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1.0 INTRODUCTION

This document is the User's Manual for the WIPP radioisotope-mobilization-and-decay code
named NUTS (version number 2.02). It discusses the code, its execution, and its performance in
the context of the 1996 Waste Isolation Pilot Project (WIPP) Compliance Certification
Application (CCA) Performance Assessment (PA), and in that context only. The manual
identifies the code, its authors and expert consultants (Section 1). It describes the code's WIPP-
PA purposes and functions (Section 2), provides recommended user training (Section 3), outlines
the code's theoretical basis and numerical methods (Section 4), its inherent capabilities and
limitations (Section 5), describes user interactions (Section 6), input files (Section 7), error
messages {Section 8), and output files (Section 9), and provides examples of relevant input,
output, and debug files in its Appendices as well as calculations of interest (distributed
throunghout). Efforts have also been made to assist users in understanding how to make the
required input-option decisions, to provide insights into the structure and use of the code’s
various input and output files, and explain the code’s operation. Several examples of input files
are included to help in running NUTS efficiently for cases likely to be encountered.

1.1 Software Identifiér

Code Name: NUTS, a NUclide* Transport System
WIPP Prefix: NUT

Version Number: 2.02

Date: 23 May 1996 (CMS Build Date)
Platform: FORTRAN 77 for OpenVMS AXP, ver. 6.1, on a DEC Alpha VAX (see
Section 2.3)

1.2 Points of Contact

Sponsor: Ali A. Shinta
Applied Physics, Inc.

2201 Buena Vista Drive, SE (fourth floor) o
Albuquerque NM 87106 T ™
Voice: 505 766 9629 (g} £h
Fax: 5057669125 A v %

Consuitant:  Palmer Vaughn \,‘m,,,r-.
Sandia National Laboratories
Department 6849
Albuquerque NM 87185
Voice: 505 848 0678
Fax: 505 848 0705

* Throughout this document, the word “Nuclide” is intended to be synonymous with “Isotope,” and never to mean
“an atomic nucleus with regard to energy level.”
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2.0 FUNCTIONAL REQUIREMENTS U

R.1

R.2

R.3

R4

RS

R.6

R.7

R.8

R.9

First order decay of radioactive constituents in multiple member chains.

Retardation due to sorption of the chemical constituents via a linear equilibrium
isotherm.

One-dimensional convection-dispersion-decay with spatially constant velocity and
dispersion coefficients.

The ability to execute o completion under a data range geometry, and dimensions
similar to that anticipated in the WIPP PA calculation and resulting in a qualitatively
correct mass balance.

Time-varying Source Terms, with a slab source (non-point source).
Two-dimerisional transport with convective, dispersion, decay, sorption, restricted to
flow fields that are aligned with the grid if dispersion is not zero (i.e, no cross-terms
are required in the governing equations) and restricted to dispersivities that are
consistent with first-order upwind differencing.

Non-uniform, or stretched Cartesian gnids.

Spatially variable material coefficients (e.g. Saturation, Porosity, Dispersitivity,
Flow-Fields).

Solubility limit with linear precipitation model and colloid preferential solubility at
the inventory limit.

R.10 Implementation of Neumann boundary conditions.

R.11 Implementation of Dirichlet conditions.

NUTS has a considerable number of external-interface requirements. They are listed in Section
2.4 of the code’s Requirements Document.
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3.0 REQUIRED USER TR‘AWING AND/OR BACKGROUND

To exercise NUTS, users should have (1) basic knowledge of open VMS, (2) basic facility with
Digital Command Language, and (3) an overall understanding of Sandia's CAMDAT database,
which is used in virtually every WIPP code (Rechard, 1992; and Rechard et ai., 1993). User's
should also have (4) access to the WIPP cluster of Alpha-VAX microcomputers or their
functional equivalents.

To manipulate and/or interpret the results of NUTS as it is exercised in WIPP PAs, users should
have (1) a basic understanding of the chemistry of radioactive decay, solution chemistry, sorption
chemistry, fluid flow and fluid transport in porous media, (2) a basic understanding of partial-
differential equations and integral calculus, as they apply in the mathematical formulation of
physical principles and especially of conservation of mass®, (3) a generalist’s conceptual
understanding of numerical methods as they are applied to the numerical solution of the
boundary-value problems of mathematical physics and chemistry, and (4) a basic overview
understanding of the WIPP PA process, including conceptual models, scenarios, inventories,
release routes, uncertainty sampling, input-data vectors, and a general familiarity with the files
and functions of the WIPP codes that run prior to exercising NUTS, principally BRAGFLO and
ALGEBRA, and those that exercise immediately after NUTS, principally CCDFGF (WIPP PA
Dept [5 Volumes], 1992). An annotated flow diagram of NUTS’s 1996 CCA code sequence is
shown in Figure 3.1.

* Strictly speaking, the transport system is not mass conserving. Alpha decay involves a loss of mass. Thus, NUTS
actually conserves the number of molecules of radioactive material involved in the decay process.
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POSTBRAG ALGEBRA

(1} Exercises GENMESH and MATSET, (2) Queries

Provides NUTS (1) its entire upstreamt : =
run-sequence data {equivalent to the CMS-controlied WIPP_ data base for solubilities
exercising GENMESH, MATSET, and colloidal mobilization data, combines these data

& POSTLHS), as well as (2) BRAGFLO'S for each radioisotope, so as to form a single enhanced
computed Darcy-flow field within the Salado solubdity limit that represents solubility and colloidal
mobilization simujtanecusly, (3) lumps radiciostopes
and adiusts data so as to produce parailel character-
istics for 5 equivalent radioisotopes, and (4) exercises
POSTLHS so as to produce sampled data for all
radioisctopes and all sampied oxidation states

- NUTS

Mobilizes repositary wastes and transparts them with
BRAGFLO's flow field to their next destination, which, for
releases of greatest interest, is up an exploratory borehole
to the Culebra, where it is further transported by SECOTP

CCDFGF

Uses NUTS's mobidization output to scale
unit-impuise resuits computed by SECOTP
so as to produce actual Culebra releases

Figure 3.1: The code sequence for NUTS as it is exercised in the 1996 CCA. -
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4.0 DESCRIPTION of the MODEL and METHODS : %\

4.1 Background

4.1.1 NUTS’s General Role in the CCA PA

NUTS's principal CCA PA role is to estimate the radioactive contaminant load mobilized into the
brine phase of the brine/gas mixture that seeps or flows through and around the WIPP
repository's decommissioned waste panels. Mobilization by any process, for example dissolution
or suspension on colloids, is modeled as taking place instantaneously. The contaminants
introduced into the brine are the aged radioisotopes that are assumed to reside in the repository at
the time of decommissioning plus any progeny of those radicisotopes that may have been
produced through natural decomposition. Thus, a detailed inventory of the radioactive isotopes
stored in the repository at the time of decommissioning must be provided to NUTS before it may
be exercised.

