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ABSTRACT

|HYDROCOIN, an international study for examining ground-water flow modeling
strategies and 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' capac411 ties for simulating specific laboratory or field experiments. 1

Level 3 addresses the uncertainty of model 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 parti-ipants 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 II, FEMWATER, UNSAT2, USGS-30, 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 accuracy of these codes, post processing of results using
particle tracking algorithms and calculating fluxes were examined. This proved
very valuable by uncovering disagreements among code results even though the
hydraulic-head solutions had been in agreement.
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FOREWORD

t

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-1

parison Study" (HYDROCOIN). This first volume presents the results of the model
verification phase (Level 1) of HYDROCOIN. It will be followed by Volume 2
dealing with model validation (Level 2) and Volume 3 dealing with uncertainty
and sensitivity analysis (Level 3).

.
1

The computer codes used to date are SWIFT II, UNSAT2, TOUGH, FEMWATER, and
USGS-30. 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 led 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 ,

j Washington, DC 20555
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| 1. INTRODUCTION ,

This report describes the computer simulations and analyses performed by the!

i HYOROCOIN project teams at the Sandia National Laboratories and at the NRC on
the Level 1 HYOROCOIN test cases. HYOR0 COIN (Hydrologic Code Intercomparison
Study) is an international project for studying ground-water modeling

i strategies. The HYDROCOIN study is divided into three levels: Level 1--code
verification (i.e., the subject of this report), Level 2--model validation, and
Level 3--uncertainty and sensitivity analyses. The Level 1 problems, in parti-4

,

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 model results. These Level 1 test c;ses 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-level 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.
1

i The following sections provide a description of the computer codes used, a
detailed discussion of each test case simulated, explanations 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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2. DESCRIPTION OF COMPUTER CODES

The NRC staff expects that a variety of ground-water models may be used in
high-level and low-level waste disposal performance assessments. For example,
modeling capabilities in the areas of saturated and unsaturated flow, fracture
flow, and non-isothermal flow will be important. Therefore, a number of codes
that are currently in use or expected to be used for performance assessments
in these subject areas were selected for use in the Level 1 simulations. A

discussion of each of the selected codes follows.

2.1 USGS-30 (Modular Three-Dimensional Finite-Difference Ground-Water Flow
Model)

HYDROCOIN Cases 1, 2, and 6 were simulated with the U.S. Geological Survey
(USGS) Modular Three-Dimensional Finite-Difference Ground-Water Flow Model.
(Ref. 1). The code solves the governing equation:

(a/8x)(K ah/ax) + (a/8y)(K ah/ay) + (0/az)(K ah/0z) - W = S 8h/atxx yy zz 3

where

b = potentiometric head (L),
K = hydraulic conductivity 'L/T) in the x direction,yx

K = hydraulic conductivity (L/T) in the y direction,yy
K,7 = hydraulic conductivity (L/T) in the z direction,
S, = specific storage (1/L),
t = time,

W = source-sink terms (1/T), and
x,y,z = Cartesian coordinates, aligned with the principal axes of the

hydraulic conductivity tensor.

The governing equation is discretized on an orthogonal, variably spaced,
block-centered grid.

The code provides no-flow and constant potential boundary conditions and six
different source-sink terms, including specified and potential dependent condi-
tions. The number of source-sink terms applied in one block is not limited by
the code. Additionally, the discretized equation may be used in a linear form
(for simulation of confined ground-water conditions) or in a nonlinear form
(for simulation of phreatic ground-water conditions). Different forms may be

combined within a single simulation, and the code may be allowed to convert
from confined to phreatic conditions, or from phreatic to confined conditiores
at any point or any time as conditions change.

Matrix solution may be accomplished with either slice-successive overrelaxation
(SSOR) on a strongly implicit procedure (SIP).

2-1
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The USGS code is intended primarily as a water-resource model. It is limited

to conditions of single phase, constant.-density flow and contains input / output
structures designed specifically for representation of layered aquifer systems.
The x Cartesian coordinate is, by convention, parallel to grid rows, the y
coordinate parallel to grid columns, and the z coordinate normal to grid layers.
The z coordinate is not necessarily vertical but the x, y, and z axes most
correspond to the principal axes of the hydraulic conductivity tensor, which
may take any orientation.

The code is written with a modular structure and is available in Fortran IV and
Fortran 77 versions. The modular structure of the code encourages modification
of the existing code and addition of new code modules. Many new modules pro- -

viding different source-sink functions hhve been proposed, and several (not
employed in these applicauons) are currently available.

The work completed with the USGS code was performed on an IBM Personal Computer AT
using Microsoft Fortran, version 3.2. The code was obtained from the Holcomb
Research Institute end differed slightly from the originally published version.
Microsoft Fortran, version 3.2, is a subset of Fortran 77. Implementation of
the code in the subset language required modification (completed by personnel
of the Holcomb Research Institute) of eight format statements.

2.2 TOUGH

The TOUGH code (Ref. 2) solves the two phase flow of air and water in vapor
and liquid phaqes and heat flow in a fully coupled way. The formulation used
in TOUGH is analogous to that used in multiphase, multicomponent geothermal or
steam-flooded hydror:arbon reservoirs. The governing equations account for
gaseous diffusion, Darcy flow, and capillary pressure effects. Vaporization
and condensation with latent heat effects and conduction and convection of heat
flow are included in the energy balance. Water, air, and rock are assumed to
be in thermodynamic equilibrium at all times. The flow domain can include
liquid, vapor, and two phase regions, indicating that the code can handle both
saturated or unsaturated flow problems either individually or simultaneously.
The thermophysical properties of water are represented by the International
Formulation Committee's steam tables. Air is approximated as an ideal gas,
and additivity of partial pressures is assu' _d for air-vapor mixtures.

TOUGH solves three nonlinear partial differential equations simultaneously.
These consist of the conservation equatioris for air, water, and heat. Air and
water can be transported in both the liquid anJ vapor phases. Flow is governed
by Darcy's law.

ihe co:1e can simulate flow in one, two, or three dimensions because the method
of solution is based on a very general integrated finite-difference method.
Time stepping is accomplished by either the Crank-Nicolson or fully implicit
procedure. The resulting nonlinear difference equations are linearized by the
Newton Raphson technique. The resulting equations are solved by the Harwell
matrix solver, which stores only the nonzero elements of a matrix. This reduces
core storage.

Attempts at using TOUGH for the Level 1 problems were made on the Sandia
CYBER 70 Model 76 and CRAY-1 computers.
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2.3 UNSAT2

The UNSAT2 code (Refs. 3 and 4) was used to solve HYDROCOIN Level 1 Cases 3
and 7. UNSAT2 is formulated to solve two-dimensional transient, saturated-
unsaturated flow problems in porous media. The governing partial differential f
equation used by UNSAT2 is:

r(*)K (i J) + K (*)E (i J) C($) + pS, a +S=0-

5x s r s
4

where

C = specific water capacity,
K = relative hydraulic conductivity,

7

K,(4 ) = saturated hydraulic conductivity,
S = sink terms,

S, = specific storage,
t = time,

x = spatial coordinates,j
h = 1 for saturated conditions and

0 for unsaturated conditions, and
>

$ = pressure head (tension).

The fact that S is zero when the porous medium is unsaturated assumes that the
soil is incompressible. -

UNSAT2 can handle various types of boundary conditions. These include constant
pressuni head, prescribed flux, impermeable or zero flur., seapage faces (either
set at the initiation of the problem or calculated at '.ater time steps), and
fluxes determined by atmospheric conditions such as evaporation or infiltration.

Several internal sources or sinks can ta accommodated by UNSAT2. These include
discharging or recharging wells and water uptake by the roots of plants. UNSAT2

is probably unique with respect to water uptake by plants. However, none of the
features mentioned above was used for the HYDROCOIN modeling.

The equations describing unsaturated-saturated flow are discretized by the
Galerkin finite-element method. Elements can consist of either quadrilaterals
or triangles. Triangles are very useful for modeling irregularly shaped regions.
However, before performing integrations of the shape functions ever the elements,
UNSAT2 converts all quadrilateral elements to triangles. The time derivative is
discretized by the finite-difference method. However, UNSAT2 does not use the
finite difference of pressure head at each node of the grid but uses weighted
averages of the time derivative over the entire flow region. The purpose for
this is to improve the convergence properties of numerical solution. The equa-
tions are integrated over t *me in one of either two methods. A time-centered
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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 rv'. on IBM computers. With .ne
removal of REAL*8 cards from the Fortran code, the code ran on Sandia's CDC
CYBER 155 Model 855 and CRAY-1 computers.

2.4 SWIFT II

Cases 2, 4, 5, and 7 were simulated with the SWIFT 11 computer code (Refs. 5
and 6). SWIFT II (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-

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 combining the appropriate continuity
and constitutive relations. Sink terms (F) are included for fracture zones in
which losses to the rock matrix are significant. The resulting relations may
be stated as follows:1

Fluid:

-V-(pu) q q-

q
conduction production sink /

2source

h(4p) (1)Rg r =+ -

y
salt loss to

dissolution matrix

1All 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.
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Heat: ;

- V-(pHu) + t' ([H ) N 9 N9 4
~ ~ ~ '

I H
convection conduction / injected produced sink /

5dispersion enthalpy enthalpy source r

;

O
(Hr + r )y g g [$pU + (1 - 9)pR RU3=-

"

loss to matrix accumulation in fluid and rock (2)
'

Brine: I

A A A A

-V-(pCu) + v.(pgCVC) Cg Cq t
- -

y

convection dispersion / injected produced
diffusion brine brine4

.' ^
a+ R (Cr + F ) E I3)*-

C y C

salt loss to matrix accumulation
4 dissolution
:

Radionuclide r:
.,

j - U (pC u)
v.(pgC[VC)

C 4 9 * Q+ - - ~

p r r r wr'
convection disper ion / produced sink / wasa

diffusion component source la .ch '

r

N :

- (C IrW+P) rs s[$pC, + (1 - $)p W,]+ 1 k A i
gr

loss to 8*henerationofcomponent;

matrix r by decay of s
| ,.

| A [$pC + (1 - $)pR r] = g [9pC * (1 ~ *)P W3Wp p r Rr
decay of component r accumulation (4) ,.

j Several quantities in Equations 1 through 4 require further definition in terms
.

