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ABSTRACT

HYDROCOIN, an international study for examining ground-water flow modeling
strategies anc their influence on safety assessments of geologic repositories
for nuclear waste, has been divided into three levels of effort. Level 1
evaluates the accuracy of the computer codes by comparing code results to
analytical solutions and intercomparison of code results. Level 2 tests the
codes' capac‘lities for simulating specific laboratory or field experiments.
Leve] 3 addresses the uncertainty of mode) results and the sensitivity of those
results to changes in either the modeling approach or input parameters. A
greater variety of analytic approaches and computer codes was compared in a
systematic fashion than would have been possible because of the large number

of partitipants involved and their corporate efforts. This report summarizes
only the combined NRC project teams' simulation efforts on the Level 1 bench-
marking problems. The codes used to simulate these seven problems were

SWIFT 11, FEMWATER, UNSAT2, USGS-3D, and TOUGH. In general, linear problems
involving scalars such as hydraulic head were accurately simulated oy both
finite-difference and finite-element solution algorithms. Both types of codes
produced accurate results even for complex geometries such as intersecting
fractures. Difficulties were encountered in solving problems that involved
nonlinear effects such as density-driven flow and unsaturated flow. In order
to fully evaluate the arcuracy of these codes, post-processing of results using
particle tracking algorithms and calculating fluxes were examined. This proved
very valuable by uncovering disagreemenis among code results even though the
hydraulic-head solutions had been in agreement.
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FOREWORD

Tnis NUREG report is the first volume of a three-volume report documenting the
work of U.S. Nuclear Regulatory Commission staff and contractors as part of an
international ground-water modeling project entitled "Hydrologic Code Intercom-
parison Study" (MYDROCOIN). This first volume presents the results of the mode!
verification phase (Level 1) of HYDROCOIN. It wil)l be followed by Volume ?
dealing with mode! validation (Level 2) and Volume 3 dealing with uncertainty
and sensitivity analysis (Level 3).

The computer codes used to date are SWIFT 11, UNSAT2, TOUGH, FEMWATER, and
USGS-3D. NUREG/CR reports written as user's manuals for these codes are avail-
able for purchase from the NRC and are listed in the references.

The work described in this NUREG report documents the combined efforts of the
NRC project team Ted by Timothy J. McCartin, RES, and the Sandia National
Laboratories project team composed of Dave Updegraff, Walt Beyeler, Rodger
Miller, and Ken Brinster and led by Paul Davis. Ms. Louise Gallagher, NRC,
served as the technical editor. Questions and comments on this report or the
NRC activities in the HYDROCOIN effort should be directed to:

Thomas J. Nicholson

Waste Management Branch (Mail Stop NL-007)
Office of Nuclear Regulatory Research

U.S. Nuclear Regulatory Commission
Washington, DC 20555

xi



1. INTRODUCTION

This report describes the computer simulations and analyses performed by the
HYDOROCOIN project teams at the Sandia National Laboratories and at the NRC on
the Level 1 HYDROCOIN test cases. HYDROCOIN (Hydrologic Code Intercomparison
Study) is an international project for studying ground-water mode!f

strategies. The HYDROCOIN study is divided into three levels: Level l--code
verification (i.e., the subject of this report), Level 2--mode! validation, and
Level 3--uncertainty and sensitivity analyses. The Level 1 problems, in parti-
cular, were designed to test the numerical accuracy of the codes by using well-
defined problems for which there are analytical solutions and/or facility for
intercomparison of mode] results. These Level 1 test cuses cover a wide range
of hydrogeologic situations, including saturated and unsaturated flow, flow
through media of highly contrasting permeabilities (e.g., fracture zones and
argillaceous strata at low-leve! waste sites), and flow systems affected by
thermal sources and the presence of variable ground-water densities. Model
simulations reported in this document were previously transmitted to the
HYOROCOIN Project Secretariat via magnetic tape for their use in preparing

a final report of all 22 project teams' modeling results and their
intercomparisons.

The following sections provide a description of the computer codes used, a
detailed discussion of each test case simulated, expianations of how these
codes were used to model these test cases, and an analysis of the modeling
results. In addition, appendices are provided to clarify the processing of
model inputs for Test Cases 1 and 2, and to describe the particle tracking
algorithm used to produce the HYDROCOIN-required model outputs for many of the
cases.
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scheme is recommended for most problems. However, when s' equals zero and

when nodes change from unsaturated to saturated conditions, a backward-in-time
discretization is used.

The code, as supplied to Sandia, was set up to ri, on IBM computers. With .ne
removal of REAL*8 cards from the Fortran code, the code ran on Sandia's CDC
CYBER 155 Mode! 855 and CRAY-1 computers.

2.4 SWIFT 11

Cases 2, 4, 5, and 7 were simulated with the SWIFT 1] computer code (Refs. 5
and 6). SWIFT Il (Sandia waste Isolation, Flow and Transport) is a fully tran-
sient, three-dimensional finite-difference model, which simultaneously solves
coupled equations for transport in geologic media. It is designed to simulate
flow and transport processes in both single and double porous media. The pro-
cesses considered are:

Fluid flow

Heat transport

Brine migration
Radionuclide-chain transport

- . s =

The first three processes are coupled via fluid density, viscosity, and porosity,
Together they provide the velocity field on which the radionuclide transport
depends.

The transport equations are obtained by cumbining the appropriate continuity
and constitutive relations. Sink terms (I') are included for fracture zones in
which losses to the rock matrix are significant. Tne resulting relations may
be stated as follows:!

Fluid:
Ve (py) . q " Gy
conduction production sink/
source?
R R! - r = 2 (o) (1)
C W at
salt loss to
dissolution matrix

A1) terms are defined after Equation 16.
2This term refers to a sink/source other than a well, A positive sign Jenotes
a sink, and a negative sign denotes a source.



= Ve(pHy) ¢ NV (EVT) - Hyq = Hq Ty

convection conduction/ mjoctodi produced sink/
dispersion enthalpy® enthalpy source

- (W T = &5 [eoU + (1 = 9)pgug)

loss to matrix accumulation in fluid and rock (2)

£
2

-

V(ply)  + V() - Ca - Cq

convection dispersion/ injected produced
diffusion brine brine
. R - (eryery o= & (3)
C W C ot
salt loss to matrix accumulation
dissolution

Radionuclide r:

"V (pCw) + Ve(pf¥C) - Cg -t
convection dispor‘ion/ produced sink/ waste
diffusion component source 1+ ¢h
N
i CFUPE o + 2 KeghlonCy ¢ (1 - 0dpgh,]
loss to &eneration of component
matrix r by decay of s

= 9 .
AopC, + (1 = @ppW ] = 55 [epC + (1 - 0)pph ]
decay of compcnent r accumulation (4)
Several guantities in Equations 1 through 4 reguire further definition in terms

of the basic parameters. The tensors in Equations 2, 3, and 4 are defined as
sums of dispersion and molecular terms:

£ =0+0d (%)
and

by = Qoc, * K, (6)

IThis 1s a source term since, by the adopted sign convention, the rate of
fluid injection is inherently negative.

b



where

D1j = “Tvij oij + (aL . aT)vivj/lvl

in a Cartesian system. Also, sorption of radionuclides is ircluded via an
assumption of a nonlinear Freundlich equilibrium isotherm:

My

., ‘r(pcr)
Equations 1 through 4 are coupled by auxiliary relations for:
Darcy Flux:

y = =g/ (vp - M)

¢

Porosity:

¢ = 0,1+ cplp-p)]

Fluid Density:

PEog [+ Cp =0y = cp(T=T) + )

Fluid Viscosity:

b= up(®) exp (B(E)(T-1 = Tp=1)]

Fluid Enthalpy:

H

Uo +U+plp

Fluid Internal Energy:

U

cp(T . To)
(This equation assumes cp is constant with regard to temperature.)

