AEAT-2987 Issuel

NAMMU (Release 6.4) Technical
Overview

ST Morrisand S P Watson



AEAT-2987 Issuel

NAMMU (Release 6.4) Technical
Overview

ST Morrisand S P Watson

November 1999




Title

Customer

Customer reference
Confidentiality,
copyright and
reproduction
Filereference
Report number

Report status

| SBN number

Author
Reviewed by

Approved by

AEAT-2987 Issue 1

NAMMU (Reease 6.4) Technicd Overview

Copyright AEA Technology plc 1999

All rights reserved.

Enquiries about copyright and reproduction should be addressed to the
Commercid Manager, AEA Technology plc.

AEAT-2987

Issue 1

AEA Technology plc

424.4 Harwell

Didcot

Oxon OX11 ORA

Telephone +44 (0)1235 432053

Facsimile +44 (0)1235 436579

AEA Technology isthe trading name of AEA Technology plc
AEA Technology is certificated to BS EN 1SO9001:(1994)

Name Signature Date
SP Watson
CP Jackson

DA Lever



AEAT-2987 Issue 1

Copyright and Owner ship of NAMMU

The NAMMU program makes use of the TGSL subroutine library. All rights to the TGSL
subroutine library are owned by AEA Technology. Parts of the NAMMU program were
funded by the United Kingdom Department of the Environment. Those parts are owned by the
Department of the Environment. A licence to use those parts of the NAMMU program funded
by the Department of the Environment, and any additiond AEA Technology owned software
necessary to run the program, will be granted to contractors of the Department to enable them
to perform work solely for the Department. AEA Technology has sole rights to grant licences
for use of NAMMU and associated AEA Technology owned software to organisations other
than the Department of the Environment and its contractors.

The copyright to al documents describing the NAMMU program and TGSL subroutine library
is owned by AEA Technology. Funding provided by Her Mgesty’s Inspectorate of Pollution
(Department of the Environment) and United Kingdom Nirex Limited towards the production of
the documentsis gratefully acknowledged.



AEAT-2987 Issue 1

CONTENTS
1 INTRODUGCTION ..ottt sttt st sttt bbb s e s 1
O U < [ 1= = o, TSR 2
1.2 AVAIBDIITY . c.coeeeeee s 2
1.3 TheNAMMU USE GIOUD ....c.cooivieiieciecitiesie e steeeieesreeste et e e esne e 3
1.4 DOCUMEITEEION. ...c.eieeeetistestesiesieeeeseessessesiesee b sae e e e seseesbessesbesbesseeseeneenes 4
2. MATHEMATICAL MODELS........oooi ittt s 5
2.1 EQUALIONS.....ccueeiecie ettt sttt st et e e neenaeeneenne s 5
2.2 Boundary CONQIIONS.........cccueeiieiiiieiiecitie et snne e 7
3. NUMERICAL METHODS........cciiiiiiineneriee et 9
G S o'z (= MBI o (= 115 110 o 1RSSR 9
I = 107070 = [DTES o (=11 1o S 10
3.3  Solution Methods and Treatment of Non-linearities...........ccooceeveeiirierienneee. 11
4. IMMODIEL ...ttt sttt bbbttt sa b bt ne s 13
41  TheHnite-dement MeSh........cccoiiiii e 13
4.2  Rock and FlUId PrOperties........c.ccouereecieieereeieseeseseeseese e ssee s 15
4.2.1 HFUId Properties.......c.ccceeiieeieeiieciie ettt 15
4.2.2 ROCK PrOPErtiES. ....c.cccveeieieeieeie et este e sreeae e eae e e 16
ViR RS T DIES o< £ o) o NSRS 17
4.24 ChemiCal PropeErtiES......ccccceieeieeeeseee e s e eee e nees 18
5. (@ 1 N P 19
6. VERIFICATION AND VALIDATION......coiiiiriniriesieseeee et 22
6.1  Veification of NAMMU .......cocoiiiieieeieiese e 22
6.2 TheRoleof QA INVEIfICAION........cceeiiecieece e 23
6.3  The Concept of Validation...........ceeveeiiieiie i 23
6.4  Vdidation of NAMMU.......cccoiiiiiiiiiie s 24
NOMENCLATURE AND UNITS ...ttt st 26
REFERENCES AND BIBLIOGRAPHY .....ooiiiiiiieiesee st 28



AEAT-2987 Issue 1

1 INTRODUCTION

NAMMU is a software package for modelling groundwater flow and trangport in porous media.
It is powerful and flexible, with many options for cusomisation. The acronym NAMMU stands
for ‘Numerica Assessment Method for Migration Underground’. NAMMU was dso the name
of the Sumerian goddess of the abyssal waters, whose name was expressed by the ideogram for
‘sed  (Jacobson, 1949). This document provides a generd overview of Release 6.4 of
NAMMU, including a description of the equations solved and the numerical methods used.
Additiona more detailed information about the capabilities and potentid gpplications of
NAMMU isavailable from AEA Technology on request.

NAMMU has been developed by AEA Technology over a period of more than 15 years and

has been verified extensvely in internationd comparison exercises. It is developed under a
rigorous quality system that conforms to the international standards 1SO 9001 and TickIT (see
aso Section 6).

NAMMU can be used to modd the following:

groundwater flow in saturated and unsaturated conditions;

sdine groundwater flow with density dependent on concentration;

coupled groundwater flow and hesat transport with density dependent on temperature;

sdine groundwater flow and heet transport with density dependent on concentration and
temperature;

contaminant trangport, including the effects of advection, dispersion and sorption;

radioactive decay chans,

1D, 2D cross-sectional, 2D ared and 3D regions,

steady-state and time-dependent behaviour;

sengitivity to model parameters, using the adjoint sengtivity method.