NUTS piays no role in the physics of the fluid flow in or near the repository. The time history of
the detailed (Darcy) volumetric flow rate throughout the repository must be provided to NUTS
by an independent hydrological-flow code. In the case of the CCA, that code is BRAGFLO.

In the CCA WIPP assessment scenarios, brine is assumed to enter the repository panels in either
of two very different ways, namely: (a) by natural seepage from the surrounding Salado
formation, and (b) by various sorts of unnatural flows induced by exploratory boreholes. In the
case of undisturbed operation, brine can seep into the repository through the disturbed rock zone
from the surrounding undisturbed halite and marker beds. In the case of a repository breached by
an exploratory borehole, the brine could flow into and through the repository via the pipe-like
channels created by the borehole(s). The most intense flow would occur if the borehole also
penetrated a deep pressurized brine pocket, and some boreholes are assumed to do so.

The natural time scales associated with deep, tight-media, groundwater flows are typically
centuries, and WIPP intrusion scenarios inciude temporal lapses of millennia prior to the
hypothesized breaching of repository waste panels by boreholes. Moreover, EPA regulations
extend to 10,000 years after decommissioning.  On these time scales, radioisotopes of interest
exhibit significant natural decay by which they transform to other radioactive and non-radicactive
isotopes and/or compounds in well-established ways. Thus, it is required to quantify the decay
process and maintain a running record of the decayed contents of the repository as well as all the
products of decomposition from the time of decommissioning onward to 10,000 years. NUTS
does that.

In the context of the CCA, NUTS has a single principal area of application. It is this: given the
defining characteristics of the flow of uncontaminated brine into the repository’'s waste panels,
NUTS is required to model the dissolution and sorption of radioisotopes into the brine that wets
the waste panels, and to calculate, given the fluid flow rates, the rate at which each isotope that
was initially present in the repository, including the radioactive progeny of those isotopes, exits
the repository via the now contaminated brine flow. The exit rate of contaminants depends on (i)
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the outflow rate of the brine and (ii} the concentration of isotopes within the flowing brine. The
first quantity is provided in advance by BRAGFLO, which analyses the 2-phase Darcy flow
throughout the Castile, Salado, Rustler, and Dewey Lake Formations throughout the entire Land
Withdrawal Act region. NUTS is required to calculate the second quantity (concentration of
each radioisotope), and to do so by treating all the important physical processes that can affect
transport via a brine carrier flowing through a porous medium.

Mobilization is assumed to take place instantaneously and to maximum capacity, i.e. to the
"solubility” limit, given adequate stocks. In the CCA, the "solubility limit" is actually a
maximurn mobilized concentration that includes the maximum concentration of an element
mobilized on four types of colloids as well as the solubility of the element. Construction of this
maximum mobilized concentration is performed before the NUTS calculation using ALGEBRA.

Because of natural decay processes, it is entirely possible to find compounds in the effluent that
were niot present in the inittal repository inventory.

4.1.2 Overview of NUTS’s Capabilities

NUTS is a multidimensional, multicomponent, radioactive-contamninant transport code. I
designed to apply to single-porosity (SP), dual-perosity (DP), and/or dual-permeability (DP,
porous media. In two dimensions, the discretization employs five-point finite-difference
methods. NUTS is designed to treat an enormously broad spectrum of transport problems.
However, many of its options have been disabled in the CCA calculations for the sake of
simplicity. CCA-disabled options are described briefly herein, and are clearly noted as disabled
for CCA calculations.

The model simulates radioisotope transport through porous media and includes first-order
radioactive decay processes. However, the simulator is not limited to radioactive materials. The
transport of materials of all kinds, radioactive or not, may be simulated. In CCA apphcatlons
only radicisotopes are transported by NUTS.

In treating sorption between the waste and the media that surround it, NUTS allows for three
types of sorption isotherms. They are: (1) linear, (2) Freundlich, and (3) Langumir equilibrium
isotherms. Only option (1) is tested for regulatory calculations, and none was used in the
CCA calculations. A type of sorption onto colloids, however, was modeled in the
ALGEBRA calculation run prior to NUTS. It is described in Section 4.5.1.

NUTS normally models hydrodynamic dispersion under the assumption that the porous media
through which the transport occurs are dispersively isotropic. However, for CCA calculations,
both molecular and mechanical dispersion are taken to be zero. The effects of molecular
dispersion are truly small (O(10m)). Mechanical dispersion is proportional to velocity and other
physical and geometric factors (see Section 4.2.3). Ignoring transverse dispersion tends to keep
solutes in the higher-velocity regions of the flow field. Ignoring lateral dispersion ignores
streamwise elongation, which is reasonable given that EPA limits are defined in terms of time-
integrated measures. For example, when and how a signal reaches the land-withdrawal boundary
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are unimportant, as long as the signal reaches the boundary in 10,000 years. Numerical
dispersion and statistical dispersion (due to sampling) are both present in NUTS results, and
mimic physical dispersion.

“Dissolution” of waste components into the brine carrier medium is modeled, and the possibility
of their precipitation during migration is included, should solutes exceed their local “solubility”
limits. Precipitates are required to undergo decay and are permitted to “redissolve” in the brine if
the concentration drops below the solubiiity limit.

Representation of multiple radioactive sites (repositories) is also possible. In that case, the
contribution from each site to the component concentration and precipitation, if any, at each
computational node can be found. A similar technique may be used to treat a daughter isotope
generated from the decay of different parents. However, use of this aspect of the code is not
contemplated for the WIPP CCA PA, and it is therefore not tested.

The system of govemning partial-differential equations (mass conservation for each radioisotopic
constituent) is discretized and solved sequentially to determine the contribution from a decaying
parent to the immediate daughter. In the sequential method, the solution proceeds progressively
from the top of each radioactive chain. Therefore, the contribution to any daughter from its
decaying parent is available. This approach avoids the numerical problems associated with
inverting a large, sparsely-populated matrix in which the bands are not well structured.

NUTS was developed specifically to assist in performance assessments of the WIPP. It is that
application, and specifically the CCA calculation, that will be described herein. However,
in its broadest sense, NUTS can be used in other applications involving contaminant transport of
all kinds through porous media. Table-1 provides a summary for the features used in the CCA
calculations. '

4.2 Theoretical Foundations of Tramsport in Fractured Porous Media having Dual-
Porosity and Dual-Permeability ‘

In the textbook approach to dual-permeability, the partial differential equations (PDEs)
representing transport in a fractured, porous medium are normally written as (1) the PDEs
governing transport along the fractures, and (2) the PDEs govemning transport through the matrix.
The two PDEs are coupled by a transfer function that represents material transport between the
two media (Kazemi et al, 1976; Hill and Thomas, 1985; Litvak, 1985; Coats, 1989). That is the
approach taken herein.

