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UN APERÇU DES SIMULATEURS INTERA, SWIFT-AECL/PTC ET SWIFT-AECL/SSP,

FOUR L'INJECTION, L'ECOULEMENT ET LE TRANSPORT DES DECHETS

par

INTERA Environmental Consultants, Inc.
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RESUME

On présente lea codes d'ordinateurs les plus avancés. Un code,
SWIFT-AECL/PTC, peut résoudre les équations de transport couplées pour l'é-
coulement, la chaleur, la saumure et les chaînes de radionucléides de façon
tridimensionnelle et entièrement transitoire. L'autre code, SWIFT-AECL/SSP,
a été simplifié pour résoudre de la manière la plus efficace les problèmes
d'écoulement permanent et du transport des radionucléides transitoires. Il
est également bs?jé sur une mise en application des différences finies tridi-
mensionnelles •

On fait ressortir les formulations mathématiques des deux modales.
On présente les équations de transport, les équations auxiliaires, et six
sous-modèles comme une façon d'introduire les deux modèles. On peut appli-
quer ces équations aux milieux fissurés en utilisant les conceptualisations
de porosité simple ou double. De plus, â cause de la généralité de ces
équations,les deux codes SWIFT ont été appliqués â une variété de domaines,
comprenant l'évaluation des concepts pour l'isolement des déchets nucléaires
(dans le sel stratifié et en dome, le basalte, et la roche crystalline),
l'injection des déchets industriels, l'exploitation minière par solution, la
migration des impuretés de remblai, et l'interprétation des puits d'essais
hydrogéologiques.
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ABSTRACT

Two state-of-the art computer codes are presented. SWIFT-
AECL/PTC permits a coupled, three-dimensional analysis of four transient
processes: fluid flow, heat transport, brine migration, and the mi-
gration of radionuclide chains. The other code, SWIFT-AECL/SSP, has
been simplified in order to most efficiently solve problems of steady-
state flow and transient-state radionuclide transport. It, too, is
based on a three-dimensional finite-difference implementation.

The mathematical formulations of the two models are emphasized.
Transport equations, auxiliary equations, and six submodels are presented
as a means of introducing the two models. These equations may be applied
to fractured media using both single- and dual-porosity conceptualiza-
tions. Furthermore, because of the generality of these equations, the
two SWIFT codes have been applied in a variety of areas, including
evaluation of concepts for nuclear waste disposal (in bedded and domed
salt, basalt, and crystalline rock), industrial waste injection, solution
mining, land-fill contaminant migration, and hydrogeological well-test
interpretation.
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FOREWORD

The method adopted for environmental and safety assessment for
the Canadian Nuclear Fuel Waste Management Program is based on the use
of mathematical models which predict the movement of radionuclides
through various materials comprising the disposal system. Because the
only feasible mechanism for movement of radionuclides from a hard-rock
disposal vault to the biosphere is transport in groundwater, particular
importance is attached to hydrogeological models.

Capabilities for modeling flow in porous media and in fractured
media are required. For example, the backfill material can be considered
predominantly as a porous medium, whereas the crystalline rock formation
will be considered as a fractured medium with a porous matrix. If an
"equivalent porous medium" approximation can be shown to be suitable for
the analysis of flow in fractured material, the porous medium models
could be used to treat both types of flow.

This report describes two porous-medium computer models, SWIFT-
-AECL/PTC and SWIFT-AECL/SSP, which are currently being used by Atomic
Energy of Canada Limited (AECL) in the Canadian Nuclear Fuel Waste Man-
agement Program. These are state-of-the-art models designed to simulate
three-dimensional flow and transport within a heterogeneous geologic
media. SWIFT/AECL/PTC permits a coupled analysis of four transient
processes, i.e., fluid flow, heat transport, brine migration, and the
movement of radionuclide chains. SWIFT-AECL/SSP is a specialization
designed to achieve computer efficiency for applications involving only
steady-state fluid flow and transient migration of radionuclide chains.
Each model treats fractured or non-fractured media, using equivalent
porous media or dual-porosity characterization for fractured systems.

These programs were developed by INTERA Environmental Con-
sultants, a contractor of AECL. Earlier versions have been applied tc a
variety of problems, including nuclear waste management in both North
America and Europe. They are currently operational at AECL's Whiteshell
Nuclear Research Establishment.
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NOMENCLATURE

a total leach time

B viscosity parameter

b time of initiation of leach process

C concentration of the radioactive/trace component

C concentration of the inert contaminant

c specific heat

c compressibility of rock (formation)

cT coefficient of thermal expansion

c compressibility of the fluid

c coefficient for increase in fluid density with increasing brine
content

D dispersion tensor

D molecular diffusion
m

E dispersivity tensor (hydrodynamic + molecular)

f fractional block saturation

F transmissibility fraction

g acceleration due to gravity

gc units factor (unity for the SI system and 32 lbm.ft/lbf.sec2 in
the English Engineering System)

h depth

H fluid enthalpy

k permeability tensor

k,. equilibrium adsorption distribution constant for radioactive
component i

k.. branching factor for radionuclide component j transforming to
component i

k^ fractional allocation factor

K. equilibrium retardation factor for radioactive component i

K molecular heat conductivity of fluid and rock

K hydraulic conductivity

K hydraulic conductivity of the skin region surrounding a well
s

m aass density of canistered wastes



M mobility

p pressure

q rate of fluid withdrawal through wells

q rate of brine withdrawal through wells

q . rate of radionuclide withdrawal through wells

qu rate of energy withdrawal through wellsn
qT heat loss to overburden
L

q . source rate for dissolved radionuclide i from leaching
R brine source rate due to salt dissolution
s