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

r
4

!
E =D+Dy (5) '

and
!

Eg =Spc +s (6)*

p m

3This is a source term since, by the adopted sign convention, the rate of-

fluid injection is inherently negative.
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where

D 6 ) + (at - a )V V /IVI (7)jj=aVT ij 4 T i j

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

* *r(pC ) rW
p (8)r

Equations 1 through 4 are coupled by auxiliary relations for:

Darcy Flux:

u=-(k/p)-(vp-fvz) (9)
c

Porosity:

0 = o [1 + c (p p )] (10)g p g

Fluid Density:

p=pg [1 + C,(p - o ) - c (T - T ) + c 3 (11)g T g C

Fluid Viscosity:

p = pR( ) exp (B(C)(T 1 - T 1)] (12)R

Fluid Enthalpy:

H = U, + U + p/p (13)

Fluid Internal Energy:

U = c (T - T ) (14)p g

(This equation assumes c is constant with regard to temperature.)p

Rock Internal Energy:

U=cpR(T - T,) (15)R
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;

where parameter c in Equation 11 is defined in terms of an input density rangec(p P )!P *y N o

c * (PI ~P)P (10)c
N o

Symbols

:
B Viscosity parameter

C Concentration of inert contaminant
c Specific heat of the fluid

p
c Specific heat of the rock (single porosity) or of the fracture-fillpR

material (dual porosity)
C Concentration of radioactive (trace) componentsp

C Compressibility of the pores (single porosity) or of the fracturesR

(dual porosity)
c Coefficient of thermal expansion

T

C, Compressibility of the fluid
D Dispersion / diffusion tensorj
D, Molecular diffusion
E Dispersion or conduction / dispersion tensor for heat (X = H), brineX

^

(X = C), or radionuclide (X = C ) within the global systemr
g Acceleration of gravity
g Units conversion factor equal to g for the English system and equalc

to unity for the SI system
H Fluid enthalpy
H Enthalpy of injected fluidg

I Unit tensor
k Permeability tensor for the global system
k Product of branching radionuclide and daughter parent mass fractionrs
K, Heat conductivity tensor for fluid and rock (single porosity) or

fluid and fracture-fill material (dual porosity)
p Pressure

4

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

q Rate of fluid withdrawal
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q, Radionuclide source due to waste leaching

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

radionuclide (X = r)
R Brine source rate due to salt dissolution
C

Rf Fluid source rate due to salt dissolution
t Time

T Temperature

T Ambient temperature of rock surrounding well bore
R

T, Reference temperature of system, interface temperature between system
and over/underburden, and surface temperature for radiation model

U Mass specific internal energy of the fluid
U Mar,s-specific internal energy of the rock (single porosity) or of the
R

fracture-fill material (dual porosity)

U Me.ss-specific internal energy of the fluid at reference fluid conditions
n

|vl Magnitude of v )4

v$)
Darcy velocity

W Solid phase concentration of radionuclide rr
W Solid phase concentration of radionuclide s

s
x,y,z Cartesian coordinates
a L ngitudinal dispersivity
l

a Transverse dispersivity
i

F Total loss to the rock matrix for fluid (X = W), heat (X = H), brine
X

(X = C), or radionuclide (X = r)

6 Dirac delta function4,)
r1 Freundlich isotherm parameter
x Freundlich isotherm parameter
K Modified Freundlich isotherm parameter
r

x Thermal diffusivity of rock surrounding the well bore
R

A Decay constant

p Viscosity

pR Viscosity parameter
p Fluid density

Fluid density at reference temperature and pressure and unit brinepg

concentration
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pH Fluid density at reference temperature and pressure and zero brine
concentration

p, Fluid density for the initial conditions
pg Formation density

$ Porosity t

f

(g Porosity at the reference pressure

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

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

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

All the SWIFT II simulations were performed on the CRAY-1 computer at Sandia
National Laboratories.

2.5 FEWATER

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

9. ($ . (vh + VZ)]= a+esfh
where

h = pressure head,4

K = hydraulic conductivity tensor,
] n, = effective porosity,

c

t = time, ',

x,z = spatial coordinates,
Z = elevation above datum,

,

= modified compressibility of the medium (compressibility of consoli-- o

dation times the density of water times gravity), '

S = modified compressibility of water (cort.pressibility of water times4

the density of water times gravity), and
0 = moisture content.

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

[i

l
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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-
cifference 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
wasconvertedtoanIB$$p70machineattheNationalInstitutesofHealth(the
fact that the program was originally developed on an IBM computer obviously
made this transition easier).

I
i
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I
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3. HYOR0 COIN 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 the problem and how well the
results matched analytical solutions and results from other codes.

3.1 Case 1

Problem Oescription

Case 1 involves transient radial 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 problem 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:

i

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

j than the actual value specified) in solving the governing equation.

The model 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'g,) = S r 0z)3 g

L'g,) = 2r K'/(Oz) + Oz) j)g

f' j ,j = T)(r y - r )/1n(r 3/r )g g g g

!
'

i
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I ha(t)

" OREHOLE h=0 ,

:,

HHHHHHHHHHHHHHH/HHH//HH////N////////////// '

A r

V
.Z

ROCK MATRIX
ad

.

= b =

4

HH/H/HHHHHHHHHHHHH/HHHH/HH/HHHHf d//HH/HHHH////

FRACTURE

a RADIUS OF BOREHOLE (m)

b RADIAL DISTANCE TO CONSTANT HEAD BOUNDARY (m)
d THICKNESS OF ROCK MATRIX (m)
h ASYMPTOTIC VALUE OF ha(t) (m)
h (t) IMPOSED HEAD IN BOREHOLE (m)a
r CYLINDRICAL RADIAL COORDINATE (m)
z AXI AL COO.:31NATE (m)

Figure 3.1.1 Conceptual model for Case 1. '
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ha(t)

V

h=0
| 3

v

I//H/H/HHHHJ /HH HHHHHHHHHHHHHHHHH,
d -

U

l*
d 1

|

= b =
n

/H/HHHHHH/HHHHHHHH/HH/HHHHHHH/HH/H/H///////H/H,

ASSUHPTIONS

- The rock is saturated
- Isotropic and homogeneous permeable medium
- Flow can be described by Darcy's law
- A prescribed time-dependent head is maintained in borehole relative to

a fixed head at a radial distance b
- Rock is confined between impermeable horizontal boundaries
- Transmissivity of fracture = 10.s,2fs
- Hydraulic conductivity of matrix = 10 8 /sm

!

Figure 3.1.2 Assumptions for Case 1,

3-3



n
s

Table 3.1.1 Input parameters for Case 1.

Symbol Parameter Value

T Transmissivity of fracture 10.s ,2 1s

S Storage coefficient of fracture 10 10

K Hydraulic conductivity of matrix 10 'as 1

S, Specific storage of matrix 10 7m1

a Radius of borehole 0.1m

b Radial distance to boundary 10m

d Thickness of rock matrix Sm

t Time constant for borehole head 0.ls

where ,

Dz)
thickness of layer j,=

Dz),y= thickness of layer j+1,
vertical hydraulic conductivity (constant),K' =

1.'j,3 = corrected leakance for column i of layer j,
rg radius to the block center, column i,=

rj,1 radius to the block center, column i+1,=

S'g,) = corrected storativity for column i of layer j,
S, storativity of the layer (constant),=

transmissivity of layer j (constant), andT =

f
g,) = corrected transmissivity for flow from column i to column i+1T

inlayerj.

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-
111es specified in adjacent nodes provide T', the correct radial variation.
The correction, derived in Appendix A, leads to:

T''g,y = Drg,y ''g /2T''g in(rg,y/r ) - OrgTT T g
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v

h=0
i '

//NNN/NN/M I /NN, NNNNNNNNN/NN/N/N/NN/
d r

Z

d

I

= b =
n

/HHHHHHHH/HHHHHHHHH/HHHH/H/HHHHH/HHHHHH/Hi

REQUIRED OUTPUT

- HYDRAULIC HEAD IN THE MATRIX AS A FUNCTION OF TIME UP TO410 s FOR r=5 m AND z =2.5 m

- HYDRAULIC HEAD IN THE MATRIX AS A FUNCTION OF TIME UP TO
10's FOR r=5 m AND z=5 m

- HYDRAULIC HEAD IN THE MATRIX AS A FUNCTION OF DISTANCE
BETWEEN
r = a = 0.1 m AND r = b = 10m AT A TIME OF 100 s

Figure 3.1.3 Specifications for model output for Case 1.

!
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where

block dimension of column i, measured along a row,Or =
g

Dr y block dimension of column i+1, measured along a row,=j
T''j transmissivity to be specified in column i, and=

T''$ y = transmissivity to be specified in column i+1.

Other terms are defined above.

Application of this equation requires the modeler to supply T''g. Different

values of T''$ lead to different values 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 (a 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 difference 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
node 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 het.d 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 solved to a convergence criterion of 1.0x10 8 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 calculating the flux from the well
(represented by flows to column 1 from the general hcad 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 model 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 8
was too large. The heads calculated in column 1 were nearly equal to the
reference heads, and variations of 1.0x10 8 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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Figure 3.1.5 flydraulic-head distribution at r = Sm and Z = 2.5m for Case 1.
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Figure 3.1.6 Hydraulic-iiead distribution at r = Sm and Z = Sm for Case 1.
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Figure 3.1.7 Hydraulic-head distribution at z = 4m and t = 100s for Case 1.

