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Water Flow and Transport
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Abstract

Three-dimensional grids representing a heterogeneous, ground water system are generated at 10 different reso-
lations in support of a site-scale flow and transport modeling effort. These grids represent hydrostratigraphy near
Yucca Mountain, Nevada, consisting of 8 stratigraphic units with contrasting fluid flow and transport properties. The
grid generation method allows the stratigraphy to be modeled by numerical grids of different resolution so that com-
parison studies can be performed to test for grid quality and determine the resolution required to resolve geologic
structure and physical processes such as fluid flow and solute transport. The process of generating numerical grids
with appropriate property distributions from geologic conceptual models Is automated, thus making the entire process
easy to implement with fewer user-induced errors. The series of grids of various resolutions are used to assess the
level at which increasing resolution no longer influences the flow and solute transport results. Grid resolution is found
to be a critical issue for ground water flow and solute transport. The resolution required in a particular instance is a
function of the feature size of the model, the intrinsic properties of materials, the specific physics of the problem, and
boundary conditions. The asymptotic nature of results related to flow and transport indicate that for a hydrologic
model of the heterogeneous hydrostratigraphy under Yucca Mountain, a horizontal grid spactng of 600 m and verti-
cal grid spacing of 40 m resolve the hydrostratigraphic model with sufficient precision to accurately model the hypo-
thetical flow and solute transport to within 5% of the value that would be obtained with much higher resolution.

Introduction

The ground water hydrology and possible radionuclide
transport pathways from the potential underground high-
level nuclear waste repository located near Yucca Moun-
tain, Nevada, are currently being evaluated. The Yucca
Mountain Project uses geologic and hydrologic infornation
gathered from many sources (Czarnecki et al. 1997). This
information is used to model ground water flow and poten-
tial radionuclide transport (Civilian Radioactive Waste
Management System Management and Operating Contrac-
tor 2000; Luckey et al. 1996; Eddebbarh et al. 2003;
Zyvoloski et al. 2003). The construction of computational
grids to reflect geologic structure and stratigraphy for flow
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and transport numerical models can be a formidable task.
The gquality of these grids with respect to numerical trunca-
tion error and accuracy of representation of hydrogeology
is of foremost importance to the Yucca Mountain Project.
In fact, an understanding of the quality of the grids is nec-
essary to having a defensible model. One of the challenges
facing a researcher in a project of this magnitude is under-
standing the tradeoff between a high-resolution model that
represents hydrostratigraphy with a high degree of fidelity
and a lower resolution model that is more suited to making
the large number of calculations necessary for repository
safety or performance assessment evaluation. The errors
resulting from wsing a model with too low of a resolution
for heterogeneous aquifers are described in detail by Hait-
jema et al. (2001). The modeling challenge can be met in
various ways including accepting some amount of error,
using the telescopic mesh refinement approach (Ward et al.
1987), or using large computational resources. For exam-
ple, Frind et al. (1988) use a dual scale (local vs. aquifer)
approach to solve for the large-scale flow field, as well as
the local dispersive processes. In a study of the Macrodis-
persion Experiment gite on the Columbns Air Force Base in
Mississippi (Feehley et al. 2000), statistical methods are
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used to create hydraulic conductivity distributions, but still
a dual-domain mass transfer approach was needed to match
solute transport because small-scale flow pathways were
not explicitly represented in the discretization. This work
does nul address issues of imlerpretation and interpolation
of data for the construction of a three-dimensional geolog-
ical model, The focus is on creating flow and transport
model grids that capture the geometric detail of a particular
geological model. This paper is motivated by challenges in
modeling the ground water flow near Yucca Mountain.

The process of developing ground water flow models
can be divided into three parts: (1) characterizing geology
and developing conceptual models of the geology and
hydrologic material properties, (2) building the grid and
preseribing boundary and initial conditions, and (3) apply-
ing the computational physic models of fluid flow, energy
transport, and chemical transport (Gable et al. 1996). Tools
tw imegrute and automate this process (GEOMESH, X3D,
LaGriT) (Gable et al. 1995; Trease et al. 1996; George
2000) are described and used in this project. Throughout
the text, the term GEOMESH will refer to all three of these
packages developed from similar origins.