R' fluid source rate due to salt dissolution

S concentration of undissolved leachate

r radius of well bore

r., radius of well skin

r equivalent grid-block radius

t time

T temperature

U specific internal energy

û  Darcy velocity vector

u magnitude of _u

v interstitial velocity

w weighting factor for numerical time integration

WI well index

z depth below a reference plane

a dispersivity

Ah depth of free-water surface within any grid block

AH change in total head

Ax spatial increment in x

Ay spatial increment in y

Az spatial increment in z

At increment in time

X decay coefficient

<f> porosity

p density



p fluid density at the reference temperature and pressure and at
zero brine concentration

y viscosity

Y radioactive half-life

Subscripts

c component

H heat (energy)

I injected, or maximum, value

L over/underburden

N natural reservoir conditions

o reference conditions

\ rock (formation)

w water (fluid)

W radioactive waste

s salt (brine)



1. INTRODUCTION

1.1 BRIEF DESCRIPTION OF THE SWIFT MODELS

Two versions of SWIFT (Simulator for Waste Ejection, Plow and

Transport) have been produced. SWIFT-AECL/PTC, is a fully transient,

three-dimensional model which solves the coupled equations for transport

in geologic media. The processes considered are:

1. Fluid flow.

2. Heat transport.

3. Dominant-species* miscible displacement.

4. Trace-species miscible displacement.

The first three processes are coupled via fluid density and viscosity.

Together they provide the velocity field on which the fourth process

depends.

The second computer model, SWIFT-AECL/SSP, is, for the most

part, a specialization of the above. The processes considered in this

case are:

1. Steady-state fluid flow.

2. Transient trace-species** migration.

Like its counterpart, this model is three-dimensional and permits a

transient solution of the radionuclide equation. However, in order to

achieve computer efficiency for what has been found to be a relatively

large class of applications, the SWIFT-AECL/SSP version is limited to

steady-state fluid flow with no heat or brine transport. This model,

however, does contain one facility which, at present, is not available

for the SWIFT-AECL/PTC version, namely a free-water surface capability.

* Hereafter referred to as "brine".

** Hereafter referred to as "radionudides".
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1.2 APPLICATIONS OF SWIFT

Because of their generality, these models have many applica-

tions. They include, but are not limited to, the following:

Nuclear waste isolation in various geologic formations.

Injection of industrial wastes into saliue aquifers.

Heat storage in aquifers.

In situ solution mining.

Migration of contaminants from landfills.

Disposal of municipal wastes.

Salt-water intrusion in coastal regions.

Brine disposal from petroleum-storage facilities.

Brine disposal as a byproduct of methane production from

geopressured aquifers.

Determination of aquifer transport parameters from well-test

data.

1.3 DEVELOPMENT OF SWIFT

The first phase in the evolution of these codes began in 1975

when the U.S. Geological Survey (USGS) awarded a contract to INTERCOMP

Resource Development and Engineering, Inc., a company with international

experience in oil-reservoir simulation and, at that time, the parent

company of INTERA Environmental Consultants. The objective of this con-

tract was to develop a general model to simulate waste injection in deep

saline aquifers. The result of this effort was a simulator for single-

phase fluid flow, heat transport both through the rock and the fluid

meaia, and fluid compositional changes for a dominant miscible compo-

nent. This work is discussed in INTERCOMP^.
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The second phase In the development of SWIFT hegan In 1977 at

Sandla Laboratories, Albuquerque, New Mexico. This organization, under

contract to the U.S. Nuclear Regulatory Commission (NRC), sought to

acquire, in the form of a computer simulator, a waste-isolation meth-

odology to treat coupled three-dimensional transport of fluid, brine in

nondilute concentrations, heat, and chains of radionuclides in dilute

concentrations for periods of time approaching one million years. After

examining the existing technology at several national laboratories in

the U.S. and within the USGS, Sandia scientists concluded that no

computer model existed which included all the necessary features for a

nuclear waste isolation model. They also concluded that, among the

available models, INTERA's waste-injection program represented the state

of the art for geosphere simulation. Consequently, X.NTERA was engaged

under subcontract to Sandia to add the transport of radionuclide chains

to the existing code. The resulting computer model, i.e., the original

version of the SWIFT simulator, is discussed in the report by Dillon,
(2)

Lantz and Pahwa* ' and is available from the U.S. National Technical

Information Service. It was that model which provided the basis for

development of the two AECL models describe herein.

For up-to-date user manuals, the reader is referred to K.W. Dor-

muth at the Whiteshell Nuclear Research Establishment, Pinawa, Mani-

toba ROE 1L0.

2. TRANSPORT MODELS

2.1 SWIFT-AECL/PTC SIMULATOR

The transport equations used here are obtained by combining

the appropriate continuity and constitutive relations and have been de-

rived by several authors 0*se, for example, Cooper , Reddell and



- 4 -

Bear^5* and Asiz and Settari^ * ) . The resulting relations

may be stated as follows*:

Fluid:

V • (pu.)

conduction

q +

production

Rs

salt
dissolution

CD
accumulation

Heat:

- 7«(pHu)

convection

- q H

injected
enthalpy**

conduction/
dispersion

produced
enthalpy

CI-#) PRcpRTj

accumulation In fluid and rock

Brine:

heat loss to
under/overburden

C2)

- V«(pCu) H

convection

" qc -1

produced
brine

1- V-(pE 'VC)

dispersion/
diffusion

h R
s

salt-
dissolution

qC

injected
brine**

accumulation
C3)

* All terms are defined in the nomenclature section.