_ _ . _. _ _. , _ _ _ _ _ _ . - _.- -. . -- - - . . _ . _ . _ . . _ _ - _ - - . _ __ __ ._



_ _ _ - _ _ _ - _ _ - _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

was lowered to 1.0x10 8 and the model failed to converge below 6.7x10 8, where
the errors were still large enough to dominate the mass balance. Therefore,
this report does not contain flow r.alculations 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 '

idealized fractured crystalline rock mass. This rock mass is assumed to be
saturated, with the ground-water flow system being in steady-state conditionc.

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 problert
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 II code, the USGS
code, and the FEMWATER code. The geometry of the intersecting fractures of rthis 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 (SWIFT II 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 II 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. i

SWIFT II

Three different grids were eLployed 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. All the
model 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 II results for the different
grids, and the other is to compare the SWIFT II results to those from other
models. Shown in Figures 3.2.8-3.2.12 are the hydraulic-head profiles for the

|

,

3-11 :

|
!

,

t
- _ , _- - - _ . . - . . . - -



,__ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - - - _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - - _ _ _ _ __ _ _ _ _ _ _ _ _ _ - - - - - - - - - - - - - - - _ _ _ _ _ _

F DA g -

E #

ROCK MATRIX FRACTURE
ZONES

C
B

ASSUMPTIONS

- Both matrix and fracture zones are isotropic and homogeneous permeable
media

- Flow can be describeo by Darcy's law
- Matrix and fracture zones are saturated
- Steaoy-state flow
- Hydraulic conductivity in matrix (10.s /s) 100 times lower than inm

fracture zone (10 8m/s)
- No-flow boundaries 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 for Case 2.
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16

I19
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!
1

; 15 14 13 121110
'

'

POINT- X Z I

1 0 150 !; 2 10 150 ;'

3 395 100 (
4 405 100
5 800 150

-

6 1192.5 100
7 1207.5 100

) 8 1590 150
1 9 1600 150 '

10 1600 -1000
11 1505 -1000

i 12 1495 -1000
13 1007.5 -1000 '

14 992.5 -1000
'

i 15 0 -1000
| 16 1071.3462 -566.3459
i 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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C'C ~ ~
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3

D'D -

/
- -

E'E

/
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,

Required output (from at least two levels of discretization)

- Distribution of hydraulic head along five horizontal lines: A-A',
B-B', C-C', D-D', and E-E'

- Particle tracking with starting points 1-4 according to figure above

Figure 3.2.3 Specifications for model output for Case 2.
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HYDRAULIC HEAD DISTRIBUTION AT Z = 0 METRES
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three SWIFT Il simulations and the finite-element simulation performed by
KEMAKTA consultants using the GWHRT model. As indicated by these figures, the
results of all medels 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 exactly 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 IIt

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 ren aining fracture,
however, are connected. The overall 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 ir.terconnection of fracture G, which results in less hydraulic-head
loss along 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
agreement with the GWHRT model results; 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 grids, 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 E 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
model connects the fracture blocks and is discussed in Appendix B. Overall4

| lengths of the pathlines and their associated travel times are listed in i
l

; 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 II than are necessary with a finite-element model, the actual com-t

! puter time may be less because of the efficiency of finite-difference matrix
| solvers. For instance, a comparison was made between the SWIFT II coarse grid
i for Case 2 (1148 nodes) and a Case 2 coarse grid used for the SAGURO finite-

element code (416 nodes) on the same computer, the CRAY-1. For this problem,

the SAGURO code used 10 seconds of CPU time while SWIFT II used 8.5 seconds.
|

t
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Table 3.2.1 Travel times and distances for pathlines .;
a

predicted for Case 2-5WIFT II.

PATH 1 PATH 2 PATH 3 PATH 4 4'

.1

GRID Distance * Time ** Distance Time Distance Time -Distance Time '|'

C0 ARSE 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 j

FINE 618 1,065 1,757 12,590 631 754 1,394 13,605 I

i

* Distance is in meters. ;

! ** Time is in years.
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USGS

The construction of a model for Case 2 presented special problems to the USGS
and the SWIFT II 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 between the intersecting
fractures.

'

2. One block was located at the intersection of 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 :;pecified in the case description.

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

K'' = w K K,(Dx + Dy )/(4K,0yDx - w K (Dx2 + Dy ))2 2 2
ff ff

where4

block dimension measured along a row,Dx =

block dimension measured along a column,Dy =

K'' = corrected fracture conductivity value (one value for each fracture),
fracture conductivity,K =

f

K, matrix conductivity, and=

fracture width,w =
f

i

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 nieasured along columns is

i 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 representing the held potential boundary at
the top of the profile are assigned potentials equal to the elevation of the
model boundary at its closest approach 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). All the results compare well with
the finest grid used for SWIF1 II.
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Table 3.2.2 Travel times 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.
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FEWATER

Two grids were used to simulate this problem with the FEWATER 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 II and USGS). In addition, fewer total
calculational points are needed to represent the whole system with FEWATER
(112 and 378 elements) than with SWIFT II (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 FEWATER simulation. Results of the
FEWATER solutions are presented in Figs. 3.2.32-3.2.38 and in Table 3.2.3. i.

,

The head distributions for the two grids show an expected increase in deviationi

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-t

| 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 '

i discretizations should decrease near the fracture zones. The head values for
i the two 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 1
and the smallest deviation occurrir.g at the highest depth is that the head values

.

! on the surface are fixed by the imposed boundary condition. Head distributions i

i for both discretizations are influenced by the fracture zones and currently
j show a lower head value over the wider fracture zone.
!

Particle trajectories, as shown in Figures 3.2.37 and 3.2.38, were produced ;

using a post processor with the FEWATER output. The post processor ettimates
a particle trajectory through a finite-element grid by the following process:

; (1) determine the specific element the particle 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 particle 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 with t.e results from the other
codes. For the coarse grid, the particle trajectory for path 2 never exited !

'

the grid and remains trapped within the middle area of the grid. This result
is due to the numerical inaccuracies introduced by fhe use of too coarse a dis- |cretization. A correct pathline was ;btained for tie finer discretization ;
(see Fig. 3.2.38). ;

| 3.3 Case 3
,

Problem Description
t

1

fThe 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. ;

!

.
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Table 3.2.3 Travel times anc' distances for pathlines'

predicted for Case 2-FEMWATER.

jPATH 1 PATH 2 PATH 3 PATH 4
GRID Distance * Time ** Distance Time Distance Time Distance Time

a

FINE 690 980 2,000 13,000 680 790' 1,340 7,980

COARSE 730 760 *** *** 690 890 1,340 7,930

* Distance is in meters.
| ** Time is in years.
! *** Particle never left the modeled region.
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q = 100 mm/yr

F t Y I I I Y J+500 m
A B q=0

f
, _

C
E

O |
-

q=0 0 <

h=0 -

'
-500 m

O q=0 2020 m
G H

ASSUMPTIONS

- All media (A-E) are considered homogeneous and isotropic
- Media A and C are permeable compared to media B and D
- Medium E is much more permeable than media A-D
- Flow through the system is considered to be saturated-unsaturated
- Initially hydrostatic equilibrium
- Infiltration along F-J (100 mm/yr)
- No-flow boundaries along F-G and G-H
- Hydrostatic pressure along I-H
- Seepage face along I-J l

- No precipitation along I-J I
.

REQUIRED OUTPUT

- Location of ground-water table at successive time steps and at steady
state

Figure 3.3.1 Conceptual model, assumptions, and specification
of output for Case 3.
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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 and 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
domain. 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. All other boundaries except J-E 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, UNSAT2. 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 0 rock group, below the water table. This part of the modeled area would
stay saturated during the simulation 50 that the fine gridding necessary for
nonlinear unsaturated flow problems was not 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

5head change to an extremely large value (10 0m) 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-

I 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 solution to a Dupuit-Forcheimer
solution of tne water table. With conditions specified in the problem, the

1 Dupuit model 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. It was
found that the flow rate of water in the E rock type along the slanted coundary

j 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 table.

3.4 Case 4

Problem Description
i

Case 4 is a thermal transport problem, it involves a spherical heat source

) located in an infinitely large porous mediuni (Fig. 3.4.1). The heat source,
which represents a high-level radioactive waste repository, has in 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 " m2 and a constant porosity
of 0.0001. The properties ol water are assumed to be equal to the values that

! would occur at 40 C.
!

! Several types of output are required by HYOR0 COIN 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, 126 meters, 250 meters, and 375
meters directly above the center of the sphere. Second, the temperature and

| pressure rise as a function of distance between 0 meters and 750 meters above
l the center of the sphere are required for times of 50, 100, 500, and 1,000 years.

Third, pathlines of particles leaving the m;dplane 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 th( sphere.

,

t
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i f
' '

r=250 m

?

ASSUMPTIONS :
a '

- 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 rock 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
I output from repository

- Density of water varies linearly with temperature and is independent of i

pressure
- Viscosity and volumetric expansion coefficient of water are assumed to

be independent of temperature and pressure
- Flow can be described by Darcy's law
- In she 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 and the TOUGH code were applied to this problem.
Following is a discussion of both applications.