4.2.1 Introduction to Fractured Porous Media

A fracture can be defined as a surface of discontinuity resulting from loss of cohesion of rock
materials due to rupture. Most fractures in brittle rocks of low porosity occur as a result of
tectonjc processes. - These fractures are usually large in size and extent, and are called

e
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Table 1. NUTS Features Used in the CCA Calculations

NUTS Features Features in the CCA
Calculations
Used Disabled
Single-porosity, fracture X
Single-porosity, matrix X
Double-porosity X
Double-permeability X
Advective transport - - X
Diffusive-dispersive transport X
Sorption X
Colloid transport™ X
Decay ‘ X
Gas phase transport X
Temperature dependency X
Multiple sites X
Precipitation X
Solubility 1imit X
Interior sources X

+ Colloids are tumped with dissolved inventory (see Section 4.5.1)
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macrofractures. In less brittle rocks with higher intergranular porosities, the resulting fractures
are usually smaller and less extensive, and are called microfractures, or fissures. Fractures
generated by the state of stress in the earth’s crust can be attributed to (van Golf-Racht, 1982):

1. folding and faulting;

2. rtock volume shrinkage and the dehydration process;

3. volume shrinkage associated with heat loss; and

4. differential stress on the plane 6f weakness due to deep erosion of overburden rocks.

Thus, fractured porous media are typically conventional sedimentary materials possessing
discontinuities introduced later by some sort of physical activity. Digenesis processes, such as
mineral deposition (calcite), and dissolution of matrix and formation of stylolites may be
associated with fracture formation. Fractures may be regular or irregular, closed and filled with
cement, or open to flow. Most-fractured systems, occurring in a large variety of rock minerzalogy,
are described adequately (for hydrological purposes) by specifying the fracture spacing,
orientation, length, and degree of cementation. These data are usually obtained from cores and
outcrops coupled with rock mechanics studies, well logging, and seismic-profile distortion.
Because of the inherent complexity associated with the characterization of these mineral
discontinuities, porous-medium parameters such as porosity, permeability, etc., normally have a
wide range of numerical uncertainty. Accordingly, the classical models of fluid flow and
transport in porous media have been shown to be inadequate to represent a heterogeneous system
in which the heterogeneities are due to fractures, vugs, and channels. A new and more complex
model is required, the compiexity deriving from the existence of two entirely different but
interconnected paths for fluid flow and transport. Because natural fractures tend to be irregular
in their distribution, orientation, and extension, some sort of reasonable idealization is required
as a basis for a reasonable physical and mathematical description of the medium.

The basic theory of fiuid flow in fractured porous media was introduced by Barenblatt and Zeltov
(1960), who applied a continuum approach. Their approach is similar to the approach used in
classical fluid-dynamical theories in which the physical properties of a cluster containing many
molecules is allowed to persist in the limit of smallness. Barenblatt and Zeltov choose a smallest
physical scale that lies between microscopic and macroscopic representations of fluid properties
in regular porous media. In their approach;-a representative elementary volume (REV), also
called a control volume, is considered. It is much larger than pore size (i.e., it contains many
pores and grains) but much smaller than the total domain considered. The REV’s-average
porosity, permeability, pressure, saturation, concentration, and flux are ascribed to the
mathematical point residing at the center of the REV (see Bear, 1972), which forms the basis of
their hypothesis for a continuum. In applying a strictly continbum approach to dual-porosity or
dual-permeability systems, one can assign a pair of average properties to each mathematical
point; one representing fracture properties and one representing matrix properties. In other
words, the medium consists of two overlapping continua that communicate one with another. In
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this formulation, the REV contains many matrix blocks and fractures (see Figure 4.1). In actual
double-porosity conceptualizations, the fractures, because of their high permeability relative to
the matrix and high intensity (small spacing), are assumed to constitute a continuous medium.
The matrix blocks between them are discontinuous and form the main storage region for the
fluid. In double-permeability formulations, fracture spacings are larger, and matrix-to-matrix
flow is permitted in the mathematical formulation of the problem®.

/\./

Y

__% S

Frachire

Figure 4.1 Schematic Diagram of Fractured REV.

4.2.2 Basic Dissolution Processes

When sailty ground water comes into contact with repository wastes, dissolution of the soluble
isotopes begins to take place and continues until equilibrium concentrations are attained, or until
all undissolved supplies of radioisotopes are consumed. The capacity of WIPP brines to dissoive
radioisotopes is controlled by temperature, pressure, and chemical properties of the brine and of
the solutes. The main physical principal on which NUTS’s transport equations are based is
conservation of mass, and the principal dependant variable in which those equations are written
is C, the concentration of solute (i.e., radicisotope) in the underlying fluid (i.e., brine). A pair of
conservation equations arises for each radioisotope, one for the fracture domain and one for the
matrix domain. The equation pairs are coupled one to another by transfer functions that

* For more information about these conceptualizations, the reader is referred to Beckner et al (1991), Chen er al.
(1987),Dean and Lo (1988), DeSwaan (1978, 1982), Duguid and Lee (1977), Dutra and Azz (1991), Dykhuizeen
(1990), Evans (1982), Gilman and Kazemi (1983, 1988), Gilman (1986), Huang-Zhang (1983), Kazemi and
Merrrill (1979), Kazemi er al. (1989), Narasimhan (1982), Pruess and Narasimhan (1985}, Reiss er al. (1973),
Rossen (1979), Saidi (1983), Shinta and Kazemi (1993), Sonier et al. (1986), Thomas et al (1983), Wu and Rruess
(1988). )
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represent the flux of a given radioisotope between the matrix and fracture domains of the fiow.
The equation pairs are also coupled one with another by radioactive decay processes. Thus, a
complex system of coupled partial differential equations is antictpated.