** This is a source term since, via the sign convention adopted here,
the rate of fluid injection is inherently negative.
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Radionuclide (component i):

- V-(pC.u) + V-(pE -V C.)
i—~ ™c i

convection dispersion/
diffusion

injected
compound*

produced
component

waste generation of
leach component i by

decay of j

9t

accumulation

decay of
component i

(4)

Several quantities in Equations (1) to (.4) require further

definition in terms of the basic parameters. The tensors in Equations

(2), (3) and (4) are defined as sums of dispersion and molecular terms:

D + D
m

and

where

(5)

C6)

<aL " u i u j / u (7)

in a Cartesian system. Also, adsorption of radionuclides is included

via an assumption of a linear equilibrium isotherm. This yields the

distribution coefficient k,. and the retardation factor of Equation (4):
dl

(8)

This is a source term since, via the sign convention adopted here,
the rate of fluid injection is inherently negative.
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Equations (1) to (A) tre coupled by four auxiliary relations

for Darcy velocity:

u - -(k/ji)(Vp - p f- Vz) (9)

porosity:

• - 4>o [1 + C RCP-P O)J (10)

fluid density:

p - PQ [1 + cw(p-Po) + cT(T-TQ) + cg CJ (11)

fluid viscosity:

V - WR(C) exp [B(C) (T"
1-'^"1)] (12)

where parameter c is defined in terms of an input density range (Pj - PN)

and the reference density p :

cs - (P!-PN)/P0 as)

2.2 SOLUTION TECHNIQUES

Equations (1) to (4) form a set of coupled parabolic equations.

The equations for flow, heat and brine, i.e., Equations (1) to (3), are

relatively strongly coupled through Equations (.9) to (12) and must be

solved iteratively. However, the transport equations for the radio-

nuclides, i.e. Equation (4), are relatively weakly coupled to the others.

This fact arises from the assumption of trace concentrations for the

radionuclides. Thus, Darcy velocity, porosity, density and viscosity

are determined independently of radionuclide concentrations, and, for a

given time step, there is no need to iterate the radionuclide solution

procedure.
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The numerical algorithm is discussed thoroughly in Appendix A

of INTERCOM? . Only a general overview is piesented here. Very

briefly, the region of interest is divided into grid blocks, and finite

differencing is invoked in both space and time domains. Either centered

or upwind-weighting schemes may be used in the spatial differencing, and

either centered or fully implicit schemes may be used in the temporal

differencing. One rather unique feature of the algorithm is a formal

Gaussian elimination between the discretized versions of Equations (1)

to C3) for the purpose of minimizing coupling. Also, transmissibilities,

which control grid-block transfers and which arise from the conduction

and dispersion terms of Equations (1) to (4), are lagged by one time

step, again for the purpose of minimizing the deleterious effects of the

nonlinear coupling.

One of the attractive features of the SWIFT codes is the ma-

trix-solution option which these codes offer. Either direct or two-line

successive over-relaxation methods may be used. Typically, the former

is preferable because of its efficiency. However, whenever core storage

is a problem, the over-relaxation approach is available. In either

case, sparseness methods are used to maximize computer efficiency. In

addition, the method of Price and Coats is used to achieve an optimal

band-width structure through a particular ordering of the grid-block

numbers.

Another attractive feature of the code is that of dynamic

storage allocation. The code has been written especially for storage

efficiency by placing all variably dimensioned variables within one

blank-common array. As a part of its initial setup procedure, the code

then determines the maximum dimensions of these variables and allocates

the required core. Such dynamic allocation is permitted by most of the

Control Data installations on which the code is currently implemented.

However, for other installations in which dynamic allocation is not per-

mitted, only the main subprogram need be recompiled to optimize storage.

This feature and most of the others discussed in this section are pre-

sent in both the SWIFT-AECL/PTC and the SWIFT-AECL/SSP versions.
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2.3 SWIFT-AECL/SSP SIMULATOR

In the simulation of radionuclide transport, quite often the

frame of interest may extend over many thousands of years. Typically

the assumption of time-invariant flow boundary conditions is justified

in such cases due to the lack of specific precipitation data for such a

long period of time. Furthermore, the overall effect of transient rain-

fall boundary conditions may have a minor effect on radionuclide trans-
(8)

port. For example, Duguid and Reeves have shown this to be the case

for a combined saturated-unsaturated simulation of tritium transport

over a period of only one month.

In addition, it is appropriate, for some applications, to as-

sume time-invariant distributions of temperature and brine concentra-

tions. For example, a geothermal gradient and a relatively simple stra-

tigraphy will permit a hand calculation of such distributions. Also,

temperature and brine distributions may be insignificant so that con-

scant ambient values may be used. In such cases, the steady-state flow

equation may be solved in combination with the transient radionuclide

equations. To deal with such problems, a steady-state flow option has

been included in the SWIFT-AECL/PTC code.

Furthermore, to take advantage of the inherent savings in core

storage for such problems, a separate simulator, the SWIFT-AECL/SSP

code, has been developed. Perhaps the most important result here is an

increase in the maximum permissible number of grid blocks by about 25

percent.

The flow equation used in the SWIFT-AECL/SSP model is quite

similar to Equation (1). It is:

Fluid (steady state):

V-(pu) - q - 0 (14)

conduction production
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The radionuclide transport equation used here is the same as that used

in the SWIFT-AECL/FTC model, namely Equation (41. -For Equation (14),

the Darcy-velocity and density functions are defined by Equations (9)

and (11) with dependencies upon temperature and brine concentration

being determined from the prescribed initial conditions. Equation (14),

like Equation (1), is discretized following INTERCOM?^1*, Appendix A,

with one exception: the finite-difference equations for the steady-

state solution are written in terms of p rather than Sp. Such a change

permits calculation of steady-state pressure without any intermediate

steps.

2.4 FLOW AMD TRANSPORT IN FRACTURED ROCK

Two different options are available within the SWIFT models

for simulation of flow and transportation in fractured rock. The medium

can be characterized by either single- or dual-porosity models. Snow '

has shown that many fracture-flow problems can be solved using standard

single-porosity techniques provided that an anisotropic permeability

tensor is used to account for the anisotropic distribution of fracture

apertures. A single-porosity option is available in SHIFT, as is appar-

ent in the statement of the transport equations presented above.