Geologic interpretation, stratigraphic model develop-
ment, and material characterization are performed based on
numerous field measurements and are described in Czar-
necki et al. (1997) and D’ Agnese et al. (1997). The strati-
graphic model, populated with hydrologic material
properties, provides the basic framework for computational
grid building. The ability of the computational grid to rep-
resent the geclogic complexity directly affects the accuracy
of the numerical model’s approximation of the physical
system. Grid generation can be tedious, time consuming,
and prone to errors, especially for models representing
complex structures such as faults and stratigraphy with
pinch-outs and layer truncations. GEOMESH is a grid gen-
erator that uses the stratigraphic model developed in the
characterization step to create a grid that represents com-
plex structure and stratigraphy. Any physical or chemical
attribute (e.g., permeability, porosity, rock type) can be
traced numerically from field measurement to grid genera-
tion. Resulting grids are then mspected visually, as well as
algorithmically checked with grid quality measures. The
grids are then used to munerically model mass, energy, and
chemical transport.

The automated processes that accomplish the three
parts of geologic flow modeling make the entire process
easier to execute with fewer errors. At any step in the
process, it is relatively straightforward to incorporate
greater grid resolution in a particular subregion or to define
new boundary conditions or new material attributes. This
set of computer tools is allowing very complicated geologic
volumes to be accurately and efficiently modeled. By facil-
itating model modification, numerical modeling can be
done in which geometry and grid resolution are part of the
suite of parameters that are varied to provide insight into
the sensitivity of results to changes.

Quality control issucs inveolved cannot be overempha-
sized. We believe that a system that uses only algorithmic
processing of the hydrogeologic data is necessary because
the steps can he quantified and metrics of goodness of
representation can be established. These metrics include a

volume comparison between the stratigraphic model hydro-
geologic units and the computational model hydrogeologic
units. The metrics could also include measures of grid ele-
ment quality such as distributions of element volume, ele-
ment aspect rativ, and Nnite volume nodal coelficients.

The hydrostratigraphy represented in the geologic
model (Figure ) of Yucca Mountain (Figure 2) consists of
multiple layers of hydrostratigraphic units with contrasting
fluid flow and transport properties. The hydrostratigraphy
of the saturated zone at the site is characterized in some
detail and has been described by D’ Agnese et al. (1997)
and Czarnecki et al. (1997) from surface and subsurface
data. Figure 1 shows the geometric distribution of material
types along various cross sections. An unstructured grid
confaining 2,557,063 tetrahedral elements with horizontal
resohution of 250 m and variable vertical resolution defines
this model of the hydrostratigraphy. We are interested in
Uie effect of using a nunber of suuctured grids with differ-
ent resolutions on the fluid flow and solute transport results
for this hydrostratigraphy model. At what resolution is the
geometry of the material distribution precisely represented
in order to model the hypothetical fluid flow and potential
solute transport through the aquifer? Since higher grid res-
olution is more expensive, the modeler can use this infor-
mation to determine what the desired accuracy of flow
simulations is and at what resofution of grids that accuracy
would be attained.

Control Volume Finite Element Method

The control volume finite clement (CYFE) method or
finite volume (FV) method is used to perform the ground
water modeling. FV methods are based upon the idea that a
continuwm may be maodeled as a configuration of discrete
elements. For each element, equations are written that
describe the interaction of the element with its neighbors.
These equations describe the hydrologic behavior of the ele-
ments. The method leads to a set of nonlinear equations that
are then solved. For a detailed presentation of the finite vol-
ume method, refer to Forsyth (1989) and Forsyth (1991). The
FEHM (finite element heat and mass) code is used o per-
form all ground water flow calculations. FEHM is a non-
isothermal, multiphase flow and transport code. It simulates
the flow of water and air and the transport of heat and solutes
in two- and three-dimensional saturated or partially saturated
heterogeneous porous media. The code includes comprehen-
sive reactive geochemistry and transport modules, and a par-
ticle tracking capability. Fractured media can be simulated
using an equivalent continuum, discrete fracture, dual poros-
ity, or dual permeability approach. For a detailed description
of FEHM, the control volume finite element code used for
this work, refer to Zyvoloski et al. (1991).