The concentration, C, of a given radioisotope must be non-negative everywhere in the domain.
However, it also has an upper bound, equal to the maximum solubility limit for each element of
the waste in whichever brine or combination of brines is present. There are two principal sources
of brine, one of Salado origin and one of Castile origin (WIPP PA Dept, 1992, vol 1), and the
brines are chemically different. The different brines come into play in the different scenarios.
NUTS must be given the solubility limit of all soluble radioactive elements as part of its input
data. It allocates the solubility itmit for the isotopes according to their mole fractions. If
radioisotope concentrations should exceed their solubility limits, NUTS will precipitate the
excess in the grid block. NUTS subjects precipitates to decay and treats precipitation as a
reversible process. If the concentration of a solute drops below the solubility limit, WIPP brines
are permitied to redissolve from the precipitate a mass sufficient to restore the solubility limit of =
that solute, assuming sufficient precipitate is available. :

4.3 Differential. Equations Governing Transport in Fractured Porous Media i\

The mathematical formiulation for the dual-contintum approach requires a mass-conservation
equation for each continuum. Each such equation contains a coupling term (transfer function)
that represents intercommaunication (i.e., transport) between the two domains. The continuity-
equation development that follows is general and therefore applies to both matrix and fracture
domains, proving the coupling term is added. In porous media, the principal focus is on the
transport of a solute whose intensity is measured in terms of a fluid concentration measured in
Kg of solute per Kg of fluid. The mass-conservation equation (continuity equation) is derived by
considering a REV shaped like a rectangular parallelepiped in the direction of the Cartesian
coordinates (x, y, z), and having an infinitesimal volume of &xdydz. The mass conservation
principle can be stated in words as follows:

|Mass Flux in - Mass Flux out + Source/Sink = Accumulation|,,,

Boundary fluxes and internal sources derive from a myriad of physical processcs which we will
describe and quantify individually in the subsections that follow :

4.3.1 Advective Transport

The mass-flux vector of the solute is represented as g*, and its three Cartesian components as
q*x, q*y, @*; , as shown in Figure 4.2.
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Figure 4.2 Schematic Diagram Showing the REV and the Fluxes q*.

The net mass inflow associated with flow in the x-direction during the time period 8t is:

{q;

Using Taylor’s series to expand around the central point P(x,y,z) of the REV, Equation 4.1
becomes:

- 2 g = * 2 42 - ) - .
Hq‘ _8g, () 37, ...}—{q' & %, , (&) &’ +...H5y5z8t. 4.2

5~ 9x
K ——— X

2

ﬁi} Sydzot . 4.1
2 ¥z .

o2 oox 8 ox* 2 oox 8§ ox?

Simplifying and neglecting higher order terms (which go to zero in the limit), Equation 4.2
reduces to: '
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_ x5, 5yezt
ox

Repeating the same procedure in the other two directions, the net mass of solute accumulated due
to flux across the boundaries during the time period &t is:

94, . 9¢, g
] z z 5
{ax + 3y E” :}éxﬁyﬁz t. | 4.3

The net mass of solute accumulated in the control volume from internal sources (and lost to
sinks) during the time period &t is:

q vsC ipdx8yd28t , 4.4

where all symbols are defined in the summary list below. The net increase in mass of solute in
the control volume during time &t may also be written as the local time rate of change of solute
mass in the volume times ot , that is, as:

9(05pC )5x5 Ozt . 4.5
ot

Combining the terms in Equations 4.3, 4.4 and 4.5 according to the word equation stated in

Section 4.3 results in:

aq,
{aq: + 29 +§_z_ Sydzét +q,,,C, ;) ,0xBydzdt = 9(95pC )5x3y5Z5t 4.6

ox dy oz dt

Dividing Equation 4.6 by 8x8ydzdt and taking the limit as the control volume approaches zero
leads to:

. 3(¢SpC”
_Vq + :I:C:'p = (¢Sp ) s 4.7
ot |
# ‘r ;"‘.
where the nomenclature is defined as folows: Lo
q =puC’ o 4.8

and

q'ws = solvent sink/source mass rate per unit volume (kg/s/m’)
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p  =solvent density (kg/ m’)

$ = porosity of porous medium (dimensionless fraction)
v = solvent advective velocity (m/s)

C” = solute concentration (kg/kg)

C’yp= injected/produced solute concentration (kg/kg)

t =time (s)

S =satration (dimensionless fraction)

If the entire Equation 4.7 is divided by the solvent density p (a constant), and q* is replaced by
its equivalent value (Equation 4.8), Equation 4.7 becomes:

v-V.vC+in,p =§—~%§Q, 4.9
where:

C = solute concentration (kg/ m’)
q = solvent sink/source volumetric rate per unit volume (m*/s/m’ )

Equation 4.9 as written applies to the fluid domain as a whole (i.e., matrix plus fracture).
However, as was said, we prefer to divide the domain into two separate flow regimes, matrix and
fracture, and to allow the two to intercommunicate through a transfer function. The transfer
function represents mass flux from the fracture to the matrix. Therefore, the transfer function
that appears as a source in the matrix equation will appear as a sink (i.e., the same term, but with
its sign reversed) in the fracture equation. The continuity equation that applies to either domain
is written as follows:

Vv, C, +q,Cs, —T 0 Gty —T,forme fracture, and 4.10a
3(dSC
-Vv,C +49,C, +7,,Cp = —(i——)-"-'- for the matrix, 4.10b

ot
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where Cpy is the upstream concentration of solute in kg/m® in either the fracture or the matrix
depending on the direction of the solvent flow (see Section 4.4.1 for the computation of the
upstream weighting factor), and T is the volumetric exchange rate, m’® /s/m® of solvent mass
transfer between the fracture and the matrix. The + and - signs in the transfer terms in Equation
4.10 imply that the transfer acts as a source in one continuum and as a sink in the other. That s,
what is lost from the matrix is gained by the fracture and vice versa.

432  Advective Transport Across Fracture/Matrix Interfaces

Transfers at fracture/matrix interfaces are dominated by a nearly steady-state Darcian flow
represented by Tyms. The magnitude of these flow terms and their idealization are controlled and
provided by the fluid flow code as volumetric rates.

The fracture /matrix transfer function T for the brine could be evaluated in the fluid flow code
by the following formula:

tw = ok,,,(——) [Pf. « P - Ty (Ds - Da)]. 4.11

D depth [m],

k  permeability [m?],

k. relative permeability {dimensionless],
P pressure [Pa],

v  static pressure gradient [Pa/m]},

p  viscosity [Pa/s],

¢ shape factor [m™1.

Subscripts

f = fracture
m = matrix
w = brine

4.3.3 Diffusive and Dispersive Transports

Advection represents the transport of solute as it is carried along by the motion of the fluid.
Diffusion and dispersion represent transport of the solute due to its motion (or apparent motion)
through the fluid. Molecular diffusion results from thermal motion of solute molecules. In
porous media, the diffusion coefficient (sometimes called the apparent molecular diffusion
coefficient) is calculated from the free-water molecular diffusion coefficient D*,, adjusted for the
tortuous path and the water content (saturation) of the transported phase of interest. Mechanical
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dispersion is the mixing process resulting from the fluctuation in the ground-water velocity due
to the heterogeneity of the porous media. Thus, if a sharp contaminant front is introduced into a
porous-medium flow, the front will rapidly thicken as though an efficient diffusion mechanism
were at work, whereas an abrupt interface would be expected to persist if only advective
transport was at work. Among the processes that lead to thickening and distortion of a
hypothetical front are sorption-desorption processes, molecular diffusion, and mechanical mixing
(Bear, 1988). The last two are usually combined into a single effect called hydrodynamic
dispersion.