SWIFT II

The SWIFT II 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, lover,
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 II 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 II was allowed to internally calculate the maximum time step
based on r.umerical dispersion and overshoot 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 elevatien above the midpoint of the
sphere for various times are presented on Figures 3.4.3 and 3.4.4, respectively.
For both figures, the temperature rise predicted by SWIFT II 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.

i 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 II and the analytical solution is

;indicated cn Figure 3.4.5. However, SWIFT II seems to slightly underpredict
pressure rise at pressure peaks. At later times, greater than 800 years,
SWIFT II seems to slightly overpredict pressures calculated from the analytical
solution. On Figure 3.4.6, the SWIFT I4 pressure rise predictions compare very

, well with those calculated from the analytical solution for times of 50, 100
3

| and 500 years. The pressure rise for these times was computed from the first
! SWIFT Il run, which used the small time steps. For 1,000 yeat , SWIFT II
!
|
,
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Figure 3.4.3 Temperature rise vs. time, r=0 meters, for Case 4-SWIFT II.
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Figure 3.4.4 Temperature rise vs. dist.aig.e. r=0 meters, for Case 4-SWIF1 II.
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Figure 3.4.5 Pressure rise vs. time, r-0 meters, for Case 4-SWIFT II.
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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 II 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, 3.4.8 and 3.4.9, respectively. The shapes and
positioning of these curves compare reasonably well with those presented in
the HYOR0 COIN description for Case 4.

SWIFT II 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 final
travel radius, SWIFT II consistently overpredicts the trivel radius calculated
from the analytical solution. The error ranges between 0 percent and 15 per-
cent. The travel time comparisons are very poor. SWIFT II can either over-
predict or underpredict travel 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 II velocity calculations, or to the pathline generator routine that uses
the SWIFT II velocities.

TOUGH

The TOUGH code was also used in an attempt to solve the Case 4 problem. A grid
was set up similar to the one used with SWIFT II. 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 11 simulations. This was done to reduce the number
of grid blocks in the TOUGH simulatior.s 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-dimensional 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 kg/m3 3and a salt water density of 1,200 kg/m . A onstant
viscosity of 10 3 Pascals is assumed. In addition, the assumption is made that
the salt 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.
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Table 3.4.1 SWIFT II and HYDROCOIN pathline comparisons.

Start Time Start Distance Travel time (years) Travel Radius (meters)

HYDROCOIN SWIFT II % Difference HYDROCOIN SWIFT II % Difference

3 1.5678x103 3.6 0 0 0
100 0 1.5135x10

100 125 2.1135x104 1.8890x104 -10.6 1.1050x103 1.1510x103 4.2

100 250 2.4586x10* 3.3360x104 35.7 9.4772x103 1.0225x103 7.9

3 3.3015x103 43.7 0 0 0
1000 0 2.2972x10

3 4.0361x103 38.9 3.2284x102 3.6944x102 14,4
1000 125 2.9057x10

3 7.4537x103 34.4 6.3361x102 7.2306x103 14.1
1000 250 5.5446x10

10000 0 7.8324x104 6.6390x104 -15.2 0 0 0

y 10000 125 8.0396x10* 6.7193x104 -16.4 1.3429x102 1.4114x102 4.6

4 6.9275x104 -20.7 2.6811x102 2.8187x102 S,1
R$ 10000 250 8.7346x10

. - _ _ - _ - _ _ _ _ _ _
._. ..- - -.. . .. .__-_ -
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!

p=10000 Pa
%

%
%.

N (900.0)
A -

(0,0) p=0

HYDRAULIC CONDUCTIVITY -16'm/s
POROSITY .2

DISPERSION LENGTH - 20m LONGITUDINAL |

2m TRANSVERSAL
NO DIFFUSION

1 |

F E D C
(0, -300) c .=1 (900.-300)n

| ASSUMPTIONS

- Porous sedimentary rock assumed to be homogeneous and isotropic
- Steady-state conditions
- Fluid density depending only on brine concentration
- Dynamic viscosity is assumed to be independent of brine concentration
- Triangular pressure distribution along top boundary
- No intake of salt along top boundary
- No-flow boundary 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 E and D

Figure 3.5.1 Conceptual model and assumptions for Case 5.
;

|
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>
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REOUIRED OUTPUT :

i- 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-8) |
|

|

Figure 3.5.2 Specifications for model output for Case 5.
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Simulations performed

SWIFT II

Only the SWIFT II 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 giound-water flow and brine transport.

Several difficulties were encountered in applying the SWIFT II 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 !! code allows for the user to fix the salt concentra-
tion with Dirichlet boundary conditions, the user is 31so forced to specify a
pressure at the same block. Because the salt affects the flos, the pressure is
not known before the solution is performed. Therefore, a different approach to
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 high 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 resulting
grid is shown in Figure 3.5.3. The hydraulic conductivity of the blocks repre-
senting the salt was set to 10 15 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 model
(Fig. 3.5.4). This simulation is herein referred to as Case Sa,

,

The next difficulty encountered is also related to the SWIFT II 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

I de/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,
I a more realistic approach may have been to use wells to maintain the pressure

along the top of the bottom 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.

Af ter 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 requirtd a tradeoff between time-step size (and therefore computer cost)
,

and solution ac curacy. Initially, a relatively large t'me-step size was used
which, when comained 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 draJtically reduced. Then the simulation
was run for a little over 300 years. These value: showed little oscillation
and agreed with the values ftom the longer simulation.

Model results are presented in terms of pressure pred'les (Figs. 3.5.5-3.5.7
for Case 5 and Figs. 3.5.10-3.5.12 for rase Sa), salt concentration profiles
(Fig. 3.5.8 for Case 5 and Fig. 3.5.13 for u se Sa), and model predicted path-
lines (Fig. 3.5.9 for Case 5 and Fig. 3.L 14 for Case SP . As indicated by the
pressure profiles and the pathlines, Cases 5 and sa produce virtually identical
results for ground-water flow. With respect to sait crncentrations, each pro-
duces nearly the same shape of profiles and contours (figs. 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
made 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 model 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

Problem Description

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 shown in Figure 3.6.2.

The problem is designed to test a code's ability to simulate steady-state flow
;

in a geometrically complex three-dimensional system characterized by anisotropy '

and sharp contrasts in hydraulic conductivity. Additionai features of this
problem not found in the other Level 1 problems include areal 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. I

Simulations Performeu

Two computer codes were used in simulating this prob'em, SWIFT !! and the
USGS-30 code. The description of the application of these codes to this problem
fo? lows.
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i Figure 3.5.5 Pressure profiles along Z=-50m and -100m for Case 5.
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Figure 3.5.6 Pressure profiles along Z=-150m and -200m for Case 5.
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Figure 3.5.10 Pressure profiles for Z=-50m and -100m for Case Sa.
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VERTICAL CROSS-SECTION OF AQUlFER BRINE CONCENTRATION

.... ......... ......... ......... ......... ......... ......... ......... .
111111

1111111.
111111

' *

DEPENDENT VARIABLE RANGE MAP CHARACTER 1 22

||'1110.000 - 0.158E-04 22
0.158E-04 - 0.359E-04 1 1111111 222 *
0.359E-04 - 0.560E-04 3giigi. 22
0.5COE-04 - 0.761E-04 2 111111 222 *

0.761E-04 - 0.963E-04 1111111 222
0.963E-04 - 0.116E-03 3 111111 22 3*
0.116E-03 - 0.13 7 E-03 111111 222 3330.13 7 E-03 - 0.157E-03 4 1111111 222 33*
0.157E-03 - 0.177E-03 111111 22 333
0.17 7E-03 - 0.197 E-03 5 1111111 222 333*
0.197E-03 - 0.217E-03 111111 222 3330.217E-03 - 0.237E-03 6 11111 222 33 *

0.237E-03 - 0.257E 03 111111 222 33
0.2 57E-03 - 0.2 7 7 E-03 7 111111 222 333 *
O.2 7 7E-03 - 0.2 97 E-03 111*1 222 33

0 297E-03 - 0.318E-03 8 111111 222 33 *
0.318E-03 - 0.338E-03 11111 222 33
0.3 38 E-03 - C.3 58E-03 9 111111 222 333 .
C.3 58E-C 3 - 0.3 7 8E-03 111111 222 33 4
0.3 7 8E-03 - 0.39 8 E-03 0 11111 222 33 4*

111111 2222 33 444
111111 2222 333 44+

1111111 2222 33 444
1111111 2222 33 444

1111111 22222 33 444*
1111111 2222 333 4444

1111111 22222 33 444*
1111111 222 333 444

1111111 2222 333 444 *
1111111 222 333 444

1111111 2222 333 44 *
'

1111111 2222 333 444
1110511 2222 3333 444 *

1111111 2222 3333 444
11111111 222 3333 444 *

11111111 22222 33333 4444 5
11111111 22222 3333 4444 5*

11111111 22222 3333 444 555
11111111 2222 3333 4444 55*

11111111 2222 3333 44444 5555
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Figure 3.5.15 Salt concentration contours for Case 5.
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Figure 3.5.16 Salt concentration contours for Case Sa.
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SWIFT II

To facilitate using SWIFT II to simulate the complex geometry of this problem,
a preprocessing program was written to adjust grid block sizes and depths. The
resulting grid contained 40 blocks in the x direction and 19 blocks in the y
direction. A vertical section of the grid is shown in Figure 3.6.4.

Two approaches were used to simulate the rivers. For the east-west trending
rivers, which are in layer 1, Dirichlet boundary conditions were used. Actually,
the middle river cuts into layer 2 but, according to the problem definition, is
to be treated as if it were in layer 1. Then, for the north-south trending
river, which resides in layer 2, a well submodel was employed. This option
permits the user to define a pressure that is maintained at the node center by
allowing flow in or out of the "well" according to the hydraulic gradient near
the well.