NAMMU modes have been used in the following applications:

disposal of radioactive and toxic waste;
regiond groundwater flow;

aquifer contamination;

Steinvedigation;

pump test smulation;

tracer tests,

«dineintruson;

risk assessment;

design and eva uation of remediation strategies.

NAMMU is used in support of the radioactive waste disposd programmes of many countries
throughout the world, by both the nuclear regulators and by nationa disposal organisations and
consultants working for these organisations.
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NAMMU has a wide range of facilities for specifying the model domain, the properties of the
rocks, fluids and solutes within the domain, the equations to be solved and the output options
required. The advanced 3D visudisation package, Avizier, is avalable for NAMMU. In
addition to these standard facilities, many options are available that dlow the user to customise
the functiondity of NAMMU for a particular project. For example, it is possible for the user to
pecify a ste-specific relationship between fluid density, solute concentration, fluid temperature
and pressure.

1.1 User Interface

Input to NAMMU s specified usng a structured free-format input language, which has been
designed to be readily comprehensible to the user. The input data specifies the finite-dement
grid (see subsection 4.1), the quantities of interest, (see subsections 2.1 and 4.2) the boundary
conditions (see subsection 2.2), the processes that are to be modelled (see subsection 2.1) and
the output required (see Section 5).

The input language dlows the user to specify the execution of the program in a flexible manner.
The individuad components of a run (model generation, specification of processes to be
modelled, output required etc) can be specified in any logica order and may appear more than
once in any run. The results of a caculation may be saved for later post-processing or for use
asaninitid condition in alater caculaion. An existing model may be modified and the results of
acdculation may be interpolated from one finite-element grid to another.

The output from NAMMU currently takes three forms:

text files containing information about the modd, the performance of the solver and any
output options requested;

postscript graphicsfiles,

files for use with the Avizier visudisation package.

12 Availability

NAMMU is written in sandard FORTRAN 77 and is therefore portable across a wide range
of computers. NAMMU 6.4 is supported on a range of computer platforms, from desktop
workstations to supercomputers.

Optiond modules are available for some of the earlier rleases of NAMMU.

MATDIF: In fractured rocks, flow and hence advective transport of solutes is often confined
to fractures, but the solutes may aso access the immobile water in the rock matrix between
the fractures by diffuson. MATDIF enables this process to be modelled.

GEONAM enables flow and transport to be modelled in heterogeneous media, usng a
geodtatistical Monte-Carlo approach.

NAMMU dso forms part of the CONNECTFLOW package (Morris and Hartley, 1997),
developed by AEA Technology, for moddling groundwater flow and transport in porous and
fractured media
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Comprehensive technica support is available to users of NAMMU through a User Group (see
subsection 1.3), organised by AEA Technology.

1.3 TheNAMMU User Group

Gaining full benefit from a powerful program such as NAMMU is a task that requires a high
level of technicd expertise. AEA Technology recognises this fact and, accordingly, runs training
courses to hep new users become familiar with the program and its use. In addition, AEA
Technology has set up the NAMMU User Group in order to provide comprehensive technica
support to NAMMU users.  The support provided conssts of updates of software and
documentation, ingtalation support by Internet, and consultancy by e-mail, telephone and fax.
The User Group is an active community which provides users with a newdetter and occasiond
User Group meetings which act as a forum for users to discuss gpplications of the software, to
provide feedback for future software developments and to hear about new devel opments.

NAMMU has been used by a ggnificant number of organisations throughout the world,
including the fallowing:

Department of the Environment, UK.

United Kingdom Nirex Limited, UK.

RM Consultants, UK.

British Nuclear Fudls Limited (BNFL), UK.

Golder Associates, UK.

Entec, UK.

British Geologicd Survey (BGS) Keyworth, UK.

Univergty of Bath, UK.

Universty of Birmingham, UK.

University of Edinburgh, UK.

Gesdlschaft fur Resktorsicherhelt (GRS), Germany.

Federa Office for Radiation Protection (BfS), Germany.

Federd Indtitute of Geosciences, Germany.

Swedish Nuclear Fuel and Waste Management Company (SKB), Sweden.
Swedish Nuclear Power Inspectorate (SK1), Sweden.

Kemakta Consultants, Sweden.

Conterra AB, Sweden.

National Co-operative for the Disposal of Radioactive Waste (NAGRA), Switzerland.
Colenco Power Consulting Ltd, Switzerland.

Swiss Federd Indtitute of Technology, Switzerland.

Diamo, Czech Republic.

Korea Atomic Energy Research Ingtitute (KAERI), South Korea.
Korea Electric Power Corporation (KEPCO), South Korea.
Hyundai Engineering and Construction Company, South Korea.
Georgia Indtitute of Technology, USA.
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14 Documentation

A comprehensve set of documentation has been produced for NAMMU. The following
manuds are available for Release 6.4:

NAMMU Technical Overview (this document) This document provides a generd technical
overview of the software, including a description of the equations solved and the numerical
methods used.

NAMMU User Guide This document describes how to prepare data for a NAMMU modd,
and how to interpret the output from a NAMMU cdculation. This is demongtrated through a
number of redigtic examples.

NAMMU Insallation and Running Guide This document describes how to ingdl and run
NAMMU on the various computer platforms supported.

NAMMU Reference Manual This document describes in detail the commands and
keywords available in the NAMMU input language used to specify the modd, the finite-dement
equations to be solved, and the post-processing required. This document is available in an
electronic on-line form, which has the advantage of cross-referencing using hypertext links.