Rock Internal Energy:

UR= CpR(T - To)

(7)

(8)

(9)

(10)

(11)

(12)

(13)

(14)

(15)



where parameter e in Equation 11 is defined in terms of an input density range
(Py = py)/py:

¢c = (py ~ IR (16)

Viscosity parameter

Concentration of inert contaminant

Specific heat of the fluid

Specific heat of the rock (single porosity) or of the fracture-fil)
material (dua) porosity)

Concentration of radioactive (trace) components

Compressibility of the pores (single porosity) or of the fractures
(dual porosity)

Coefficient of thermal expansion

Compressibility of the fluid

Dispersion/diffusion tensor

Molecular diffusion

Dispersion or conduction/dispersion tensor for heat (X = H), brine

(X = E). or radionuclide (X = Cr) within the global system
Acceleration of gravity

Units conversicn factor equal to g for the English system and equa)
to unity for the SI system

Fluid enthalpy

Enthalpy of injected fluid

Unit tensor

Permeability tensor for the global system

Product of branching radionuclide and daughter-parent mass fraction
Heat conductivity tensor for fluid and rock (single porosity) or
fluid and fracture-fill material (dual porosity)

Pressure

Reference pressure for system, initial pressure for the unsteady-
state aquifer model and aquifer boundary condition for the steady-
state aquifer mode)

Rate of fluid withdrawal

2-7



Radionuclide source due to waste leaching

Sink/source other than a well for fluid (X = W), heat (X = H), and
radionuclide (X = r)

Brine source rate due to salt dissolution

“luid source rate due to salt dissolution

Time

Temperature

Ambi2nt temperature of rock surrounding well bore

Reference temperature of system, interface temperature between system
and over/underburden, and surface temperature for radiation model
Mass-specific internal energy of the fluid

Mass-specific internal energy of the rock (single porosity) or of the
fracture-fi11 material (dua)l porosity)

Mass-specific internal energy of the fluid at reference fluid conditions
Magnitude of Vij

Darcy velocity

Solid-phase concentration of radionuclide r

Solid-phase concentration of radionuclide s

Cartesian coordinates

Longitudinal dispersivity

Transverse dispersivity

Total loss to the rock matrix for fluid (X = W), heat (X = H), brine
(X = C), or radionuclide (X = r)

Dirac delta function

Freundlich isotherm parameter

Freundlich isotherm parameter

Modified Freundlich isotherm parameter

Thermal diffusivity of rock surrounding the well bore

Decay constant

Viscosity

Viscosity parameter

Fluid density

Fluid density at reference temperature and pressure and unit brine
concentration



PN Fluid density at reference temperature and pressure and zero brine

concentration
Po Fluid density for the initial conditions
PR Formation density
® Porosity
’o Porosity at the reference pressure

Furthermore, an internal energy Uo is included in Equation 13 to account for

the difference in reference conditions as specified by the analyst and the
reference conditions specified internally for the enthalpy.

SWIFT II allows the optior of using either a direct solution technique or the
iterative two-line successiva-overrelaxation technique.

A1)l the SWIFT Il simulations were performed on the CRAY-1 computer at Sandia
National Laboratories.

2.5 FEMWATER

Cases 2 and 7 were simuiated with the FEMWATER computer program (Ref. 7).
FEMWATER solves two-dimensional transient saturated-unsaturated flow problems
under isothermal conditions in porous media. The governing partial differential
equation solved for in the FEMWATER program is:

¥

v. (K. (VhOVZ)]=2.a*SBa£§—

= 4
-~

h = pressure head,

K = hydraulic conductivity tensor,

n, = effective poro.ity,

t = time,

x,2 = spatial coordinates,

I = elevation above datum,

@ = modified compressibility of the medium (compressibility of consoli-
dation times the density of water times gravity),

B = modified compressibility of water (corpressibility of water times
the density of water times gravity), and

® = moisture content.

The FEMWATER program can apply to one or more of the following types of boundary
conditions: constant or time-dependent pressure head, prescribed flux, and a

2-9



rainfall or seepage flow. Any portion of the boundary not assigned a boundary
condition is automatically assigned a zero flux condition by FEMWATER.

The governing partial differential equation is solved using the Galerkin finite-
element method. A quadrilateral bilinear finite-element is used. Additionally,
the Darcy velocities are solved for by applying the Galerkin finite-element
method to Darcy's law. This technique is used to avoid discontinuities of the
flow field at the nodes. The time derivative is approximated using a finite-
¢ifference method. There are three possible choices within the FEMWATER program
for this approximation. These are Crank-Nicolson formulation (central differ-
ence), backward difference formulation, and mid-difference formulation. In
addition, FEMWATER assumes that the off-diagonal elements of the hydraulic
conductivity tensor are zero, implying that the grid should be oriented along
the direction of the principal axes of the hydraulic conductivity tensor. The
computer program supplied to the NRC was set up to run on a CDC computer. How-
ever, with minor modifications (removal of LEVEL and PROGRAM cards), the code
was converted to an IBMA370 machine at the National Institutes of Health (the
fact that the program was originally developed on an IBM computer obviously
made this transition easier),.
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3. HYDROCOIN LEVEL 1 PROBLEMS

The following section contains a brief description of each of the problems along
with a discussion of which codes were applied to whe problem and how well the
resulls matched analytical solutions and results from other codes.

3.1 (Casel
Problem Description

Case 1 involves transient radia) flow from a well in a saturated porous medium
underlain by a fracture (see Figs. 3.1.1 and 3.1.2 and Table 3.1.1). The pur=
pose of the protlem is to test a code's ability to simulate transient flow from
a well having a finite radius into a region with a finite boundary. Code results
are to be compared with an analytical solution for the times and locations given
in Figure 3.1.3.

Simulations Performed

This problem was simulated with the USGS code. Completion of Case 1 with this
code initially presented two problems:

1. The code employs a rectangular finite-difference grid and contains no
options for representation of radial flow.

2. The code, in order to accommodate heterogeneous conditions, employs the
harmonic mean of transmissivities specified in adjacent blocks (rather
than the actual value specified) in solving the governing equation.

The mode] may be corrected to represent the conditions of radial flow by spe-
cifying values of transmissivity, storativity, and leakance that vary as func-
tions of the radius. The corrections are derived in Appendix A; only the
results are listed here.

S"'j = s‘r,ozj
L"‘j = 2r1K'/(Dzj * Dzj¢1)

"1,1 = TJ(V'“1 - ri)/ln(ri’]/ri)

31
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The rock is saturated

Isotropic and homogereous permeable medium

Flow can be described by Darcy's law
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a fixed head at a radia) distance b

Rock is confined between impermeable rorizonta) boundaries

= Transmissivity of fracture = 10-%n%/s

= Mydraulic conductivity of matrix = 10-®m/s

Figure 3.1.2 Assumptions for Case 1.
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where

Table 3.1.1 Input parameters for Case 1.