In practical applications of solute-transport theory, it is customary to account for both the
molecular and mechanical components of hydrodynamic dispersion. NUTS utilizes Fick's law to
describe the dispersive contribution to mass transfer in both the fracture and matrix components
of the flow. In vector notation, it is written:

F,=¢SKVC, 4.12

where Fp is the dispersion flux. Generally (but not in CCA calculations), NUTS treats the
material dispersivity as a 2nd-rank tensor, with the additional assumption that the porous
transport medium is isotropic. Bear (1988) has shown that this assumption is equivalent to
representing the dispersivity tensor as a positive-definite, symmetric, 2nd-rank tensor. The most
general dispersivity tensor would be the one shown in component form by the following matrix:

K. K, K, I
‘1-.‘:‘
K=K, K, K, P 4.13
KZI KZJ’ Kzz . i‘ }’-.::* P

However, because the dispersion tensor is assumed to be symmetric, six of its coefficients are
related as follows: Ky =Ky , Kz = K5, and Ky; = Ky, or in indicial notation,

D a vV
K, =-;c-’f—8ij -1-4)—;]\:{&j +—L

o, —0r), 4.14
where nomenclature is defined in the listing below. If the chosen coordinate system happens to
coincide with the principal axes of dispersion, all the off-diagonal values will become zero in the
tensor matrix. In that coordinate system, the dispersion coefficient in the x-direction for the
fracture flow and the matrix flow become ( Bear, 1993):

D, 1
K, = {—;—::—-i- o5 ) [a Wiy +v§:)]}, 4.15
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and
D’ 1
K =Pt —— [oc Vit (Vi Y ] 4.16
m {TM ¢mSm‘Fm' b i ( ’ MI.Z) ’

where the terms between braces are the x-component of the dispersivity tensor within (i) the
fracture flow and (ii} the matrix flow, respectively, and where,

D*, = free water molecular diffusion coefficient [m*/s],

™ = tortuosity* [dimensionless], oo
oy = Jongitudinal dispersivity [m], ‘ :
or = transverse dispersivity [m], o
Sij = kronecker delta [dimensionless],

and the velocity vector Vv is given by:

W] = Jvi+vi+vi, 417

where vy, vy, v, are the fluid flow velocities [m/s] in x, y, z directions, respectively. Similar
formulations apply for the y and z components of the dispersivity tensor. The present version
of NUTS applies the above formulation to diagonal components of the dispersivity tensor and
ignores off-diagonal contributions.

Dispersion in the fracture and matrix is generally small and can be neglected in comparison to the
advective part of the transport. Moreover, dispersion can always be a significant means of mass

transfer between the fracture and matrix flow zones. Fick’s law for the transport between the
fracture and the matrix is written as:

FDmIf z¢mSmelf(Cf _Cm) 4.18

Bear (1993) gives the dispersion coefficient for fracture/matrix flow as:

*

\
me!f=c %‘“am‘i':;ll‘ ’ 4.19
where

* Throughout this document, tortmosity is defined as the ratio of the square of the tortuous path length to the square
of the mean path length. This definition results in tortuosities greater than or equal to unity. However, the reader
should bear in mind that some formulations found in the literature use the inverse of the definition, leading to
tortuosities less than or equal unity.
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vayr 1S the velocity of liquid transfer [m/s], and
G 1s a shape factor.

In Equation 4.19, it is assumed that the contribution from the fracture dispersion is negligible
compared with the matrix (the fracture aperture is very small compared with the matrix block
dimensions).

The shape factor ¢ is defined, in general, as

Am
_ , 4.20
o Zs" Vg

where

S 1is all the faces in the matrix block subjected to flow,

Anm is the surface area of the face subjected to flow [m?),

Ve is the volume of the matrix block [m’], and

d 1is the distance between the face and the center of the matrix block [m].

Sigma plays the role of An in AC/An , which is the normal gradient to an interfacial surface.
For a rectanguiar parallelepiped matrix block, the shape factor is calculated (Kazem: et al., 1976)
to be,

0‘:4(%4‘ {,_ +12], . 4.21
Z L D

¥

where Ly, Ly, and L, are the block dimensions in x, y, and z directions.

Collecting intermediate results, if Equations 4.12 and 4.18 are added to Equations 4.10, the
resulting equations will be

_ 3(4SC), .
VoS5 KNVNC -V, C+q,Ch, =T Cuuy _¢mSmeff(Cf - Cm) S VE -22
for the fracture, and
_ ' 3(6SC).
V.0,8,K,9YC, ~VV,.Co +8uCrisp + T m1;Coy +0uSuKos(C, — Co)= _@lgt_lm_ 423

for the matrix.
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4.3.4 Asymmetric Dispersion

The mechanical-dispersion expression introduced in the transport equation is little more than a
global expression that endeavors to compensate for our lack of detailed information regarding the
microscopic nature of the heterogeneities inherent in porous media. However, examination of
Equations 4.15 and 4.16 suggests the effective dispersion coefficient will always be positive.
Therefore, mechanical dispersion always follow and enhance the trends established by molecular
diffusion. It is reasonable to assume molecular diffusion follows Fick’s law because of the
random thermal motion of molecules. Therefore, molecular diffusion can expand symmetrically
in all directions providing only that there exists a concentration gradient. This argument, if
applied to the mechanical dispersion, will lead a well-known problem in which dispersion is
directed opposite’ to th_g' direction of the flow. Opposite-direction dispersion is physically
incorrect and is agsociated with a priori ignorance of the flow direction (i.e., v2 is always
positive). In order to overcome this problem, NUTS has a module for Asymmetric dispersion
that allows the dispersion to go only in the direction of the flow regardless of method used to
discretize the transport equation. Because the method used is conservative, the only effect this
treatment has on the transport, is shifting the centroid of the mass further downstream. In other
words, the movement of the transport front will be little faster in the case of Asymmetric
dispersion, as is depicted in Figure 4.3.

Flow Direction >

Asymmetric Dispersion

Syrnmetric Dispersion

Figure 4.3 Symmetric versus Asymmetric Dispersion Fronts.

Asymmetric Dispersion is implemented numerically by computing a binary (0,1) parameter, x as
follows:
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1 if the concenteration gradient is in the same direction as the flow gradient
K=
0 otherwise

The parameter x is then used as a muitiplier only to the dispersion part of the transport equation
(the molecular diffusion part is symmetric). This manipulation is performed while preparing the
diagonal entries of the numerical matrix to assure mass conservation of the system.

