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ABSTRACT

NAPSAC is a software package to model flow and transport through frac-
tured rock. The models are based on a direct representation of the discrete
fractures making up the flow conducting network. NAPSAC uses a stochas-
tic approach to generate networks of planes that have the same statistical
properties as those that are measured for fractures in field experiments. The
software is based on a very efficient finite-element method that allows the
flow through many thousands of fractures to be calculated accurately.

This Technical Summary Document provides a list of the current capabilities
of the program and a description of the numerical methods used.
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COPYRIGHT AND OWNERSHIP OF NAPSAC

The NAPSAC program makes use of the TGSL subroutinelibrary. All rightsto the TGSL
subroutine library are owned by AEA Technol ogy.

All documents describing the NAPSAC program and TGSL subroutine library are pro-
tected by copyright and should not be reproduced in whole, or in part, without the permis-
sion of AEA Technology.

Funding provided by United Kingdom Nirex Limited towards production of the documents
Is acknowledged.

NAPSAC aso makes use of the freely available LAPACK linear algebralibrary [1].
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PREFACE

NAPSAC is a software package to model flow and transport through fractured rock. The
models are based on a direct representation of the discrete fractures making up the flow
conducting network. NAPSAC uses a stochastic approach to generate networks of planes
that have the same statistical properties as those that are measured for fracturesin field
experiments. The software is based on a very efficient finite-element method that allows
the flow through many thousands of fracturesto be calculated accurately.

The following documentation is available for Release 4.1 of NAPSAC:

NAPSAC (Release 4.1) Technica Summary Document;
NAPSAC (Release 4.1) Command Reference Manual;
NAPSAC (Release 4.1) Verification Document;
NAPSAC (Release 4.1) Installation and Running Guide.
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NAPSAC CAPABILITIES

Thelist of NAPSAC (Release 4.1) capabilitiesincludes:

e simulation of steady-state or transient fluid flow in a fracture-network. Steady-state
cal culationsusean efficient finite-el ement schemeto enable cal culationson very large
networks. Transient calculations use domain decomposition to give good accuracy
where changes take place rapidly without introducing high run times for the rest of
the network;

e calculation of thefull effective permeability tensor including off-diagonals, principal
valuesand directions. Thisisautomated to sampleflowsin many different directions.
This can be used for up scaling, analysis of scale dependencies and determination of
the representative el ementary volume (REV);

e prediction of transient pressures and drawdowns at well bores for various types of
pump tests;

e calculation of steady-state and transient inflows to tunnels and shafts;

e calculation of the effects of hydro-mechanical coupling. The hydraulic aperture is
coupled to a stress distribution based on an analytical description of the stress field
due to either rock weight or aradia stress around atunnel;

e simulation of tracer transport through the network using astochastic particletracking
method. Output includes plots of breakthrough curves for many thousands of par-
ticles, particle tracks, swarms of particles at specified times or the points of arrival
on the surfaces of the model. This can be used to calculate dispersion of a solute
transported by the groundwater;

e simulation of mass transport for a variable density fluid. This can be used to model
coupled groundwater flow and salt transport;

e generation of stochastic fractures from a wide variety of probability distribution
functions;

e inclusion of deterministic fractures by specification within the NAPSAC data or by
importing a fracturefile;

e analysis of percolation between surfaces;
e examination of the network using hypothetical cores, stereonets and fracture maps;
e 3D visualisation of results using the AVIZIER for NAPSAC software.
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1 INTRODUCTION

The NAPSAC fracture-network modelling software was devel oped by AEA Technology,
to ssimulate flow, tracer and mass transport through fractured rock.

11 Report Structure

The following Sections present the detailed technical specification of NAPSAC Release
4.1. A brief discussion of the Discrete Fracture Network (DFN) approach is given in
Subsection 1.2. The technical description is split into three phases:

1. model generation (Section 2);
2. calculations (Section 3);
3. and output (Section 4).

These correspond to the major steps in numerical modelling. A description of the com-
plementary AVIZIER for NAPSAC software package for 3D visualisation of NAPSAC
resultsis givenin Section 5. Finally, the QA programme employed for development and
maintenance of NAPSAC is described briefly in Section 6.

1.2  TheDiscrete Fracture Network Approach

In many geologica formations, the primary flow system is through a connected network
of discretefractures. Thisprovidesavery heterogeneous system, and the fracture-network
geometry canlead to dispersion of any solute being transported through theformation. Itis
often necessary to show sufficient understanding of the flow system to give confidencethat
predictions of the large scale properties of the flow system can be made from the results
of field-scale investigations. In order to build confidence, it is important to show a very
detailed understanding of field experiments which are generally on scales at which the
influence of the fracture-network geometry is significant. The geometry and connectivity
of the fracture system and the possibility of hydraulically important pathways through the
network can play an important role in determining the scale dependence of the effective
properties of the system. Indeed, one of the early motivationsfor the development of the
DFN approach was to develop an understanding of the scale dependence of the effective
dispersion parameters for radionuclide transport through fractured rock which had been
inferred from field data ( [2] for example).

Inthe DFN approach, the geometry of the fracture-network isaccounted for explicitly. The
approachisneeded to describe or predict aspectsof the performanceof thefractured system
where the geometry of the fracture-network plays a significant role. Some examples of
such circumstances are:

e representations of any flow experiments where the fracture connectivity is impor-
tant, which in practice means aimost all interpretations of field experimentswhere a
detailed understanding is needed;

e prediction of the effective flow properties of the fracture-network system and of the
scal e dependence of effective properties,
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e prediction of the effect of the fracture-network geometry on the effective dispersion
for solute transport;

e prediction of the effect of the fracture-network geometry on the effective hydraulic
diffusivity of the pressure field in response to a pressure change and the inferred
radius of influence of pressure tests.

Fromtheabovelist, it can be seen that an understanding of therol e of the fracture geometry
can be important in almost all aspects of an investigation of a fractured rock system.
The two main reasons that such discrete models are not more commonly used are the
complexity of the modelsand the fact that stochastic modelsinevitably require uncertainty
to be addressed formally.

The complexity means that a large quantity of data is required to characterise fracture
systems adequately. Whilst there are still issues to be resolved in the experimental char-
acterisation of fracture-network flow geometry, a number of research projects for the
radioactive waste industry have demonstrated the feasibility of collecting suitable basic
input data[3, 4, 5, 6]. Understanding fracture channelling and the extent of the flow wet-
ted surface of the fracture are still research tasks, but simple assumptions can be made
and the other dataiinterpreted consistently so that the resulting fracture-network geometry
reproduces key features of the physical network. In many cases however there will be
a balance between the benefits of a more detailed representation of the system, and the
increased cost of collecting data for which there may be significant uncertainty.

The second reason why the discrete fracture-network approach is not more widely used
is the need to treat predictions in a probabilistic framework and consider the uncertainty
due to the details of the fracture geometry directly. Fracture-network models are nec-
essarily stochastic since it is not possible to determine the location and extent of each
flow-conducting or mechanical break in therock. Instead a stochastic approachisused, in
which the statistics of the fracture system are determined and realisations of the fracture-
network geometry that exhibit the same statistics asthe physical system are generated and
used for ssimulation. Thismeansthat adiscretefracture-network approach doesnot predict
the result of a given experiment. Instead, it predicts a probability distribution of equally
likely results given the stochastic description of the fracture geometry and properties. This
reali sation-dependent uncertainty correspondsto alack of knowledge of the precise frac-
ture geometry. In many respects this is an advantage of the approach over deterministic
models since the uncertainty is real and unavoidable. Conventional models which make
single valued predictions are simply hiding this aspect of our understanding.

1.3  Applications
Applications of NAPSAC include:
e interpreting site characterisation data;

e modelling of flow and transport in regional fracture-network systems;

e obtaining effective properties as data input to large-scale effective porous medium
models.
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In site characterisation programmes, NAPSAC has been used to validate the fracture net-
work approach by comparing data from hydrogeological experiments in fractured rock
(e.g. well tests) against model predictions. Aspart of the assessment of post- closure per-
formanceof potential deep repositories, NAPSAC fracture-network model shave been used
to predict the groundwater pathways by which radionuclides released from a repository
might return to the environment. Effective properties have been obtained using NAPSAC
for input into large scale 3-D porous medium models or reservoir simulators (for example

[7D).
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2. NAPSAC MODEL GENERATION

Thefirst phasein a NAPSAC calculation involves the:

o definition of the model domain;

generation of a network of rectangular fracture planes,

inclusion of any boreholes, tunnels or shafts;

calculation of fracture intersections.

provision of boundary conditions;

These processes are described in this Section.

2.1 Flow Domain

The model is defined within a domain formed from the union of a number of (possibly
irregular) hexahedra or ‘region elements’. The region elements are defined by supplying
alist of the coordinates of the vertices belonging to each element. Where the faces of two
region elements are joined, the four corners of the adjacent sides must be coincident. The
faces of the region elements need not be planar. In general, they form bilinear surfaces.
An example of acomplex flow domainis shown in Figure 1.

i
m

-

Figurel An example of a complex flow domain built from 37 irregular hexahe-
dra. Thisplot was created using AVIZIER for NAPSAC.
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2.2 Fracture Generation

Anindividua fractureis completely defined by:

the location of its centre;

three orientation angles (dip angle v, dip direction « and orientation w);

the lengths of each side (or in the case of square fractures, asingle length);

an effectivehydraulicapertureor transmissivity (and possibly thevariation of aperture
within the fracture).

Thedéefinition of the orientation angles (v ,«,w) relativeto the Cartesian coordinate system
(Xx,y,z) isshown in Figure 2. It is usual to orient the axes such that x is east, y is north,
and zisvertically upwards.