Symbol Parameter Value
T Transmissivity of fracture 10-8m2g-1
) Storage coefficient of fracture 10-10
K Hydraulic conductivity of matrix 10-ms-?
S' Specific storage of matrix 10-"m-?
a Radius of borehole 0.1m
b Radial distance to boundary 10m
d Tnickness of rock matrix 5m
t Time constant for borehole head 0.1s

= thickness of layer j,

Dlj*l = thickness of layer j+l,

= vertical hydraulic conductivity (constant),

L“ 3 = corrected leakance for column i of layer j,

= radius to the block center, column i,

Piel = pradius to the block center, column i+l,

i = corrected storativity for column i of layer j,

= sgtorativity of the layer (constant),
= transmissivity of layer j (constant), and

in layer ).

i = corrected transmissivity for flow from column i to column i+]

The harmonic mean transmissivities employed in the calculations, however, do

not correctly preserve the radial variation in transmissivity.

The specified

transmissivity must be calculated so that the harmonic mean of transmissiv-
i.ies specified in adjacent nodes provide T',6 the correct radial variation.
The correction, derived in Appendix A, leads to:

TII

jo1 = °r1017"iT/ZT"i‘n(riOI/ri) - DriT
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Figure 3.1.3 Specifications for mode) output for Case 1.
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block dimension of column i, measured along a row,

Or

i
Or‘,1 = block dimension of column i+l, measured along a row,
T"‘ transmissivity to be specified in column i, and
Tl.iol = transmissivity to be specified in column i+l.

Other terms are defined above.

Application of this equation requires the modeler to supply T"i‘ Different
values of T"i lead to different valuss for later terms of T'', but all combine
to produce the same values of T',

The Case 1 problem is represented with a grid (shown in Fig. 3.1.4) consisting
of 1 row, 50 layers, and 81 columns. The grid represents a 15-degree slice of
the aquifer, with the well radius at the block center in column 1 and the held-
potential boundary at the block center in column 81. Block spacing and time
increments were selected to provide computed values at each point used in the
problem description.

The time-dependent hydraulic head at the well is represented with the General
Head Module (& source-sink function) provided as an option in the code. This
option calculates the volumetric flux to a block from a point outside the model
grid, assuming that the flux is proportional to the difrerence between the head
calculated in the node and a reference head existing outside the node. The
reference head and the factor of proportionality must be specified for each
n?do where the function is applied and may vary as a discrete function of

time.

The reference value is specified as the average value of the heid in the well
over each discretized time period. The factor of proportionality is set at an
arbitrarily high, constant value in order to fix the head in column 1 at the
reference value,

The problem was sclved to a convergence criterion of 1.0x10-%. The computer
hydraulic head compared reasonably with the analytic solution (Figs. 3.1.5,
3.1.6, and 3.1.7), but problems arose in caiculating the flux from the well
(represented by flows to column 1 from the general rcad boundary).

The flows from the well were calculated by the model (after completion of the
solution in a double-precision calculation) as a single-precision variable.
The difference between the reference heads and the model-calculated heads in
column 1 was zero (single-precision) at all points. The flows calculated by
the mode]! were also, therefore, zero. Modifying the code to complete the cal-
culations at the double-precision level alleviated the problem but led to
discovery of a second problem. That is, the convergence criterion of 1.0x10-%
was too large. The heads calculated in column 1 were nearly equal to the
reference heads, and variations of 1.0x10-® led to errors in the calculated
flow that not only varied either side of zero but were several orders of mag-
nitude larger than the other mass-balance terms. The convergence criterion
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was lowered to 1.0x10-° and the model failed to converge below 6.7x10-%, where
the errors were still large enough to dominate the mass balance. Therefore,
this report does not contain flow ralculations for Case 1.

3.2 Case 2
Problem Description

A vertical plane cut by two intersecting fractures is to be simulated in this
case (see Figs. 3.2.1 and 3.2.2). The problem is designed to represent an
fdealized fractured crystalline rock mass. This rock mass is assumed to be
saturated, with the ground-water flow system being in steady-state zonditionc.

The purpose of this problem is to test the abilities of different codes to
handle large permeability contrasts. In addition, the effect of discretiza-
tion is to be investigated by requiring each participant to solve the problem
with at least two grids. Listed in Figure 3.2.3 are the specifications for
the output that are to be used to compare model results.

Simulations Performed

Three sets of simulations were performed using the SWIFT Il code, the USGS
code, and the FEMWATER code. The geometry of the intersecting fractures of
this case is more easily represented with an irregular grid of the finite-
element method than with a regular grid of the finite-difference method. The
finite-difference codes (SHIF? Il and USGS) required more grid manipulation to
represent the fractures than the finite-element code (FEMWATER). Although the
finite-difference grids were manipulated for both the SWIFT Il and USGS codes,
a much greater effort to accurately represent the fracturas was made in the
simulation with the USGS code. Following is a description of the application
of these codes to Case 2.

SWIFT 11

Three different grids were enployed in solving this problem (see Figs. 3.2.4,
3.2.5, and 3.2.6). The number of nodes used was 4136, 2925, and 1148, respec-
tively. Modifications were made to the elevation and thickness of the top row
of blocks in an attempt to simulate the irregular top surface of the problem.
Fractures were treated simply by assigning the hydraulic conductivity of the
fracture to any block that was crossed by a fracture (Figs. 3.2.4, 3.2.5, and
3.2.6). Initially, in the case of the medium grid, fracture G (Fig. 3.2.1)
crossed only blocks lying on a diagonal (Fig. 3.2.5). Because of the finite-
difference scheme, this resulted in fracture blocks not being directly coupled
to each other. Therefore, additional blocks were designated as fractures in
order to allow for a direct connection of blocks lying along the fracture
(Fig. 3.2.7). Results of both representations are included herein. A1l the
mode! results are shown in Figures 3.2.8-3. 2, 20.

An analytical solution for this case does not exist. However, two bases for
comparison exist. One is to compare the SWIFT Il results for the different
grids, and the other is to compare the SWIFT Il results to those from other
models. Shown in Figures 3.2.8-3.2.12 are the hydraulic-head profiles for the
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ROCK MATRIX FRACTURE

ZONES

ASSUMPTIONS

Both matrix and fracture zones are isotropic and homogeneous permeable
media

Flow can be describea by Darcy's law

Matrix and fracture zones are saturated

Steaagy-state flow

Hydraulic conductivity in matrix (10-®*m/s) 100 times lower than in
fracture zone (10-®m/s)

No-flow bouncaries along A-B, B~C, and C-D

Ground-water level assumed to coincide with top boundary (A-G-F-E-D)
Effective porosity for fracture, and matrix is .03

Figure 3.2.1 Conceptual model and assumptions 7or Case 2.




15 14 13 121110
POINT x Zz
1 0 150
2 10 150
3 395 100
4 405 100
5 800 150
8 1192.5 100
7 1207.5 100
8 1590 150
£l 1600 150
10 1600 -1000
1 150§ -1000
12 1495 ~1000
13 1007.5 =1000
14 992.5 -1000
156 0 =100V
16 1071.3462 ~-566.3459
17 1084.0385 -579.0383
18 1082.5 -587.5
19 1069.8077 ~574.8077

Figure 3.2.2 Geometry of modeled domain for Case 2
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Required output (from at least two levels of discretization)

- Distribution of hydraulic head along five horizontal lines: A-A',
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= Particle tracking with starting points 1-4 according to figure above

Figure 3.2.3 Specifications for mode! output for Case 2.
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three SWIFT I1 simulations and the finite-element simulation performed by
KEMAKTA consultants using the GWHRT model. As indicated by these figures, the
results of all mrdels are very similar. Note also in the three SWIFT II simula-
tions the decreasing hydraulic heads with each finer discretization. Also, at
several locations, SWIFT II results indicate lower hydraulic heads than those of
the GWHRT model. This is a result of the way each model treats the fractures.
With the finite-element model, elements that correspond exactiy with the frac-
tures were constructed, However, with SWIFT II, large rectangular blocks are
used to represent different segments of the fracture. Thus, in the SWIFT II
simulations, the effective width of the fracture is much greater than its real
width. This in turn causes a greater reduction in hydraulic head along the
fractures.