An areal recharge option is available in the SWIFT II code and was used for
this problem. However, the option assumes all recharge goes into the top layer
(layer 1). This caused some difficulties because layer 1 does not exist over
all of the top of this model (see Fig. 3.6.1). In fact, even layer 2 does not
cover the whole region. To overcome this difficulty and still use the recharge
option, very thin blocks (.0001 meter) were defined for the region where layers
1 and 2 do not exist (see Fig. 3.6.4). Hydraulic parameters were assigned to
these blocks that were equal to those of the underlying layers.

Results from the SWIFT 11 code are shown in Figures 3.6.5-3.6.13. General flow
directions are indicated by the contours shown in Hgures 3.6.5-3.6.9. Hydraulic-
head profiles required for comparison with other HYDROCOIN results are given in
Figures 3.6.10 and 3.6.11. Finally, predicted pathlines, also required for
HYDROCOIN comparison, are shown in Figures 3.6.12 and 3.6.13. Vertical fluxes
across a plane located in the salt layer were not calculated because of the
necessity of creating a post processor. Table 3.6.1 provides a listing of the
accumulated travel times and distances for the individual flow paths simulated
using the particle tracking algorithm.

In general, the results are consistent with the problem definition. However,
there is one major exception. In layers 1-3 just east of the north-south
corner, model predicted hydraulic heads are too high to be realistic. This is
shown both by the contoers in Figures 3.6.5-3.6.7 and the hydraulic-head pro-
files in Figures 3.6.10 and 3.6.11. In additiori, these hydraulic heads have a
severe effect on the lower two model predicted pathlines shown on Figures 3.6.12 '

and 3.6.13. These very large hydraulic heads are located in the two model
j coiumr.s that represent the salt system.

This is significant because of the extreme contrast in hydraulic conductivities
between the salt system and the surrounding rocks. This contrast is about nine
orders of magnitude. An additional complication was that a relatively large
amount of recharge was being forced into a unit of low conductivity in this
region. The problem of high hydraulic heads resulted from the inability of
the SWIFT II code to arrive at an accurate numerical solution in this region.
Numerous attempts were made to improve the solution. These included forcing
the code to take more iterations to solve the problem, changing the direction
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HYDROCOIN LEVEL - CASE 6

LAYER 1
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Figure 3.6.S Hydraulic-head contours for layer 1 of Case 6-SWIFT II.
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Figure 3.6.13 Pathlines 5-8 for Case 6-SWIFT II.
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'

Table 3.6.1 Accumulated travel times and distances
for individual paths predicted for
Case 6-SWIFT II.

Accumulated Length Accumulated Time
Path (m) (s) (yr)

1 45,013 8.01x1010 [ 2,540]

2 47,587 8.82x1010 [ 2,797] [
3 290,094 6.729x1011 [21,338]
4 290,039 7.16x1011 [22,704]
5 45,016 8.01x1010 [ 2,540]
O 47,591 8.821x1010 [ 2,797]
7 290,094 6.729x1011 [21,338]
8 290,039 7.16x1011 [22,704]

of the sweep for the two-line successive-overrelaxation solution (L250R) tech-
nique used to solve this problem, and finally reducing the grid spacing in the
x direction by a factor of two. Forcing additional iterations had no effect;

on the accuracy of the solution. Changing the sweep direction for L250R, in
;

this case from the x direction to the y diration, significantly reduced the '

number of iterations taken before the convergence criterion was met but did
j not affect the model results. Finally, reducing the grid spacing did bring

,

the heeds down by about 100 meters but did not completely solve the probles !,

Undoubtedly, the Jroblem could be resolved by further reducing the grid spacing,
especially by doing so in both the x and z directions. However, further grid *

{ reduction was deemed economically unwarranted based on the additional insights
: that would be provided. In any event, these large hydraulic heads appear to
i be confined to an area very close to the two columas mentioned and only seem
! to affect layers 1-3.
; ;

j USGS
|

Of the three cases addressed here, Case 6 most closely approximates conditions
that the authors of the USGS rodel apparently intended the code to simulate.

,

. As a result, representation of Case 6 required few of the parameter ad|'Jstments
employed in Cases 1 and 2. '

The problem is represented in a 15 row x 41 column x 5 layer grid. The grid |
spacing in both the x and y directions is set at a constant value of 10,000 [
meters. The block centers in column 41, in order to correctly represent the '

held potential boundaries, are located at the eastern edge of the simulated
area. The western boundary of the problem, because of the constant block size
employed, corresponds tn the block cen**rs of column 1. Half of each block in
columns 1 and 41, therefore, lies outside the boundaries of the problem. I

i
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Each layer in the grid is defined to represent one of the geologic strata
,

present at the east edge of the problem. The transition zone in the west half
of the model is represented by layers 4 and 5, and the boundaries of layers 3,
4, and 5 are projected from the west side of the transition zone to the west
edge of the model. Layers 1 and 2 correspond directly to geologic units and
are inactive in the west side of the problem where the geologic units do not i

occur.

The transmissivity (in most blocks) is based on the hydraulic conductivity of
the layer and the vertical thickness of the layer at the block center. The
leakance (in most blocks) is based on the harmonic mean vertical hydraulic con-
ductivity and vertical spacing between the block and the underlying block.
Blocks in columns 1 and 41 provided exceptiens to this description. Because
the block-center thickness in layers 3, 4, and 5 in column 1 and layer 1 in
column 41 was zero, the transmissivities are based on the average layer thick-
ness at the block boundaries. Leakance values are corrected to represent
vertical flow through only that half of each block within the area of the
problem.

All rivers defined in the problem are simulated as held potential boundaries,
as are the fixed potentials in layers 4 and 5 at the east edge of the problem.,

Areally distributed recharge was represented through option 3 of the Recharge,

Module, which applies the specified rate of recharge to the uppermost active |block in each vertical grid line. The rate of recharge was reduced in columns ,

1 and 41 tn account for the area of the block that lay outside the boundary of
the problem.

L

The discretization used nere may provide an adequate value for the average
hydraulic head in each block and for the average ground-water flux across each
block face; however, its representation of heterogeneity is extremely crude.
The calculated potential field cannot be expected to represent the abrupt gradi-
ent deflections that should occur at unit boundaries, and particle tracks con-1

a

structed from the results of this model cannot be expected to adequately '

represent the deflection of flow lines at unit boundaries.
,

A more detailed representation of the heterogeneity could have been achieved by
; employing 13 layers with two thin layers representing each layer boundary and a

variable block size with smaller blocks near unit boundaries. This construc- :

,

i tion, although well within the 80-layer limit provided by the code, would [require more dynamic memory than can be accessed by Microsof t Fortran version
'

; 3.2 in an IBM Personal Computer AT.

j Model results are displayed in terms of hydraulic-head contours (Figs. 3.6.14-
; 3.6.18) and hydraulic-head profiles (Figs. 3.6.19 and 3.6.20). These results

are very similar to the SWIFT II results, even to the extent of having unreal-
istically high hydraulic heads east of the north-south river. However, the USGS
code, using the strongly implicit procedure (SIP) as a matrix solver, does not |

5 produce as high heads as SWIFT II does. In addition, the USGS results only show
the high heads in layers 1 and 2 and not as much in layer 3. Particle tracking
as well as the required vertical fluxes were not calculated since calculation of
these outputs would require the development of post processors,

!
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Figure 3.6.15 Hydraulic-head contours, layer 2 of Case 6-USGS.
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Figure 3.6.19 Hydraulic-head profiles 1-4 for Case 6-USGS.
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Figure 3.6.20 Hydraulic-head profiles 5-8 for Case 6-USGS.
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3.7 Case 7

Problem Description

A vertical plane of a low-level radioactive waste site situated in a saturated
layered argillaceous medium is to be simulated in this case. The argillaceous
medium ranges between 17 and 22 meters thick and overlies a 3-meter-thick, high
hydraulic conductivity aquifer. Both the hydraulic conductivity and porosity
of the argillaceous media vary spatially in the vertical direction but are con-
stant in the horizontal direction. The 3-meter-thick aquifer is both homogene-
ous and isotropic. The case is simulated for steady-state conditions. A sche-
matic of the problem is presented in Figure 3.7.1. There are two variants for
this case. For the first variant, the hydraulic conductivity of the two con-
crete bunkers and their associated concrete caps is 10 6 m/s, which is larger
than the hydraulic conductivity of the surroundin argillaceous media. For thesecondvariant,thehydraulicconductivityis10gO m/s, which is smaller than
the hydraulic conductivities of the surrounding argillaceous media. In the
vertical direction, the hydraulic conductivity of the aquifer and argillaceous
media is described by:

log K(Z) = [ log K(2 ) - log K(Z )][(Z - Z )/(Z 2 - Z )] + log K(Z )2 3 3 i i

where

K(Z) = hydraulic conductivity at height, Z,
2 and 22= sequentially specified heights above the datum, and3

Z = height of interest.

Values of K and Z are specified below:

Z(m) K(m/s)
25 10 6

20 10 7

15 10 8

10 10 9

7.5 10 8

5 10 7
'

3 10 6

0 10 6i

i

Similarly, porosity is described by:

{ E = [c(2 ) - c(Z )][Z - Z ]/[Z 2 ] + c(Z )-
2 i 3 2 3 3

|

|

f

i
'
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P

where
,

c(Z) = porosity at height Z.
.

Z, Z , and Z2 were defined above.4 - i

'Values of c and Z as specified by:
;

Z(m) c .

25 0.3 '

; 20 0.25

] 5 0.2
3 0.1

,

0 0.1

Simulations Performed

This problem was simulated with two finite-element codes, UNSAT2 and FEMWATER.