A hibliography is provided a the end of this report. It ligts both materia referenced in this
report and some of the studies that have made use of NAMMU.
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2. MATHEMATICAL MODELS

NAMMU can be used to model a wide range of groundwater flow and transport processes
induding:

groundwater flow in saturated or unsaturated conditions;

sdine groundwater flow with groundwater dengity dependent on concentration;

coupled groundwater flow and heat transport with groundwater density dependent on
temperature;

sdine groundwater flow and heat transport with density dependent on concentration and
temperature;

contaminant trangport, including the effects of advection, disperson and sorption, and
radioactive decay (for asngle radionuclide or achain);

1D, 2D cross-sectional, 2D ared and 3D regions,

steady-state and time-dependent behaviour.

The mathematical models used to represent these processes are outlined below. The symbols
used in the equations are defined in the Nomenclature and Units Section. Many of the
parameters used in the equations are discussed in subsection 4.2.

21 Equations

Underlying dl of the modds for groundwater flow is Darcy’ s law for flow in a porous medium,
K tipR
q=-a><NP -(r - 19)9), )

and its extenson to unsaturated flow,

KK PR (1, - o)) @

q=-—"—
m

These are combined with the appropriate equations for mass conservation,
1 N _
—(fr,)+Nxr,q) =0, (©)
qt
or, for unsaturated flow,
%(fgl)m»(r.q)w. (4)

Alternatively, equation (3) can be written in terms of specific storage, s, in the form,

sfP”
g ft

+Nxr,q) =0. ®)
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The flow equations given above are written in terms of the residua pressure, PR, The residud
pressure is related to the total pressure, PT, by

PR=PT +rog(z- 2). (6)

For some combinations of equation and numerical formulation (see aso subsection 3.1), it is
possible to input parameters such as boundary conditions to NAMMU in terms of P' or, for
condant dengty flow, in terms of the hydraulic head, h, which is defined by

h=—m-. ()

Inall cases, it is possible to plot the results of the calculation in terms of PR, PT or h.

For caculations of the transport of a dense solute, heat or a passive solute, the groundwater
flow equations (equations (1-5)) are combined with a transport equation. The resulting sets of
equations are often non-linear.

In the case of groundwater flow coupled to the transport of a dense solute (by default, sdt), the
groundwater dengity is a function of the sdinity. Trangport of a dense solute is modelled using
the equation

%(frIC)HQx(rIVC)-Nx(fr|D><NC):0. ®

Thisisbascdly arepresentation of conservation of the mass of solute.
In this case, equation (3) can be written in terms of specific storage, s, in the form,

EﬂPR qr, 1C
g 1t ‘ITC qit

+Nxr,q)=0. 9)

In the case of groundwater flow coupled to the transport of heet, the groundwater densty is
taken to be afunction of the temperature. Transport of heet is modeled using the equations

(rc) +r|qq><NT G,N°T =H, (10)
for coupled groundwater flow and heat transport and
(rc) + r,cq<NT - NDONT) = (1)

for coupled groundwater flow, solute transport and heat trangport. These equations basicaly
represent conservation of energy.

Trangport of a passve solute or contaminant, that is a solute that does not affect the
groundwaeter dengity and viscosity and hence the flow, can aso be modedled. Up to six solutes
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representing a radioactive decay chain can be handled. Transport of one of the solutesin such a
decay chain is represented by the equations

q . . .
—(@FfRN AN, -Nxf D, NN
ﬂt( F% a)+q a X( a a) (12)

=l af Ra Na +1 a—lfRa—lNa—l +ffa
and,

%(fswawqma-ﬂx(fsoa AN, )

=l af S& Na +1 a—1fg:2a—1Na—1 +fs:a

(13)

for groundwater flow and unsaturated groundwater flow respectively. These equations, which
correspond to conservation of mass for the solute, represent the processes of advection
(trangport with the flow), hydrodynamic disperson (spreading about the flow) molecular
diffusion, linear equilibrium sorption and radioactive decay and ingrowth.

It isaso possble to modd flow ina2D ared modd of an aquifer overlain by a confining layer
using a verticdly integrated form of equation (3). The resulting equation is

Nx(br,a) =Q (14)

where b is the effective thickness of the aquifer and is given by

R

b=2- 2 if rp—g 3 2. (confined aifer) (15)
|
PR PR
b=——- z,if — <z (unconfined aquifer), (16)
rg rg

where z and z, are the elevations of the top and bottom of the aquifer, respectively.

The source term, Q, accounts for infiltration, |, when moddling an unconfined aquifer. When
modeling a confined aquifer, Q, accounts for leskage and is given by,

:rlkvalgzs_ PRQ

m Z- 4 B

Q (17)

NAMMU dso includes an option to specify the flow and transport equations being solved. This
is done through FORTRAN subroutines that define the equations. It is a very powerful facility
for the advanced user.

2.2  Boundary Conditions

The equations presented above represent the flow and transport processes within the modelled
domain. Appropriate boundary conditions have aso to be specified before a calculation can be
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caried out. NAMMU supports a wide range of types of boundary condition, which may be
congtant or may vary in space and/or time. The most commonly used are Dirichlet (or specified
vaue), Neuman (or specified flux) and zero dispersve flux. If the user does not specify
boundary conditions on part of the boundary then suitable default boundary conditions are
imposed.  With the exception of the mixed-dement formulation for groundwater flow (see

subsection 3.1), the default boundary condition is that the flux of groundwater, sdinity, heet or
solute is zero.
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3. NUMERICAL METHODS

3.1  Spatial Discretisation

NAMMU uses the finiteedlement approach for spatid discretisation.  This is a powerful
goproach tha is particularly suited to numericd moddling in domains that are complicated
geometricaly, such as the domains that represent geologica structures with many faults. The
basc idea of the gpproach is that the domain is represented as the combination of ‘finite
eements that have a smple geometric shape (such as triangles or quadrilaterals in 2D and
tetrahedra, triangular prisms or cuboids in 3D). These dements may aso be distorted by smple
mappings. The possihility of usng triangular and tetrahedra dements in particular, provides
much more flexibility in accurately representing the domain than is possible using the cuboid
blocks of asmple finite-difference method.