In addition to the hydraulic-head profiles associated with the grids in
Figures 3.2.4, 3.2.6, and 3.2.7, results are also given for the grid shown in
Figure 3.2.5 (see Figs. 3.2.13-3.2.17). This is the mesh where fracture G (on
Fig. 3.2.1) was represented by blocks lying along a diagonal that were not
directly connected to each other. Blocks representing the renaining fracture,
however, are connected. The overal)l effect as shown in Figures 3.2.13-3.2.17
is that the medium grid results lie outside both the coarse and the fine grid
results near fracture G. Near the other fracture, the results from this grid
lie between the coarse and fine grid results. This discrepancy is caused by
the lack of irterconnection of fracture G, which results in less hydraulic-head
loss aleng the fracture.

The remaining results are the pathlines as specified in Figure 3.2.3. These are
displayed in Figures 3.2.18-3.2.20. Shown in Figure 3.2.21 are the pathlines
predicted by the GWHRT model. In general, the location of the paths are in
agreemert with the GWHRT model resuits; that is, with the exception of pathline
2 on the medium and coarse grids. Pathline 2 ends up at the intersection of
the surface and fracture G for the medium and coarse grids, but it ends at the
intersection of the surface and fracture E for the fine grid and for the GWHRT
model. The reason for this is found in the nature of the model-predicted
hydraulic-head surface in the region where pathline 2 intersects fracture G.
This surface indicates a ground-water divide in this region. For the medium
and coarse grics, the resolution of the model results is such that the pathline
falls above the divide, but the higher the resolution of the fine grid reveals
the divide to lie more toward the top of the model. This, in turn, causes the
particle to travel down fracture G to fracture £ and then to the surface.

Another curious feature of the pathlines is their jagged appearance near and in
the fracture block. This effect is caused by the way the finite-difference
mode! connects the fracture blocks and is discussed in Appendix B. Overall
lengths of the pathlines and their associated travel times are listed in

Table 3.2.1. With the exception of pathline 2, which was discussed previously,
the results generally agree with the results from the other codes.

One final point is that even though many more nodes were used to simulate Case 2
with SWIFT Il than are necessary with a finite-element model, the actual com-
puter time may be less because of the efficiency of finite-difference matrix
solvers. For instance, a comparison was made between the SWIFT Il coarse grid
for Case 2 (1148 riodes) and a Case 2 coarse grid used for the SAGURQ finite-
slement code (416 nodes) on the same computer, the CRAY-1l. For this problem,
the SAGURQO code used 10 seconds of CPU time while SWIFT Il used 8.5 seconds.
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Table 3.2.1 Travel times and distances for pathlines

predicted for Case 2-SWIFT II.

PATH 1 PATH 2 PATH 3 PATH 4
GRID Distance* Time**  Distance Time Distance Time Distance Time
COARSE 572 1,037 1,099 5,388 469 709 1,197 9,245
MEDIUM 604 959 1,068 5,602 587 706 1,234 7,518
FINE 618 1,065 1,757 12,590 631 754 1,394 13,605

*Distance is in meters.
**Time is in years.



USGS

The construction of a model for Case 2 presented special problems to the USGS
and the SWIFT Il codes. The problem required that two intersecting fractures,
which are narrow relative to the scale of the problem and likely to largely
control its hydrologic characteristics, receive the most detailed representation
possible. The representation for both codes was obtained by maximizing the
correspondence between the fractures and the location of the block centers.

For the USGS code, however, three additional steps were taken:

1. The grid (Fig. 3.2.22) was rotated relative to problem coordinates so that
a column of block centers bisected the angle hetween the intersecting
fractures.

2. One block was located at the intersection »f the two fractures, and the
grid spacing was defined so that the fractures corresponded to diagonal
lines in the grid.

3. The hydraulic parameters in the model were adjusted to provide a correction
for flow along the diagonal lines representing the fractures and to ensure
that the harmonic mean transmissivity calculated by the code produced the
hydraulic parameters cpecified in the case description.

The correction is derived in Appendix B and simply summarized here:

I = 2 2 - 2 <
K ufoKm(Dx + Dy )/(4KmDny waf(Dx + Dy<))
where
Dx = block dimension measured along a row,
Cy = block dimension measured along a column,
K'' = corrected fracture conductivity value (one value for each fracture),
Kf = fracture conductivity,
Km = matrix conductivity, and
we = fracture widtn.

The problem is represented with a grid consisting of one layer, with 29 rows
and 65 columns, in which 1195 blocks were active. The block dimension measured
along rows is 28.7710 meters. The block dimension measured along columns is
54.9115 meters. The block at row 20, column 40, corresponds to the location of
the fracture intersection.

The boundaries of the active grid are located as near as possible to the actual
boundaries of the problem. Blocks representi 2 the held-potential boundary at
the top of the profile are assigned pctentials equal to the elevation of the
model boundary at its closest apprcach to the block centers.

Results of the simulation are presented in terms of hydraulic-head profiles
(Figs. 3.2.23-3.2.27), hydraulic-head contours (Fig. 3.2.28), and model-predicted
pathlines (Fig. 3.2.29 and Table 3.2.2). Al) the results compare well with

the finest grid used for SWIFT II.
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Figure 3.2.28 Mydraulic-head contours for Case 2-USGS.
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Figure 3.2.29 Model-predicted pathlines for Case 2-USGS.
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Table 3.2.2 Travel timec and distances for pathlines
predicted for Case 2-USGS.

PATH 1 PATH 2 PATH 3 PATH 4
Distance® Time*® Distance Time Distance Time Distance Time
424 677 1,680 12,929 659 947 1,232 12,189

*Distance is in meters.

**Time is in years.



FEMWATER

Two grids were used to simulate this problem with the FEMWATER code (Figs. 3.2.30
and 3.2.31). These meshes contain 112 and 378 elements, respectively. The
finite-element code represents the geometry of the fractures more accurately than
with the finite-difference codes (SWIFT Il and USGS). In addition, fewer tota)
calculational points are needed to represent the whole system with FEMWATER

(112 and 378 elements) than with SWIFT 11 (1148, 2925, and 4136 grid blocks) or
the USGS code (1885 grid blocks). However, this does not necessarily mean that
less time is required to set up and run the FEMWATER simulation. Results of the
FEMWATER solutions are presented in Figs. 3.2.32-3.2.38 and in Table 3.2.3.

The head distributions for the two grids show an expected increase in deviation
between the two with an increase in depth. The resolution of head values in
regions with a large head gradient will be significantly affected by the dis-
cretization density (see Figs. 3.2.30 and 3.2.31 for grid density). Head gra-
dients in the low conductivity matrix will be larger than gradients in the high
conductivity fracture zones. Therefore, differences in head values for the two
discretizations should decrease near the fracture zones. The head values for
the “wo grids show good agreement near the wider fracture zone (see Figs. 3.2.32
and 3.2.34). The reason for the largest deviation occurring at the lowest depth
and the smallest deviation occurrirg at the highest depth is that the head values
on the surface are fixed by the imposed boundary condition. Head distributions
for both discretizations are influenced by the fracture zones and currently

show a Tower head value over the wider fracture zone.