However, it is not so apparent that dual, or even multiple,

porosities may be used. The reason for this is that primary and secondary

porosity are considered in a completely parallel manner. The model

assumes that flow in both primary and secondary pores is characterized

by porosity and permeability. It is assumed thereby that Darcy's law

is valid in the fracture zone. Non-Darcian flow components are ignored.

(See Freeze and Ch<

non-Darcian flow).

(See Freeze and Cherry and references therein for a discussion of

To consider the coupling between primary and fracture zones,

it is useful to examine Figure 1. The hypothetical system is conceptua-

lized there by a layered configuration, and, for simplicity, only two

grid blocks are shown. The coupling is caused by a pressure difference
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which, in this case, drives a Darcian flow from primary to fractured

media. Thus, the flows between zones of different porosities are treated

no differently here than they would be in a single-porosity implementa-

tion for a heterogeneous medium. There is, therefore, no additional

coupling term in Equations (1) or (.14) since grid-block-to-grid-block

coupling arises naturally in implementation of the conduction term for a

heterogeneous medium.

It is not so easy to visualize the situation in which primary

and secondary zones are intermixed within the same block. To perform

such a simulation, the system is first depicted within the SWIFT input

as a heterogeneous system with fracture and primary blocks placed side

by side, as in Figure 1. Then, within the same input, the code is in-

structed to modify depths and hydraulic parameters so as to superimpose

the different zones. From a physical point of view, the result is that

different porosities reside in the same space. From a computational

point of view, however, the solution procedures are identical to that of

a single-porosity application to a heterogeneous system. Coupling is

then adjusted by modifying transmissibilities at what, from a computa-

tional perspective, appears to be an interface between primary and frac-

ture blocks. The SWIFT input contains modification parameters, which

are especially designed to effect dual porosity applications. The

transport of heat, brine and radionuclides is specified in an analogous

fashion.

(12)
Gale's model emphasizes the importance of deformation in a

fractured system and solves coupled equations for flow and deformation.

Permeability is specified there as a function of displacement. In the

SWIFT models, the effects of deformation arise only in the porosity.

There, Equation CIO) relates porosity to fluid pressure via the rock

compressibility, which must be prescribed by the user for both primary

and fracture porosity. Additional discussion of numerical methods,

similar to that employed in SWIFT, for simulating dual-porosity systems

may be found in Aziz and Settari^ .
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3. SUBMODELS

The SWIFT models contain several submodels which broaden their

ranges of applicability. The submodels for density, viscosity and wells

were included in the original development for treatment of the waste-

injection problem. Then, waste-leach and salt-dissolution submodels

were, added for assessing the dissolution of wastes within a bedded-salt

formation. The most recent addition has been the free-water surface

capability for consideration of waste isolation in the Canadian Shield.

The following sections present mathematical formulations and, when

possible, validations and verifications of these submodels.

3.1 DENSITY

One of the unique features of the SWIFT-AECL/PTC model is

that it permits variable densities and viscosities. The submodel for

density is given in Equation (11):

p - pQ [1 + cw(p-po) + cTCT-To) + csCj (11)

The relation has been investigated recently by Muller, Finley and Pear-

son^ . They conclude that the use of constant values for c and c

is adequate for most simulations but that the constant c_, must be care-

fully chosen for the expected temperature range. They argue that, since

the variation of c is only 0.5 percent for a pressure change of 10 MPa,

the use of a constant value for c is adequate for most hydrological

simulations. As for the brine coefficient, c , they note that the exper-

imentally observed variation of density with concentration is not linear

for four different salts. However, using a linear relation introduces,

at most, a two percent error in the density. Such an error would most

likely be quite acceptable when compared to other uncertainties in most

simulations.
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Parameter c_ is somewhat more variable than c and c . To
.L W S

show this, Muller, Finley and Pearson compare experimental data from

Kennedy and Holser^ ' with the linear model of SWIFT and with a density

model of Sorey which contains a quadratic term in temperature. Fig-

ure 2 shows density variations from a reference value at 20°C. As shown,

Sorey's quadratic model compares quite favorably with the data. The

linear model shows a rather sensitive dependence on the value chosen for

c_. If this value is taken from the slope of the data at 20°C, the pre-

dicted densities can vary from the data by as much as eight percent at

elevated temperatures. However, if the value for c_ is chosen at 60°C,

the variation is no more than about one percent.

In the reference INTERCOM? , parameters c and cT are exam-

ined as coupled functions of both brine concentration and temperature,

and similar observations are made. The conclusion is that a linear

model is quite adequate for parameters c and c , but to use the linear

density model, one must choose c_ to correspond to the expected tempera-

ture range.

3.2 SPECIFICATION OF VISCOSITY

The SWIFT-AECL/PTC model uses Equation (12) to express the

dependence of viscosity upon concentration and temperature, namely

u - uR(C) exp [B(C) (T"
1-^"1)] (12)

Quantities yR and B are empirical functions. This relation is shown

schematically in Figure 3. Data of varying amounts, depending on avail-

ability, are indicated along curves r, i, and c and are used to deter-

mine the empirical functions UR(C) and B(C). Curves r and i are given

by the extreme concentration values and are given as ji(O,T) and y(l,T),

respectively. Curve c, on the other hand, is defined by an intermediate

value of temperature called the reference temperature, TR, and is given

by u(C,TR). From the data given for curves r and i, the following four

values of the empirical constants are determined: uD(0), y_Cl), B = B(0)
K K r
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and B. = B(l). From the last two, function B(C) is determined by linear

interpolation. From the first two, and from such additional data given

along curve c as may be available, function U_(C) is determined either

by linear interpolation or by power-law interpolation, depending on the

amount of additional data. Very briefly, then, Equation (12) and the
A.

above-mentioned techniques for determining empirical functions UD(C)
yv It

and B(C) constitute the viscosity submodel of the SWIFT programs.