On each finite ement, the quantities of interext, such as the resdua pressure, are represented
by smple polynomia functions that interpolate between the values a certain specid points caled
nodes. The posshility of usng polynomids of higher order than linear enables numericd
schemes that have ahigh order of accuracy to be easily developed.

NAMMU has alibrary of many different finite dements, including linear and queadrdtic triangles
and bi-linear and bi-quadratic quadrilaterds in 2D and linear and quadratic tetrahedra and tri-
linear and tri-quadratic prisms and cuboids in 3D. The library dso includes variants of the so-
cdled ‘mixed dements (see below). This provides congderable flexibility in representing the
domain.

There are severd gpproaches to the finite-dement method, which al lead to smilar equations.
In NAMMU, the Gderkin finiteedement method (Ciarlet 1978, Mitchdl and Wait 1977,
Zienkeiwicz 1977) is used to carry out the spatia  discretisation of the equations (see Winters
and Jackson, 1984, for a brief NAMMU-specific discussion). The finite-dement method starts
from an integra form of the equations.

The region to be modelled is divided up into eements, which have a Smple geometric shape.
NAMMU uses triangles and quadrilaterds in two dimensions and tetrahedra, triangular prisms
and hexahedra in three dimensions (see above). The dependent variables in the problem are
then gpproximated by functions, which have a ample polynomid behaviour on esch of the
elements. The discretised equations are a discrete form of the integrd equations. The find
result is a set of coupled, possibly non-linear, agebraic equations for a steedy-date problem,
and a set of coupled, possbly non-linear, ordinary differentia equations in time for a trangent
problem (see, for example, Mitchell and Wait, 1977). Tempora discretisation of the equations
in NAMMU s described in subsection 3.2. The equations are solved using the methods
described in subsection 3.3.

Two formulaions of the various groundwater flow equations have been implemented in
NAMMU. In the so-cdled standard formulation, the basic quantity that is represented using
finite dements is the resdud pressure.  This formulation is used with the sandard eements
(linear and quadratic triangles and bi-linear and bi-quadratic quadrilaterals in 2D and linear and
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linear and quadratic tetrahedra and tri-linear and tri-quadratic prisms and cuboids in 3D). Itisa
widely used approach.

In the so-caled mixed-dement formulation, both the resdud pressure and the mass flux are
represented using finite dements.  This approach is less widdy used than the standard
formulation. It has a lower order of accuracy than the sandard formulation usng bi- or tri-
quadratic dements. However, it has one particular advantage. It ensures that the norma
component of the massflux vector is continuous across any interface within the modelling
region, as is the case for the underlying equations, whereas the standard formulation does not
preserve this property. This feature of the mixed-dement formulation is particularly beneficid
when the quantity of primary interest is the velocity field, for example when cdculating pathlines,
or performing trangport calculations. In particular, it is often the case that numericaly calculated
pathlines can become stuck in the flow field obtained using the stlandard formulation on relatively
coarse grids.

A remarkk must be made about the treatment of advection in NAMMU. Many authors
recommend the use of upstream weighting, the finite-element equivaent of upwind differencing
which is often used for finite-difference discretisations of advection-diffuson equations.
Upwinding often removes the numerical ingtabilities associated with a straightforward gpplication
of the Gderkin method to the advective terms. However, there is a price to be pad -
upwinding introduces a numericd disperson effect which amounts to digperson with a
disperson length closdy relaed to the mesh spacing. This leads to the tota amount of
disperson in the modd being a function of the refinement, which may be undesrable.
Therefore, in NAMMU the amount of digperson in the caculation is made explicit by usng a
consstent Galerkin gpproach for the advective terms (Gresho and Lee, 1981). If numerica
ingtabilities gppear, the user has two dternatives. ether refine the mesh in the regions of high
gradients so that the instabilities disgppear or are reduced to an acceptable levd, or increase the
physica digperson lengths to stabilise the caculation.

3.2 Temporal Discretisation

In NAMMU, the spatid discretisation is carried out usng the Gaerkin finite-dement method
(see subsection 3.1). For time-dependent problems, the gpplication of this method leads to a
st of coupled, possibly non-linear, ordinary differentiad equations. There are two basic
methods availablein NAMMU for integrating these ordinary differential equations:

the Crank-Nicholson method;
Gear’ smethod (see, for example, Byrne and Hindmarsh, 1975).

The Crank-Nicholson method contains a parameter, q, that controls the degree of implicitness
of the method. The scheme isimplicit for al vaues of q except O (for which it is equivaent to
the explicit forward Euler scheme), and firg-order accurate for dl vaues except 0.5 for which it
is second order accurate. For g= 1 (fully implicit), the method is a backward-difference
scheme (backward Euler). Although this scheme is only firg-order accurate, it has the merit of
being very stable, and is recommended for use in many cases. Indeed, it often may be
unconditiondly gable, dlowing, in principle, the use of very large timesteps, dthough this may
not give a very accurate description of the time evolution of the syssem. 1t may be gppropriate

10
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for problems with a sngle time scde such as radionuclide trangport in advection dominated
flows. The explicit forward Euler scheme (g = 0) and the second-order accurate scheme
(g=05) are only conditiondly stable; that is there are condraints on the Sze of the timesteps,
which depend on the size of the finite dements. If these condraints are exceeded, the numerical
solution will diverge.