Particle trajecteries, as shown in Figures 3.2.37 and 3.2.38, were produced
using a post-processor with the FEMWATER output. The post-processor ectimates

a particle trajectory through a finite-element grid by the following process:
(1) determine the specific element the particie is in, (2) linearly interpolate
the velocity at the particle location from the four nodal values of the element,
(3) determine the time increment needed to move the particle a distance equal

to 2 percent of the smallest side of the element, (4) move the particle accord-
ing to the previously calculated velocity and time step, and (5) print the loca-
tion at every fifth time step. The particie paths can be further analyzed by
comparing the overall length and travel time for each path (see Table 3.2.3).
Particle paths 1, 3, and 4 generally compare w.th 1. e results from the other
codes. For the codrse grid, the particle trajectory for path 2 never exited

the grid and remains trapped within the middle area of the grid. This result

fs due to the numerical inaccuracies introduced by the use of too coarse a dis-
cretization. A correct pathline was —btained for tie finer discretization

(see Fig. 3.2.38).

3.3 C(Case 3

Problem Description

The Case 3 problem involves unsaturated flow .n layered sedimentary rock. The
different layers have highly contrasting hydraulic conductivities such that the
grid network in the vicinity of the contrasts becomes very important. The shape
and boundary conditions of the modeled domain are shown in Figure 3,3.1.

3-45



"2 9SB) JO GOLIR|NWLS YIIYMWI4 40} pasn pLub

(S10)0w) JLVYNIQHOOD - X

00081t 0 J0ri 0002} 00004 0008 0 009

o'ooy

95480) (f Z2°f aunbry

0002

N\ .

1

1

o

AN

BN

NARRNNNN

B SRR

p—

3LVYNIOHOOD ~ 2

(si0j0w,

3-46



0009

25e) 4O UOLIRNWLS HIIYMWI4 405 Pasn prab suiy g2 '€ sunbiy

ANNANNYE

AN

AN\

///V/

,

‘

//ZVQ//

Z%V/////

27AW97//

;CQM%%%WV

#w) 31VYNIQWOOD - 2

(8.0}

3-47



TOTAL HEAD (meters)

132.0

128.0

1240

120.0

116.0

1120

104.0

100.0 i

1 1 1 T H 1§

+ + + v+ COARSE GRID

| 1 1 | 1 1

0.0 200.0

Figure 3.2.32

400.0 800.0 800.0 1000.0 1200.0 1€00.0
X - COORDINATE (meters)

Hydraulic-head distribution at 2=0m for Case 2-FEMWATER.

1800.0



TOTAL HEAD (meters)

132.0

—  FINE GFUID

128.0 = vesee COARSE GRID -
1240 = —
120.0

116.0

1120

108.0

10040 b p—

+90.0 1 A L | Il L L
0.0 200.0 400.0 600.0 800.0 1000.0 1200.0 1400.0 1800.0
X = CCHORDINATE (meters)

Figure 3.2.33 Hydraulic-head distribution at Z=-200m for Case 2-FEMWATER

3-49



TOTAL HEAD (meters)

116.0

-
1140 p=- .. —— FINE GRID ot
0. seeeve COARSE GRID

1130 =

1120 p=-

1110 }=

1100 p=

10800 p~

1080 p=

107.0 1 1 1 1 | | |

0.0 200.0 4000 6000 @00.0 1000.0 12000 1400.0
X - COORDINATE (meters)
Figure 3.2.34 Hydraul::-head distribution at 2=-400m for Case 2-FEMWATER

3-50

1600.0



TOTAL HEAD wmwrers)

116.0

1140

1130

1120

1110

110.0

109.0

1080

107.0

1

|

| ] |

| T

—  FINE GRID
reees: COARSE GRID

l l

—

0.0

200.0

400.0

600.0 800.0 1000 0
X - COORDINATE (meters)

1200.0 14000

Figure 3.2.35 Mydraulic-head distribution at Z=-600m for Case 2-FEMWATER

16000



TOTAL HEAD (meters )

116.0

———  FINE GRID
COARSE GRID

1140 -

LR N

1130 }-

1120

110

1100

1000 - .'oooo.oogo°.. -y
1080 p= -
]
—_— | 1 ] 1 | 1
0.0 2000 4000 6000 8000 1000.0 1200.0 1400.0 1600.0

X - COORDINATE (meters)

Figure 3.2.36 Hydraulic-head distribution at 2=-800m for Case 2-FEMWATER.

3-52



000Y:

‘YILVMWI -2 3583 4O pLub asue0d 40) Saul|yley /g 2§ dunbyy

(Sojew) JLVYNIOHOOD - X

0000t 0 008 0008
hl i

(S:010W) ILVYNIQHOOD - 2

3-83



‘WILYMWI4-Z 958D 30 piab duiy 40j sauL|yIed BE Z°€ 9unbiy

(Siejew) ILVNIQHOOD - X
0009 oo0ov: 000zt 00004 0008 000¢ 0 00¥

T 1 | | 1

(8J818'W) 3LVYNIQHOOD - 2

3-54



Table 3.2.3 Travel times anc distances for pathlines

predicted for Case 2-FEMWATER.

PATH 1 PATH 2 PATH 3 PATH 4
GRID Distance* Time** Distance Time Distance Time Distance Time
FINE 690 980 2,000 13,9500 680 790 1,340 7,980
COARSE 730 760 RAR RAR 690 890 1,340 7,930

*Distance is in meters.

**Time is in years.

***Particle never left the modeled region.
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In this problem a two-dimensional vertical section with five media (denoted A-E
in Fig. 3.3.1) is to be modeled. Medium D is assumed to be the host rock for
shallow land disposal. The media A and C are permeable relative to the host
rock, whereas medium B is to be considered a confining bed between media A and
C. Medium E is a very permeable layer of loose material on the right flank of
the model. Saturated anu unsaturated flow conditions are to be simulated.

The system is initially in hydrostatic equilibrium. At a given point in time,
a specified flux is imposed across the top surface (medium A) of the modeled
d?nain. The development of the ground-water table is followed as a function of
time.

The imposed ground-water recharge rate is 100 mm/yr. Hydrostatic pressure is
imposed along the boundary I-H. Al] other boundaries except J-f are assumed
to be no-flow. Boundary J-E is specified as a seepage face. All media (A-E)
are considered homogeneous and isotropic.

The required output for this problem consists of the location of the water table
at steady-state conditions and at five times that are evenly spaced between the
start time and steady-state conditions.

Simulations Performed

This problem was simulated with the finite-element code, UNSATZ. The model

grid is shown in Figure 3.3.2. In the horizontal direction, grid spacing ranged
between 10 meters on the right boundary and 50 meters on the left boundary. At
points where grid spacing was expanded or contracted, the ratio of one block
length to the next was kept at 1.35 or less. In the vertical direction, grid
spacing ranged between 7 meters and 50 meters. The larger grid spacing was used
in the D rock group, below the water table. This part of the modeled area would
stay saturated during the simulation so that the fine gridding necessary for
nonlinear unsaturated flow problems was noi necessary in that area. All grid
blocks had a rectangular shape except those just below the E rock unit where
triangles were used.