The minimum amount of data which must be specified consists of

the two points ji(O.TRR) = VISRR and p(l,TIR) = VISIR. Here, additional

data from the general curve of Lewis and Squires are supplied inter-

nally by the program. Additionally, one may specify other values for

C = 0 and C = 1, i.e., for curves r and i in Figure 3. Or, in the best

case, one may also supply mixture data for the reference temperature

T = TRR.

(13)Muller, Flnley and Pearson compare model calculations in

two of the above cases with experimental viscosity-temperature data for

pure water. Some of their results are shown graphically in Figure 4,

where the experimental data of various researchers may be compared with

results from the SWIFT model. For the curve labelled "general curve of

SWIFT", only one data point is supplied. The model supplemented this

data with the general curve of Lewis and Squires and performed a

least-squares fit to obtain the parameters UR(0) and B(0) of Equation (12).

Model results compare relatively poorly with the experimental data at

the lv/o extremes in temperature. Here there is a 25 percent deviation

of model results from experimental data.

For the curve labelled "exact fit" in Figure 4, only two data

points are supplied, namely viscosities at the reference temperature of

20°C and at 60°C. The model then performs an exact fit to obtain )in(0)

and B(0). The comparison with experimental data here is quite satis-

factory for the temperature range 0 - 120°C. Of course, additional vis-

cosity-temperature values could be used to improve the fit still further.
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In INTERCOMP^ , this viscosity model is compared with experi-

mental viscosity-concentration data. Varying amounts of viscosity-tem-

perature and viscosity-concentration data (at 15°C) are specified for

the determination of the empirical functions u_(C) and B(C). In each
A

case, the model is then used to calculate a viscosity-concentration

curve at 65°C. Results are displayed in Figure 5, and the observations

here are quite similar to those of Muller, Finley and Pearson . In

Case III, only two data points are provided, and the viscosity model

uses the data of Lewis and Squires . Here, the agreement between

model and experimental results is relatively poor with a maximum devia-

tion of about 18 percent. On the other hand, in Cases I and II, where

additional data are specified, calculated results are quite acceptables

showing, at most, a five percent deviation from the experimental data.

3.3 FREE-WATER SURFACE

The situation to be considered here is that of an unconfined

aquifer. Typically such en aquifer is but one component of a coupled

system consisting of an unsaturated soil-water zone and a capillary

fringe, as well as the saturated groundwater zone, which is the aquifer.

Several rigorous treatments of the total system have been developed sub-

ject only to a one-phase approximation for the unsaturated zone (see,

for example, Rubin , Freeze and Reeves and Duguid ). Numeri-

cal implementations, however, have been severely limited by their fail-

ure to characterize the unsaturated region in a computationally efficient

manner.

Other treatments have focused on recharge by precipitation to

the groundwater zone, ignoring, for the most part, the inherent delays

caused by the unsaturated zone. Some have been analytic in their imple-

mentation, as, for example, in the Dupuit-Forchheimer and Boussinesq

equations (see Bear ). Some also have been numeric, as, for example,

in the USGS model (Trescott ' and Trescott and Larson^ ^ ) . Our ap-

proach here is of the latter type with the following qualifications.

The total system is taken to consist of a saturated zone and an unsatu-
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rated zone separated by a free-water surface. Furthermore, the unsatu-

rated zone is taken to be totally evacuated with the exception of a

small saturation which is necessary to sustain recharge from the ground

surface. Finally, steady-state fluid transport is considered here

since, at the present time, the free-water surface is operational on

only the SWIFT-AECL/SSP model.

The implementation of the free-water-surface facility may be

explained most easily in terms of the finite-difference analogue of

Equation (14), the steady-state flow equation:

AfT(Ap - p jj- Az)J - q = 0 (15)

The transmissibilities, as written in this section, control transfers of

fluid between neighboring grid blocks and are defined, for a Cartesian

system, as:

and

C 1 7 )" (Az/kz)fc + (Az/kz)k+1

(The expression for T is not shown since it is entirely analogous to

Equation (16).)

The physical meaning of Equations (16) and (17) can be clari-

fied by considering the case in which the permeability is a constant and

the depth increment is independent of block index, i. In that case, it

may be seen, after some simple algebraic manipulations, that transmis-

sibility and, hence, block-to-block flow, is directly proportional both

to the local hydraulic conductivity (pgk/g ji) and to the area of the

block-to-block interface and is inversely proportional to the flow

length. Transmissibility, as defined here, is also proportional to the
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transmissibility fraction F. Quantity F, whose definition is crucial to

the free-water-surface submodel, has two meanings depending upon whether

the flow is lateral or vertical. For the lateral flow case of Equation

(16), AyAzF represents the area underneath the free-water surface

through which there is flow from block (i.j.k) to block (i+l,j.k).

For the vertical flow case of Equation (17), F represents the

net result of two effects. First of all, if one of the blocks is partially

saturated, there will be a reduction in the flow length (Az, + Az, .)/2.

This means that 1/F would decrease and that F would increase with de-
z z

creasing block saturation. There is, however, a compensating effect.

If one, or both, of the blocks (i,j,k) and (i,j,k+l) is partially satu-

rated, then there is a reduction in the local hydraulic conductivity.