Fractures can either be ‘known’ in which case the above properties are specified explic-
itly, or ‘random’ in which case the fracture properties are sampled from a wide range of
statistical distributions.

i
)
> Y
(0]
X
Figure 2 The angles describing the orientation of a fracture, in relation to the

coor dinate axes and the normal to the plane, n. ¢: thedip angle, a:
thedip direction, w: the orientation angle.

2.2.1 Fracture Network Characterisation

This section describes the main methods for inferring fracture-network geometries from
field measurementsof the fracture-network properties[8, 9]. Thisisthefirst major task the
user facesin three-dimensional simulations. Analogous methodsare used inthe derivation
of appropriate two-dimensional equivalent networks.
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The key parameters used to characterise a fracture-network are:

e identification of independent fracture sets;

e thedistribution of fracture orientations,

e the statistical process for generating the fracture locations in space;
e thefracture density;

e thedistribution of fracture lengths;

e and the distribution of fracture transmissivities.

When characterising the fracture orientation distribution, it is generally found that the
fractures can be divided into a number of distinct fracture sets. These sets of fractures
comprise fractures that can be characterised by common distributions of parameters, and
which have acommon origin and history. These fracture sets are often defined in terms of
their orientation distributions which tend to be clustered around preferred orientations of
the normals to each fracture plane projected on to alower hemisphere. This definition of
the characteristic orientation is best achieved by using conventional statistical methodsto
identify distinct clusters. The fractures can then be separated into their distinct sets and
further parametersinferred for each set independently.

Thedistribution of fractureshascommonly been assumedto beuniformin spacewithjust a
singlefracturedensity being used to specify how many fracturesto generate. Anequivalent
approach to using a fracture number density is to generate fractures up to a specified area
density of fracture surfaces per unit volume. The fracturesare then generated by sampling
the distributions of the other parameters and using a Poisson process to generate values
for the coordinates of the fracture centres. Care must be taken to avoid edge effects, and
this is usually accomplished by generating the fracture-network in a larger region than
that to be simulated. The fracture density may be obtained from the spacing of fractures
along a scan line on a mapped exposure, or from a fracture log along a borehole or core.
Each distinct set of fractures hasits own characteristic distributions of properties, and the
density of each of these fracture sets is usually determined independently. For a given
fracture set, the number density, p, isgiven in terms of the mean spacing of intersections
along astraight line, S, by:

s=(pX) ", (2.1)

where X is the mean projected area of the fractures onto a plane perpendicular to the
measurement line.

Thefracture set length distribution is one of the more difficult parametersto infer sincewe
have only one- or two-dimensional datafromwhichto infer alength distribution whichwill
only be fully determined by a three-dimensional description. A number of assumptions
needtobemadeat thisstage. First, itisdifficult to characterisethe shapeof thetransmissive
area of the fracture plane. It is generally assumed that this surface has a simple geometry.
In NAPSAC, it is assumed to be rectangular.

Once the fracture shape has been fixed, then one can use analytical results giving the
relationship between the distribution of fracture lengths to the distribution of fracture
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tracelengths as measured on alarge two-dimensional trace planeintersecting the network.
For example, for square fractures of side length distribution, L, the moments of the length
distribution, L;, arerelated to the moments of the corresponding distribution, t, of fracture
traces measured on a large trace mapping plane by

th — 7'[L2
1= ZL_l

/3 (2.2)
o= [far )22

where L; are the i-th moments of the length distribution and t; are the i -th moments of
the trace length distribution. Similar formulae can be obtained for higher moments. A
common approach isto make an assumption asto the mathematical form of the distribution
of fracturelengthsand then either use these simpleformul ae between the meansand second
moments of the distribution, or to simply calibrate against statistics from a specific trace
map. In fact the trace length to fracture length relationship is quite insensitive to the
precise shape assumed for the fractures and thereisrelatively little difference between the
resultsfor circular or square fractures. A more significant assumption is the choice of the
mathematical form of the fracture length distribution. Typically, log-normal or power law
distributions are used. Although these often result in agood fit between the main parts of
the simulated and measured trace length distributions, the goodness-of-fit of the tails of
the two distributions is often less good. A poor match in the tail of the distribution may
result in the existence of extreme, unphysical fractures with very long traces. These are
quite unimportant to many of the statistics used to infer parameters but may have a much
more important role in the network flow.

Finally, the hydraulic properties of the fractures need to be defined. The usual assumption
is that some form of the paralel plate law for plane fracture flow applies, but rather
than measure a distribution of apertures directly, a more reliable approach is to infer a
distribution of fracture transmissivities. This too, generaly relies on an assumption as
to the form of the probability distribution of fracture transmissivities. Generally the log-
normal distribution is used. With this distribution and a specified fracture spacing, then
the mean and standard deviation of fracture transmissivitiescan berelated to the mean and
standard deviation of short interval packer testsin boreholes so long as it is assumed that
the transmissivitiesadd. Strictly, fracture connectivity away from the borehole will affect
the packer test results, but for short tests, the radius of influence of thetest will be small and
the measurements can be taken to correspond to the summation of local transmissivities.
Thefitting processinvolvestypically using maximum likelihood estimators and in general
will require numerical evaluation of the best estimates. Again, the results of the fracture
property interpretation should be checked by simulation of the measurement process and
it may be appropriate to infer the parameters of the distribution by calibrating directly
against the experimental data[see[9] for more detalil].

An alternative approach to generating the fracture-network that is often used isto generate
fractures using an initial approximation and test the resulting network by simulating the
experimental measurement procedures. Then the network is modified to improve the
correspondence between, for example, the numerically simulated log and the physical log.
This calibration procedure is particularly appropriate when simulations are made based
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on more complex statistical descriptions of the fracture properties and spatial densities.
Such simulated measurements should in any case be used to check the validity of the
interpretation of the network parameters.

2.2.2 Known Fractures

For known (or deterministic) fractures, all properties are specified either within the NAP-
SAC data or imported from aformatted file. There are several instances when the use of
known fracturesis appropriate. Firstly, when large scale well-expressed fracture zones are
defined. The appropriate transmissivity for such zones may be obtained from hydraulic
testsor by calculating an effective transmissivity based on alocal scale stochastic model of
the fracturing around the zone. Secondly, where the network has been well characterised
the stochastic network may be replaced by the set of fractures which have been measured.
For example, a stochastic network of fractures may be generated based on a statistical
analysis of the data from several boreholes. The random fractures around each borehole
can then be replaced by the observed fractures at the borehole. Thisisasimple method of
conditioning random simulations.

2.2.3 Random Fractures

Up to six separately parameterised sets of random fractures can be defined at one time.
The locations of the centres of the fractures are distributed uniformly within a cuboidal
region whose boundaries are set by the user. This region should be sufficiently larger
than the flow domain, bearing in mind the expected size of the fractures, so that thereis
no reduced density of fractures near the edge of the flow domain. For each of the other
fracture properties, the user specifies the distribution type and its parameters. In Release
4.1 the following distributions are available:

e constant;

e uniform;

e normal;

e log-normal;

e two parameter negative exponential;

e triangular;

e log-triangular;

e univariate Fisher (for dip angles and dip directions only);
e truncated log-normal;

e power-law (for fracture lengths only).

Given thisinformation, fractures are generated randomly up to a user prescribed density.
A typical NAPSAC generated fracture-network is shown in Figure 3.

Note: Releases 4.1.5 onwards support greater flexibility in fracture generation.
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Figure3 An example of a fracture-network generated within a cuboid flow do-
main. Thefractures are coloured according to thelogarithm of trans-
missivity: red for high transmissivity, blue for low. The figure was
generated by AVIZIER for NAPSAC.

2.2.4 Variable Apertureson Fractures

As well as random fractures, each with a uniform aperture, NAPSAC can represent the
random variations of aperture within a given fracture. This option may be specified for
some or al of the sets of random fractures, and also on a known fracture. The local
values of the aperture are generated from alognormal distribution with standard deviation
prescribed by the user. With aknown fracture, the mean value of the distributionissimply
the aperture given by the user. In the case of a random fracture, a value is randomly
sampled in the same way as for a uniform fracture, but this value is then used as the mean
aperture about which the local aperture distribution on the fractureis generated. Note that
the standard deviation of the aperture distribution for asinglefracture need not be the same
as the standard deviation of the mean apertures of the fracture set.

In reality, the apertures at nearby points on the same fracture may well be correlated to
someextent. To represent this, NAPSAC providesthe user with thefacility to specify acor-
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relation length scale and one of 3 correlation functions (note that these are the distribution
of the aperture prior to exponentiation):

p1§) =1-

p2(8) = exp(—=&/1); (2.3)

p2(8) =1— (28l —£5Y%)1 £ <],
=0, £ >1;

where & is separation and | is the correlation length scale. If uncorrelated apertures are
required, this may be achieved by using either correlation function 1 or 3, with a zero
correlation length.

2.25 Fracture Sub-division (‘ Tessellation’)

A simpler method of generating a variable transmissivity on each fracture (tessellated
fractures) isto sub-divide the fractures into smaller fractures (sub-fractures) according to
an approximate correlation length, and generate the transmissivity on each sub-fracture
independently. In this way fractures are generated according to a specified length distri-
bution, but then sub-divided such that no sub-fractureislonger than the correlation length.
Hence, the number of fractures increases but the fracture areadensity ismaintained. This
method is more appropriate for large random networks.

Another reason for sub dividing fractures is one of discretisation. The number of finite
elements used to discretise each fracture is similar on every fracture, irrespective of the
fracturelength. If fracturelengthsvary by ordersof magnitudethenlarge fracturesmay be
under-refined, and small ones over-refined. Hence, tessellation can be used to split large
fracturesinto a network of sub-fractures of amore uniform size, and consequently amore
uniform discretisation. Inthiscasethetransmissivity of the sub-fracturesisinherited from
the transmissivity of the tessellated-fracture from which it was created.