Simulation Results

Two types of simulations were made. The first type of simulation attempted to
progress from initial conditions to steady-state conditions by means of a tran-
sient solution. The solution would progress normally through time, but after
several time steps the solution would not converge to within the specified
tolerance. Usually decreasing the time step solved the problem, but after a
while the time steps were so small that the solution to the problem hardly
changed at all between time steps. It then became a trial and error method to
try to find a proper time step. Computer runs with the smaller time steps with
UNSAT2 were becoming increasingly expensive, and thus transient solutions were
stopped.

The second type of simulation was an attempt to obtain a direct steady-state
solution so that an idea of the water rise could be obtained. This was done by
setting both the specific storage and moisture capacity to zero. This simula-
tion yielded steady-state conditions. However, upon examination of the output
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data, it was noticed that the entire modeled domain stayed saturated in nega-
tive pressure head zones. The cause for this was based on setting the moisture
capacity to zero. This was done by setting the allowable negative pressure
head change to an extremely large value (10°°m) for moisture content changes
between 0.00 and 0.03. The calculated pressure head changes were on the order
of several hundred meters. When the model-calculated moisture contents were
based on the pressure head calculations, the moisture contents always remained
very near saturation. Recause the hydraulic conductivity characteristic curves
used by UNSAT2 are based on moisture content, the unsaturated hydraulic con-
ductivities remained equal to the saturated hydraulic conductivities. There-
fore, even though pressure heads were negative above the water table, conditions
there remain saturated. In any event, this did not affect the model-predicted
location of the water table.

The water-table location is shown in Figure 3.3.3. The water-table rise was
approximately 67 meters at the left boundary and 0 meters at the right.

An attempt was made to compare the UNSAT2 sclution to a Dupuit-Forcheimer
solution of tne water table. With conditions specified in the problem, the
Dupuit mode)l predicted a water-table rise of about 9,858 meters, significantly
different from the UNSAT2 results. This indicated that much of the total
infiltration at the top of the rock was not reaching the water table. Tt was
found that the flow rate of water in the E rock type 2long the slanted opoundary
was slightly less than the total infiltration to the system. Therefore, it
appears that the B rock type effectively prevents most infiltration from reach-
ing the water *able.

3.4 Case 4

Problem Description

Case 4 is a thermal transport problem. It involves a spherical heat source
located in an infinitely large porous medium (Fig. 3.4.1). The heat source,
which represents a high-level radicactive waste repository, has «n initial power
output of 10 megawatts, which decays exponentially with a half-life of 30 years.
The radius of the heat source is 250 meters. The porous media are saturated
with an isotropic, homogeneous permeability of 10+'¢ m* and a constant porosity
of 0.0001. The properties o/ water are assumed to be equal to the values that
would occur at 40°C.

Several types of output are required by HYDROCOIN for this problem and they are
to be compared to the analytical solutions available for this problem. First,
the temperature and pressure changes as a function of time between 1 and 10,000
years are required for elevations of 0 meters, 125 meters, 250 meters, and 375
meters directly ahove the center of the sphere. Second, the temperature and
pressure rise as a function of distance between 0 meters and 750 meters above
the center of the sphere are reguired for times of 50, 100, 500, and 1,000 years.
Third, pathlines of particles 'eaving the midplane of the sphere at radial dis-
tances of 0 meters, 125 meters, and 250 meters and at starting times of 100,
1,000, and 10,000 years are requested. The third type of output consists of
the radial coordinate and travel time to the plane located 1,000 meters above
the midplane of the sphere
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REPOSITORY...

ﬁk—

r=250m

ASSUMPTIONS

Repository is idealized as a uniform spherical heat source with same
physical properties as surrounding rock

Power output decays exponentially with time

Rock-mass is assumed to be a homogeneous, isotropic and saturated
permeable medium of infinite extent

Dominant heat transfer mechanism is conduction through the rick rather
than convective transfer due to flow of ground water

Flow transients arising from compressibility effects are neglected
Time-dependence of flow field arises solely from time-dependent heat
output from repository

Density of water varies linearly with temperature and is independent of
pressure

Viscosity and volumetric expansion coefficient of water are assumed to
be independent of temperature and pressure

Flos can be described by Darcy's law

In vhe absence of heat source there is no flow

Figure 3.4.1 Conceptual model and assumptions for Case 4.
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Simulations Performed

Both the SWIF1 II code ard the TOUGH code were applied to this problem.
Following is a discussion of both applications.

SWIFT 11

The SWIFT I1 grid was designed so that the center of the grid blocks would coin-
cide with required output points presented in the tables in the Case 4 problem
description (Fig. 3.4.2). Within the sphere, the grid spacing was 25 meters.
The center of the heat source grid block was located at the center of the
sphere. This kept the center of each succeeding grid block at an even multiple
of 25 meters above the center of the sphere. This pattern was kept up until
800 meters above and 250 meters below the midplane of the sphere. Beyond that,
the grid spacing was expanded by a ratio of approximately 1.20. The upper and
lower edges of the grid were located 3,982.5 meters above and 4,122.5 meters
below the midplane of the grid, respectively. In the radial direction, the
same 25-meter pattern was repeated until the edge of the spherical heat source
was reached. Beyond the sphere, the grid was expanded at a ratio of approxi-
mately 1.20 until a distance of 4,500 meters was reached. The upper, lower,
and outer radial boundaries were all assigned constant pressures and tempera-
tures at each node. Initial boundary pressures were based on hydrostatic
conditions.

Two simulations were made with the SWIFT Il code. The first simulation used
maximum time steps that were equal to one-tenth the time interval between the
outputs required by HYDROCOIN. For instance, the HYDROCOIN problem descrip-
tion for Case 4 indicates that output is required for times of 10 years and
then 15 years. Therefore, between 10 and 15 years, the maximum time step

could only be 0.5 year. This simulation was run for about 600 years. For the
second run, SWIFT Il was ailowed to internally calculate the maximum time step
based on rumerical dispersion and cvershoot criteria. However, time steps were
restricted so that they would fall on times for which there was required output.
The second simulation was run for 40,000 years and ran to completion in one-
third the computer time required for the first problem.

Plots of temperature rise versus time for various elevations above the midpoint
of the sphere and temperature rise versus elevaticn abovs the midpoint of the
sphere for various times are presented on rigures 3.4.3 and 3.4.4, respectively.
For both figures, the temperature rise predicted by SWIFT 1l compares well with
the analytical solution. Of interest to note is that heat transport in this
problem is governed more by heat conduction than by convection and dispersion.

Similar plots of pressure rise versus time and pressure rise versus distance
are presented on Figures 3.4.5 and 3.4.6, respectively. A good comparison
between pressure rise predicted by SWIFT Il and the analytical solution is
indicated ¢n Figure 3.4.5. However, SWIFT I] seems to slightly underpredict
pressure rise at pressure peaks. At later times, greatcr than 800 years,

SWIFT I1 seems to slightly overpredict pressures calculated from the analytica)
solution. On Figure 3.4.6, the SWIFT 1. pressure rise prediction: compare very
well with those calculated from the analytical solution for Limes of 50, 100,
and 500 years. The pressure rise for these times was computed from the first
SWIFT II run, which used the small time steps. For 1,000 year , SWIFT Il
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Figure 3.4.3 Temperature rise vs. time, r=0 meters. for Case 4-SWIFT I1.
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noticeably overpredicts the analytical solution for heights between 50 meters
and 550 meters above the midplane of the sphere. Outside that range, the com-
parisun between the SWIFT Il and analytical solution is good. It should be
pointed out that the SWIFT II solution for 1,000 years is based on the second
simulation, which used the large time steps. The poor comparison for the
1,000-year solution may be due to the larger time steps.