Thus, quantity F would need to decrease with decreasing saturation in

order to reflect the fractional permeability. It has been assumed for

this model of the free-water surface that the effects are mutually com-

pensating, yielding

F, = 1 (18)

In addition to the transmissibility fraction F, there is a

second quantity whose definition is crucial to the free-water-surface

submodel. It is the fractional block saturation f. This quantity is

used within the model both to specify the lateral transmissibility frac-

tion and to determine effective porosities, or pore volumes. The block

saturation may be defined by reference to Figure 6. After a specific

iteration, the pressure p of each grid block is examined to see if it is

less than the atmospheric pressure p . (If one is using gauge pressure

rather than absolute pressure, the model sets p = 0.) The fractional

saturation, defined as

f - 1 - Ah/Az (19)

nay then be evaluated by the relation
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for p >_ p

C20)

- (P. - P)&JPSte f o r P < Pa

where block subscripts have been temporarily dropped for convenience.

Effective porosities are defined in terms of the block satur-

ations by a simple multiplicative relation for each block:

£ « k o . * « k C21)

Lateral transmissibility fractions, which refer to block interfaces, are

defined by a hi

definition is:

defined by a harmonic mean for the two neighboring blocks. For F , the

where indices j and k have been dropped for convenience. A similar re-

lation holds for Fy. If the effective transmission area for a given

block is taken to be fAzAx, consistent with Equation (19), then Equation

(22) may be derived rigorously for the case Az..v " Az. .. .. and k ...
X j K X T X f j K X y X JIC

- k . . .., which is a common situation.
X y X*t*X f J IC

3.4 SALT DISSOLUTION

One submodel of the SWIFT-AECL/PTC model is that of salt dis-

solution. This mechanism appears in the fluid flow equation, Equation

(1), through the source term R1 and in the brine equation, Equation (3),

through the source term R . These quantities are defined by

(23)

and by

Rs " Cs Rs / C 1 + C s } C24)
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where coefficient c is defined by Equation (.13). It should be noted
s

that two parameters are used to characterize the dissolution process,

namely a rate constant k and a mass fraction f of soluble mass to
s s

total solid mass. This formulation of dissolution is similar to that of
(22)

Nolen et al. where salt-cavern formation for storage of crude oil

was considered.

3.5 WASTE LEACH

Another submodel which is present in both SWIFT models is that

for waste leach. The purpose of this model is to determine the source

rate q . (see Equation (4)) at which a radionuclide is dissolved from
ol

the waste.

More specifically, this model considers each radioactive com-

ponent to be in one of three distinct phases, characterized as being

either:

1. Unleached from the waste matrix.

2. Leached but undissolved.

3. Dissolved.

Phases (1) and (2) are coupled by the leach rate. There is, of course,

considerable uncertainty in the time dependence of this rate. However,
(23)

in accord with arguments given by Campbell et al. , we have chosen a

constant leach rate for the implementation. Phases (2) and (3) above

are coupled by the solubilities. Very simply, the source rate q for

solubilizing Phase (2) is kept sufficiently small that the solubility of

any given nuclide will not be exceeded. Radioactive decay and produc-

tion processes are considered throughout the analysis.

As mentioned above, there are three phases to be tracked, spe-

cifically, the unleached radionuclides within the canisters m., the un-

dissolved leachate S, and the dissolved leachate c.. The appropriate

conservation equations may be written in the following manner: for the

dissolved phase of component i:
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j

for the undissolved, but leached, component i:

dS

3
%± + £ kijAjsj - x i s i - dT ( 2 6 )

and for the unleached component i:

dm.

£ k i j A i m j " A i m i = d T C 2 7 )

The constant fractional leach rate is taken to be I/a, which yields a

leach rate:

Ri

- m (t)pw/a for b <_ t <_ b+a

0 otherwise

C28)

It is understood that j ̂  i and m j i in each summation in the radio-

active decay and production terms of Equations (25) to (27). Equations

(25) and (26) are always solved numerically by the SWIFT code.

Two comments are appropriate for the waste-leach equations,

(25) to (28). First of all, for the unleached component, Equation (.27)

may be solved either internally and numerically by the SWIFT code, or
(24)

externally by a code such as the ORIGEN code (Bell ), in which case

power-law interpolation from tabular input data is used by SWIFT. Sec-

ondly, it may be noted that Equation (25) is a simplified version of

Equation (4), the general transport equation for a radionuclide. Drop-

ping the source term, qC., is immaterial if there are no withdrawal

wells in the repository. Neglecting dispersion, i.e., the E term, how-

ever, deserves some explanation. Equations (25) to (.28) are solved only

for repository blocks and not for the entire system. The purpose is

only to determine q and, in order to make the algorithm as efficient
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as possible, physical dispersion is neglected. Furthermore, in order to

calculate q . most easily, an explicit algorithm is used for the convac-

tive-transport term in Equation (25). This results in numerical disper-

sion which compensates, to some extent, for the loss of the physical

dispersion term. As a final word of explanation, it should be noted

that the accuracy of the solution of Equation (25) is important only for

the case in which solubility is restrictive. Our present experience

indicates that the algorithm performs quite satisfactorily even in that

case, in that it achieves the right solubility to within a few percent.

3.6 WELLS

The term "well", as used here, denotes either a source or a

sink for a system. Mathematically it is denoted by q in Equations (1)

to (4). Physically a "well" may be used to characterize a variety of

mechanisms. Originally, when the SWIFT code was strictly a waste-injec-

tion moc'el (see INTERCOMP , Fart 1, App. B), this facility was used to

simulate injection and production wells. Then, when the scope of the

code was enlarged to include waste isolation, application of the well

submodel was likewise enlarged. Thus "wells" are now also used to simu-

late both aquifer recharge from upland areas and aquifer discharge into

rivers and streams. The model option permitting switching from rate to

pressure control is frequently useful for such simulations. Wells may

be used strictly for observation, or they may be used strictly for in-

jection of heat and/or radioactive components. In some applications

they are used simply to establish flow boundary conditions. The effec-

tive use of wells is quite important to the application of this code.