Only the conservation of mass equations are shown, as
the energy equations are not used for this study, 't'he equa-
tions shown are for an isotropic, isothermal medium though

these restrictions do not exist in FEHM. The conservation
of fluid mass is

aAnm 3
E H+ V- f mass + Yimass = 0

8y
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Figure 1. Cross sections of saturated zone geological medel. Table 1 refates matevial number to geological unit names.

where A, (M/L?) is the fluid mass per unit volume given
by Apags = bp )
Fnass (M/L3Y) is the fluid mass flux given by

— 3)

¢ s the porosity in the system, p (M/L?) is the fluid den-
sity, # (L/t) is the fluid velocity, and g, - (M/L3t) is the
fluid mass source. The velocity of the fluid is expressed by
Darcy’s law:

k
= ——V(P—ps 4
7 M( Pg ) @)

where P (M/L%) is fluid pressure, p (M/Lt) is the dynamic
viscosity of the fluid, & (L?) is the permeability, and g
(L/2) is the acceleration due to gravity. The calculations
presented are for constant censity water so we convert
results to head rather than presenting the pressure solution.
Using a reference density, p = 1000 (kg/m?), g = 9.8
(m/s?), and elevation z, referenced to mean sea level, pres-
sure is converted to head using, /1 = z + PApg).

The conservation of solute equation is explicitly cou-
pled to the fluid flow field. The conservation equation for a
single component, nonreacting solute in a constant density
fluid in a saturated media is

IA,
of

=Y. (p(stVCx) —V'fs — e (5)
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where A; = ¢C,p is the solute mass storage per unit total
volume for aqueous component liquid concentration, C;
{moles/M) is the concentration of the solute, D, (Lt} is the
dispersion coefficient, f, = pC,# is the advective mass
flux of solute, and ¢, (moles/ L7t} is the solute source or
sink. For a complete description of these features, see
Robinson et al. (1997) and Viswanathan et al. (1998).

A CVFE approuach is used in FEHM. The CVFE
method has been used extensively in petroleam reservoir
engineering (Heinemann and Brand 1988; Forsyth 1989;
Palagi and Aziz 199]; Verma 1996). A decirable feature of
CVFE formulation is that it insures local mass conservation
and upstream weighting (Verma 1996). Delaunay triangies
(finite elements) in two dirmensions and Delaunay tetrahe-
dra in three dimensions are divided into volumes surround-
ing nodes. In this application, the nodal volumes are
Voronei polyhedra (Voronoi 1908; Okabe et al. 1992) asso-
ciated with each node. Voronoi volumes are a specific type
of control volume composed of convex polyhedra for
which all space inside the polyhedra is closer to the
enclosed node (han W any other node (Figure 3). An
explicit definition of a Voronoi tessellation is as follows.
For a set of points P = {p|, ps,...p,} where 2 = np <
and fj % Xx; for i # j, the Voronoi polygons in 2D or poly-
hedra in 3D are defined as the set of convex regions

Vip) ={xlIx -~ %] =x-X]fori#j,j € L}(6)

Other application use what are called perpendicular
bisector, or PEBI, volumes (Palagi and Aziz 1991) and
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Figure 2, A map of the study area.
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median mesh control volumes. The Voronoi diagram is
derived in practice from the (wo- or three-dimensional
Delaunay triangulation of the poimt distribution. The CVFE
representation of Equation 1 is

A = M) kel R
i Ar Ty (l” “[(1 r) ( 3 )PS(-‘J.; -‘3.;)]

F Gy =0 P = LN {7

where A;; and d;; are the area of the Voronoi boundary
between two nodes and the distance between connected
nodes i and j, respectively; V, is the volume of the Voronoi
cell around node ¢; and /V is the aumber of nodes. ‘I'he solute
conservation equation (Equation 3) is discretized in a simi-
lar fashion.

The matrix coefficients (i.c., clements of the stiffness
matrix) of the traditional finite element method can be
interpreted as a linear function of the area through which
the fluid passes traveling from one node to its neighbor. An
unstructured sparse matrix of area coefficients composed of
the area of the boundary of each Voronoi volume that sep-
arates adjacent nodes is the final output of the grid genera-
tion process. This matrix contains topological information
about the connectivity of the grid, but does not explicitly
contain information of the grid geometry.

These terms are used to form conirol volume ditter-
ence equations for the conservation equations. This method
differs from traditional finite element methods in that mate-
rial properties are defined by node, not clement.

In FEHM, the nodal definition of equation parameters
leads naturally to a separation of the nonlinear and purely
geometric parts. This separation is explained in detail in
Fung et al. (1994) and is valid over lower order elements.