2.3  Engineered Features

Sincefield experimentsin fractured rock usually involve borehol es, amodel feature ( bore-
hole') is provided to facilitate their incorporationin simulations. Thereisafurther feature
(‘shaft’) to represent engineered features of larger radii such as tunnels or shafts. Both
types of feature are specified by the coordinates of the two ends and aradius. Both models
add extra flow connections to the network where the engineered features intersect frac-
tures. Generally, if the radius of the engineered feature is small compared to the length
of fractures then the borehole submodel is adequate, otherwise greater accuracy is gained
by using the shaft model. For a borehole only the fractures intersecting a line joining the
two ends are hydraulically joined to the borehole. For a shaft all fractures intersecting a
cylinder with the specified radius and axis are hydraulically joined to the shaft. The axial
hydraulic conductance (units of m3s—1) of thefeatureis cal culated from the radius or from
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aspecified permeability. The propertiesof askinlayer can be specified to limit radial flow
due to grouting or skin effects. Section 3.5 gives more details on the simulation of flow
around engineered features.

Any two engineered featuresmay bejoined hydraulically. Hence, curved boreholes can be
represented by several joined boreholes of varying inclination. Figure 4 gives an example
of a complex model with many sections of engineered feature joined together to form a
spiral tunnel. Two vertical shafts are aso shown.

Figure4 An examplerepresentation of a complicated system of tunnels(spiral)
and shafts (vertical). Some region element edges, two large deter min-
istic fractures, and afew random fractures are also shown. Thefigure
was generated by AVIZIER for NAPSAC.

2.4 Fracture I nter sections

Once the fracture-network has been generated, the next step isto calculate all the fracture
intersections. Thisallowsan interpretation of the fracture-network connectivity. Intersec-
tions between the planes and the boundaries of the flow domain are cal culated, and part or
all of afracture falling outside the flow domain is discarded.

The intersections are evaluated by solving the equation for the intersection of the two
fracture planes using elementary geometry. In order that large networks can be handled
the search for intersections is optimised by sorting the planes into subregions and only
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testing planes in the same subregion for intersections. In this way the asymptotic cost of
the calculation of the intersectionsis proportional to the number of planes rather than the
square of the number of planes. The flow field is discretised by assigning a number of
nodes, referred to as the global flow nodes, to each intersection.

25 Boundary Conditions

Boundary conditions are set on the boundaries of the flow domain. By default, NAPSAC
treats any boundary for which no condition is set as impermeable. For a permeable
boundary, either a pressure distribution or a fluid mass flux can be specified. A pressure
distribution can be defined in three ways.

e aconstant value may be set over the whole surface;
e alinear pressure variation may be specified;

e the pressure can be interpolated (bilinearly) from a set of pressure values at the
region element vertices. These pressure values can be specified in the input datafile
or interpolated from aregular mesh which isread from afile.

For flux boundary conditions a uniform fluid mass flux in units of kgm~2s~1 is specified
over a boundary surface. A mass flux enters each fracture which intersects the surface.
The amount of flux entering a particular fracture is weighted according to the length of
the fractures trace, such that the total mass flux entering the surface equals the mass flux
value specified multiplied by the area of the surface.

In addition to the boundary conditions set on the flow domain boundaries, the user may
specify the pressure or flux on individual engineered features.

For mass transport the salinity can be specified on sel ected surfaces. The default boundary
condition for this caseis zero dispersive flux (an outflow condition).
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3. NAPSAC CALCULATIONS

This Section detail sthe varioustypesof cal cul ationsthat can be performed using NAPSAC.

3.1 Geometric Analysis

Prior to a flow calculation useful information can be gained by analysis of the fracture
intersections. One of the main characteristics of a fracture-network that controls the
behaviour of the flow is the connectivity of the network.

3.1.1 Percolation Analysis

The most basic measure of connectivity is whether the fracture-network has a connection
acrossthe region or not. Thisdepends on the fracture density and the change from uncon-
nected to connected networks is predicted by the percolation threshold. The percolation
threshold gives the density at which the size of connected clusters of fractures suddenly
increasesfrom arelatively small typical cluster sizeto the existence of apercolating cluster
that spanstheregion. The percolationthresholdisquiteasharp transition: asmall increase
in fracture densitieswill change the network from one for which no realisations have con-
nections across the model region to one for which all realisations are well connected [10].
This percolation threshold depends upon the statistical properties of the network, but for
random networks there is a much more significant dependence on the dimension of the
network geometry. Three-dimensional networks become well connected at much lower
fracture densities than two-dimensional networks.

The NAPSAC percolation option builds the network one fracture at a time. As each
individual fractureisincluded, alist of fracture clustersis maintained and updated. If the
fractureintersectsany fracture belonging to an existing cluster it isadded to the appropriate
cluster list. If it intersects with two or more digoint clusters, then the cluster lists are
combined. If itisisolated, then anew cluster list isstarted. When asingle cluster connects
all the relevant boundary surfaces, percolation has occurred, and any remaining fractures
in the original network may be discarded if required.

3.2  Steady-State Flow

The groundwater flow is assumed to occur entirely within the fracture-network, and the
groundwater is assumed to be incompressible so that mass conservation implies

V- q= 0, (31)

whereq isthegroundwater volumeflux. Thepressureat each global flow nodeiscal culated
by solving equations (3.1) and (3.4) subject to the prescribed boundary conditions. Note:
NAPSAC worksin termsof the dynamic pressure, P, whichisrelated to thetotal pressure,
PT,by P = PT — pgz, wherep isfluid density and z isthevertical height relativeto some
datum. The finite-element approach is used. The weak form of the problem is obtained
by multiplying equation (3.1) by asuitable test function and then integrating over the flow
domain, 2. The pressurefield is approximated by a function of the pressure values at the
global nodes, P, with piecewise linear basis functions defined along each intersection.
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Figure5 Discretisation of fracture plane. Fracture intersections are shown in
grey with the best-fit line of finite-element edges shown in black.

These basis functions are defined over the fracture planes, away from the intersectionsin
the following way.

Noting that the groundwater flux islinearly dependent on the gradient of the pressure, and
using the Galerkin finite-element formulation, the problem of solving the mass conserva-
tion equation becomes one of solving

Zf/ U, V20 Py =0, (3.2)
J Q

for suitable basis functions ¥, where T isaconstant related to the transmissivity T by
T = pgT Here p isthefluid density and g is acceleration due to gravity. Defining

Fj= f/ U, V2, (3.3)
Q

sothat F; ; isthenet flux dueto unit pressure at node J and zero pressureat all other global
flow nodes, integrated over the basis function for node | along the intersection containing
node | (mass conservation on the fracture plane requires that VW5 is zero elsewherein
the solution domain). Both the fractures that include the intersection containing global
flow node | will make a contribution, fl(?, toF ;.

The next stage of the NAPSAC groundwater flow calculation isto evaluate f|(§) for each
fracture planek and each pair of global flow nodes I, J. Thefinite-element method isused
to solve the mass conservation equation (3.1) on the fracture plane. Assuming laminar
viscous flow between two parallel plates with a separation equal to the fracture aperture,
the groundwater volume flux q over the surface of the fracture planeis

3

e
=——_ VP 3.4
q o5 (3.4)

whereeisthefractureapertureand w istheviscosity of thegroundwater. Thetransmissivity
of the fracture planeis given by
_ pge’
12’
the parallel-plate law of transmissivity [11].

(3.5)
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Figure6 The pressure distribution on the network scale. Each fracture is
coloured according to the mean pressure on the plane. Red indicates
high pressure, blue low pressure. The flow domain is an annular re-
gion built from 12 hexahedra. Flow is from the external surface to
theinternal surfaceto model inflow to atunnel. Thisplot was created
using AVIZIER for NAPSAC.

Each fracture plane is discretised into a user-specified number of linear triangular finite-
elementsas shown in Figure 5. Theline of afractureintersection is approximated so asto
coincide with the edges of the triangular elements generated by the fracture discretisation.
An exampleof thisisalso shownin Figure5. The boundary conditionsfor calculating ¥ ;
on plane k are specified pressures at all the finite-element nodes along the intersections,
the values of which are interpolated from the condition of unit pressure at global flow
node J and zero pressure at all other global flow nodes on the plane. The solution of
these equationsfor the different boundary conditions corresponding to the different choice
of global flow node, J, on the plane provide a complete set of groundwater volume flux
responses which are assembled into a global matrix.

The final stage of the groundwater flow calculation is to evaluate the pressure field in the
fracture-network. The matrix equation (3.2) is assembled from the individual f,('j). The
global boundary conditions are imposed, and a direct frontal solver is used to calculate
the pressure values at the global flow nodes from the matrix equation. The pressure
distribution across afracture plane can be recovered by the superposition of the individual
basis functions calculated earlier, weighted by the pressure solution at the global flow
nodes.

Figure 6 shows an example of the pressure distribution on the network scalefor a network
of 12,601 random fractures. Figure 7 gives an example of the pressure distribution on the
finite-element scale for a network of 8 known fractures.
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Figure7 The pressure distribution on the scale of the finite-elementsfor a net-
work of 8 fractures. Red indicates high pressure, blue low pressure.
Thisplot was created using AVIZIER for NAPSAC.