Much of the terminology presented here derives from petroleum

reservoir engineering and would appear, on the surface, to be appropri-

ate only for injection and production wells. However, the concepts

apply equally well to any type of source-sink combination. The follow-

ing discussion in terms of well index, mobility, and rate allocation

attempts to illustrate the general utility even though the terminology

sounds as if the use might be restricted to actual wells.
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The underlying motivation for defining, in this section, the

terms: well index, mobility, and rate allocation, is threefold, namely

(1) to relate the pressure of source or sink at a sub-grid scale to the

average grid-block pressures, (2) to distribute fluid between different

permeability layers to meet a specified net source or sink rate, and (3)

to define a boundary condition of constant rate (injection or production),

constant pressure or a switch-over between the two. The second item is

more applicable to the case of a real well, whereas the first and last

items are generally applicable. The following discussion attempts to

provide the necessary background for the manner in which sources and

sinks are treated.

Well Index

The region surrounding a well is called the skin (see Figure 7).

The ability of this region to transmit fluid may either be degraded or

enhanced relative to that of the undisturbed formation, depending on

well completion. This transmitting capability of the skin is character-

ized by the well index WI, which in general is defined by the relation

q = (WI/u) Ap (29)

3
where q, in m /s, is the flow rate and Ap, in Pa, is the pressure drop

across the skin region. For specific values of fluid properties p and

p , well index may be defined in terms of head drop rather than pressure

drop:

q = WIQAH (30)

with WIo, in m
2/s, defined by

(31)

The SWIFT code requires WI as input, where u and p are defined
o o o

in terms of reference values of pressure, temperature, and concentration.
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For injection or production wells the well index may be estimated by a

one-dimensional steady-state solution of Equation (1), which yields

WI = 2TT K S £ A z ^ l n ^ / r ) (32)
k

where K is the hydraulic conductivity of the skin and where index k

ranges over all layers affected by the well. This equation is directly

applicable for radial coordinates since radius r^ is defined to be the

first nodal point in that case. For cartesian coordinates radius r1 is

not defined directly, but may be specified in terms of the radius

(33)

Schematically the assumed relation between the skin radius and

this average block radius is shown in Figure 8. Mathematically, this

relation is given by

ln( r i/r w) = r w j l + <?/rw)[ln<r/rw) - l j j /.<r-rw) (34)

In this case the pressure drop Ap of Equation (29) is the difference in

pressures between the well and the average grid-block pressure present

at the periphery of the skin. An alternate approach to Equation (34)

for determining the effective radius r. within a Cartesian system is
(25)given by Pritchett and Gargv .

For simulation of aquifer recharge or discharge, one might

choose the skin to be identical to the block itself. In this case, well

index may be related to the transmissibility, as depicted in Figure 9

for a block bounded on one side by a river. The well index in that case

would be

W Io = KAyAz/(Ax/2) (35)

where K is here the block conductivity rather than the skin conductivity.
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Mobility

Getting back to the case of an actual well, we consider another

concept which is quite similar to that of well index, namely mobility.

Both terms relate to the transmission properties of the skin. For the

case of a well completed into more than one layer, however, mobility is

a layer-dependent term which, to some extent, partitions flow between

layers. A fractional allocation factor, k., is assigned to each layer.

Typically, each factor is taken to be proportional to the thickness-

permeability product for a given layer. Mobility for layer k is then

defined to be

^ - (kJl/p)WI (36)

(For convenience, indices i and j, which locate the well

itself, will be suppressed.)

Rate Allocation

There are two ways in which the partitioning of flows takes

place within the code, depending on the option chosen by the user. The

appropriate control parameter IINDW1 is specified in the input. The

first option (IINDW1 * 1) is that of rate allocation on the basis of

mobilities alone, i.e.

\ - "k

A second option (|lINDWl| - 2 or 3) is rate allocation on the basis of

mobilities and pressure drops. Here the flow rate allocated to layer k

is given by

qk " - i [ p b h
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where the bottom-hole pressure p.. is determined, in terms of the grid-

block pressures, by the condition

(39)

Subscript c. denotes the first layer in which the well is completed (see

Figure 7). The bottom-hole pressure is defined to be the well pressure

at h , the depth of the top of this layer.
cl

The SWIFT code applies Equation (38) for a rate limitation in

either an explicit (IINDW1 - 2) or a semi-explicit (IINDW1 = -2) manner.

In the explicit case, the evaluation of the right-hand side of Equation

(38) is lagged by one time step relative to the most current calculation.

In the semi-implicit case, each q. for the current time step n+1 is

expanded about the previous time step by the relation

n+1 it
(dq/dp)k (40)

Here the derivative is taken to be

(dq/dp)fc -

and term q, is evaluated iteratively:

1 n
qk = " Ipbh + <P8/g JOij-h )]

and

(41)

(42)

(43)

An option exists for incorporating variable rate pressure lim-

itation when allocating rate on the basis of mobilities and pressure

drops (|lINWDl| - 3). This very useful option permits switching between
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rate and pressure limitations. Thus, for injection, both a maximum

bottom-hole pressure Pbh and a pump rate q may be specified so that

the specified rate is maintained until the maximum pressure is attained.

At that time the pressure is controlled at its maximum value, and the

rate falls below the specified rate. Such cases are illustrated in

Figure 10 for cases of both injection and production. In addition to

its usefulness in simulating wells, this facility is also useful in

simulating recharge, when the "bottom-hole" pressure, i.e., the surface

pressure, cannot exceed atmospheric pressure. It has also been used for

simulating a river by forcing a pressure limitation.

Variable rate-pressure limitation is implemented by a more

flexible usage of the same equations that were used in the previous

section. For example, consider the explicit (IINDW1 * 3) case for an

injection well Csee Figure 10a). Here Equations (38) and (.39) are

applied in the following manner, starting from a rate-controlled situa-

tion. At each time step the following algorithm is used.