The nonlinear part uses an average, D = kp/u, between two
nodes. This is usually taken to be the upstream nodal value,
but other methods of handling heterogeneities are possible.
The result is a much more stable method for solving non-
linear problems while still retaining much of the geometric
flexibility of finite clements. The method has been used in
FEHM since 1983 (Zyvoloski 1983) and has been exten-
sively verified (Dash et al. 1995). A harmonic weighting of
the permeability is used. Newton-Raphson iteration is
applied to the system of equations. The system of equations
is solved with a multidegree of freedom, preconditioned,
conjugate gracient methods using generalized minimum
residual (GMRES) (Saad and Schultz 1986), biconjugate
gradient squared acceleration techniques. It should be noted
that the focus of this paper is geometry and truncation errors,
and that the fluid equation coefficients (e.g., permeability,

-

Delaunay Triangulation Truncated Voronoi

Tesseliation

Figure 3. An example of a Delaunay triangulation and trun-
cated Voronoi tesselation for the same node distribution.
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porosity) for problems in this work are constant in time, but
heterogeneous in space.

Interpolation of Material Properties
from Hydrogeologic Framework
to Computational Grid

GEOMESH (Gable et al. 1995) is an unstructured grid
generator developed to represent geologic volumes in two
and three dimensions. It can be used to build a grid repre-
senting geologic structure such as layers, fauits, and intru-
sions. Nodes are connected within GEOMESH to form a
Delaunay mesh from which the Voronoi coefficients are
computed, The elements are triangles if the grid is two-
dimensional or tetrahedra if the grid is three-dimensional. A
material number, in addition to other real or integer attrib-
utes (e.g., density, permeability, porosity), is assoclated with
each element or node. Attributes are integer or real valued
properties assigned to nodes or elements. For ground water
modeling, these attributes may be permeability, porosity,
rock density, etc. Attribute distributions can be inspected
visually using standard graphics packages that support
unstructured finite element data types. GEOMESH ensures
that the geometry of the input model describing the concep-
tual geology is preserved within the tolerance specified.

In situations where the computational grid will not be
designed to conforim to geometry, an alternative is to use
the original hydrogeclogic framework, G, .. as a source
for interpolation of hydrogeologic properties onto the com-
putational grid, G .. Grid to grid interpolation, from a
source grid to a sink grid, allows for the virtual superposi-
tion on G, of the node or element attributes belonging to
G_... The best results are obtained if &, is of equal or
higher resolution than the G, . grid. The two grids should
generally be of the same volume and location, but they do
not have to coincide exactly. They do not have (o have the
same resolution or element type. Either can be structured or
unstrectured. There are currently three ways to interpolate
malterial attribwtes from grid G, to nodes of grid G,
There are also methods, not described here, for interpolat-
ing onto elements of a sink grid.

Interpolation Algorithms

Source Node Attribute with
Real Velues onto Sink Node Attribute

GEOMESH locates a G, node within an element of
G, purce- 1he attribute of the nodes defining the element of
G, e B1€ then interpolated. That is, if the atiribute esti-
mate, f (i), is desired at the coordinate, a, given f(£;)
where ¥; are the j coordinates of the element nodes, then

it can be written as

nodes

= 30 )

wherc
nodes

1= >N ©)
=1

and
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0 =i=1 (am

Then the interpolation of the nodal values is

nodes

fa) = zAjf(fj) an
=

The interpolation of the node attribute of the element in
G is assigned as the attribute of the nede of G,

SOrrce

Source Element Attribute with
Integer Vulues onto Sink Node Atlribute

GEOMESH locates a ;. node within an element of

G e (Figure 4). The attribute value of the G, .., element

is assigned to the G, , node attribute. If the G, node falls
on a boundary between two or more elements possessing
different attributes, the user can specify a way to decide
which value of attribute to assign to the ;. node. This
study uses this method for interpolating hydrostratigraphic

unit attributes and specifies the use of the maximum

attribute value found at any boundaries between elements
of Gsom'ce'

Source Node Attribute with Integer
Values onlo Sink Node Allribule

GEOMESH uses a nearest neighbor approach by locat-
ing a G, node within a Voronoi cell of G .. The

attribute of the node within the Voronoi cell of G .., is

assigned as the attribute of the node of G, If the G,
node falls on a boundary between two or more Voronoi

Superposition of Grid Gsink Node

Grid Gsink Nodes Attributes Interpolated
on Grid Gsource from Grid Gsource

Figure 4. Schematic outline of a method to interpolate integer
element attribute values of G_, ., onto nodes of G, ,. Each
node of G, is identified with an element of G, and the
material property of each element is assigned to the node-
based material properties used in calculations.