Three variants of the Crank-Nicholson scheme are included in NAMMU:

averson with afixed time sep Sze;

a vey fag fully implicit verson for linear problems. This is paticularly suitable for
contaminant trangport caculations,

a verson in which the timestep gze is chosen automaticaly a each time sep to ensure
convergence. This verson is paticulally recommended for cdculaions of coupled
groundwater flow and transport of sdinity (and possibly heet).

Gear’s method is a variable-timestep variable-order scheme, based on a predictor-corrector
dgorithm. At each time gtep, the sze of the time step and the order of the difference scheme
are sHected to try to maximise the Size of the time step subject to satisfying a specified accuracy
criterion, the error in the step being estimated from the difference between the predictor and
corrector. The corrector schemes used are the backward difference schemes of order one to
five, which are generdly very dable. The scheme is particularly appropriate for use on
problems that are what is cdled ‘giff’, that is in smple terms, the behaviour of the system
involves components with a wide range of time scales. For example, Gear’s method may be a
good scheme to use for modelling coupled groundwater flow and transport of heat from a
radioactive waste repository, which congtitutes a decaying heet source.

33 Solution M ethods and Treatment of Non-linearities

In generd, spatid and tempord discretisation of a problem gives rise to large, non-linear,
coupled, algebraic systems of equations. In NAMMU, non-linearities are treated usng the
Newton- Raphson iterative method. This is a powerful technique for solving non-linear
equations and converges very rapidly Quaedraticaly) provided the initid guess is sufficiently
close to the solution of the equations. Solution of a linear problem is equivdent to using the
Newton- Raphson method with a Single iteration.

For non-linear trangent problems, the solution at the previous timestep is often a sufficiently
good initia guess, sSince one does not want the solution to change too much over a Sngle time
step for reasons of accuracy.

For highly non-linear steady-date problems; it is not dways easy to find a sufficiently good initia
guess. In such cases, parameter-stepping may be effective. Parameter-stepping is a technique
in which the solution of a hard non-linear problem is gpproached via a sequence of relaed
problems, starting from a problem that is easy to solve. At each step the parameters of the
system are changed dightly and the solution at the previous step is used as the initid guess for
the Newton- Raphson iterations. Parameter-stepping is a very powerful technique.

11
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The Newton- Rgphson method requires a linear system of equations to be solved at each stage
of the iterative procedure. These linear systems are large and sparse and have a structure that is
determined by the underlying finitedement discretisation.  In NAMMU, an  efficient
implementation of the Fronta Method (Duff and Scott 1993, Hood 1976, Irons 1975) is used
to solve linear systems. The Frontal Method is avariant of Gaussan dimination that exploits the
dructure of the equations to solve the sysem using ardatively smal amount of memory, without
the need to assamble the full matrix for the sysem in memory. Gaussan dimination has the
advantage of being a very robust method.

12
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4. MODEL

4.1 The Finite-element M esh

Various fadilities have been implemented in NAMMU to try to make grid generation as Smple
as posshle. The principa approach used in NAMMU for generating grids is based on the
concept of ‘patches’, which are then subdivided into lements. A patch is aregion of asmple
shape bounded by draight lines, ether a triangle or a quadrilaterd in 2D and a (possbly
distorted) triangular prism or a (possibly distorted) cuboid in 3D. It is specified by the positions
of its corners, and is subdivided into a number of finite dements. In two dimensons, an
extenson of this gpproach, has been developed using the concept of ‘polygons, which are
regions with many sdes. These are first subdivided into patches, which are then subdivided into
elements.

The use of patches, and polygons in particular, enables grids to be generated with a minimum of
input data. 1t dso makesit very smple to change the refinement of a grid because the user does
not have to cdculae the locations of al of the individua dements. Figures 4.1 to 4.3 illudtrate
some of the types of grid that can be generated using the standard grid generation facilities
avalable within NAMMU.

Options are available for representing faults and engineered features, such as boreholes, tunnds
and drifts, in the grid.

In NAMMU, each dement is assgned to a rock unit. This assgnment associates certain
physica properties, for example, the permeshility, with the dement. A rock unit is comprised of
one or more finite dements. In NAMMU 6.4, amodd may contain up to 500 different rock
units

NAMMU dso includes an option for the user to specify the finite-dement grid through a user-
specified FORTRAN subroutine. This can be used, for example, to import grids generated
using other programsinto NAMMU.

13
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Figure2.1: A smple 2D grid generated using polygons. The finite elements are
coloured according to therock type.

Figure2.2: An example of part of a complex 2D grid generated using polygons. The
finite elements are colour ed according to therock type.

14
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Figure 2.3: Slices coloured according to rock type through a 3D grid. The individual
elements are not shown in this picture. This picture was produced using
Avizier.

4.2  Rock and Fluid Properties

Most of the parameters used to specify the properties of the rocks and the fluids represented in
the NAMMU modd can be specified in one or more of the following ways:

to have a congtant va ue throughout the mode;

to have a congtant value for a particular rock unit and/or solute species,

to vary as a function of the variables, for example, the pressure, and certain pre-defined
parameters, for example, the fluid compresshility. These reationships are built into
NAMMU,;

to vary (subject to certain limitations) as a function of the sandard parameters, the variables
and user-defined parameters in an arbitrary manner specified by the user through a set of
FORTRAN subroutines, which have standard, well-defined interfaces.

Some of the key parameters are discussed in the following subsections. A description of al of
the parameters used to specify the rock and fluid properties is given in the NAMMU User
Guide and NAMMU Reference Manud. A ligt of symbols and the units for each parameter is
given in the Nomend ature and Units Section.