1. Pressure p., is determined from a combination of Equations

(38) and (39) using q - qsp.

2. If p.. < Pt,t.S t̂ then rate control is used, and source terms q.

are calculated from Equation (38) using p., as determined in
Dn

Step 1 above. Quantities q, are then used to solve the finite-

difference equation.

3. If p,, > Pb^
SP» then pressure control is used, and source

terms q. are calculated from Equation (.38) using p., » p.. .
K on • on

The total fluid injected will, in this case, be less than the

specified amount, i.e., q < qSp. These

used in the finite-difference equations.

so*
specified amount, i.e., q < q . These quantities q. are then
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4. Pressure control, i.e., p., = p,,Sp, is then maintained until
Da Dfl

the pressure gradient between the well bore and the average

grid-block conditions becomes sufficiently great that the

fluid injection rate exceeds the specified maximum, i.e.,

q > qSp. At that point the code changes back to rate limita-

tion CStep 2).

The corresponding algorithm for the case of a production well is easily

obtained by analogy.

In contrast, the implicit (IINDW1 = -3) case is implemented by

using a more flexible implementation of Equations (38) to (43) than for

the case IINDW1 - -2. Starting from rate control, the following proce-

dure is used for an injection well:

1. Pressure p., is determined explicitly from a combination of

Equations (38) and (39) using q = qsp.

2. If p.. < p.. , then rate control is used, and source terms q,
on Dn K

are calculated from an iterative implementation of Equations

(40) to (43). In this case, at each iteration, the coefficient

of p. in Equation (40) is included in the diagonal of the

propagation matrix, which carries the solution from one time

step to the next, and q, is included in the load vector.

3. If p.. > p., , then pressure control is used in that, from
Dn on

Equation (38),

qk Z * 8k° = " 1 *pbh + tP8/8c) (hfc-hc )] ~ Pfc[ \ (44)

4. Pressure control, i.e., p.. = p.,SI>, is maintained unless the
on bn

fluid injection rate exceeds the specified maximum, i.e.,

q > qsp. At tl

tion (Step 2).

q > qsp. At that point the code changes back to rate limita-



- 27 -

The corresponding algorithm for the case of a production well is easily

obtained by analogy.

In a steady-state fluid flow application, for which the SWIFT-

AECL/SSF model is designed, it is anticipated that the user will not

need the facility for changing between rate and pressure limitations

during the course of a simulation. Thus, for this model, the user may

specify either flow limitation (|lINDWl| = 2) or pressure limitation

(|lINDWl| = 3). The flow limitation is implemented in the same manner

as discussed above for the fully transient simulator, with only one ex-

ception. Time stepping, as indicated by the superscript n in Equations

(40) and (42), is replaced here by an iteration on the transmissibilities

of the partially saturated blocks containing the free-water surface.

Furthermore, the implementation of the pressure-limitation

option is quite similar to that of the rate-limitation option. In the

explicit case (IINDW1 > 1), Equation (38) is the working equation. The

only difference is the determination of the bottom-hole pressure. For

a pressure limitation, this quantity is known, i.e., P.. = Pbh
SP» How-

ever, for a rate limitation, the bottom-hole pressure is not known and

must be calculated, using Equation (39). In either case, the entire

right-hand side of Equation (38) is determined explicitly using pressure

values determined by the last iterate.

For the implicit case (IINDW1 < 1), the working equations be-

come Equations (40) and (41). The mobility term in Equation (40) is

applied implicitly under both rate and pressure limitations. The dif-

ference arises again in the bottom-hole-pressure term. For the pressure

limitation, the term qk is known directly from Equation (42), and no

further iterations are required. For the rate limitation, however, this

term is not known and must be inferred via iteration using a collection

of Equations (38), (39), and (42) for the first iteration and Equation

(43) thereafter. Hence, the application of Equations (40) and (41) is



- 28 -

semi-implicit for the rate-limitation case and fully implicit for the

pressure-limitation case.

In summary, then, all sources of fluid and sinks of fluid are

called "wells" regardless of whether or not they refer to physical

wells. Furthermore, all such "wells" are characterized by rate and,

where appropriate, bottom-hole pressure and by position, completion

layer, well indices WI , layer allocation factors, k., and a speci-
o &

fication option I1NDW1. The latter determines whether rate allocation

will be via mobilities alone (IINDW1 = 1) or via mobilities and pressure

drops (|lINDWl| = 2 or 3). In addition, this specification option

determines whether pressure control will also be applied (|lINDWl| = 3)

and also whether the source-sink term will be applied explicitly (IINDW1 > 1)

or implicitly (IINDW1 < -1). Finally, the meaning of the option (|lINDWl|

* 3) is somewhat different in the two models. For the SWIFT-AECL/FTC

version, this option means variable pressure-rate limitation. For

SWIFT-AECL/SPP, however, this option means pressure limitation only.
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PRIMARY BLOCK

FRACTURE BLOCK

FIGURE 1: A Layered Conceptualization of a Hypothetical
Fractured Medium
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FIGURE 3: Fluid Viscosity as a Function of Temperature and Concentration
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FIGURE 4: Graph Comparing Water Viscosities Measured at Various Temperatures with
Those Calculated with the SWIFT Viscosity Model (1 centipoise * 10 Pa«s)
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FIGURE 5: Predicted Brine Viscosity at 65°C with Three
Levels of Available Data u(T,C)
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FIGURE 6: Conceptualization of a Partially Saturated Girid Block
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FIGURE 7: Characterization of the Skin Region Surrounding a Well
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FIGURE 8: Concept of Skin Thickness for a Cartesian Grid Block



39 -

AZ

Seepage Fa

FIGURE 9: Use of a Well to Simulate Seepage to a River
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FIGURE 10: Pressure Profiles Illustrating the Use of Variable Rate-Pressure
Limitation
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