3.3  Full Permeability Tensor

The approach adopted to the calculation of the full permeability tensor, that is, al six
independent components, Kyx, Kyy, Kzz, Kxy, Kyz, Kz, is as follows. Consider a rectan-
gular block of a continuum porous medium with an anisotropic permeability tensor with
components k;;. For a given head gradient with components G;j, the specific discharge
would be

g =—) kjGj. (3.6)
i
The fluxes through the faces of the block are given by

QaZAaZnaiQizAaZnaikijGj, (3.7)

i,j

where n,; are the components of the normal to face o with area A,. These fluxesvary in
asimple way with the imposed head gradient.

Now consider asimilar block composed of fractures. Using NAPSAC, the fluxes through
thefaces of the block can be cal culated for aspecified head gradient imposed asaboundary
condition on the block. These fluxes will vary with the imposed head gradient. The
variation is unlikely to be as simple as the variation of the fluxes through the faces of a
block composed of an anisotropic continuum porous medium. However, one can look
for the best fit to the variation of the fluxes through the block composed of fracturesin
termsof the variation of the fluxes through an ani sotropic continuum porous medium. The
corresponding permeability tensor provides, in an average sense, the effective permeability
tensor for the block composed of fractures.
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In practice, rather than fitting to the variation of the fluxes through the faces of the block
as continuous functions of the imposed head gradient, the fit is made to the fluxes for a
modest number of directions of the imposed head gradient. In the current implementation
in NAPSAC, the head gradients may be specified by the user, or their directions may be
chosen automatically in the following manner, which is designed to avoid directional bias,
asfar aspossible. A number of randomly oriented regular icosahedracentred ontheorigin
are chosen. Then the directions of the head gradients are taken to be along the lines from
the centre to the mid-points of the sides of each icosahedron. (There are 15 such linesfor
each icosahedron.) This gives auniform coverage of direction.

Thus the components of the effective permeability tensor are obtained by minimising

2
fZ(Qﬁa+AaZnaikijG,sj) , (3.8)

B i]

where Qg is the flux through face o for imposed gradient Ggj. (Here g indexes the
imposed head gradients.)

Thisleads to the ‘normal equations’ (see for example Reference [12]

of

0= okii ZZ Qpo + Aaznakklem AungiGgi i =1,2,3;
S k! (3.9)

af S
0= T 2> | Qs + Ar Y Nakkii Gpi | (AunaiGpj + AulajGpi) i < jandi =1,2.3.
! B.a kI (3.10)

(It should be noted that only six components of the permeability tensor are independent,
namely kxx, kyy, kzz, kxy — kyx, kyz — kzy and kXZ — kzx.)

Equations(3.9) and (3.10), which are asystem of linear equations, are solved by Gaussian
elimination. The quantities Aynei Ggi and and (AyNui Gpj + AgNejGgi) are called the
basis functions. The inverse of the matrix for the system is called the covariance matrix
and isclosely related to the uncertaintiesin the parameter estimates obtained by the |east-
squares fitting [12].

3.3.1 Efficient Implementation

It is important to make the effective permeability calculations as efficient as possible. In
fact, the calculation of the full permeability tensor is implemented in such a way that its
computational cost is little more than that of computing the flow through the block for a
single set of boundary conditions.

The reason for thisis as follows. The discretised flow equations for the network can be
written in matrix notation as

AX = D, (3.11)

where
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X is the vector of unknowns, that is the residual pressures (or effectively heads) at the
internal nodes of the model;

b isthe right-hand side vector of specified residual pressures (heads) on the boundary.

NAPSAC uses adirect Gaussian algorithm to solve these equations. The method is equiv-
alent to making a decomposition of A into the product L U of alower triangular matrix L
and an upper triangular matrix U, followed by successively solving

Ux =Y. (3.13)

The computationally expensive step in this procedure is the determination of the LU-
decomposition. Relatively speaking, equations (3.12) and (3.13) are very cheap to solve.
Once the LU-decomposition has been made, it is therefore possible to solve the matrix
equations for a number of different right hand sides very cheaply. This is exactly what
is required to calculate the flows for the different imposed head gradients. The various
gradients are defined by specifying the corresponding distribution of head around the
boundary of theblock. Inthisway, avery efficient method for calculating the full effective
permeability tensor is obtained.

3.3.2 Calculation of Effective Permeabilitiesfor Many Blocks

One application of thisfacility isthe calculation of effective permeabilitiesin a study of
upscaling. Such studiesrequirethe calculation of the distribution and correlation structure
of the effective permeabilities. An option is therefore available to generate a realization
of a fracture-network in a specified region, and then automatically calculate effective
permeability tensors for each block in a subdivision of the region. It is then possible
to analyse the statistics of the data obtained using this option in order to estimate the
correlation structure of the effective permeability.

3.3.3 Effective Permeability of an Internal Block

The facility to calculate the permeability for many blocks provides a very powerful tool.
However, theissue of boundary short-circuits needsto be considered. Asdiscussed above,
the algorithm is based on cal culating the flows through the block of interest for a number
of different imposed head gradients, which are specified in terms of imposed heads on
the boundaries of the block. However, it is possible that there are one, or more, highly
transmissive fractures within the block directly connecting an inlet face with an adjacent
outlet face (see Figure 8).

Because of the imposed head boundary conditions there are large flows through such
fractures. This leads to an estimate of the effective permeability that is biased towards
high values. The problem arises because of the interaction of such short circuits with
the imposed boundary conditions. Consider the behaviour of the block in question in
the context of the surrounding network. It is unlikely that the imposed head would be
present across such a short circuit. Rather, because of its high transmissivity, the head
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Figure8 Schematic of short circuitsin atwo-dimensional case.

drop across the short circuit would be small, with most of the head drop being taken
up by other fractures. One limiting case, which is shown in Figure 8, is that of a short
circuit that is not connected beyond the block in question. In the case shown in Figure 8,
when the surrounding network is taken into account the head in the short circuit would
actually be constant, and there would be no flow in the short circuit, whereasiif the block
was considered in isolation, the short circuit might well completely dominate the flows
through the block and hence the calcul ated effective permeability. In order to address this
problem it is necessary to modify procedure for calculation of the effective permeability
tensor. Thismodification effectively allowsfor a‘ guard zone’” around the block of interest.
This alows the effective permeability of the block to be calculated in the context of the
surrounding network, so the effect of short circuits is restricted to the guard zone. In
practice, it is necessary to choose a guard zone of a sensible size, which depends on the
distributions of the fracture properties.

34  Transient Flow Modelling

As the field experiments from which the data to generate fracture-networks are derived
usually involvetransient flows, atransient flow modelling capability hasbeen developedin
NAPSAC. An approach consistent with the steady-state approach is adopted. Thisensures
that the code is applicable to the complex networks that the steady-state code is able to

handle. The equation describing transient flow through a fracture-network is
Sk _ T —V?P, (3.14)
pg 3t pg
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where Sisthefracturestorativity whichisdependent both on fluid and rock compressibility.
The choice of asuitablemodel for fracture storativity isimportant for an accuratetransient
flow model. Three modelsfor fracture storativity are available in NAPSAC:

S= pgAe
S= pg[1/RKN +eCs]: (3.15)
S= aT?.

Here A, RKN, C¢, o and 8 are constants that can be specified by the user.

The fracture-network is discretised in the way described in Subsection 3.2 and a forward
difference is used to approximate the time derivative. The finite-element equation to be
solved for the pressure values at the global flow nodes becomes

= | ww P”+1—T/qfv2qf pntl) — —/qqu =1
z(mfg.” ovae) -3 5 [on

3 (3.16)

where Siis related to the storativity by S = pgS. This equation is solved for a fixed
timestep At to give P" the pressure solution at timet = nAt. The second term on the
left-hand side of this equation issimply the flux term,

> FiyPH, (3.17)
J

that appears in the steady-state equation (3.2), and the first term on the left-hand side of
this equation will be referred to as the storativity term

> S PI (3.18)
J

The second step of a transient groundwater flow calculation is analogous to that in the
steady-state cal culation. The contributionsfrom the individual planesto the global matrix
are calculated. Asbefore, the contributionsto the flux term from each plane are evaluated
by solving the mass conservation equation on each plane subject to a number of different
boundary conditions. In addition, the contributions to the storage term are evaluated for
each fracture plane.

These contributions are then assembled into the global matrix, ready to start timestepping.
Inorder to simplify generating theright-hand sidesof equation (3.16) for each timestep, two
global matrices are assembled, one containing the flux term, F; 5, and the other containing
the storativity term, S 3. It isassumed that the boundary conditions are fixed with respect
to time, and therefore can be imposed by deleting terms from the storativity matrix and
changing the flux matrix in the same way as for the steady-state model. A boundary
condition vector is constructed at this point. The two global matrices are added together,
component by component, to form one global matrix. The resulting global matrix and
the boundary condition vector are unchanged for all timesteps of the same size, since they
depend on time only through the timestep size At.
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The next stage is to solve the matrix equations for each timestep. The right-hand side of
equation (3.16), for the first timestep, is evaluated by multiplying the storativity matrix
by an initial solution which is prescribed by the user. This initial solution may be a
constant pressure, a linearly varying pressure or an existing solution previously found
by NAPSAC. The contribution from the boundary conditions is added to this right-hand
side and the matrix equation (3.16) is solved using the same direct frontal solver asfor a
steady-state cal culation to produce the pressure solution at thefirst timestep. Thissolution
isused to eval uatethe next right-hand side and the timestepping loop isrepeated producing
a sequence of solutions P"*+1 which define the flow field at the (n + 1)-th timestep.

As with steady-state problems, this method allows quite coarse meshes to be used on
very large systems. However more detailed refinement might be required for smaller
networks, or near sourcesand sinks. To deal with thisthe transient model permits optional
local refinement for significant fractures. This option involves solving the transient mass
conservation equation on the fracture and then adding this contribution to the refined
matrix. At each timestep the local pressure solution is saved on the finite-element mesh
of the refined plane and this solution is used to cal cul ate the next solution to the transient
mass conservation equation on the refined plane.