4.2.1 Fluid properties

In cdculations of the trangport of a dense solute (equations (1), (3), (5) and (8)), the fluid
densty, r |, isgiven by

15
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1 1-C C
Pl T ™ T T Ty ' (18)
r ro@+a(P - R)) rid+ay(P - R))
where
ro isthe dengty of fresh water (C = 0);
Ms is the density of saturated st solution (C = 1);
a Isthe compressbility of fresh weter;
as is the compressibility of saturated sdt solution;
P"  isthetota pressure;
Po'  isthereference pressure.
By default, the dense solute is taken to be sdlt.
For heat transport calculations (equations (1-5) and (10)), the fluid density is given by
r=ro(l+a(P™-Po')-b(T-Ty)), (29
where
b isthe coefficient of volumetric expangon of fresh water;
T Is the temperature;
To is the reference temperature.

For calculations of the transport of heat and a dense solute (equations (1), (3), (5), (8) and
(11)), thefluid dengty isgiven by

1 1- C C
- = = + — , (20)
ry ro+a(P - R)-b(T-Tp) r@+ag(P - R)-by(T-To)
where b isthe coefficient of volumetric expansion of saturated sdt solution.
The default variaion of fluid viscogty with temperature, m is given by
m=mye "), (21)

where my is the viscosity at the reference temperature and d; is a parameter that is sometimes
called the viscogbility.

4.2.2 Rock properties

The permeghility is a symmetric tensor, k. The full tensor representation of the permegbility is
implemented in NAMMU s0 by entering the gppropriate components of this tensor, (3
componentsin two dimensons and 6 componentsin three dimensions), the user may specify any
orientation or degree of anisotropy.

For caculations of unsaturated groundwater flow (equations (2) and (4)), the way in which the
permegbility varies with the saturation, S, must be specified. In NAMMU, thisis specified using
the relative permesatility, k;.

16
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i AKR ;
T P'<0

k, ={ BKR+(-PT)5® : (22)
{ 1 PT30

Sis cadculated from the capillary pressure curve. The default form used in NAMMU is

: APCT - PT <0

S={BPC+(-P") : (23)
{ 1 PT30

AKR, BKR, SKR APC, BPC and SPC are constants for arock unit.

4.2.3 Dispersion

The standard transport equations included in NAMMU contain representations of both diffusion
and hydrodynamic disperson. The default form of the disperson tensor for each of the
transport equationsis given below.

For the advection-dispersion equation for solute trangport where the fluid dendity depends on
the solute concentration (equation (8)), the dispersion tensor, D, is given by

Dm ViVJ
D :t_dij +ayvd; +(a, - aT)T’ (24)
where

Dm is the molecular diffusion coefficient for the solute;
t isthe tortuosity;
a isthelongitudind disperson length;
ar IS the transverse dispersion length;
v isthe porewater velocity, v = g/f (with componentsv;).

For the heat transport equation (equation (11)), the heat dispersion tensor, D¢is given by
A%
D¢=G.d;; +byvd; +(b - br)—, (25)
Y,

where
G isthe average therma conductivity of rock and fluid;
b, isgivenby rf ¢ a¢;
bt isgivenby r f ¢ ag ;
a¢ isthe longitudina disperson length for temperature;
at is the transverse dispersion length for temperature;
C is the specific heat capacity of the fluid.

It should be noted that the full heet digpersion tensor is currently only implemented for coupled
trangport of a dense solute and hest.

17
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For the solute transport equations (equations (12) and (13))), the dispersion tensor, D, is given
by

A

D Vi
Da = %dij +aTanij +(aLa - aTa)TJ’ (26)

where D, ae the molecular diffuson coefficients for each solute and ar, and a , are the
longitudind and transverse digpersion lengths for each solute.

4.2.4 Chemical properties

It is possble to represent up to 6 different passive solutes, each with different chemica
properties, within a NAMMU caculation. The contaminant trangport models represented in
NAMMU include the effects of decay. Decay condants, | ,, may be entered for each solute. If
more than one solute is represented in a caculation, they are assumed to form a radioactive
decay chain.

The interaction between a solute and a rock is represented using a retardation factor, R,, to
represent the effects of linear equilibrium sorption. The relaionship used in NAMMU is

R, =1+ (1;f k.. 27)

In the case of unsaturated contaminant transport, it is assumed that Ky, scaes linearly with the
saturation, S It should be noted that, in NAMMU, the quantity referred to as Ky, differs from
the quantity for which this notation is usualy adopted (although it is related).

18
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5. OUTPUT
A wide variety of output options are available within NAMMU. These include:

plots of the finite-dlement grid;

plots of the grid with elements shaded according to rock type;

plots showing planar dices through three-dimensiond grids,

plots showing the grid surface or certain interna surfaces for three-dimensiond grids;
plots of the grid boundary;

shaded plots or contour lines of scalar functions of the variables,

plots of vector quantities,

one-dimensiond line graphs of scalar functions of the variables dong aling
one-dimensond line graphs of scdar functions of the variables as afunction of time;
plots of advective pathlines;

cdculation of capture zones,

meass balance caculations;

plotted quantities can be coloured in many ways, for example, according to the values of the
variables, scaar functions of the variables and user defined functions of the variables;
plots may be superimposed to build up complex images,

user-defined text and lines can be added to plots.

The finite-dlement model and its results can dso be visudised usng the AVIZIER graphics
packege. Thisisafully interactive tool with the capaility of displaying and manipulating images
of the NAMMU mode on the screen. The AVIZIER package has been customised to enable it
to display faithfully the results of the NAMMU modd. Thus, the finite-element grid is displayed
without any re-sampling of grid points, and scalar and vector quantities are plotted using the
same interpolation method used by NAMMU in the origind caculation. These features make
AVIZIER aunique and powerful tool for the NAMMU moddler.