4.3.5 Sorption-Desorption

Sorption refers to the ability of certain solids to extract substances preferentiaily from solution
and deposit them on their surfaces. The solution can be either gaseous or liquid. Two general
types of sorption are treated; physical sorption and chemical sorption. Physical sorption is 2
reversible process and arises on account of van der Waal intermolecular forces on the sorbing
solid and the sorbed substance. In porous media, the sorbed substance may not react with the
sorbing solid, but it can penetrate it via interstices, if a wettability condition is in effect.
Chemical sorption is a result of chemical interaction between the sorbate and the sorbent. The
chemical bond associated with this attraction is generally much greater than that found in the
physical sorption. Ion exchange is sometimes classified as a kind of the chemical sorption.

Desorption is the process in which the solid phase releases some of the sorbed material back into
solution. Sorption-desorption as a process depends on, pressure, temperature, and the chemical
composition of the sorbate and the sorbent. It is usually described by an empirical relationship
relating the concentration of the solute and the concentration of sorbate at a constant temperature,
and is called an “isotherm.” If a first-order kinetic model is used to describe the sorption-
desorption process, one can write the following reaction-rate equation,

%f-:k,c—kzc,, 4.24

where R is the net rate of reaction, k; is the sorption reaction constant, k, is the desorption
reaction constant, C is the concentration of sorbent in kg per kg of fluid, Cs is the concentration
of sorbate in kg/kg dry porous media. In the limit of sorptive equilibrium,

a—R—>0 as -»oo, and
ot
k, C Co (s
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where % is a parameter that dependents on the shape of the equilibrium isotherm and the
equilibrium conditions. For a linear isotherm % = ky, the linear sorption equilibrium constant. The
mass rate of sorption per unit volume, Fs, in kg/s/m’ can therefore be determined from

3
F; =5;(1—¢)9,C;, : 4.26

where L o
p: = rock grain density kg/m’. Co T
4.3.6 Matrix/Fracture Boundary Sorption

Many dissolved WIPP chemicals are subject to sorption onto the solid surfaces that form the
boundaries in the rock matrix through which they flow. This phenomenon takes place because of
the locally irregular atomic and molecular properties of the surface skins of virtually all
materials. The mass transfer between a solute and the solid surface that bounds it is controlled
by the chemical properties of the solid surface, the liquid transport medium, and the solute.
Boundary sorption manifests itself as a retarding factor and is expressed in NUTS through the
variables Cyy and Cyy, which represent the sorbed concentration of any specific radionuclide per
unit mass of rock. It is conventional to relate Cyy and Cgr to the solute concentration by any of
various empirical relations called “isotherms.” As the name suggests, these isotherms are
families of empirical graphs of sorbate concentration versus solute concentration at constant
temperature. NUTS accommodates three equilibrium isotherms. They are the:

1.  Linear sorption isotherm in which adsorbate concentration is related to solute concentration
by:

CrHi=k, C2, 4.27

where

n+]  represents the implicitness of the concentration (current time step), and
ky is the equilibrium partition coefficient.

2. Freundlich sorption isotherm in which sorbate concentration is related to solute
concentration by:

Ly ~I—'x—2 3 n+f +1
C.;n+] = xl(Cw;) = II(CW sz Cw = xcwn 4-28
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i-xz;

where n refers to the former time step, ¥ =x ,(C“_,] , and x; and X are the Freundlich

distribution coefficient and the Freundlich coefficient, respectively.

3. Langumir sorption isotherm, which, together with the linear isotherm, is one of the most
common isotherms used in the literature today, and is defined by:

. c.
C?d-f - C::v-t-.’ wher - I - ........xz_w...... 4_29
X1 X x;( 1+ x,Ch

where the empirical parameters x; and X are the Langumir distribution coefficient and the
Langumir coefficient, respectively.

NUTS permits sorption in the fractures and the matrix, but it has the user-controlled ability to
bypass sorption in either flow field. Moreover, it is possible to assign any specified isotope as
sorbable or nonsorbable, regardless of the flow regime.

Matrix/fracture boundary sorption and desorption are mot included in the CCA calculation.
However, sorption onto colloidal materials suspended within the flow is included, and is treated
exactly as dissolution is treated, i.e., the effective maximum solubility coefficients are increased
so as to represent the sum of all maximum allowable concentrations associated with (i)
dissojution and (ii) all allowable forms of colloidal mobilization. See Section 4.5.1.

4.3.7 Decay

Radioisotopes are naturally unstable and spontaneously emit clusters of particles equivalent to
helium atoms until, eventually, they arrive at stable configurations. Thus, the mass of daughter
products is always lower than that of the parent radioisotope. Rates of disintegration vary over a
wide range. Some are so slow that the parent radioisotopes are regarded as stable for all practical
purposes. The mode of the observed disintegration can be classified into two categories: 1)
disintegration associated with a change in atomic mass, such as alpha particle emission and
spontaneous fission, and 2) disintegration without a change in atomic mass, such as the emission
of positive or negative beta particles and the capture by the nucleus of an electron in thé n=1
shell. Regardless of the mode of disintegration, the rate of the process is governed by a first-
order rate law. Thus, the differential equation govemning the mass of rad101sotope residing at the
top of a decay chain is of the form

W aw, | \ 4.30
ot ,



NUTS, Version 2.02 WPO # 37927
User's Manual, Version 1.00 May 29, 1996
Page 28

where A, the proportionality constant, is called the decay constant, and N is the number of atoms
present at a given time, t . The integration of Equations like 4.30 leads to selutions of the form

N=N,e™, ' 431

where N is the number of the atoms at any time, t , and Ny is the number of the atoms at zero
time. The decay constant is related to the half life by the following relationship:

7L=—1-12-, 4.32

IIIZ

where tj; is the half life. The decay constant and, therefore, the half life are fixed physical
characteristics of each unstable radioisotope and are independent of its state of chemical
combination, the presence of electric and magnetic fields, the temperature, and the pressure.
Because there are Avogadro’s number of atoms in each mole of a substance and a mass
equivalent to the molecular weight in each mole, Equations 4.30 and 4.31 can be written in terms
of mass M as:

aﬂ =-AM, 4.33
ot

and

M=Me™, 4.34

where

M = mass of the solute at any time t (kg) , and

M, = mass of the solute at the initial time ty (kg) .