3.5  Engineered Features

Closeto apoint wherean engineered featureintersectsafracture, the pressurefield behaves
like that within a parallel plane having asingle sink:

P— Pw— 299 <L> , (3.19)

2rT rw

where Py is the wall pressure, r is the distance from the engineered feature, ryy is the
engineered feature radius and Q is the volumetric flow rate from the engineered feature
into the fracture.

This logarithmic behaviour is poorly approximated by a regular linear finite-element dis-
cretisation, and so a correction is applied to the pressure calculated by the finite-element
method at the engineered feature, P g, using the analytical solution in equation (3.19), to
obtain the wall pressure, Py:

Pw = Pre + %, (3.20)
where I' is a productivity index and is dependent on the size of the finite element mesh,
the feature radius and the transmissivity of the fracture. Although thismodel isbased on a
steady-state anal ytical solution, tests have shown that the correction factor to be reasonable

when modelling transient flow.

3.6 Two-dimensional Networks

For formations with very high aspect ratios a simplification to a two-dimensional network
may bejustified. Alternatively when approachesto complex physicsarebeing developedit
may be necessary to simplify the geometry by approximating athree-dimensional network
by atwo-dimensional one. A two-dimensional version of NAPSAC was developed so asto
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use much of the existing three-dimensional code. The flow model and the approach used
to solve the equations are analogous to the three-dimensional version. The network can
be considered as a dice through a three-dimensional network in the x-z coordinate plane,
with constant flow in the y-direction, and mass conservation governing flow through the
fracture. The fractures are represented as straight line segments, and are defined by an
orientation angle, alength and an effective aperture. Asin three-dimensional simulations,
the parameters describing each fracture may be sampled from statistical distributions. A
more physical way of generating atwo-dimensional network, and the one usually adopted,
isto generate a three-dimensional fracture-network and to map traces onto a plane.

Theflow solution in thetwo-dimensionsisless complicated thanin three-dimensions. The
flow field is discretised by assigning one global flow node to each intersection between
fractures. Linear basis functions, which are zero outside the fractures, are defined at each
node J by

vy =1 at node J,

v; =0 at node | # J, (3.21)

and are defined by linear interpol ation along fractures between nodes. The contributionsto
the matrix equations(3.2) and (3.16) for each plane are cal cul ated directly without needing
to calculate the response functions on each plane. Boundary conditions are imposed and
the resulting matrix equation is solved using the direct frontal solver.

3.7 Modédling the Effect of Stresson the Fracture Network

NAPSAC is designed to deal with complex fracture-networks, and as a consequence it
is only practical to incorporate relatively simple models for the effect of stress on flow
(hydro-mechanical coupling). The effect on the flow of a change in stress caused by
disturbing the surrounding fracture-network, for example by drilling a repository tunnel,
canbecalculated. Thenetwork isassumed initially to bein hydro-mechanical equilibrium,
with the apertures of the fractures being those that apply to the in-situ network under the
specified equilibrium stressfield. NAPSAC does not calculate the stressfield directly. An
analytical solution may be used to determine the changed stressfield, or theresults of field
experiments can be used to obtain an empirical specification of the changed stress field.
Thus the normal stress acting at any point on afracture may be calcul ated.

Having cal culated the changein normal stress, a stress-aperture coupling isused to change
the fracture aperture. I1n three-dimensions, the change in aperture for each finite-element
is computed from the value of the normal stress at the centre of the finite-element. In
two-dimensions, the change in normal stress acting on the fracture is calculated at the
centre point of each section of fracture between intersections.

There are several stress-aperture couplings available. Three that have been used in NAP-
SAC modelling [13] are

T = constant,
T/To = (on/on0)™*, (3.22)
€ = max (€y — (on — ono)/RKN, €nmin) .
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In the first coupling, the transmissivity, T, of each fracture is assumed to be unchanged
by the excavation of the tunnel. NAPSAC directly convertstransmissivitiesinto apertures
using the paralel-plate law, as defined by equation (3.5), and so the apertures remain
constant. The second coupling is a compliance law relating the change in fracture trans-
missivity, T, to changes in normal stress, oy, through a power law with exponent «. The
value of « is obtained from laboratory tests carried out on the rock. For fractured rock
a typically has values between 0.1 and 1.0. The third law relates the change in aperture,
e — ey, directly to the changein stress and the fracture normal stiffness, RKN. It is neces-
sary to define a minimum aperture, emin to ensurethat all aperturesremain positive, and to
reflect the physical reality that fractures can only be compressed so far. Again, the results
of laboratory tests are used to determine the value of RKN.

3.8  Tracer Transport

Thetracer transport optionin NAPSAC isdesigned to cal culate the migration and dispersal
of tracer through a discrete fracture-network. Within the groundwater, it is assumed that
tracer transport is dominated by advection, so that molecular diffusion can be ignored, and
themajor cause of dispersionisdueto the existence of anumber of different pathsthrough
the fracture network. It is also assumed that the fracture apertures are small enough that
the tracer diffuses quickly across the aperture.

The transport calculations are based upon a particle-tracking algorithm. The problem is
split up into the calculation of single fracture responsesfollowed by the calculation of the
transport of a particle swarm through the network. For each fracture plane arepresentative
number of pathlines between the intersections on the plane are calculated. Intersections
are discretised by transport nodes and pathlines are calculated from each transport node.
There are two algorithms available for cal culating these pathlines.

The first algorithm provides ‘exact particle tracking’. For each fracture, the flow field is
discretised in terms of linear triangular finite-elements. The flow is determined by the
pressure field, and since the pressure varies linearly over each triangle, the groundwater
velocity,

q e

V= o 12MVP, (3.23)
is constant on each element. The pathlines are calculated on each fracture by stepping
the path across the mesh, one element at atime. On reaching a fracture intersection, the
path is complete. Once the pathlines from the transport nodes on each fracture plane have
been calcul ated, the possible connections for that node are determined. A list of possible
destinations, travel times, distances and relative probabilities for a particle leaving each
node are calculated. In thisway, alibrary of pathsis created for every transport node in
the network. The model relies on the calculation of a very accurate flow solution. If a
low accuracy solution is used, then problemswith local flow sinks on fractures may occur,
resulting in the loss of a significant fraction of the particle swarm.

The second a gorithm provides* approximate particletracking’. NAPSAC isableto create
a database that records the net flux between all the intersectionsfor a flow solution. This
network of flux connectionslinks the centre of every intersection on agiven fracture with
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Figure9 An example of a particletracking calculation for 30 particles starting
at thesameinjection boreholeinterval (located centrally and vertical)
and dispersing outward toward the vertical boundaries. Flow isradi-
ally outward from theinjection borehole. This plot was created using
AVIZIER for NAPSAC.

every other intersection centre on the fracture. A transport option has been devel oped that
is based on this flux database in which particles are transported between intersections.
This is a more robust method as it does not need a highly accurate flow solution, just a
good flow balance at the network intersections and is more computationally efficient. One
disadvantage is that this model cannot accurately model dispersion on a single fracture.
However, where dispersion is dominated by the different paths through the network rather
than dispersion on anindividual fracture plane, theseinaccuraciesmay be small and so this
method ismost appropriatefor largenetworks. Theaccuracy of thecal culationfor transport
across any fracture can be improved by tessellating fractures which effectively increases
the discretisation. Figure 9 shows 30 particle tracks based on approximate particlestracks
for a simple random network. The paths clearly demonstrate the heterogeneities in flow
due to variations in network connectivity and fracture transmissivity.

The next step in the transport calculation consists of following alarge swarm of particles
across the network. Particles can be started on any surface of the fracture-network region
wherethere isan inflow or from any number of engineered features. Particles are tracked
through the network from node to node, building up the path taken by each of the particles
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using theinformation calculated in thefirst step. Figure10isan exampleof abreakthrough
curve for particle tracking across a simple cuboid region.

SMALL TRACER TRANSPORT MODEL

‘ CUMULATIVE ARRIVAL CURVE

71 AEA NAPSAC (version 4.1) Tue Nov 25 1997 11:10:54

Figure 10 An example of a breakthrough curve based on 1000 particle tracks
through a small random network. The jagged line is the cumulative
curve based on the particletracks. Thesmooth curveisafit tothedata
based on a two-parameter advection-dispersion curve.

39  Coupled Groundwater Flow and Salt Transport

The same philosophy, that is to decompose the problem into separate calculations on
each fracture plane, has been taken in developing the variable density flow algorithm for
NAPSAC. The overall structure of the approach involves the following four stages:

1. calculate a steady-state solution for constant density flow in a three-dimensiona
fracture-network in the normal way;

2. define an equivalent network of one-dimensional conduits (or pipes) connecting frac-
tureintersections. Thephysical parametersassociated with these conduitsarederived
on the basis of the full network solution (stage (1));

3. for each time-step of the variable density flow calculation:

e solve for the pressures at the ends of the conduits, based on the current salinity
distribution;
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e up-date the salinity distribution by moving the salt distribution in each conduit
on the basis of the velocity field derived from the computed pressures and the
current density distribution;

4. after the final time-step, interpolate the pressure and salinity distribution back on to
the full fracture-network.