Pathlines for start times of 100 years, 1,000 years, and 10,000 years are
presented on Figures 3.4.7, 2.4.3, and 3.4.9, respectively, The shapes and
positioning of these curves compare reasonably well with those presented in
the HYDROCOIN description for Case 4.

SWIFT I1 comparisons with the analytical solution for travel times and radial
coordinates for the plane 1,000 meters above the midplane of the sphere are
poor. Results of the comparisons are presented in Table 3.4.1. For fina)
travel radius, SWIFT Il consistently overpredicts the traivel radius calculated
from the analytical solution. The error ranges between 0 percent and 15 per-
cent. The travel time comparisons are very poor. SWIFT Il can either over-
predict or underpredict trave)l times by as much as 44 percent. The large per-
centage error may be due to too coarse space and/or time discretization, to the
SWIFT Il velocity calculations, or to the pathline generator routine that uses
the SWIFT Il velocities.

TOUGH

The TOUGH code was also used in an attempt to sclve the Case 4 problem. A grid
was set up similar to the one used with SWIFT I1. The main difference between
the two grids was that the grid block sizes for the TOUGH simulations were twice
as large as those for SWIFT Il simulations. Tris was done to reduce the number
of grid blocks in the TOUGH simulatiors to 500 blocks. The TOUGH code requires
large amounts of computer memory and 500 to 700 blocks is about the maximum
number of grid blocks the Sandia computers could handle while running TOUGH.
Because TOUGH has its own built-in water density equations, it was necessary

to use TOUGH to generate the initial pressure distribution. In 810 seconds of
CRAY-1 computer time, TOUGH performed seven iterations before having operand
range errors failing to calculate the pressure distribution. The cost of the
job was 225 dollars. Based on this result, it was apparent that to use TOUGH
to simulate the Case 4 problem for the times required by the HYDROCOIN output
would cost possibly thousands of dollars even if there were only one iteration
per time step. Therefore, it was decided that the TOUGH code would not be used
to simulate this problem.

3.5 Case 5

A two-dimensiona) steady-state saturated ground-water flow system that has salt
along its bottom boundary is the subject of this problem (Fig. 3.5.1). The
density of the wate~ is assumed to vary with salt content, with a fresh-water
density of 1,000 ky/m® and a salt-water density of 1,200 kg/m*, A ‘~nstant
viscosity of 10-? Pascals is assumed. In addition, the assumption 1s made that
the sali concentration of water flowing into the system is 0 and that no verti-
cal gradient of the salt concentration exists in the outflow region (i.e.,
dc/dz = 0). The type of output specified to be used for code comparison is
given in Figure 3.5 2.

3-68



I1 L4IMS-p 58] O swi) JJeYS JeaK-Q0] 40} Seul(yieq [ p°f aunb: g

————

3-69

P ——

SRR

e ——eEas

SRS




17 LAIMS-p 9S€) 4O St} 43S 4EAA ()01 40} SeUL(uled By € undiy

e e lklwli -~
s e o i Sttt e e e e e e f “+T1TTT T 3 * -4
e —y 5 % L
- - - - - - » WHIAV — ,l - ﬁj..“ —_ + . . = ;TT; .ﬁ
= - =
o e — i MR EE eecowe o =i el
- Sttt e - uv ——— r— ATw 3 -4 r)j
- o e jma e e s in H
- + — — ﬁ - ——+—+—4t—4+t+++t 1+ttt
+— = ‘f — L - = A
y — —_—— b —— ¢ — $— -
W W I‘Jﬁ‘lLrlLv‘
ol - -
—— — - +
—1 — SN —t—t-+ ! z
.- i —_— B ISR AR
- g . Tﬁ
II\A - ﬁ
9 1 ™Mt
—— ——4 oy o g + ;VW U ttit
I b S S — - 1 « 11
— e ey — —- .= T
1 - — ! W M a A
« B |
A
- Iy 1
s ! 4
p— —— —_——— +4
. —t +1+1 =
— - +—+t
—— +
" i -
—t '
v
+ .
- v y
.
t
= e ——

3-70



LIIAS-¥ 35€) 0 awi)y

IS 4eah-000 01 40 SauL|yIeyd 6§ § aunbyy

—
- +
>-— PII:IAVAI‘lI»
——
B | S Emma o +
SRR e e B B i Come o s S i B B W '+
- - - ﬁiTw
- SN e V B e e AR S A R
-—— ——— — *r— —
T«lu i e et it A Pt e — ﬁO i +
B s + 18t
- . e e B MRS maac o e -
+—
SR (i e — e  ; et +11
Pt —_— - —_— ﬁ\l - — = -4 4t 4 w —4
R . Emammanmes - GBI shcens pasma fomens esne Dan e 2o ﬁ B ﬁ . B
— -t MU VRS AmmE Am B8 EE IRRRR IER R
i e BN Gumemae cra Eae eenn BB i
— e g . = Lfls ™I T FT T
ey e - & B p— ——— e — ﬁll dilAYl.Aﬁ i Tlv yv jv L 20 4
= —— %4 - — 111 i T:%‘
s T ~—4 L AR RN e
4 — —————
ﬁ-li‘]‘||llv.l.l‘ _ B el S + B Bumasame o T+ttt
N GEmm p— ———— .A b ' A e amaan o 1Tt =
— q -+
oot et —————r - Smammaa = Bt Seia g e wiae o
e —— pe——— - e soasas mmeay o + . 411 +1
- SaEES S N s o - o
e —— et e YT .-
p— B aEmeae ey S e
JES———— , 1
T
= . 1 . i S A i YT - e
~ - S “ﬁl “ HHEH ﬁm
ST Shmm - - — +— Ncanaaas Smaie aesn v S T
— = =i Bas
S SR AN SR SN S S
s + .
- — - . n—— - —gtss  m s
ﬁ et sam 2
>— !
e e c—— —f«l‘l! 4 - - lll.ﬁlfl ﬁ e J— !
| ! I

3-71



eL-t

Table 3.4.1 SWIFT il and HYDROCOIN pathline comparisons.