In porous media, the total mass of a radioisotope is distributed between the dissolved mass and
the adsorbed mass. Therefore, from Equation 4.33, the rate at which mass is transported by
decay, Faeeay , In lcgls/m3 , can be written in terms of cpngentratiqn as

F,.., =-A(6SC+(1-0)p,C,). o : 435

Equation 4.35 represents a sink (i.., loss of mass). If there is a parent(s) for the substance in
question, the decay of the parent(s) will act as a source in the transport equation and have a value
equal to the rate of growth of the daughter. The rate of growth due to parent(s) decay, F; in
kg/s/m? is '
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F, =) (6sC+(1-0)p.C.) X, 4.36
J

where J is the total number of parent substances and pj is a parent index. | *

4.3.8 The Overall Mass-Transport Equation : *
Amassing all the source/sink effects associated with sorption and radioactive dééay (Equations

4.26, 4.35, and 4.36) within the continuity equation thus far derived (Equations 4.22 and 4.23),
the overall mass-transport equation applicable to either hydrological regime 1s:

V.4SKVC-V.vC+C q*TC,, +6,S,K,,(C, - C,)=
—(¢SC+(1—¢)p:C,)+(¢SC+(1—qJ)p,C,)?L—— 4.37

2 (QSC + (l ¢ )p ) Pi CPJ

=

In fractured porous media, if the total porosity, ¢; is defined as ¢, =¢_ +¢,, where ¢y is the
matrix porosity and ¢y is the fracture porosity, then the partial differential equations representing

the transport in the two geophysical domains (fractured, and porous media) can be written as
follows:

Fracture Equation:

V4 Sy Ky VC0 =V, Cop +Cogr —TCosr =0 S K umi s (Cop = Com )=

%(4’ 75w Cup +(1=0,)0,C; }+(0,,5,,C,, +(1~6,)p.Co A~ 4.38

Z(¢ wr S Cor +(1"¢r)pscsf) A Coi

j=i

Matrix Equation:
V8o Sur K VCor = VNV 1 Core + Corilom *TC s + 0 ronSumKoamis (Cop = Com )=
2 0 rSenCon +(10.)9.Cor )+ @ Sua o + (10, Ca N 439

z(¢wm wrt wm+(1 ¢t)p: sm) lpJCWMPj

f=1

where f =fracture, m=matrix, w = brine, s=solid, r=total, m/f = fracture/matrix, and C*=C;,
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4.3.9 Initial and Boundary Conditions
The system of transport equations (fracture and matrix) given above is part of a boundary-value

problem. Therefore, some sort of (i) initialization condition is required throughout the domain,
and (ii) boundary conditions for all time are required for the dependent variable C(x,y,z1}. The
initial condition of the matrix equation in the three-dimensional domain (0,X; 0,Y; and 0,Z} is

C,.(x,3,20)= f,(x,¥.2) 0<x<X 0<y<Y 0<z<Z. 4.40

Similarly, the fracture is initialized by

C,(x,%.2.0)= f,(x.y.2) 0<x<X, 0<y<Y, 0<z<Z. 4.41

To assure that the system is in initial equilibrium, there must be no pressure or concentration
gradients between the two continua, which leads to:

fi(x3.2)= f(x.2) - - 4.42

which must hold along their common boundary. The boundary conditions in the fracture and/or
the matrix may be either Dirichlet or Neumann boundary conditions of the first kind. If they are
Dirichlet conditions, the dependent variable itself is specified at the boundaries, as follows:

C(0,y.z,1) =g,.(2) 120,
C(X:yy27r)=gl)f(z) I?O, o
C(x,0,z,1)=g, (1) 120, . “a
‘ L 4.43
Cx,Y,z,1) = g, (t) 120, SR
C(x.3.0,t) = g,.(r) 120, " -

C(x,y,Z,1t) = g,(t) t20.

If they are Neumann boundary conditions, the normal derivatives of the dependent variable are
specified at the boundaries, as follows
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d
2lcoren]=a® 120
d
g[C(X’y’Z’t)]=gzx(r) 120,
e,
SC¢:0.20]= 2,0 120,
4.44
d
g[C(x,Y,z,t)]=g2y(t) r20,
d
g[C (x.9.0,)]= g, (¢) 120,
d
?a';[c(xsyszat)]=g22(t) IZO'

These conditions are sometimes specified internally in the domain and called point source/sink.

In NUTS appilications, Dirichlet boundary conditions can be used at both the outer boundaries or
internally at sources. Neumann boundary conditions, on the other hand are used to specify no-

transport at the outer boundaries of the simulation domain, i.e., B_C =0, a_C =0, and E-C—‘ =0

dx ay 0z

4.4 Discretization Methods

The partial differentjal equations and boundary/initial conditions derived in Section 4.3 and
representing transport in a dual-porosity, dual-permeability medium can be solved analytically
for only the very simplest of problems, problems that bear virtually no relationship to real-world
ground-water flows like those of the WIPP. To treat real-world problems, it is necessary to turn
to numerical integration techniques, of which several are available. '

The most common numerical methods used in modern hydrology are the finite-difference and
finite-element (variational) methods, and particularly the Galerkin method. NUTS uses the
finite-difference method to transform the time-space continuum problem into a solvable discrete
mathematical model. An algebraic equation approximating the partial differential equation at
each point of the domain of interest is derived. The derivational methods are described in this
Section. :

The first important step of the derivation is to define a convenient mesh (grid) over the entire
spatial domain of interest.

For simplicity, consider the discrete representation of a continuous independent variable, x,
between O and 1, as shown in Figure 4.4.
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. - - x r - . .
Xo X4 2 x3 X 1 xi xi *1
R —AXT—

Figure 4.4 Point-Center Grid in Finite-Difference Approximation.

As is shown, the continuous domain is replaced by a set of discrete points whose spacing may be
equal or unequal, and the discrete variable x is defined at those points. Clearly, the smaller the
spacing the greater the resolution, but the more complex the resulting algebraic problem.
Optimum spacings normally depend on the type of problem, the solution requirements, and the
available resources. In Figure 4.4, the discrete values of x are denoted by x;,1=0,1,2,.. The
algebra is a little easier if the intervals are of equal width Ax , where Ax is called the finite
difference.

x, =iAx. 4.45

I

In that case, neighboring points are related to one another by

X, =x+Ax, 4.46
and Ax is the distance between successive grid points.
x_, =x —Ax. 4.47

T

The function C(x) , which we think of as one of the unknown dependent variables of our
problem, is normally defined on the continuous interval 0,1 . We will replace it by its finite-
difference approXimation C; , which is defined only at the points x=x;,i=0, 1, ...,I+1 , and is
represented by

C(x,)=C,. 4.48

Since our goveming equations are partial differential equations, it is essential to have finite-
difference expressions for the derivatives of an unknown function, as well as the function itself.
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The derivative of the function C; can be determined by Taylor’s expansion C; in the
neighborhood of the point x. Thus for the function C(x + Ax),

2 2 3 3
C(x+Ax)=C(x)+%£Ax+a CAr’ 0 Clx
219

5 2t e 3 TR 449

where the denivatives are evaluated at x and the remainder term Ry, is given by

R, =~1-[Axi) C(x +&Ax), 4.50
n! ox

and T lies between 0 and 1, so the argument of C lies between x and x + Ax . Equation 4.50 is
sometimes written in the form

R, =0fjax"], 451

in which |Ax|" refers to the order of the truncation error in the Taylor series, and means there
exists a positive constant M such that

R < M(Ad"} as Ax—0. 452

If we use a more compact notation, Equation 4.49 may be written as

C}t1=C}+AxCh+-(-A;—!)2CM+(%!)3-CM+--+RA o 4.53

Similarty, the function C(x —Ax) can be written as .’v'l“‘?‘

C.,=C ~MC, +_(_%§!)2_C‘_n —LA—?’"!icim+-+R" ' o 4.54
aC a:C

where C, =—,C

ox - B ox? ’
then subtracting Equations 4.53 and 4.54, one can arrive at finite-difference approximations for
the first two derivatives of C; , as follows:

etc., and all derivatives are evaluated at the point i. By adding and

c. =S1=C | oax) 455
Ax | | .