Subsection 3.9.1 describes how the flow across each fracture plane is converted into an
equivalent set of one-dimensional conduits connecting intersections (stage (2)). The cou-
pled flow and salinity transport equations are solved by a simple time-stepping approach
in which the flow and transport equations are solved alternately [14]. This de-coupling of
the flow and salinity transport on the level of each time-stepisnecessary if calculationsare
to be performed for realistic networks. Although the approach taken in some continuum
codes, suchasNAMMU [15], in which the equations are solved asafully coupled system,
IS more accurate, it would not be tractable for large fracture-networks. The advantages of
the approach used here are that it is efficient, robust and accurate, providing parameters
such astime-step size are chosen sensibly. The approach needs to be robust because large
property contrasts and a complicated heterogeneous flow geometry are inevitable when
simulating afracture-network by stochastic methods. Subsections3.9.2 and 3.9.3 describe
the flow and salinity transport calculations in the solution agorithm (stage (3)). Subsec-
tion 3.9.4 discusses the applicability of the algorithm and its limitations. Stage (4) will be
implemented in a later development.

3.9.1 Simplification to a Network of One-Dimensional Conduits

Theapproach taken to solving the variable density flow problemisto represent the network
of planar fractures by an equivalent network of conduits, where flow within each conduit
isone-dimensional. Thisis aso the approach taken in one of the tracer transport options
within NAPSAC, which has been shown to give very similar results to more detailed
cal culations based on the sol ution of finite-element equationsfor the two-dimensional flow
field on each fracture plane [16, 17]. Indeed, one may regard conventional approaches to
the discretisation of continuum equations as essentially assigning propertiesto connections
between a number of discrete nodes. Thus the important step is to ensure that the choice
of connections and properties can give an accurate description of the system.

In the NAPSAC model of saline groundwater flow, the connections are defined between
nodes centred on the intersections of the fracture-network. At the start of the salinity
transport calculation, alist of all possible pairs of nodes on each fracture plane is assem-
bled. Thiswill be avery large list for highly connected networks. However, in networks
where there are a large number of intersections on each plane, there will be many pairs
of intersections that are not hydraulically connected; for example if there are intervening
intersections that must be crossed (see Figure 11). In order to avoid defining conduits
along which thereislittle or no flow, the flow on the fracture is considered when assigning
propertiesto the conduits aswell asthe fracture apertures and intersection geometry. Four
principal properties are defined for each conduit linking the nodes i and j on a given
fracture plane. These are:

Lij — the conduit length [m], defined as the distance between the nodes,
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Qj —isthe volumetric flux between fracture intersectionsi and j [m3s~1], as calculated
on the full fracture-network;

Ajj —is the area for the conduit between intersections i and | [m?]. Thisareaisa
function of the geometrical area of the quadrilateral formed by the end points of the
two intersections, IT, and the flux between the intersections Q;j;

tjj —isthe averagetime[s] for the flowing pore water to travel between the intersections
in the constant density calculation.

The coefficients in the equations describing transient flow, transport of salinity, and mass
conservation in the conduit network are derived from these four quantities.

Fracture intersection 3

Fracture intersection 2

Q13

Fracture intersection 1

Figure 11 A schematic of flows associated with three intersectionson a fracture
plane.

The conduit area, Ajj, is straightforward to evaluate and, when there are no intervening
intersections, is a meaningful flowing area for the conduit. However, the conduit areas
will not (in general) sum to the area of the fracture plane. For instance, where there are
a number of intersections on the fracture plane, there may be flow between each pair of
intersections, and the areasformed by pairsof intersectionswill often have alarge overlap.
Thissituationisillustratedin Figure11. Theareaavailablefor flow betweenintersections1
and 3will berelatively much smaller than the geometrical areabetween theseintersections.
This is reflected in the groundwater flux between these two intersections, €213. 213 will
correspond to the flux that bypasses the intervening intersection 2, and thus has to flow
over the outer area of the fracture plane. It can be used to define a better approximation of
the flowing area of the conduit that connectsintersections 1 and 3. The conduit areas are
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set to the quadrilateral area between the two intersections, weighted by the flux between
the intersections on the fracture plane, and then scaled to sum to the fracture area:
IT; 2

Ai = ———— x fracture plane area. 3.24
ST ITSY i 329

Thisdefinition of the conduit areameansthat the conduit network providesagood approx-
imate description of flow on afracture plane. Thisisbecausethe propertiesof the conduits
defined abovereflect the partition of the flux through the fracture planeinto separate fluxes
between pairs of intersections: the conduits corresponding to the connections between
large Ajj intersections will be assigned a greater proportion of the fracture transmissivity.
Local errorsare not important in astochastic simulation, so long asthey do not consistently
bias the solution. This approach has been tested for tracer transport calculations, where
theresultswerefound to be very closeto those from more direct methods (which are much
more computationally intensive) [16].

The pore water travel time, tjj, along the conduit is defined as

e

—, 3.25
o (3:25)

tij = Ajj x
whereeisthefractureaperture[m]. Thetimet;; correspondsto the conduit volumedivided
by the flux, or equivalently the conduit length divided by the mean pore water velocity.
This parameter is only used to define the relationship between travel time along conduit
and the mean pore water velocity. In a variable-density flow evolving in time, the pore
water velocity and hence the transit time between intersections will change. However,
these two quantities are linked by a linear relationship dependent on geometric factors
which are assumed to remain constant. Any transient variationsin the fracture geometry
can be modelled through the fracture storativity, as discussed in Susbection 3.9.1. Hence,
at any instant in time, tj; is used to determine the appropriate travel time along a conduit
given the groundwater flux in the conduit.

A number of other dependent properties are calculated for each conduit. First, the conduit
flow-width, wij, [m] is evaluated from the conduit length and flowing area:

Aij

T (3.26)

wij =

Next, the conduit transmissivity, Tjj, [m2s~1] is calculated from the constant density flow
solution flux between the intersections, the pressures at the intersection nodes, and the
conduit

Tij = pget;——1 3.27
ij =pr9g ijij(SHj' (3.27)

Here 6 F;j is the change in pressure along the conduit [kg m~1s72]. Finally, to ensure
consistency, the conduit flow aperture, gj, is recalculated from the conduit flow-width
and the transmissivity using the parallel-plate |aw.
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In summary, the fracture-network solution for constant density flow has been used to
define an equivalent set of flow conduits characterised by connectivity, length, area, and
transmissivity. Although these properties depend most strongly on the fracture properties
and network geometry, they aso depend on the flow solution. A future development of
the algorithm will allow the conduit network to be updated based upon a variable density
flow solution. This planned refinement to the algorithm is expected to result in only minor
changes to calculated resullts.

3.9.2 Variable Density Flow Solution

The solution of the distribution of pressure and salinity at each time-step is divided into
two stages. irstly, the transient pressure field in the conduit network is calculated given
the current variable distribution of density. Pressureis calculated at a set of nodes |located
at either end of the conduits. Then the new salinity distribution is calculated given the
updated flow solution. Salinity iscalculated in afinite number of cellswhich discretisethe
distribution of salinity in each conduit. Hence, intermsof thefracture-network, pressureis
calculated at each fracture intersection, and the distribution of salinity is calculated along
flow connectionsjoining pairsof intersectionson the samefracture plane. Thedistribution
of density isthen inferred from the salinity distribution to be used in setting the equation
for pressure at the next time-step. This procedure is repeated at each time-step. A more
detailed description is given below.

The mass conservation equation for flow in acontinuum is

9
3t (o) = (0Q) (3.28)

where
k
q= —( P p9 (3.29)

p isthefluid density [kgm 3], ¢ isthe total porosity, q is the specific discharge [ms 1],
k is the permeability [m?], and g is the acceleration due to gravity [ms 7.

When these equations are discretised for the conduit network, the dependent variable is
the residual pressure defined at the nodes corresponding to the junctions of the conduit
network (that is, at the centres of the fracture intersections of the fracture-network). In
order to discretise equations (3.28) and (3.29) for the node i one must consider flow and
transientsin the set of conduits j Integrating over the conduits j gives

9
Vi 3t (pp) = pGij (3.30)
j

where V; isthe volume[m?3] of the sub-domain associated with nodei V; isthe sum of the
flowing volume (the product of the conduit area and the aperture A;j &) for each conduit
adjoining the node. g;; isthevolumetric flux through the conduit j and isdetermined from
equation (3.29). Therefore, it depends on the density, which can vary along the conduit.
If the flux is constant along the conduit (that is the change in storage, defined by the time
derivative term, is considered to be localised at the node) then we can integrate the flux
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along the conduit to give g;j in terms of the residual pressures at the nodesi and j (the
node at the other end of conduit j) only
Lij S Lij
Gij ?ds Aj P B gn S o ds
0 ! 0 (3.31)

where the distance along the conduit is measured by s [m] and P, isthe residual pressure
at nodei in the discretised system.

Since the distribution of salinity, and hence density and viscosity, is discretised into a
number of cells, the integrals become sums of the appropriate quantitiesin each cell. In
equation (3.31) the conduit permeability parameter k;; is calculated from the transmis-
sivity of the conduit Ti; by kij  Tij g The permeability is used in preference to the
transmissivity since it is a property of the rock, whereas the transmissivity involves the
fluid properties. The contribution to the rock permeability due to a fracture is related to
the aperture of the conduit, & by k;; qzj 12 [11]. The code has been developed to
allow theviscosity s to depend upon the distance along the conduit and thereby on the
variation in salinity of the fluid within the conduit. However, currently s can only be
aconstant. g;j isthus given by

Ol Aj P P M (3.32)
where j and M;;j arethe gravity and viscosity integrals of equation (3.31).

