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PREFACE

This report concerns a study which is part of the SKI performance assessment project
SITE-94. SITE-94 is a performance assessment of a hypothetical repository at a real site.
The main objective of the project is to determine how site specific data should be
assimilated into the performance assessment process and to evaluate how uncertainties
inherent in site characterization will influence performance assessment results. Other
important elements of SITE-94 are the development of a practical and defensible
methodology for defining, constructing and analysing scenarios, the development of
approaches for treatment of uncertainties and evaluation of canister integrity. Further,
crucial components of an Quality Assurance program for Performance Assessments
were developed and applied, including a technique for clear documentation of the
Process System, the data and the models employed in the analyses, and of the flow of
information between different analyses and models.

Bjorn Dverstorp
Project Manager



Summary

CRYSTAL, a one-dimensional contaminant transport model of a densely fis-
sured geosphere, was originally developed for the Swedish Nuclear Power In-
spectorate's Project-90 performance assessment programme. It has since been
extended to include matrix blocks of alternative basic geometries. CRYSTAL
predicts the transport of arbitrary-length decay chains by advection, diffusion
and surface sorption in the fissures and diffusion into the rock matrix blocks.
The model equations are solved in Laplace transform space, and inverted nu-
merically to the time domain. This approach avoids time-stepping and con-
sequently is numerically very efficient. The source term for CRYSTAL may
be supplied internally using either simple leaching or band release submodels
or by input of a general time-series output from a near-field model. The time
series input is interfaced with the geosphere model using the method of con-
volution. The response of the geosphere to delta-function inputs from each
nuclide is combined with the time series outputs from the near-field, to obtain
the nuclide flux emerging from the far-field.
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1 Introduction

CRYSTAL is a one-dimensional, fractured geosphere transport model for ra-
dionuclides released from the engineered barrier system of a high level nuclear
waste repository. It was originally developed as one of the modelling tools for
the Swedish Nuclear Power Inspectorate's Project-90 performance assessment
exercise [1],[2].

The transport model for a densely fissured or fractured geosphere includes
advectdon and longitudinal dispersion (or diffusion) in the fissures, diffusion
into the rock matrix blocks, and linear equilibrium sorption in the matrix and
on the fracture walls. In the original version of CRYSTAL the rock matrix was
assumed to have the geometry of infinite slabs, separated from each other at
regular intervals by plane-parallel fractures or fissures. In this latest version
(version 2) the equations have been generalized along the lines suggested by
Barker [3] so that matrix blocks of simple shape and unique properties may be
used, both in isolation and in combination. The model equations are solved in
the Laplace transform domain. Inversion back to the time domain is achieved
using a numerical method proposed by Talbot [4]. This algorithm has proved
to be highly accurate and efficient, for related problems [5],[6], [7].

Models for one-dimensional transport in fractured rock have been given by
Hodgkinson and Maul [8] and by Hodgkinson, Lever and England [9]. The
former deals with decay chains, while the latter includes kinetic sorption and
general boundary conditions. The model described here includes decay chains

" and general boundary conditions, with no kinetic sorption.

The purpose of this document is to describe the technical specification of the
model and the examples which have been used to verify the code. The con-
ceptual model for transport through fissured rock is described in section 2.
This is formulated as a mathematical model and the solution in the Laplace
domain is developed in section 3. The inversion algorithm employed to obtain
the solution in the time domain is described in section 4. The model may be
used in conjunction with a number of standard source term models or may be
combined with a time series output from a stand-alone source term model. In
the latter case, the time series output is convolved with the geosphere response
term to obtain the output from the geosphere. The standard source terms are
described in section 5 and the method of convolution in section 6. The data
requirements of the model are set out in section 7.

Verification tests were selected from the INTRACOIN nuclide transport code
intercomparison study [10], [11]. The tests were performed using both the
standard source term models and the method of convolution, with input from
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the source term supplied in time series form. A selection of the verification
tests and results are described in section 8.

A final section discusses the differences between the planar and cylindrical
models for matrix diffusion and presents some results to illustrate this.

2 Conceptual Model

The conceptual model is that of a saturated medium comprising densely packed
blocks of rock matrix material separated by fissures, through which groundwater
may flow at a constant velocity. Transport in the matrix material is assumed to
be by diffusion only. Such a system may be described as having dual porosity,
one for the matrix blocks and one for the bulk fissured medium. Radionuclides
may be dissolved in the groundwater and will be subject to a number of physical
and chemical processes as they pass through the system. These processes are
discussed briefly below. A fuller discussion is given by Lever, Bradbury and
Hemmingway [12].

Radionuclide decay and ingrowth occurs throughout the system. Advection
carries dissolved radionuclides through the fissures at the pore-water velocity.
The velocity specified represents the average for an open fissure where it is
assumed that diffusion equalises the concentration across the aperture. Lon-
gitudinal dispersion and/or diffusion spreads the radionuclides out along the
direction of flow. Transverse dispersion is not considered since it is envisaged
that the total output from the geosphere is required with details of spatial distri-
bution being unimportant (e.g all discharge occurs to a lake or to a well). Surface
linear equilibrium sorption retards the movement of radionuclides through the
fissure. Diffusion into the rock matrix blocks takes place perpendicular to the
block surfaces and linear equilibrium sorption is assumed to occur within the
rock matrix. It is envisaged that the two retarding mechanisms (of surface sorp-
tion and rock matrix diffusion) would not normally operate simultaneously and
so either mechanism may be left out of a particular simulation.