The following figures illustrate some of the types of pictures that can be produced using
NAMMU and Avizier.
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Figure5.1: Shaded contour plot of groundwater head.
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Figure5.2: Pathlinesfor a modd based on the grid shown in Figure 4.2.
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Figure5.3: Line graph showing variation of environmental head with depth and the
observations from the ste along a vertical line through the model shown in

Figure 5.2.
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Figure5.4: Complex image showing (i) dice through the grid, (ii) surface of constant
salinity and (iii) pathlines for a 3D version of the model shown in Figures
4.2,5.2and 5.3. Thisfigurewas produced using Avizier.

Figure5.5: Isosurfaces of pressure for the model shown in Figure 4.3. This figure
was produced using Avizier.
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6. VERIFICATION AND VALIDATION

Confidence in NAMMU has been built up over a number of years and comes from a variety of
sources. It is important to digtinguish between verification and vdidation. Verificaion, as
applied to a computer program such as NAMMU, is the process of checking that the program
correctly represents the mathematica models on which it isbased. A verified program can then
be usad to help vaidate the mathematical models, that is to check that the mathematical moddls
form an adequate representation of the relevant physica phenomena and that they are gpplicable
to the Situation under consideration.

6.1 Verification of NAMMU

Veification can be addressed by comparing the results of numerica cadculaions with anaytic
solutions when such solutions are known, and by intercomparison with cadculations from
independently written codes for more complicated examples. NAMMU has been extensvely
verified inthisway. A number of internationd projects addressing the verification and validation
of groundwater flow and radionuclide transport models for repository performance assessments
have been organised in recent years. The HY DROCOIN (1988, 1990, 1991, 1992) project is
perhaps the most important of these. HY DROCOIN was organised around various test cases
addressing particular issues of concern. NAMMU was used, with considerable success, on a
number of the test casesin the HY DROCOIN project.

The HY DROCOIN project included test cases intended to verify

trangent groundwater flow from aborehole penetrating a confined aquifer (Herbert 1985b);
Seady-state flow in aregion containing highly permesble faults (Herbert 19852);

trangent coupled groundwater flow and heat transport (Cherrill and Herbert, 1985);
groundwaeter flow through a hypothetical shallow disposd facility (Herbert 1985b);

coupled groundwater flow and solute transport with the fluid dengity strongly dependent
upon concentration (Herbert et al, 1988).

In each case, the results obtained with NAMMU were in excdlent agreement with the anaytic
solution, where one was available, or with the results from other groundwater flow modelling
programs, in cases where an andytic solution was not available.

NAMMU has dso been used in two reviews of repository assessments. These reviews
compared the results obtained using different programs for the same finite-dement modd. In a
review of the Swedish KBS-3 study (Atkinson et d 1984), the groundwater heads obtained
usng NAMMU were compared with those obtained using the program GWHRT, for severd
different cases. In every case, the results agreed to at least Sx sgnificant figures (the number of
figures ligted for the output from GWHRT). This gives great confidence that both programs
were coded correctly.

Results obtained usng NAMMU were dso compared with results obtained usng the FEM 301
program for the Swiss Project Gewéhr (Robinson et d 1986). Initidly, the results obtained
usng NAMMU differed dightly from those obtained usng FEM301. These differences were
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traced to discrepancies between the FEM301 program and its documentation and differences
between NAMMU and FEM301 in the treatment of highly distorted dements. When an
gppropriate temporary modification was made to NAMMU to enable it to mimic the behaviour
of FEM301, the results obtained agreed to within five sgnificant figures with those obtained
from FEM301. It should be stressed that the initid differences were not due to any problems
with NAMMU.

More confidence in the correctness of NAMMU is provided by the results of verification
exercises for other finite-dement programs such as ENTWIFE that use the same numerica
techniques, finite-dement solvers and pogt-processing routines from the TGSL subroutine
library as are used in NAMMU. Indeed, since these programs use very different conceptual
modds, with different numbers of variables and s0 on, the testing provided in this way for the
numerica techniques, the solver and post-processing routines is more severe than testing only
for groundwater flow and transport problems.

The free convection program ENTWIFE has been used in anumber of verification exercises (de
Vahl Davis and Jones 1983, Smith and Hutton 1986, Napolitano and Orlandi 1985). In dl
cases, the results obtained usng ENTWIFE were among the best obtained. ENTWIFE has dso
been used in comparisons with anaytica solutions.

All this experience provides consderable confidence in the mahematicad correctness and
generd agpplicability of NAMMU. The full set of verification exercises, which are used to test
NAMMU a each release, currently consists of gpproximately 50 test cases. These include
some of the HY DROCOIN test cases, as well as other test cases for which an analytic solution
is available. The test cases include examples of groundwater flow in isotropic and anisotropic
media under both steedy-state and trangent conditions, coupled groundwater flow and st
transport, coupled groundwater flow and heat transport, unsaturated flow, and radionuclide
trangport. The full set of test cases, together with the corresponding output, is supplied to al
NAMMU users.

6.2 TheRoleof QA in Verification

A Quadlity Assurance (QA) programme defines a set of procedures for carrying out a particular
type of work in such a way as to maintain the qudity of the work. A well designed QA
programme plays an important role in verification by ensuring that high sandards of coding are
adhered to, that there are procedures for reporting and fixing program errors and that thereis a
system for testing and issuing new releases of the program which ensures that the new program
gives the correct results for a standard set of test cases. NAMMU is maintained and devel oped
under an gppropriate QA programme that conforms to the international standard SO 9000 and
to TickIT. Through the NAMMU QA programme, AEA Technology seeks to continualy
improve the qudity and rdigbility of the program.