The left hand side of equation (3.28) is expanded using the chain rule
P C

t P t Ct
where C isthe dimensionlessrel ative concentration of salinewater. C 1 correspondsto
saturated brine of density sand C 0 corresponds to fresh water of density o Botha
power law and amassfraction constitutiverelationship for density have been implemented

(3.33)

power law: C 0o —
0 (3.34)

1 1
mass fraction: C ¢ E
S

0 (3.35)

Replacing the pressure derivative with the conventional storage term from NAPSAC, we
can write equation (3.33) as
S C

e Tt (3.36)

Here, Sisthe dimensionless fracture storativity. Typically an empirical model is used to
relatefracturestorativity totransmissivity, S S T Thediscreteform of equation (3.36)
integrated over the volume associated with nodei is

i AjS] P Li s Cs

t g t % C ¢

Vi ds (3.37)
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Equations (3.32) and (3.37) can now be substituted into (3.30) to givethe spatially discre-
tised equations:

Jg j—tj i8] i ijAj Pp R M
j j (3.38)

Here, i is the arithmetic mean density along each conduit, and j; is the right hand
integral term in equation (3.37).

The time discretisation remains to be addressed. In principle, either an implicit or an
explicit scheme could be used. However, animplicit schemewould involvefully coupling
the solution to the pressure field and the concentration field; thiswould require an iterative
calculation at each time-step and would be computationally very expensive. To avoid this,
the concentration and density terms are treated explicitly, and the degree of implicitness
for the pressuretermsis set by the user. Thederivativeof C inthe cellsaong each conduit
Is evaluated during the concentration solve using a backwards-difference approximation
to the time derivative, and assumes full mixing of water in each cell (the evaluation of
concentration in each cell is described in more detail in Subsection 3.9.3). The time
discretisation isthen standard, and leadsto a set of linear equationsfor the pressure values
at the nodes of the conduit network.

The use of concentration and density values from the previous time-step leads to some
error inthe solution. However, if thetime-step is sufficiently small to capture the evolution
of concentration on each conduit, then this error should be acceptable. The set of linear
equations for the pressure values at the nodes of the conduit network, is solved using a
direct frontal matrix solver. The Harwell Subroutine Library (HSL) bandwidth reduction
program MC43 [18] is used to minimise the front width using the Sloan algorithm [19].
The equations are then solved using the HSL matrix inversion program MA42 [18], which
uses a highly optimised implementation of the frontal method [20].

3.9.3 Advective Transport of Salinity

Once the distribution of pressure has been calculated for a time-step, salt is advected
along the conduits in accordance with the nodal pressure values obtained. Values of the
concentration of salinity are stored at a number of cells along each conduit. Typically
10-30 cells are used to discretise each conduit, but this number can be chosen by the user
to give the appropriate level of refinement.

The pore water velocity along each conduit is evaluated using the volumetric flux given
in equation (3.32), together with the conduit flowing width and aperture. This velocity
is used to determine the number of cells that salinity in each cell should be moved along
each conduit during atime-step. In general, thisis not an exact number of cells, and so the
salinity (assumed to be distributed uniformly within a given cell) is advected into the two
cells that overlap the finishing location. The salinity variable is stored as a single value
for each cell, and thus this approach |eads to some numerical dispersion (in common with
most numerical agorithms for this problem). Where a front is being advected through a
conduit, the front is spread by up to one cell at each time-step.

If the salinity would be advected beyond the end of the conduit, then it is assigned to

AEA Technology 33



atemporary array associated with the links downstream of the end node of the conduit.
This salinity is divided amongst the out-flowing conduits, in proportion to flux, so as
to correspond to perfect mixing at the node. A second pass of the algorithm through
the conduits takes the salinity stored in the temporary array, and advects it into the new
conduits. If either the flow is large or the conduits are short, then some of the salinity
may cross several conduits during a single time-step, and several passes may be required
to advect al the salt. For a good choice of time-step only afew passes will be required,
and most conduits will have their salinity advected to its final location in just two passes.
The new values of concentration of salinity are now stored for each cell, ready to evaluate
the ij Mjjand jj integralsof equations (3.32) and (3.37).

The algorithm has been designed so that numerical dispersion and other discretisation
errors can be arbitrarily reduced by increasing the refinement (subject to the limits of
computer performance).

The final stage of the algorithm for each time-step is to evaluate the concentration and
the time derivative of concentration at each node ready for the pressure solve at the next
time-step.

3.94 Discussion

Thealgorithm hasbeen designed to all ow the user to refinethe numerical discretisation both
intime and in space. However, there are some approximations inherent in the approach.

The main approximation isthe decoupling of the pressure and salt equationsthat occurs by
choosing an explicit representation of concentration and density terms. Thisisunavoidable
given the requirements for arobust and efficient algorithm.

The agorithm assumes that the time derivative terms are constant over the sub-domains
associated with each node, and that the discharge is constant along the connections. This
issue essentially relates to the discretisation of the network into conduits. The effects of
this approximation are expected to be most significant when the spacing between fracture
intersections is large compared to the thickness of the saline transition zone, and hence
will be problem specific. The significance of this approximation could be quantified by
sub-dividing each fracture into a number of sub-fractures with the same geometry and
properties.

The equations solved are for the advective transport of saline water through the fracture
network using Darcy’slaw. Thismeansthat a number of physical processes are not repre-
sented. First, dispersion within the conduitsis neglected. This corresponds to neglecting
dispersion on individual fractures. Secondly, the use of Darcy’s law neglects some of the
terms from the Navier-Stokes equation. In particular, buoyancy driven flows within each
conduit are approximated by the one-dimensional treatment, and advective transport of
salinity takes place only in the flowing porosity of fractures. Any interaction with ground-
water in the non-flowing porosity of fractures or dead-end fractures is neglected. Such
interactions will take place through flows of buoyant water in the non-flowing porosity or
by the diffusion of salinity into dead ends. Although these effects will not alter the final
steady-state pressure and salinity distributions, they will act to retard the transient evolu-
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tion of variable density flows. Hence, neglecting the non-flowing fracture porosity tends
to over-predict the rate at which transients develop. Similarly, neglecting the retardation
of transport dueto diffusioninto the rock matrix can be expected to give an over-prediction
of transport rates.

The algorithm was designed to model advection of salt through a fracture-network, and
to investigate the impact of network geometry on this transport process. However, the
algorithm can be straightforwardly extended to incorporate dispersion and diffusion within
the conduits. There are also a number of possible approaches which can be used to
approximate the effects of rock matrix diffusion. One of the simplest isto include a total
porosity on each planeto model retardation by diffusioninto the matrix. Thetotal porosity
could be defined as an arbitrary function of fracture properties and geometry. Such an
approach will be reasonable for predicting the retardation of transport as salt diffusesinto
amatrix containing freshwater. However, it will perform lesswell at modelling processes
such as salt saturation of the matrix or out-diffusion from the matrix. To model these
processes it is necessary to use an algorithm which calculates the distribution of salinity
in the matrix aswell asin the fractures.

The algorithm calcul ates the variable density flow solution and predicts the distribution of
salinity. If thisflow solutionisto beused for further calculationsby NAPSAC, for example,
tracer transport, then the resultswill need to beinterpol ated back from the conduit network
onto the full fracture-network. The approach to this back interpolation is also likely to
introduce some numerical dispersion. Finally, the definition of the equivalent conduit
network is based on flux weighted areas cal cul ated from the steady-state, constant density
flow solution in the full fracture network. As salt moves through the fracture-network,
the flow directions within fractures will change and the weighting scheme will be less
relevant. The weighting scheme is not unique, and was selected empirically for usein a
tracer transport algorithm available within NAPSAC [16].

Figure 12 shows a network of 626 fractures used in demonstration of a variable density
flow calculation. The boundary conditions are a specified salinity and pressure on the
base, and no-flow on the vertical sides. The pressure on the base is chosen so that at
steady-state the box ishalf full of salt water. Two caseswere considered: zero variationin
the fracture transmissivity (see Figure 13); high variation (variability over about 6 orders
of magnitude) in the fracture transmissivity (see Figure 14). Thefigures show contours of
salinity by colouring the cellsaong each conduit. Red isahigh salinity, light blueisalow
sainity. Although there is the same total amount of salinity in the domain for both cases,
there is much enhanced mixing of salinity due to dispersion in the high variability case.
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Figure 12 Random networ k used in the variable density flow demonstration.

Figure 13 Profile of salinity for the case with no variability in fracture transmis-
sivity.

Figure 14 Profile of salinity for the case with high variability in fracture trans-
missivity.
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4. NAPSAC OUTPUT

The problemsmodelled by NAPSAC can be highly complex, soitisuseful to haveavariety
of ways of displaying output from the model, in order to facilitate the interpretation of
results.

4.1  Standard Output File

During the model generation and cal cul ation phases of aNAPSAC run text based summary
output is written to the ASCII standard output file (.out file). This contains information
such as a summary of the statistical properties of the fractures generated, groundwater
fluxes through surfaces, pressures and fluxes to engineered features. Some output options
generatefurther text based output, such asthe option to samplefracturesal ong hypothetical
cores.

4.2  Graphical Output

Most output options produce graphical output via an internal graphics package which
createsflat plot (2D) images in PostScript format.

Some options draw perspective diagramsillustrating views of the network in three dimen-
sions. The user has complete flexibility to specify the point from which the network is
observed, but may instead choose from a set of standard view options. For clarity, lines
hidden from the observation point by other parts of the network are not shown in the
picture.

4.2.1 Inspecting the Networ k

There are several optionsthat allow detailed inspection of the fracture-network, including
one that simply draws a perspective diagram of either the whole system or a specified
subset of fractures. Another option (‘trace mapping’) can be used to examine any (plane)
cross-section through the network. Aswell as producing a diagram showing where frac-
tures intersect the cross-section, it can scan along selected lines in the plane, reporting
information on all the intersections encountered. This information consists of the dis-
tance, from the start of the scan line, and the angle at which the fracture was crossed, and
the length of the intersection of the fracture with the cross-section plane.