Start Time  Start Distance Trave! time (year:) Travel Radius (meters)
HYDROCOIN SWIFT 11 % Difference HYDROCOIN SWIFT 11 X Difterence
100 0 1.5135x10°  1.5678x10% 3.6 0 0 0
100 125 2.1135x10%  1.8890x10* -10.6 1.1050x10* 1.1510x10° 4.2
100 250 2.4586x10*  3.3360x10* 35.7 9.4772x10% 1.0225x10* 7.9
1000 0 2.2972x10°  3.3015x10° 43.7 0 0 0
1000 125 2.9057x10*  4.0361x10° 38.9 3.2284x10% 3.6944x10° 14.4
1000 250 5. 5846x10°  7.4537x10° 34 .4 6.3361x10% 7.2306x10° 14.1
10000 0 7.8324x10*  6.6390x10* -15.2 0 0 0
10000 125 8.039x10* 6. 7193x10* -16.4 1.3429x10% 1.4114x10% 4.6
15000 250 8. 7346x10* 6.9275x10* -20.7 2.6811x10% 2.8187x10% 5.1




p=10000 Pa

(oog. 0)
A
(0,0) p=0
HYDRAULIC CONDUCTIVITY =16° m/s
POROSITY - .2
DISPERSION LENGTH - 20m LONGITUDINAL
2m TRANSVERSAL
NO DIFFUSION
F E D c
(0, -300) o= (900, -300)

ASSUMFTIONS

Porous sedimentary rock assumed to be homogeneous and isotropic
Steady-state conditions

Fluid density depending only on brine concentraticn

Dynamic viscesity is assumed to be independent of brine concentration
Triangular pressure distribution along top boundary

No intake of sali along top boundary

No-flow bouncary for both salt and fresh water along vertical boundaries
No-flow boundary for water along bottom boundary

Ground water is assumed to be saturated with salt between £ and D

Figure 3.5 1 Conceptual model and assumptions for Case 5.
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REQUIRED OQUTPUT

-~ PRESSURE DISTRIBUTION ALONG THE SEVEN HORIZONTAL LINES

~ STEADY-STATE SALT CONCENTRATION DISTRIBUTION ALONG
THE HORIZONTAL LINES

~ TRACKING OF FIVE PATHLINES (1-5) WITH STARTING POSITIONS
ACCORDING TO FIGURE ABOVE

-~ VERTICAL VELOCITIES ALONG TOP BOUNDARY (A-B)

Figure 3.5.2 Specifications for model output for Case 5.




imylations Perf
SWIFT 11

Only the SWIFT Il code was applied to this problem as it was the only code
currently being used by the NRC project team that solves the coupled processes
of ground-water flow and brine transport.

Severa)l difficulties were encountered in applying the SWIFT Il code to this
problem. The main one arises from the bottom boundary condition of a no-flow
with respect to water and a salt concentration of 1 along the center of the
bottom. While the SWIFT Il code allows for the user to fix the salt concentra-
tion with Dirichlet boundary conditions, the user is . lso forced to specify a
pressure at the same block. Because the salt affects the flov, the pressure is
not known before the solution is performed. Therefore, a different approach ‘o
fixing a concentration of 1 along the bottom boundary had to be found. The
approach settled on was to employ the use of the salt-dissolution submodel.

This was done by putting a group of blocks along the bottom of the grid that
were saturated with salt and had a hi?h enough salt dissolution rate to keep

the water in those blocks saturated with salt. Adjacent blocks along the bottom
were assigned a value of zero for the hydraulic conductivity. The result.ng
grid is shown in Figure 3.5.3. The hydraulic conductivity of the blocks repre-
senting the salt was set to 10-'% m/s. This is due to a strict interpretation
of the boundary conditions, which state that the bottom boundary is no~flow with
respect to water. Another interpretation can be derived from a statement in the
problem description which indicates that salt flow along the bottom boundary can
occur by "lateral dispersion.” This was simulated by changing the hydraulic
conductivity of the blocks representing the salt to that of the remaining mode)
(Fig. 3.5.4). This simulation is herein referred to as Case 5a.

The next difficulty encountered is also related to the SWIFT Il stipulation
that if Dirichlet boundary conditions are to be used, pressure and concentra-
tion must be simultaneously prescribed. That is, along the top boundary, a
salt concentration of zero was entered along with the required fixed pressure.
Unfortunately, this is not consistent with the specified boundary condition of
dc/dz = 0. The specified boundary condition would allow salt to leave the
system via water moveme t but not via diffusion. However, the model input
boundary condition does not allow any salt to leave the system. In retrospect,
a more realistic approach may have been to use wells to maintain the pressure
along the top of the bottem boundary. This would allow water of any salt con-
centration to leave the system since the difference between the specified well
pressure and the block pressure would be the only driving force.

After setting up the model grid and boundary conditions, steady-state simulations
were attempted. However, the models failed to converge to a solution with

either the direct solution algorithm or the two-line successive overrelaxation
iterative procedure, Finally, long-term transient simulations were performed

to arrive at steady-state conditions. To achieve this type of solution effi-
ciently required a tradeoff between time-step size (and therefore computer cost)
and solution accuracy. Initially, a relatively large t'me-step size was used
which, when comoined with the grid spacing and coefficient of dispersion,
violated the numerical criteria for solution stability. This simulation was

run for almost 32,000 years. The resulting solution produced oscillating values
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of salt concentrations. To verify that the solution was oscillating around the
correct values, the time-step size was dra.tica)ly revuced. Then the simulation
was run for a little over 300 years These valuv: showed little oscillation

and agreed with the values from the longer simulation,

Model results are presented in terms of prassure pro"'les (Figs. 3.5.5-3.5.7
for Case 5 and Figs. 3.5.10-3.5.12 for Case 5a), salt 'oncentration profiles
(Fig. 3.5.8 ror Case 5 and Fig. 3.5.13 for  -se 5a), and mode!-predicted path-
Tines (Fig. 3.5.9 for Case 5 and Fig. 3.% 14 for Case 5 . As indicated by the
pressure profiles and the pathlines, Cases 5 and “a produce virtually identical
results for ground-water flow. With respect to sait ¢ ncentrations, each pro-
duces nearly the same shape of profiles and contours (iigs. 3.5.15 and 3.5.16).
However, concentrations predicted by Case 5a (where water flows through the
salt) are almost exactly an order of magnitude higher than for Case 5. Given
the predicted pressures of each and the predicted paths, the conclusion can be
n?d:.that the salt concentration is not large enough to affect the flow in
either case.

On the other hand, the salt profiles and contours indicate that the flow does
affect the salt distribution. That is, both cases are characterized by a shift-
ing of salt concentrations in the direction of flow. Another point of interest
is the upgradient movement of salt by diffusion seen in both salt profiles for

Z = -300m,

As no analytical solution for this case is available, the only statements that
can be made about mode)l accuracy are those about physical reasonableness. That
is, pathlines and salt concentration profiles for both cases appear to be com=
pletely consistent with the boundary conditions and the physics of flow and
brine transport,

3.6 Case 6

Prot' scription

Case 6 involves a hypothetical repository site in bedded salt (Fig. 3.6.1).
Given in Figure 3.6.1 are the assumptions used in the formulation of the
problem. Plan views of the problem layers and their associated hydraulic con-
ductivities are shuwn in Figure 3.6.2.

The problem is designed to test a code's ahility to simulate steady-state flow
in a geometrically complex three-dimensional system characterized by anisotropy
and sharp contrasts in hydraulic conductivity. Additiona) eatures of this
problem not found in the other Level 1 problems include area)! recharge and
recharge from and discharge to rivers. Model “olutions to this problem are to
be compared with one another for the outr * specified in Figure 3.6.3

Simulations Performe,

Two computer codes were used ir simulating this prob'em, SWIFT 11 and the
USGS-3D code. The description of the application of these codes to this problem
fo'lows.
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Figure 3.5.8 Salt concentration profiles for Case 5.
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Figure 3.5.10 Pressure profiles for Z=-50m and -100m for Case 5a.



HYDROCOIN LEVEL 1-CASE 5a

SWIFT I
DISTRIBUTION OF PRESSURE ALONG SPECIFIED LINES
2,200,000 . - - — - : - .
2 100000+ mmees Z =-250 METERS _|
’ ’ . — = Z =-200 M:TERS

— T e— TN v ——
® 2,000,000 |- N, —— ~3
a
w 1,900,000 -
o
= 1,800,000 -
7y
:ﬂ 1,700,000<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>