UNSAT2

The head calculations for both variants were performed with the UNSAT2 code.;

Head values, output from the UNSAT2 code, were then used to calculate vertical
velocities along three horizontal lines running along the top and bottom and
through the center of the concrete bunkers. (NOTE: .The UNSAT2 code does not
internally calculate velocities.) One of the parameters output by UNSAT2 is ;
discharge from or recharge to the modeled system at each boundary node. Using ;

the discharge data and the flow net theory presented in Reference 8, the UNSAT2 t

code was used to generate streamlines for the modeled domain. The streamline -

cutput from UNSAT2 was input into a Sandia contouring program that generated '
,

both streamline contours and travel times along the streamlines.

The finite-element grid for this case is presented in Figure 3.7.2. The same
grid is used for both variants of this case. Grid spacing in the vertical di-
rection is 1 meter. However, appropriate adjustments in grid spacing were made

,

along the upper boundary such that the grid corresponds with the upper boundary.
In the horizontal direction, grid spacing varies between 2.5 meters and 7.9
meters. In the horizontal direction, the ratio of one block length to next
block length is kept at approximately 1.2 or less, except at the middle block3

of the grid where the factor is approximately 1.35. The 2.5-meter grid lengths
were used at the left and right boundaries and at the four vertical sides of
the concrete bunkers where they meet the argillaceous media. The 7.9-meter>

block lengths are located one-half the distance between the left boundary and
the left side of the left bunker, and one-half the distance between the right
boundary and the right side of the right bunker. Grid elements consisted of

'

rectangular blocks, except along the upper boundary where elements consisted of
either trapezoids or triangles. Values of hydraulic conductivity and porosity4

] are assigned to each element based on the elevation of the midpoint of the
; element. Because of the irregular shape of the elements along the upper bound-
j ary, 70 sets of hydraulic conductivities and porosities are assigned to the
i various elements.
1

i
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i

Variant 1 Results !
,

; Head contours for variant 1 are presented in Figure 3.7.3. Although head
contours are not required for HYDROCOIN output, they are presented here to '

j point out some important results. First, the contours of the variant 1 case
i at the lef tmost part of the region are almost vertical. They appear to be ;
' strongly influenced by the constant-head boundary condition at the left bound-

ary. This would seem to indicate a near horizontal flow into the region from ;

the left. Second, the head contours in the aquifer are very nearly vertical, t

! indicating a horizontal flow path in the aquifer. Third, the heads along the
: right boundary, where the hydraulic gradient has a rather large value of 1,
' appear to have a strong influence on the flow field below the left side of the

lef t bunker to the right boundary. Fourth, an unsaturated zone forms at the r

lover right-hand corner of the modeled region just above the aquifer. Because I

the hydraulic conductivity was kept constant for all values of moisture content i
ard the moisture content was kept equal to the porosity for all values of nega- !
t've pressure head, the unsaturated zone was essentially modeled as a saturated
zane.

Streamlines for variant 1 are presented in Figure 3.7.4. Streamlines entering
.

the flow system from the lef t boundary are nearly horizontal near the boundary i

but quickly drop downward and into the aquifer. Streamlines entering along the
top boundary predominantly drop downward to the aquifer. All streamlines enter-'

; ing the system, except streamlines 1 and 2, leave the system through the aquifer.
j Streamline 1 is located in a region where the gradient is upward. It immediately
; leaves the flow system. Streamline 2 enters the system along the left boundary
; and leaves along the top boundary (a particle released along the top boundary
|' at the point where streamline 2 intersects the top boundary will also immediately

leave the flow system). Along the streamline and the boundary above it, some ,

numerical error appears to be occurring. UNSAT2 indicates a downward flow
gradient but actually calculates flow leaving the system, which would require
an upward gradient.

,

Vertical Darcy velocities through three horizontal lines for variant 1 are shown
on Figures 3.7.5, 3.7.6, and 3.7.7. For variant 1, vertical Darcy velocities on

i all three figures are negative except at the very right boundary on Figures 3.7.6
and 3.7.7. This indicates a predominantly downward flow. Vertical Darcy velo- ,

: cities through the blocks, are greater than those for the surrounding media.
; Further, vertical Darcy velocities on Figures 3.7.5 and 3.7.6 are almost equiva-
W lent except at the right boundary. However, the vertical Darcy velocities on

Figure 3.7.7 are lower than those on Figures 3.7.5 and ?.7.6 by approximately-

,

, 35 percent. This is attributed to hydraulic conductivity changes in the modeled '

! system. Along the horizontal line at the base of the bunkers, the hydraulic
i conductivity is 10 9 m/s. Both above and below this line, the hydraulic conduc-
i tivity is higher than at the line by a factor of 30 percent to 60 percent
] because of the interpolation method defined for this case. Discretizations that
: do not have the depth of the base of the bunkers occurring at the midpoint of a

finite element will not have a 10 9 m/s hydraulic conductivity and, hence, head
calculations do not account for it. This is the cause of the differences in;

'

the vertical Darcy velocity profiles. In addition, vertical velocities at the

j edge of the blocks appear peaked. This is attributed to using the hydraulic
conductivity of the bunkers in the vertical Darcy velocity calculations rather

! than some type of average hydraulic conductivity between the bunkers and the
i

:

!
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surrounding porous media. The hydraulic conductivity of the bunkers is higher
than that of the surrounding media by two to three orders of magnitude, thereby
accounting for the peaks in the vertical Darcy velocities.

Variant 2 Results

Head contours for variant 2 are presented on Figure 3.7.8. For the most part,
they show similar shapes and effects as those presented for variant 1. The
only difference that appears to occur is that the contours turn more upward in
the vicinity of the bunkers than for variant 1.

Streamlines for variant 2 are presented in Figure 3.7.9. The streamlines for
variant 2 show similar effects as those for variant 1. The main differences
are that the contours defurm slightly differently in the vicinity of the bunkers
and caps than those in variant 1 and that streamline 2 flows into the system
and out the right boundary rather than out the lef t boundary as in variant 1.

The vertical Darcy velocities are presented in Figures 3.7.5, 3.7.6, and 3.7.7.
Outside the concrete bunkers, the shapes of the Darcy velocity profiles are
similar to those for variant 1, but the magnitude of vertical Darcy velocities
are slightly greater for variant 1 than for variant 2. Inside the bunkers the
velocities are approximately two orders of magnitude less for variant 2 than
for variant 1. This is attributable to the lower hydraulic conductivity of the
bunkers for variant 2 than for variant 1. Because the hydraulic conductivity
of the bunkers is near that of surrounding porous media, the peaked vertical
Darcy velocities do not occur at the edge of the bunkers as they do in variant 1.

FEHWATER

Hydraulic heads and Darcy velocities for this problem were also predicted with
the FERWATER code. In general, these results are very similar to the UNSAT2
results (see Figs. 3.7.10-3.7.18). However, two discretizations were used with
the FERdVER code. The reason for two different discretizations is given below
along wit.. other details of the FEMWATER solutions.

,

An understanding of this simulation can be gained by examining the vertical
Darcy velocity profiles (Figs. 3.7.14, 3.7.15, and 3.7.16). This discussion
will focus on the velocity trend over the entire modeled region length, includ-
ing the velocity profiles across the trenches. The Darcy velocities, along all
three lines for both design conditions, tend to increase downward when proceed-
ing from left to right except for the area within the trenches and at the
extreme right boundary. These results are consistent with the imposed boundary
conditions that converge flowlines in the lower right region of the site. Near
the right boundary, the Darcy velocity decreases slightly at the 10- and
12.5-meter lines while increasing sharply at the 15-meter line. This difference
is due to the right-hand boundary condition and is consistent with the equi-
potential plots for the two design conditions (see Figs. 3.7.12 and 3.7.13).
Across the area of the trenches, differences in Darcy velocities exist for the,

two design conditions. Also, there are substantial differences in the Darcy'

velocities between the three lines for the high conductivity design condition.
For the low conductivity design condition, there are no appreciable differences
in the shape and magnitude of the velocity profiles for the three lines con-
sidered. These results display tt orinciple of refraction of ground-water
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flowlines at a geologic boundary. Specifically, the velocity profiles indicate
vertical downward flow in the trenches for the low conductivity condition. For
the high conductivity design condition, the ground-water flow is directed from
the upper lef t region of the trenches to the lower right region of the trenches.
The dips in the velocity profiles for all three lines of the low conductivity
condition, shown in Figures 3.7.14 through 3.7.16, and for the 12.5-meter line
of the high conductivity condition, shown in Figure 3.7.15, are believed to be
due to the finite-element grid coarseness.

Particle trajectories were produced using the same post processor that was
described in Case 2 FEMWATER simulations. The predicted particle paths are
shown in Figures 3.7.17 and 3.7.18 and are consistent with potential plots
(Figs. 3.7.12 and 3.7.13). The initial finite-element grid (Fig. 3.7.10)
resulted in some particles becoming trapped in the lower right corner and
other particles exiting at the boundary where they are released. Further grid
refinement corrected these problems (Fig. 3.7.11). The results presented in
this report are those for the final refined grid and are consistent with the
problem definition.

i
|
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4. SUMMARY AND CONCLUSIONS

The NRC staff and contractors participated in the HYDROCOIN study to gain
experience and knowledge in using ground-water flow codes against standardized
ground-water flow problems relevant to low-level and high-level waste disposal.
Specifically, Level 1 of HYDROCOIN was designed to test the accuracy of codes
that simulate ground-water flow. The tests of these codes were performed by
simulating various types of problems and comparing the results with either anal-
ytical results or results from other codes. The Level 1 cases sia.ulated
included both linear and nonlinear flow problems. The simulation results of
these problems were analyzed to examine (1) the flow theories, (2) applications
to nuclear waste problems, and (3) use of post processors to compare velocity
fields and contaminant paths. Solution techniques and various gridding schemes
used in the numerical codes were also examined to determine how the simulation
results are affected by them,

4.1 Research Findings

1. A reassuring finding of this study is that the ground-water flow codes
used to simulate the Level 1 cases were able to solve the linear problems
with a high degree of accuracy. Simulation outputs of the scalar quant-
ities of hydraulic head, pressure, and temperature were achieved with
little difficulty.