>
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C. = C—i—f—‘ +O(Ax), 4.56

C, = C;%‘f-' +0[(axy’} 4.57
- 2C. i

c, =S (Aff)j' St of(ax] 4.58

Equations 4.55, 4.56, 4.57 are known, respectively, as forward-, backward-, and central-
difference formulae for the first derivative of C; . Equation 4.58 gives a finite-difference
approximation for the second derivative of C;. All these formulae arise from truncated infinite
series. Thus, truncation errors are involved. Truncation errors vary in these formulations, being
first-order in the forward and backward difference formulae, and second-order in the central-
difference and the second derivative.

In NUTS’s discretization of the transport eguation, a block-centered grid is used, which is
consistent with BRAGFLO’s discretization. With a block-centered grid, the location of the
advective component of the transport is evaluated not at grid points, but at the interior points mid
way between grid points. This formulation leads to introduction of new points at which the
discretized variable is defined, namely, at C.;» and C;,» , which is in addition to the discrete
points { where the concentration C; was defined earlier (see Figure 4.5)

AX
o rﬂ' X i-uz_"_ i+ 12‘1 .

.1 -z . + 4 o -1 .

.
-

— AXx

=172 — — I+1/2

Figure 4.5 Block-Center Grid in Finite-Difference Approximation.

where Ax | =_Ax_+2Ax,_+,_ is the distance between the ncighbbring points i and i+1. Various
f—

methods are used to approximate the value of the function at these interfacial points, each
method having a characteristic accuracy. Among the most common methods are:

1. Mid-point weighting approximation. In this second-order accurate method, the concentration
at the interface is approximated as follows:
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C.“_l. = (0'5 +Hy )Ci + (0'5 —H )Ci-l ) 4.59
2
and
C , =(05+p,)C, +(05-p,)C, 4.60
2
where

Ax; _LAx, —Ax,

1 Axi—l -
By =", and P, =t
4 Ax,._l + Ax, 4 Ax,. +Ax,,

4.61

From Equation 4.61, it is obvious that yt; and L, are both zero for a uniform grid, wherein Ci,.
and C;.,, become simple averages of neighboring values.

2. One-point upstream weighting. The interfacial concentration in this first-order accurate
method is approximated by the concentration of the upstream block as follows:

C if the flow from itoi-1
C , =< f Fow fr . } 4.62
i~ C if the flow fromi-1to i
Similarly
C if the flow fromito i+ 1
C, = ) flow fr ) .- 4.63
s | C if the flow from i+ 110

3. Two-point upstream weighting. This method is second-order accurate. The interfacial
concentration in the two-point upstream weighting is approximated by the concentration of the
two grid blocks upstream of the interface as follows:

(I+u,)C -u,C,, if the flow fromitoi- 1
C ,=¢(1+u,)C, -u,C., if the flow fromi i-1to iy, 4.64
2
Arx, Ax;
he = andp, = ———1—
Lw " u] Axn’ + Axiﬂ ]J'z Axi—i +Axi—'1 ’

and
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F
(1+p,)C -u,C,, if the flow fromito i+ 1
C , ={(I+n,)C,, -1,C,, if the flow fromi+1toi;. 4.65
1+E
L Ax, +Ax;_| Ax;,, +Ax,,,

4. Leonard method. This third-order accurate method uses two grid blocks upstream and one grid
block downstream. In this method and for a uniform grid, if the flow in Figure 4.5 is from the
left to the right, then

_2C,+5C,., -C,,

C , -t , 4.66
i~ 6

and )

C‘ . o 2'(:r'+l +56C£ — C'E—l . 4.67

5. Total-vanation-diminishing (TVD) flux-limiter methods. In this class of methods, the flux,
F=v(C , and not the concentration is used as the independent variable. It starts with the average
of F, T

Fo=fs 22 T . 4.68
; 2

which is written as the first two terms of a Taylor expansion. Then, the slope-term contribution
is multiplied by a flux-limiter function, @, so that

F,=f+o(r)A , 4.69
2 2

where A | is the slope-term contribution and @(r),the flux-limiter term, is chosen in a way that
— - . .
> ,
gives a value of approximately 1.0 in smooth regions of the concentration profile. In regions
where oscillations could occur due to the unrestrained slope-term contributions, @(r) is allowed
to vary so as to eliminate spurious solutions. The variable r is defined as the ratio of successive
slope terms, namely:
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Accepts a character string up to 100 characters in length as a
descriptive line.
Line 42.. ((XMVIS3D(LJ,K)J-1,NX)J-—1,NY),ZJNZ)
' XMVIS3D .Matrix brine viscosity (Pals) ’
Accepts a real number > 0.

6.5.3F Dual—Porosxty!Dual—Permwblhty Informahon r e
id medmm to be modeled has dual-porosity or dual—pcrmeabmty then

Line 43. Descriptor: Shape factor
Accepts a character string up to 100 characters in length as a

descriptive line.
Line 44. ((SIGMA3D(,).K),I=1,NX),J=1,NY),Z=1,NZ)
SIGMA3D:  Shape factor (m’).
Accepts a real muamber > 0. .

Line 45. Descriptor: Transfer function -
- Accepts a character string up to 100 characters in length as a

descriptive line.
Line 46. (TAUW3D(LJ,K),J=1,NX),J=1,NY),2=1,NZ)
TAUW3D:  Fracture/matrix transfer function (m’/s)
Accepts a real number > 0.

6.5.4 Binary Flux-Field Input File

This file is the binary BRAGFLO output. It is read only for the single porosity matrix. It
provides NUTS with the following variables:

QA information

Time information

Grid blocks dimension and volumetric information

Grid block saturation, pressure, velocity or fluxes field, and fluid dcnsmes

poop

A full description of this file and the variables printed is available in BRAGFLO User’s Manual.

6.5.5 Binary Output Files
6.5.5A Binary Output Files (BRAGFLO Style)

This NUTS binary output is meant to be post-processed with the results of BRAGFLO.
Therefore, the sequence and type of information in this file are in harmony with BRAGFLO’s
binary output (for a detailed description, the reader is referred to BRAGFLO User's Manual).
The post-processor used for this objective 1s BINCOMBO_NV.










