Table 1
Hydrostratigraphic Units, Permeabilities
and Volumes
Material Material Permeahility
Number Name Volume (m?) (m?)
4 Granitic confining vnit 0.2387375E410 3.5e-14
5 Lower carbonate aquifer 0.4969478E+(0 3.3c-12
6 Lower clastic confining unit 0.2285245E+12 2.0e-15
7 Lower carbonate aquifer 0.3930128E+12 3.3e-12
8 Upper clastic confining unit ~ 0.3113249E+12 5.5¢-19
9 Lower carbonate aquifer 0.1231588E+09 3.3e-12
10 Upper carbonate aquiler 0,7581275E+00  6.7e-13
11 Undiffcrentiated valley-fill 0.1699660E+12 2.0e.-14
12 Lower volcanic confining unit  0.1021979E+12 1.0e-16
I3 Lower volcanic aquifer 0741387 E+1§ 5.0e-13
14 Middle voleanic confining unie 0.2513773E+12 1.9¢-16
E3 Middle volcanic aquifer 0.216946/E+12 6.0e-13
6 Upper volcanic confining unit  0.4169756E+1 1 1.0e-18
7 Upper volcanic aquifer 0.5746906E+1 | 6.0e-15
I3 Lava-flow aquifer 0.7076574E+10 4.5e-14
9 Lacrustine aquifer 0.4[96269E+09 1.0e-14
20 Valtey-fill confining unit 0.1209244E+09 3.0e-16
2] Valley-fill aquifer 0.1189373E+11 6.6e-14
1,23, Gubide geolugic 1.0e-32
22,23 geometry framework (1.0e-£2 for
top to
bottern flow
runs)

cells, the user can specify whether to use the maximum or
minimum attribate valne.

Each of these methods is straightforward; however, the
implementation must be done in a way that allows applica-
tion to large problems, (e.g., sink and source Q[109]). The
majority of the computational work is in searching for the
node or element in the grid G that is near a particular

SONFCE

node of the G, The implementation in GEOMESH uses
a KD-tree algorithm to accelerate the search process. This
is a standard algorithm for building a binary tree for search-
ing multidimensional point distributions (deBerg et al.
2000). Without this, it would be impractical to perform
grid-to-grid interpolation in cases where the source and
sink grids are large.

Thus, the spatial distribntion of material properties
from a hydrostratigraphic model, G_,,,,. is interpolated
onto a structured grid, G, The structured orthogonal
grids used in this study are better able to capture the con-

ceptual geometry if they are of finer resolution,

Problcm Description

The saturated zone of the Yucca Mountain site was
chosen to test for the ability of the structured orthogonal
grids to capture the hydrostratigraphy of the hydrogeologic
framework model (Figure 1), The area of interest is con-
tained within Nevada State Coordinates of 533,340 to
563.340 m in an east-west direction, 4046782 tn
4,091,782 m in the north-south direction, and =755 to
1196 m vertically above sea level (Figure 2), This area con-
tains the ground water flow system of interest. The water
table lies ~400 m below the proposed high level nuclear

waste repository. Any radionuclides that might be released
would have to migrate downward through the unsaturated
zone to reach the saturated zone.

Eighteen distinct hydrostratigraphic materials are
located within this volume as shown in Figure 1 and listed
in Table I. Materials 1, 2, 3, 22, and 23 have been added to
create a buffer zone that allows a rectangular model to be
used. The geologic material consists of Paleozoic carbonate
rock aquifers and siliceous clastic confining beds with
some Miocene volcanic rocks present. The ground water
flow is highly compartmentalized due to structural and
hithologic features. Ground water flow is generally from
north to south due to a decrease in average topographic ele-
vations (Rousseau et al. 1996).

The discretization of the conceptual geologic frame-
work is at a 250 m horizontal spacing, Permeabilities are
determined by inverse modeling performed by Czarnecki et
al. (1997) ou a previous geologic framework discretized at
1500 m. The permeability and volume of the materials are
fisted in Table 1.