There is also afacility for probing the network with line segments similar to boreholes.
The *core logging’ option produces both geometrical and hydraulic data on al fractures
crossed by the line segment including: the distance from the start of the segment, the
dip direction and dip angle of the fracture, the angle relative to the core, the fracture set
number, the aperture and transmissivity of the fracture.

Another optionisuseful when simulating thelocal variation of the aperture over individual
fractures. Thisproducesmapsof the aperturewidth on oneor morefractures, with contours
at equal intervalsof thelogarithm of the aperture. In addition, one can request the printing
of data on the two-point correlation of apertures.
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4.2.2 Examiningthe Pressure and Flow Solutions

To display the flow solution, there are many options available. The user may request aplot
of the fracture-network showing pressure contours or flux vectors, represented by arrows,
on fractures. Plots of pressure on individual fractures may also be requested. Pressure
profiles in which graphs of pressure against distance along a line segment through the
network are plotted can be drawn for steady-state and transient flow options. Plots of
pressure at a point against time are also available. When locally-varying apertures are
specified, histograms of fluxes across a line within afracture can be plotted.

The ‘pipe’ model is atool for analysing the solution of the flow problem by representing
each of the fracturesin the network by a collection of pipes. Every pair of intersectionsin
afractureis connected by a set of pipes, which contains a pipe joining every node on one
intersection with every node on the other. It should be understood that the fluxes in the
pipes only represent an approximation to the flow field in the fracture. They are computed
from exact solutions of the pressure at the nodes and the global response matrices. The
pipemodel can be used to estimatetheflux that crossesaseriesof parallel planerectangular
surfaces.

4.2.3 Tracer Transport

Several types of diagram are available for displaying the results of tracer transport sim-
ulations. To look at the results of a large swarm of particles sent through the network,
graphs showing the proportion of particles leaving the network as a function of time or
path length are available. The number of particlesis scaled by the total number released
to show a ‘breakthrough curve’. A cumulative arrival curve is plotted by integrating the
number of particlesarrive asafunction of time. Thisplot aso includesacurve derived by
fitting an analytical solution of the advection-dispersion equation to the times by which
25% and 75% of the particles have left the system.

A three-dimensional view of the network showing the swarm of particles at user specified
times or a diagram of a boundary surface showing the arrival of particles can also be
selected. Individual particle tracks can be investigated by producing a three-dimensional
plot showing the tracks or by plotting graphs showing aperture against time or distancefor
individual particle tracks.

4.3 3D Visualisation

The most powerful way to understand and interprete the results of a 3D network simula-
tionisnaturally to visualise the resultsin 3D. A complimentary 3D visualisation software
package has been devel oped specifically for NAPSAC by Bergen Software Services Inter-
national. Thisisdescribed in the next section.
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5. AVIZIER for NAPSAC 2.0

AVIZIER for NAPSAC isaversion of AVIZIER, an interactive 3D software environment
for the accurate visualisation of scalar and vector data, tailored to display the output from
NAPSAC. It has been developed by Bergen Software Services international (BSSI). A
key feature of Avizier is that it can be modified to use the same computationa grids
and numerical methods as the application program which provides it with data. This
ensures that the visual representation is an accurate rendition of the data computed by the
application program.

The capabilities of AVIZIER for NAPSAC 2.0 capabilities include the interactive 3D
visualisation of the following:

the fracture-network with each fracture coloured according to properties such as
aperture or transmissivity;

areduced network with removal of fractures according to location or properties,
well bores, tunnels and shafts;

the steady-state or transient pressure field at the network scale, each fracture being
coloured according to the average pressure on the plane;

the pressure field at the finite-element scale on several sets of fractures, each finite-
element being coloured according to the pressure variation on the finite-element;

the transient evolution of pressure around awell bore to visualise the growth of the
zone of influence;

particle tracking to visualise injection or abstraction of tracers.

A snapshot of any screen can be saved as a 3D image using VRML (Virtual Reality
Modelling Language )format. The saved image can be viewed and manipulated in 3D
using aweb browser (for example Netscape). Alternatively, the screen can be saved in a
2D format such astif, PostScript or RGB. 2D images can be combined to create animated
movies.

Figure 15 The highest level dialogue box for AVIZIER for NAPSAC.
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6. QUALITY ASSURANCE

A Quality Assurance (QA) programme defines a set of procedures for carrying out a
particular type of work in such a way as to maintain the quality of the work. A well
designed QA programme plays an important role in computer program maintenance by
ensuring that high standardsof coding areadheredto, that thereare proceduresfor reporting
and fixing program errors and that there isasystem for testing and issuing new releases of
the program which ensuresthat the new program givesthe correct resultsfor astandard set
of test cases. NAPSAC is maintained and devel oped under an appropriate QA programme
[21] by the Hydrogeology Department of the Waste Environmental Group within AEA
Technology. The QA programme conforms to the international standard 1SO 9000 and
TicklT. The UNIX Source Control Code System (SCCY) is used to store al source code,
documentation and test datafor NAPSAC. This automatically logs the author and date of
each change to the system, and enables previous versions of the code to be accessed and
recreated if necessary. All changes are thoroughly tested, and must be approved by the
Software Manager before they are accepted. A comprehensive set of approximately 40
test casesis used to test each new release. Through the NAPSAC QA programme, AEA
Technology seeks to continually improve the quality and reliability of NAPSAC.

REFERENCES

1 E. Anderson, Z. Bai, C. Bischof, J. Demmel, J. Dongarra, J. DuCroz, A. Green-
baum, S. Hammarling, A. McKenney, S. Ostrouchov, and D. Sorensen. “ LAPACK
Users Guide, Second Edition” . SIAM, Philadelphia, PA, 1995.

2. L. Smith and FW. Schwartz, “ An Analysis of the Influence of Fracture Geometry
on Mass Transport in Fractured Rock” . Water Resour. Res., 20(9), 1241, 1984.

3. JE. Bolt, PJ. Bourke, N.L. Jefferies, R.D. Kingdon, D.M. Pascoe and
V.M.B. Watkins, “ The Application of Fracture Network Modelling to the Pre-
diction of Groundwater Flow Through Highly Fractured Rock” . UK Nirex Report
NSS/R281, 1995.

4. J.E. Geier, C-L. Axelsson, L. Hassler and A. Benabderrahmane, “ Discrete Fracture
Modelling of the Finng6n rock mass: Phase 2. SKB Technica Report 92-07,
1992.

5. A.W. Herbert, G.W. Lanyon, J.E. Gale and R. Macloed, “ Discrete Fracture Net-
work Modelling for Phase 3 of the Stripa project using NAPSAC” . Proceedings of
the 4th International Symposium on the NEA/OECD Stripaproject, OECD, 1992.

6. O. Olsson and J.E. Gale, “ Ste Assessment and Characterisation for High-Level
Nuclear waste Disposal: Resultsfromthe Stripa Project Sveden” . Q.J. Eng. Geol.
28, S17, 1995.

7. R.A. Schaefer, J.E. Galeand A.W. Herbert, “ 3-D Discrete Fracture Flow Smula-
tion Using Monterey Formation Fracture Data” . SPE 29135, p. 415, 1995.

8. W.S. Dershowitz. “ Rock Joint Systems’. PhD Thesis, MIT, 1984.

9. A.W. Herbertand B.A. Spalwski. “ Prediction of Inflowto the D-Holesat the Stripa
Mine” . Stripa Project Technical Report 90-14, SKB, 1990.

AEA Technology 41



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

P.C. Robinson, “ Connectivity, Flowand Transport in Network Modelsof Fractured
Rock” . D.Phil, thesis, Oxford University, 1984.

D.T. Snow. “ Rock Fracture Spacings, Openings, and Porosities’. J.Soil Mech.
Found. Div, Proc. Amer. Civil Engrs., 94, 73, 1968.

W.H. Press, B.P. Flannery, S.A. Teukolsky and W.T. Vetterling, “Numerical
Recipes. The Art of Scientific Computing” . Cambridge University Press, 1986.

PM. Wilcock, “Generic Sudy of Coupled T-H-M Processes in the near-field
(BMT3)”. in Coupled Thermo-Hydro-Mechanical Processes of Fractured Media,
Developmentsin Geotechnical Engineering 79, S. Stephanson and L. Jing (Eds.),
Elsevier, 1996.

P. Bogorinski, C.P. Jackson and J.D. Porter, “ INTRAVAL Test Case 13: Smulation
of an Experimental Sudy of Brine Transport in Porous Media”. GRS-A-1984,
1984.

L.J. Hartley, C.P. Jackson and S.P. Watson, “ NAMMU (Release 6.4) User Guide” .
AEA Technology Report, AEA-ES-0138, 1998.

A.W. Herbert and G.W. Lanyon, “ Modelling Tracer Transport in Fractured Rock
at Stripa” . Stripa Project Technical Report 91-01, SKB, Stockholm, 1991.

F.W. Schwartz and G. Lee, “ Cross-\erification testing of Fracture Flow and Mass
Transport Codes’ . Stripa Project Technical Report 91-29, SKB, Stockholm, 1991.

HSL, “ Harwell Subroutine Library Specifications (Release 12)” . Volume 1, AEA
Technology Report, Harwell Laboratory, Oxfordshire, 1995.

S.W. Sloan, “ An Algorithmfor Profile and Wavefront Reduction of Sparse Matri-
ces’. Inter. J. Numer. Meth. Engng., 23, 239, 1986.

P. Hood, “ Frontal Solution Program for Unsymmetric Matrices’. Int. J. Numer.
Meth. Engng., 10, 379, 1976.

S.T. Morrisand G. Webster, “ Quality Sub-Programme: Computer Packages Based
on TGSL". AEA Technology Report, WEG/QAP/TGSL, 1996.

AEA Technology 42



