time steps in both of
these codes resulted in a more accurate simulation of this transient.

0.5 0.6 . 0.7 0.8 0.9 1.0
Normolized Flux

Figure 51. Case 11: Final Results for Normalized Flux at 0.5 Years
9~ .
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Figure 52. Case 11: Final Results for Normalized Flux at 1.5 Years

Case 12: Transient step change from 4.0 to 8.0 mm/yr, vitric

This transient is quite similar to that for Case 11. In fact, until the front reaches the
Calico Hills geologic unit, the results are almost identical. Since the Calico Hills layer
has an initial saturation much lower in this case, the entire transient takes much longer
than Case 11. The majority of the time in this transient is spent saturating the Calico
Hills unit. Figure 53 shows the location of the front in the Calico Hills unit at 100 years.
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4 SUMMARY AND CONCLUSIONS

The initial results presented by the participants showed excellent agreement in the
pressure profiles (the dependent variable of all the codes). The various distributions for
saturation, that were derived directly from the pressure, also agreed well in the initial
results. However, some of the secondary quantities derived from the gradient of the
pressure were quite variable. The cause of these discrepancies was typically coding errors
and differences in mesh refinement.

The post-processing routines (used to calculate parameters derived from pressure
head) are critical for achieving useful performance-assessment parameters. The errors
evident from the initial results and the efforts necessary to get acceptable final agreement
indicate that more attention must be paid to ensuring that these routines work properly.
Analysts must give much more attention to careful formulation of the problem and to
critical review of their work to prevent the necessity for repeating analyses.

A second round of calculations was required to correct the errors in the codes iden-
tified in the initial round. Small discrepancies were still evident in the quantities derived
from the gradient of the pressure. This is due to the large variation of hydraulic properties
as a function of pressure.

The TRACR3D calculations.(Birdsell and Travis, 1991) demonstrated that errors
may occur in transient calculations if great care is not taken in assuring convergence
in the calculations. For some cases, very small changes in the pressure level can have
large effects on the fluxes and water contents. This, in turn, can significantly affect the
progression of the flux perturbation through the domain in a transient. The TRACR3D
report also demonstrated that small inaccuracies in tabulated hydraulic properties can
also have large impacts on the calculated results (TRACR3D was the only code to use
tabulated properties).

One of the difficulties in doing a comparison using several participants and several
codes is the lack of consistency in reporting and results. Although each participant
was requested to use the same input data and functional relationships, and to report
on the same subjects, reporting styles were sufficiently different so that comparisons
of techniques, successes and failures were not easily accomplished. For example, each
code represented interfaces between two geologic media in slightly different ways. This
resulted in significant local differences in numerical quantities at the interface. When
shown graphically, some codes exhibited what appeared to be point discontinuities at
the interfaces (especially where large property differences existed). These very localized
discrepancies will have little effect on the calculated performance of the site, but they do
distract from the otherwise good agreement among the codes. The participants should
take more time in assuring a consistent formulation of the flux quantities at interfaces so
that smooth results are obtained.

The current generation of computer codes is probably not efficient enough to allow
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large-scale, multidimensional analyses of performance assessment to be performed. The
execution times for many of the codes on the COVE-2A problems indicate that a more
ambitious problem set would be difficult.
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Appendix A. Reference Information Base

Information from the Reference Information Base
Used in this Report

This report contains no information from the Reference Information Base.

Candidate Information for the Reference Information Base

This report contains no candidate information for the Reference Information Base.

Candidate Information for the
Site & Engineering Properties Data Base

This report contains no candidate information forthe Site and Engineering Proper-
ties Data Base.
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