Actual ground water flow at this site is predominately
from north to south. However, to demonstrate the impor-
tance of the geology to the choice of grid resolution, at each
grid resolution used, three different fluid flows are com-
puted, each using a different boundary cendition. The
boundary conditions chosen do not reflect the actual head
gradients at Yucca Mountain, They are arbitrary values
chosen to test grid resolution, but are not representative of
the actual system. The first boundary condition used is a
fixed head difference of 1531 m on the north and south
boundaries. The second boundary condition used is a fixed
head difference of 1531 m on the east and west boundaries.
The third boundary condition used is a fixed head differ-
ence of 1531 m on the top and bottom boundaries. The goal
is not to repreduce the actual flow system that exists at the
site, but to test the sensitivity of the flow and transport in
three orthogonal directions to changes in the mesh resolu-
tion. The vertical flow components generated between the
top and bottom fixed head difference boundaries are impor-
tant despite regional flow being predominately north to
south because the heterogeneity of the geology would
likely contribute to generation of vertical flowpaths.
Although a calibrated model must have appropriate head at
cach inlet and outflow boundary, the actual head differen-
tial between boundaries is not important to a grid resolution
study. This is equivalent to three different models for each
grid resolution with three resulting hydraulic gradients
between parallel boundaries of 0.034 from north to south,
0.031 from east to west, and (.78 from top to bottom,
Steady state, constant density, isothermal saturated flow
with specified head difference on two opposite boundaries,
and no flow boundaries on the other four sides is solved
using FEHM. The total flow out of the model is compared
for each grid.

Solute transport is modeled using the calculated steady
state flow solutions from half of the grids (Table 2 grid num-
bers 1, 3, 5,7, and 9). Only the north-south Mow field cusdi-
tion is used for the solute transport modeling. The north
boundary of the grid is fixed at a constant solute flux of 70
maol/s. This solite flux results in an average boundary con-
centration of ~] mol/kg. Since the aguifer is inhomogeneous,

K.M. Bower et al. GROUND WATER 43, no. 1: 122-132 127




Table 2
Details of Grid Resolation
Total Number Number Node Node Nodes

Grid Number of Nades of Nodes Space Space Space
Number of Nodes x and y Direction y Direction x Direction (m) y Direction (m) z Direction {m)

1 96 4 6 16,000 YOuU 650

2 175 5 7 7500 7500 488

3 1053 9 13 3750 3750 244

4 F225 17 25 187715 1875 122

5 23,125 25 37 1250 1250 81

6 40,500 30 45 1034 1023 67

7 63,700 35 52 882 882 57

3 96,000 40 60 769 763 50

9 165,888 48 72 638 633 42
10 324,000 60 ) 508 506 33

the fluid flux varies over the north boundary and produces  absorbing, nondecaying, and nonreactive. The dispersivi-
variable solute concentrations at the boundary. All solute  ties used are homogeneous with values of 50 and 5 m,
transport models are run to a total time of 106 yr to allow  respectively, for the longitudinal and transverse directions.
the solute to reach the south boundary, The soluts is non-

7225 NODES
GRID 4

40500 NODES
GRID 6

324000 NODES
GRID 10

10X Vertical
Exaggeration

Material Number

345 6T RSN NNRIBUISLEITIEG22

Figure 5. Structured grid material distribution at four different resolutions (10X vertical exaggeration). A block of material
from the npper right side is cut away to expose the interior. Buffer zones on the fap and hottom are not shown. Tahle 1 relafes
material number to geological unit names.
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The fluid flow problem is designed to study the sensi-
tivity and variability of results introduced by the grid reso-
lution used to represent hydrostratigraphy. In order to test
numerical errors due to fruncation errors associated with
grid spacing, a single material property of constant perme-
ability could be used. However, this flow solution is a lin-
ear variation in head with a corresponding constant flux.
Tests with homogeneous properties on orthogonal grids
confirm this result. The differences in reported fluid fluxes
using inthemogeneous grids are a result only of representa-
tion errors of the hydrogeologic units. The outlet fluid flux
was chosen as the parameter for comparison of fluid flow
models because this is a major factor influencing potential
radionuclide transport to the accessible environment.

The outlet solute flux is chosen as the diagnostic quan-
tity for comparison of solute transport calculations on dif-
ferent grids. Grid resolution may have a numerical effect on
the solute fransport results due to numerical dispersion.
This effect usually would add to the effect of the heteroge-
neous materials. Homogenous versions of grids 1, 3, and 8
arc used to determine the cffect of numerical dispersion on
the solute transport results. The outlet solute fluxes for
homogeneous grids 1, 3, and 8 at 108 yr are all < 1x 106
mal/s. This is approximately 10-5% of the outlet solute flax
results for the heterogeneous cases at all the grid resolu-
tions because the heterogeneous materials create fast flow-
paths. Any effect of numerical dispersion due to changes in
grid resolution is thus judged to be insignificant in this
study.