6.3  TheConcept of Validation

A number of definitions of the term ‘vaidation' have appeared in the literature. Perhaps the
most appropriate for the purpose of this document isthat given by the IAEA:
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‘Vdidation is a process carried out by comparison of modd predictions with independent field
observations and experiment measurements. A modd cannot be consdered vdidated until
aufficient testing has been performed to ensure an acceptable level of predictive accuracy over
the range of conditions over which the model may be applied. (Note that the acceptable level of
accuracy is judgmental and will vary depending on the specific problem or question to be
addressed by the moddl.)” (IAEA, 1989).

Vdidation involves more than comparing the predictions of a mode with observations, dthough,
as indicated by the IAEA definition, this can be an important part of the process. Vaidation
aso implies a need to establish whether or not the model is an acceptable representation of the
physcd phenomenon. As such, it will dso include checking that the modd is interndly
consgent and examining the mode for consstency with principles that are generdly accepted in
the scientific community.

It is dso important to appreciate that, in practice, as implied by the IAEA definition, there is
adways a subjective dement in vaidation, snce different people may have different ideas about
what is consdered acceptable. The nature of the vaidation process (i.e. the gpproach to
building confidence in the modd) will be dightly different, depending on whether the modd is a
generd modd, for example of a process such as groundwater flow, or a specific modd, for
example an attempt to mode the behaviour observed in a particular experiment or at a particular
dte. Vdidation can therefore take place on severd levels.

6.4  Validation of NAMMU

It is dlear from the IAEA definition of vaidation that comparison of the results of a mode with
independent field observations and experimenta measurements is an important component of
the validation process. By its nature, this aspect of validation is specific to a particular ste and
s0 will include issues rdated to the vaideation of the Ste-gpecific conceptud modd, which lie
outside the scope of this document. However, examples of successful gpplications are included,
as they can help to build confidence in the generic model of the physical processes that are
implemented in NAMMU. There are a number of issues that it is important to bear in mind
when performing such comparisons.

The uncertainties in both the predictions and the measurements should be quantified.

It will generdly be necessary to cdibrate the model. The leve of confidence that can be
placed in amodd is greetly increased if it can then be used to make adequate predictions of
the vaues of quantities that are independent of those that were used in the calibration.

Length scaes must be taken into account in the comparison. For example, the
measurements may have been performed a a scae that is amdler than the resolution of the
mesh used in the numerica representation of the model. In such a case, the model would not
be expected to reproducing the detailed variability of the measurements, but should be able
to give an acceptable representation of any overal larger-scale trends.

Vadlidation of NAMMU models of specific dtes has been attempted in a number of cases. A
magor obgtacle to more extensve vaidation has been the relaive lack of fidd data. Work to
vaidate NAMMU models has been carried out at severd dtesincluding:
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predictive estimates of drawdownsin boreholes at Aspo (Grundfelt et d 1990);
amulations of the LPT2 pump test and Tunnel Drawdown Experiment & Aspo (Holton and
Milicky, 1997);

comparisons of predicted and observed flows a the Harwell site Brightman and Noy,
1984);

predictions and post-test modelling of the RCF3 Pump Test at Sdlafidd (UK Nirex
Limited, 1998);

comparisons of predicted and observed heads and digtributions of salinity and temperature
for two and three dimensond models of Sdlafidd (UK Nirex Limited, 1997).

As discussed above, there is considerable confidence that the models of the physical processes
that are adopted in NAMMU and their implementation in the program, are correct, when
applied to appropriate Stuations. When comparing modd results with observations from a
paticular dte, it is vitd that the vdidity of the Ste-gpecific conceptud modd is taken into
account. This is an additiona factor, which is not related to the vdidity of the models within
NAMMU itsf.
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By default, NAMMU uses Sl units, but any interndly consistent set of units could be used.

Symboal
a

ar

A a

dra

a¢

at
AKR
APC

BKR
BPC

Definition
longitudina disperson length for dense solute
transverse dispersion length for dense solute

longitudina dispersgon length for contaminant species
transverse dispersion length for contaminant species

longitudina disperson length for temperature
transverse dispersion length for temperature
congtant in relative permeshility expresson
constant in capillary pressure expression
aquifer thickness

condant in relative permesbility expresson
congtant in capillary pressure expresson
solute concentration

specific heat capacity of fluid

solute dispersion tensor

heat disperson tensor

contaminant species dispersion tensor
molecular diffuson coefficient

molecular diffuson coefficient of solute
contaminant pecies source into porewater
gravitationd acceleration

heat source

hydraulic head

infiltration rate into ared aquifer

sorption coefficient for passive solute
permesbility tensor

relative permesbility

vertica permeshility of semi-permegable layer
concentration of contaminant species
resdual pressure

total pressure

reference total pressure

Darcy velocity / specific discharge

Source term for massinflow into aquifer
retardation factor for passive solute
saturation

specific storage

congtant in relative permeshility expresson
constant in capillary pressure expression
time
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Definition

temperature

reference temperature

average porewater velocity

magnitude of average porewater velocity
elevetion

elevation of base of aquifer

elevation of ground surface

elevation of top of aquifer

reference eevation

fluid compressibility (fresh water)

fluid compressibility of saturated sdt solution
coefficient of volumetric expangon (fresh water)
coefficient of volumetric expangon of saturated sdt solution
parameter gppearing in heet disperson equation
parameter gppearing in heat dispersion equation
average therma conductivity of rock and fluid
Kronecker delta

viscogbility

decay congtant for contaminant species

fluid viscosity

reference fluid viscosity

fluid dengty

densty of saturated sdt solution

reference fluid dengty

average heat cgpacity of fluid and rock
tortuogity

porosity
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