2. A finding that was not obvious at the beginning of the study is that, for
the types of problems simulated, the finite-difference codes were just as
capable as the finite-element codes of simulating ground-water flow, even
when the simulations involved complex geometry such as intersecting frac-
tures. In Case 1, the project teams were also able to successfully apply
a finite-difference code (i.e., USGS-3D), which is based on Cartesian
coordinate gridding, to a radial flow problem.

3. The only difficulty encountered in simulating linear problems was
associated with a region of large contrasts in hydraulic conductivity
coupled with an extremely high recharge rate (Case 6). Neither the USGS-
3D code nor the SWIFT II code (both finite-difference codes) was able to
accurately simulate this region. However, refinement of the SWIFT II
grid gave better results, and further refinement may have eliminated this
difficulty.

4. Simulations of Case 3 (unsaturated flow) and Case 5 (brine flow), which
involved numerical solutions using hydraulic parameters that are functions
of independent variables (e.g., hydraulic conductivity as a function of
saturation), posed great difficulties for all codes tested.

5. The nonlinearity in Case 5 (brine flow) arose from the dependence of
hydraulic conductivity on ground-water density due to variable salt con-
centrations and the pressure distribution. This Sandia project team's

4-1
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simulations, which were consistent with the original HYDROCOIN case defini-
tion, predicted very little brine movement from the boundary into and
through the ground-water flow system. Therefore, the Sandia project team
did not encounter difficulties in obtaining a solution. However, other
HYDROCOIN project teams, seeking more realistic conditions, modified the
case to allow for more brine to enter the system. This modified case,
which was a rather simple problem with respect to geometry and boundary
conditions, proved to be extremely difficult to simulate. After extensive
simulation activities and discussions among the project teams at HYDROCOIN ,

workshops, solutions to this modified case were finally achieved. How-
ever, in the process of arriving at their solutions, other HYDROCOIN pro-
ject teams needed to modify their codes and modeling approaches and even f
to reformulate the governing equation for coupled brine and fresh-water
flow.

6. Although the codes provided adequate solutions for linear problems, the
subsequent processing of the scalar outputs (e.g., hydraulic head) into
vector quantities such as flux or particle trajectories, for purposes of ,

cross-comparisons between project teams' results, caused many difficulties.
For example, in Case 1, achieving accurate values for the flux to a well
bore proved to be difficult for many codes, among them the USGS-30 code.
A refinement in the grid near the well bore helped to reduce the error but
did not eliminate it. Analyd s of the simulation results convinced the
project teams of the need to examine particle trajectories in detail,
which initiated the subsequent particle tracking studies.

7. Initially, none of the project teams anticipated any problems with the
particle tracking algorithms used in conjunction with the flow codes.
However, it soon became apparent that discrepancies among code results and
analytical solutions were caused by these algorithms and not the ground-
water flow codes. Some of the problems arose from the manner in which the
code itself calculates velocity from the heads that it calculates. In
these cases, the error cannot be avoided. For example, the FEMWATER code
is designed to produce a smooth velocity field. However, at contacts
between zones of different hydraulic conductivity, a discontinuity in the
velocity field should be predicted.

8. Significant problems were discovered when analyzing the sensitivity of the
particle tracking algorithms to discretization. These algorithms are more
sensitive to discretization than is the hydraulic-head solution. There-
fore, in many simulations, a finer grid is required (both in space and
time) to ensure accurate pathlines than is required to ensure accurate
hydraulic-head solutions.

9. Finally, this report only discusses the NRC and Sandia project teams'
results. For a more complete description of all the HYDROCOIN Level 1 ''

results, the reader should refer to the HYDROCOIN secretariat's Level 1
report (Ref. 9).

4.2 Regulatory Implications

The research results from the NRC staff and Sandia project teams' simulation
activities have shown that the ground-water codes used were successful in code

c
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verification testing. For linear problems, such as saturated flow conditions,
the codes were very successful. This implies that licensing reviews of simula-
tions using these codes for saturated sites should concentrate on how the site
characterization information was analysed and processed for input into the
chosen codes rather than extensive retesting of these codes. However, for non-

linear problems, such as unsaturated flow conditions, there were difficulties.
Therefore, the codes, as well as the input data, will need to be highly scruti-
nized during the license review process. Much more work needs to be done on
code verification studies for unsaturated flow models.

.
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APPENDIX A

Corrections to Storativity, Leakance, and Transmissivity
in Order to Simulate Radial Flow Conditions

Storativity

Referring to Figure A.1, the volume of the radial block center at r = r , andg

4 + Dr /2, with thickness Dzj and arc dg - Dr$/2 to r = rextending from r = r g

is:

v$,3 = r$ r.Dz dD j

.

The volume of water released from storage in the block by a change in potentio-
metric head (Dh) is given by:

0hDvg g = -S Vs i,j

The specific storage value required to correct the model for radial flow condi-

tions (S,') is the value required to produce the same release from storage,
given the same change in potentiometric head, from the grid block centered at

- Dx /2 to x = x$ + Dx /2, with thicknessx = x , and extending from x = x
4 4j 4

Dz and width dy. The volume of the block is:j

v'$ = 0x Dz dy
4 j

and the volume of water released from storage in the block in column i by a
change in potentiometric head (Dh) is given by:

= -S ' V ' i JDh
Dv

4 s

Solving for the value of S ' in column i yields:
s

S ' * S "iDr d/Dx dys s j g
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Setting xj = r , Dx g = Dr , and with dy numerically equal to d, the correctedg g

specific storage in column i is:

S ' = S,r$3

Where the thickness of layer j is Dz), the storage coefficient is:

S'4,j = S,r 0z) (1)
4

Leakance

Referring to Figure A.2, the flow from a radial block centered at r = r , extend-j
ing from r = r - Dr /2 to r = r$ + Dr /2, with thickness Dz) and arc d, in layerg 9 g

j to a similarly defined block of thickness Dz +1 in layer j+1, may be foundj
from Darcy's law to be:

Q = -r 0r L Dhdq 4j

where

Dh = potentiometric head change between layer j and layer j+1 in column i,

L) = leakance between layers j and j+1, and
Q = volumetric flux from layer j to layer j+1 in column i.

The leak'ance value required to correct the model for radial flow conditions
(L') is the value required to produce the same volumetric flux, given the same
change in potentiometric head, between the grid block centered at x = x , and

g

extending from x = x - Dx /2 to x = x4 + Dx /2, with thickness Dzj and width
4 j j

dy in layer j, to a similarly defined block of thickness Dz) 1 in layer j+1.
Application of Darcy's law leads to:

Q = -Dx l'j,3Dhdyj

Solving for L'4,3 yields:

L'g,) = r Dr lg j,j /Dx dyd
4 9
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j = r , Dx) = Dr , and with dy.= d:Setting x
9 g

''i,j = r L)9

since

L = 2K'/(Dzj + Dz),y)j
(2)

L' 9,j = 2r K'/(Dz) + Dz),y)4

Transmissivity

Referring to Figure A.3, the radial transmissivity value that must be approxi-
mated is the value for radial flow from rg to r ). Darcy's law in radial

g

coordinates yields:

Q = -KDz Dh d/In(r ,y/r )j j g g

where

d = arc of the radial section,

Dh = change in potentiometric head between columns i and i+1,

Dz) = thickness of layer j,
K = hydraulic conductivity, and
Q = volumetric flux from column i to column i+1 in layer J.

Stated in terms of transmissivity (T):
s

Q = -T 0h d/In(r ,y/r )j 9 9 g

The transmissivity value required to correct the model for conditions of radial
flow is the value that will produce the same volumetric flux with the same

change in potentiometric head. From Darcy's law:

0Z Dhdy/(x ,y - x$)Q = -K'9 j j

!
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where K' is the hydraulic conductivity required by the correction. Stated in
terms of transmissivity (T'):

Q = -T'$ 3Dhdy/(x y - x;) (3)j

Solving for T' yields:

T'4,3 = T)(x ,y - x )d/In(r +1/r )dyg j i g

Setting x 4 = r ,x +1 * "i+1, and with d = dy:g i

T'g,3 = T)(r +1 - "i)/I"("i+1 "i) (4)/i

Transmissivity values specified by the modeler (T'') are processed by the code
to allow for heterogeneous transmissivities. The values actually employed by
the code are the harmonic means (M) of the transmissivities specified in adjacent
nodes:

M4,3 = (Dx 4 + Dx 7)T''$ T''j 7,j/(Dx$T''i+1,j + Dy$ y ''g) (5)Tj

where

Dx, = width, measured in the x direction, of column i,

Dx 7 = width, measured h the x direction, of column i+1, layer j ,
4

M = harmonic means transmissivity for flow from column i tog

column i+1 in layer j,

T''4,) = transmissivity specified by the modeler in column i, layer j, and
T''j y = transmissivity specified by the modeler in column i+1, layer J.

The modeler must, in order to obtain the correct value for T' (Equation 4 above),
specify values of T'' that have harmonic mean equal to T' Combining Equations

4 and 5 and solving for T''$ 1,3:

T' 'i+1,j = Dx y ' ' 4,j /(2T' ' 4 31n(r$ 1T T /r ) - Dx$ ) (6)Tj 4
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APPENDIX B

Fracture Correction

'

Referring to Figure 8.1, the component of flow parallel to a fracture aligned
along a diagonal in the finite-difference grid (from [1,j] to [i+1,j+1]) must j
be represented by flow along the two paths [i,j] to [i+1,j] to [i+1,j+1]
(path 1) and [i,j] to [i,j+1] to [i+1,j+1] (path 2).