Results

Ten structured grids are constructed using GEOMESH
and hydrologic propertics arc interpolated onto them from
the tetrahedral hydrostratigraphic framework. The number
of nodes in each of the x, y, and z directions are chosen so
that the nodes in any x-y plane have spacing with Ar = Ay
= constant and the number of nodes in the z direction are
equal to the number in the x direction, The nodes are con-
nected into tetrahedral elements. The grid details are given
in Table 2. For visual comparison with the stratigraphic
model, the material distribution for grids 2, 4, 6, and 10 are
shown in Figure 5.

The interpolation algorithms work by determining the
material number of the element of the hydrostratigraphic
model grid, G, ..., that the structured computationai grid
node, G,;,,. is located within. Any nodes from the structured
grid that fall outside the hydrostratigraphic model grid
geometry are assigned a special material type defined as a
buffer zone. The buffer zone material type is assigned a
very low permeability and has insignificant effects on the
modeling results. Since the nodal locations are different for
each of the 10 grids constructed, the volumes of each mate-
rial changes from grid to grid.

Consider grid 2 (Figure 5) which has 5 by 7 nodes hor-
izontally and 5 vertical nodes. The interpolated representa-
tion of the hydroswatigraphic model from 5, . t0 G, is
inaccurate as the material distribution in G, is more
detailed than the nodal distribution in grid 2 will allow.
Thus, the details of the material distribution are missing in
grid 2 and the buffer zones at the top and bottom of grid 2

are not well defined (though not explicitly shown in Figure
5). Compare the material distribution of grid 2 to that of
grid 6 in Figure 5. Grid 6 has 30 by 45 nodes horizontally
and 30 nodes vertically. Grid 6 captures the material distri-
butions in G, much more accurately than grid 2, and the
buffer zones at the top and boftom of the grid are very wetl
defined. Thus, grid 6 better represents the hydrostratigra-
phy. However, even with the high-resolution grid of grid
10, every material geometry may not be captured accu-
rately. Any node of 2 GG, , in a high-resolution grid may fall
just outside the boundary of an important material type in
G_,.rcer thus missing capturing that material boundary accu-
rately in the computational grid.

The normalized volume of each material type captured
by each grid is shown in Figure 6. The percentage of the
total volume of each material in the hydrostratigraphic
framework model is shown in Figure 7. The finer the strue-
tured grid, the more closely the volumes of the materials
match those of the stratigraphic model. It is evident from
Figures 6 and 7 that materials with large volumes converge
to their true value more rapidiy and arc less affected by low
resolution grids than stratigraphic units with small volume.

Each of the 10 grids is used to model confined flow
through the saturated zone. A head difference of 1531 mis
applied on alternate parallel pairs of boundaries. Figure 8
shows ground water head contours for grids 2, 4, 6, and 8
for north to south flow. Note that a high head gradient
results for grids 6 and 8§, but not for grids 2 or 4. This dif-
ference in the head distribution is solely due to greater
accuracy by higher resolution grids in capturing the hydros-
tratigraphy. The high head gradient for high-resolution
grids also results from models of east to west flow and are
probably caused by the very low permeabilities of materi-
als 8 and 16. When more realistic modeling of the bound-
ary conditions is performed, these high gradients do not
result.

The resniting fluid flox out at the lower fixed head
boundary of the model is used to compare the effectiveness

(Volume Grid) / [Volume Model}

oo i ]

17 18 9 20
Material Number

Figure 6. Ratio of structured grid material volume for each
grid reselution to conceptual grid material volume.
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Figure 7. Volume of each material type within total computa-
tional grid volwme. Matevials 1, 2, 3, 22, and 23, which are
buffer volumes, have not been included.

of each grid in representing the hydrostratigraphy on flow
behavier, The resulting fluid flux from each grid is shown
in Figure 9. The curve shows asymptotic behavior with

175 NODES
GRID 2

40500 NODES

5!

el

55

0 HEAD (meters) 1531

7225 NODES
GRID 4

increased resolution. The difference in flow between grids
9 and 10 for the north to south boundary condition is 2%.
The difference in flow between grids 9 and 10 for the east
to west boundary condition is 5%. The difference in flow
between grids 9 and 10 for the top to bottom boundary con-
dition is 3%, Since higher grid resolution is more expen-
sive, this information can be used to determine at what
resolution the desired accuracy would be attaincd.

Calculation of fluid flux changes with grid resolution
can be more easily understood in terms of average grid
spacing. The range of grid spacings in the vertical direction
range from 630 to 33 m. Figure 9 suggests that fluid flow
computations for the top to bottom fluid flow boundary
conditions approach asymptotic conditions somewhere
between the resolutions of grids 4 and 3. This suggests that
a vertical grid spacing of 100 m and a horizontal grid spac-
ing of 1550 m may be sufficient to model fluid flow
between the 1op and bottom of this geology if a structured
orthogonal grid is used. Similar acceptable grid resolutions
may be determined using asymptotic conditions in Figure 9
for east to west flow and north to south flow.

The results of the hypothetical solute transport flux out
of the south boundary of the model are shown in Figure 10
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Figure 8. Head contours for calculation with north to sonth head gradient on four different resolution grids (10 3¢ vertical exag-
geration). A block of material from the upper right side is cut away to expose the interior. Buffer zones are not shown.

130 KM. Bower et al. GROUND WATER 43, no. 1: 122-132




800

600 (-
%)
D
o
2 a0l —o— Top/Botiom
; — i~ North/South
o —— East/West
o

mmmmmm =~ ~O- OO -0
- 1 I )
.68 2.98 3.08 4,98 5.08
Log {(Number of Nodes)

Figure 9. Fluid flow across model boundary as a function of
erid resolution for all three head difference boundary condi-
tions.

for grids 1, 3, 5, 7, and 9. Because the fluid flow field at
steady state is different for each grid, a different amount of
fiuid has transported the solute during any fixed time period
in each of the grids. Therefore, the solute flux is plotted as
a function of total fluid volume instead of time in Figure 10.
As the grid resolution increases, the caleulations show con-
vergent behavior. Comparing solute flux for grids 7 and 9
at fluid volume of 2 x 1{¥ m?, the difference in solute flux
is 2%. This indicates that the resolution of grid 7 is proba-
bly adequate for solute transport modeling. Again, the res-
olution of the grid chosen for more accurate modeling
studies is dependent on the desired accuracy of solution.

Conclusions

The grid resolution used to resolve a particular problem
depends on many factors. These include geometric com-
plexity, variability in material properties, the physics of the
problem being solved, and boundary conditions, as well as
economic factors and potential risk. The case study pre-
sented demonstrates examples of diagnostic quantities (total
fluid flux, solute mass flux) that can be used to quantita-
tively measure the sensitivity of results to grid resolution.

0.6

0.4 .
e —o grid 1
---grid 3
0.2 e grid §
~--- grid 7
—grid 9

0.0

0.0 50E11 1.0E12 1.5E12 2.0E12 2.5E12
Volume of Flow m3

(Solute Flux Qut)/{Selute Flux In)

Figure 10. Fraction of solute fiux leaving south end of grid as
a function of the volume of fluid flow that has moved through
the reservoir.

In this case study, the geologic and hydrostratigraphy
properties of the ground water zone in the vicinity of Yucca
Mountain are used to create a conceptual model for model-
ing hypothetical ground water flow and solute transport.
Orthogonal structured grids of 10 ditferent reselutions are
created from the hydrogeologic framework model to reflect
the hydrogeology for flow and solute transport numerical
modcls. The grids arc uscd to perform CVYFE modcling of
the ground water fiow and solute transport. The outflow at
steady state is used to compare the ability of the grids to
capture the effect of the hydrostratigraphy.

As the resolation of the grids increases and the material
distribution is better represented by the grid, the computed
fluid flow changes, but begins to exhibit asymptotic behav-
for. One can use this method to choose which grid resolution
will best moded the flow with the accuracy desired.

As the resolution of the grids increases, the solute flux
at the model! oullet boundary changes. However, with
increasing resolution, the solute flux exhibits convergent
behavior. Again, one can use this method to chose the res-
olution that will best model the solute transport with the
result accuracy desired.

Based on the convergence behavior observed in a set
of 10 progressively finer grids, it is estimated that horizon-
tal grid spacing of O (500 m) and vertical grid spacing of O
(40 m) resolve the fluid flux to within 5% of the value that
would be obtained if flow and transport analysis were per-
formed on even finer grids. For calculation of solute trans-
port, the same reselution is estimated to resolve the solute
flux to within 5%.
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