I

Conservation of mass requires that the total mass flux along paths 1 and 2 |

'equal the mass flux along the fracture. Assuming constant-density fluid:

Qf = Qt + Q2

where '

Q = volumetric flux along the fracture,
f

Qt = volumetric flux along path 1, and
Q = volumetric flux along path 2.

,

Conservation of energy requires that the potential energy change on paths 1 and
2 equal the potential energy change along the fracture:

Dhf = Dh t

I and ,

Dhf = Dh2
;

where

Dhf = potential energy change along the fracture,
Dh = potential energy change along path 1, andt

Dhg = potential energy change along path 2.

B-1
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Darcy's law, stated here for the discretized case, with unit dimension normal
to the plane of the grid, provides relationships between these terms:

j,3 (Dx2 + Dy ),/ 2
Q = -w K (h +1,P 1) hf ff i

9 4 )/Dy = -Dy k' (h ,y , py - h ,y )/Dx, andQi = -DxK'(h ,y -h
$ j

9 g,7 g )/Dx = -DxK'(h ,y y y - h$g,7)/Dy.Q2 = -Dyk'(h -h
4

where

Ox = block dimension measured along a row,

Dy = block dimension measured along a column,
h = potentiometric head,

K' = hydraulic conductivity for paths 1 and 2,

Kf = hydraulic conductivity of the fracture, and

f = fracture width.w

Combining these equations and eliminating flux and energy terms yields an
expressien for K':

K' = w K (Dx2 2+ Dy )/2DxDyff

The values of hydraulic conductivity specified by the modeler in the blocks
representing the fracture (K'') must be calculated to produce K' as the harmonic
means of the values specified along paths 1 and 2.

The harmonic mean conductivity (assuming constant block size) is given by:

K' = 2K' ' K,/(K' ' f + K,)

where

K,= hydraulic conductivity of the unfractured matrix.

Substituting for K' and solving for K'' yields:

22 2 2 +K'' = w K K,(Dx + Dy )/(4K,0yDx - w K (Dx Dy ))ff ff
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APPENDIX C

Particle Tracking Algorithm

The objective of a particle tracking procedure is to calculate coordinates along
a curve passing through a given point where the curve is everywhere parallel to
a given velocity field.

This calculation can be thought of as a two-stage process:

1. Definition of a velocity field over the domain of interest.
2. Estimation of a convective transport path from the velocity field.

1. Velocity Field Definition

An expression for the velocity field valid over the entire domain is not
generally available; we more often have samples of velocity components at given
points, from which velocities at intermediate positions must be calculated.
Pressures or heads calculated using flow simulation codes can be conveniently
used to calculate such velocity samples.

The flow models for which the tracking program is designed numerically solve an
expression for conservation of volume mass for SWIFT II, subject to given bound-
ary and initial conditions. The following schematic represents a typical equa-
tion formulated for the steady-state conservation of volume in a discrete
system:

"i-1 "i "i+1
X X X

R .y R
$ $

(1)-H7)+R$- H ) * R _y = (H$(H $i-1 $ $

C-1
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A series of simultaneous equations similar to Equation 1 relating the physical
parameters (R 's) and the unknown potentials (H 's) may be solved by a conven-

$ $

ient numerical scheme. The resulting potentials will allow expressions such as
Equation 1 to be evaluated for internode fluxes that collectively obey volume
conservation while satisfying the boundary conditions. These fluxes can then
be used to estimate Darcy velocities from the geometrical relationships
imbedded in the R .

$

In 2- and 3-dimensional systems, velocities (Vi) can be calculated by dividing
the fluxes by the cross-sectional areas incorporated in the R . This operation

$

effectively defines a boundary over which the velocity must have an average
value of Vi in order to describe a conservative field. This method of velocity
calculation is incorporated in many of the flow simulation codes; a post-
processor is required in other cases.

Mathematically, flow path calculation is an integration of:

ds = Vdt (2)

Because the domain of integration is not known a priori, the average velocity,
V, must be defined over the entire domain of interest. Interpolation from

calculated velocity samples is a convenient way to construct a velocity field
for the entire domain. The constructed velocity field should be consistent
with the calculations performed in step 1; i.e., V averaged over each face
should evaluate to the calculated samples in order to preserve conservation of

| volume at the level of discretization. Further, the velocity field should be

conservative throughout the model domain; that is, for any closed curve C in
the domain, the rate of volumetric accumulation within C, given by:

G= 9 n ds (3)

! must be 0, where n is the unit outward normal. By the divergence theorem,
G may be written as:

C-2



]divVdA=0 (4)G=

provided V is continuous throughout A, where A is the region enclosed by C.

For computational simplicity, we would like the velocity within a given region
to be a function only of position and the boundary velocities. This method of

construction may result in discontinuities of the velocity field acron internal
boundaries. As an example, consider the situation shown in Figure C.la. Equa-

tion 4 applies in both regions A and B, curve C lies in both regions, and V
is discontinuous across the boundary. We wish to constrain V so that G = 0 from
Equation 3. Suppose the boundary is used to divide C into two halves
(Fig. C.2). Equation 3 applies to both C1 and C2, so that:

I(C1) + 1(C2) = 1(Crl) + I(Cb1) + I(Cr2) + I(Cb2) = 0 (5)

where I(x) denotes integral (3) performed along curve x. Because V is defined

everywhere and Cbl and Cb2 are arbitrarily close to the boundary, we have:

1(C) = 1(Crl) + I(Cr2) (6)

Therefore, in order for I(C) = 0 we must have:

1(Cb1) = -I(Cb2) (7)

Because C was chosen arbitrarily,

'

V.n =-V.n (8)

bl b2

that is, the component of the velocity normal to the boundary must be continuous
across the boundary.
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In summary, observation of the following restrictions in developing an inter-
polation scheme for velocities will provide consistency with the specific mcdel
results as well as with the underlying assumption of conservation of volume.

1. The average velocity over the boundary separating nodes should equal the

j velocity calculated from model fluxes.

2. The velocity should be continuous within a model block.
,

3. The divergence of the velocity should be 0 within a model block.

4. The normal component of the velocity should be continuous across block
boundaries.

2. Trajectory Estimation

As mentioned in the previous section, flow path calculation is an integration
of:

d5 = V dt

When V is generated by interpolation from sampled velocities, it is given as a
function of position rather than time:

dx = Vx(x,y) dt and (9a)

dy = Vy(x,y) dt (9b)

from which

dx
= dt (10a)

Vx(x,y)

dy
= dt (10b)

Vy(x,y)

Equations 10a and b may be directly integrable, or the integral may have to be
approximated by using constant values of V evaluated periodically along the
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flow path. These constant values are commonly evaluated at the current position
for estimation of a subsequent position. The principal shortcoming of this
approach is the inevitable underestimation of flowpath curvature, as illustrated
in Figure C.3.

3. Discussion of Tracking Procedure Used

The average velocities calculated from the model fluxes for each block face
q

were assumed to apply at each point on the block face. This assumption fulfills
condition 1 as well as condition 4. Each velocity component is assumed to vary

linearly with displacement along the component direction (Fig. C.4). For a

2-dimensional problem, with the lower lef t corner at (0,0), the velocity is
then given by: ;

V = (Vxt + (x/Dx) + (Vx2 - Vxi)) i + (Vyi + (y/Dy) = (Vy2 - Vyi))3 (11)
,

div(V) = [0y(Vx2 - Vxt) + 0x(Vy2 - Vys)]/(0x*Dy) (12)

which is identically zero within the block provided Vxt, Vx2, Vyi, and Vy2

satisfy conservation of volume. Equation 10 may be written as:

= dt (13a)(Vxt + (x/0 (Vx2 - Vx1))*

= dt (13b)
(Vyi + (y/Dy) (Vy2 - Vyt))

which are integrated to give:

x = (x +Dx(Vxt/(Vx2-Vx3))EXP[Vx2-Vxt)(T-to)/Dx]-Dx(Vxt/(Vx2-Vxt)) (14a)o

and

y = (yo+0y(Vys/(Vy2-Vys))EXP[Vy2-Vyi)(t-to)/Dy]-Dy(Vy1/Vy2-Vys)) (14b)

The analytic expressions for x and y enable the exit point for a block to be
calculated directly from the entry point without evaluating intermediate posi-
tions. The position within the block may be evaluated periodically to estimate
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the path length. The flow path may also be carried partially into the block if
the velocities are to ba updated to estimate a transport path for a transient
flow field.

'4. Difficulties Encountered in HYDROCOIN Level 1 Problems

Flow paths calculated for Case 2 illustrate the difficulty in using a finite-
difference approach to simulate systems with a significant flow component along
a diagonal of the model grid. Diagonal nodes are not explicitly connected in a
finite-difference discret.ization scheme; they are connected indirectly through
nodes in the adjacent rows and columns (Fig. C.5). Suppose this arrangement is

used to represent a system with diagonal flow components upward and to the right,
such as flow along a fracture. Node (i+1,j+1) with head H is downgradient from
node (i,j) with head H + D. Nodes (i,j+1) and (i+1,j) must have head values
intermediate between H + 0 and H and so must be downgradient from node (i,j).
The gradient in the region between node (1,j) and node (i+1,j) (and between
node (i,j) and node (i,j+1)) is away from the idealized fracture, while the
gradient in the region between node (i+1,j+1) and node (i+1,j) (and between
node (1+1,j+1) and node (i,j+1)) converges on the fracture. Alternating regions
of divergence and convergence can be clearly seen in the results for Case 2.

|
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