The basic unknown in the system is the concentration of each nuclide (moles/m3)
in the pore water at all times. The input and output boundary conditions allow
the specification of the concentration or gradient of this concentration.

It is worth noting that the mathematical model derived in the next section is
valid over a wide range of conceptual models with different interpretations of
the parameters, e.g a standard one-dimensional porous medium model leads to
the same equations without the matrix diffusion terms.



3 Mathematical Model

3.1 Model equations in the time domain

The governing equation is that for radionuclide transport in the fissure:

ow w=o
—6RnXnCn +6Rn-iXn-iCn-i, (3.1)

where the subscript n denotes the n-th radionuclide in a chain, superscript
m denotes the matrix, subscript i denotes matrix block of type i in a system
containing N basic block types, and

R is the retardation due to linear equilibrium sorption on the

fissure walls [dimensionless]
C(x, t) is the concentration of radionuclide in the fissure pore

water [moles/m3]
t is the time [years]
u is the velocity of water in the fissure [m/y]
x is the distance along the fissure [m]
D is the longitudinal dispersion coefficient in the fissures [m2/y]
D™ is the matrix pore water diffusion coefficient [m2/y]
Of1 is the matrix porosity
0 is the rock mass porosity (i.e the porosity of the fissured system)
Pi is the proportion of the total volume of all matrix blocks

occupied by block type z
A{ is the block surface area per unit volume of matrix and fissures [m
C™{x, w, t) is the concentration of radionuclide in the static rock

matrix pore water [moles/m3]
w is the distance perpendicular to the fissure surface [m]
A is the radioactive decay constant [per year]

T h e retardation Rn of nuclide n is defined by

Rn = 1 + pmKn{\ - 6m)A6/9 (3.2)

where



pm is the average density of the rock matrix blocks [kg/m3]
Kn is the distribution coefficient for nuclide n [m3/kg]
6 is the effective depth of surface sorption [m], and
A is the average surface area available for sorption

per unit volume of rock and fissures [m"1].

In addition there are the equations for each rock matrix block:

n.î T ~ -̂ i VmCn,t --^n.t^^n,! + 'Kn-l , iAn-lCn_ l i , (3.3)
at

where V ^ is the Laplacian for the geometry of the matrix and E^{ is the
retardation for the rock matrix [dimensionless] and is given by:

fl£ = l+fFKn,i(l-0?)/0?' (3-4)

The equations are supplemented by initial and boundary conditions. Initially

Cn(x,0) = 0, (3.5)

C%i{x, w,0) = 0. (3.6)

At the inlet, denoted by the superscript / ,

=fl(t), (3.7)
Ji=O

while the downstream boundary condition is

A s L c n - d 2 f n l =0, (3.8)
I ox \X=L

where c\,C2,d\ and di are arbitrary constants and can be chosen to control
concentrations or fluxes. L may be infinite if desired. The area As is the area
of open fractures at the ends of the column considered. It will cancel from the
solution and need not concern us.

The other conditions needed are at the fissure edge:

cy!n('r Q t\ — (~j (x t\ (3 9)

and in the rock matrix, at the limit of diffusion

J> ' =0, (3.10)
OW w=at

where a< is the penetration depth into matrix block i, given by the ratio of
matrix block volume available for diffusion, to surface area.



The required result at the outlet, denoted by superscript O, is given by

, (3.11)

where e\ and ti are further arbitrary constants so that flux or concentration can
be monitored, and I < L.

3.2 Model equations in the Laplace domain

The above equations can be transformed into the Laplace domain to eliminate
the time derivative and introduce the complex Laplace variable s. The Laplace
transform is denoted by a superior bar. The transformed equations are

Xn)}Cn = -

(3.12)

(3-13)

using the initial conditions, equations (5) and (6).

The transformed boundary conditions are

( 3 1 4 )

liCn-d2~
n\ = 0, (3.15)

,O,s) = Cn(x,.s), (3.16)

and

^ > l =0 . (3.17)
OW w=a,

The output required is given by

/£ = J 4 a | e 1 C r , - e 2 - 5 - ' l | • (3.18)
I ox \x=i

3.3 Solution in the Laplace domain

The first step in solving the equations is to express the solution in the rock
matrix as a linear combination of the basic fissure solution. To this end we
write



(3.19)

Table 3.1:
Simple Block

Geometry
Functions.

where yl
nk are independent of x. Substituting into (13) and equating coefficients

of Ck leads to

and

Also (16) and (17) imply that

dw
= 0 (n>Jfc).

(3-21)

(3.22)

(3.23)

The gradient of the y},n at the boundary of the fracture and rock matrix block
is related to a general block geometry function, B(zn,i), as defined in [3], in the
following way:

dyx
m

dw iu=0

wlhere

zn,i ~

(3-24)

(3.25)

(3.26)

The block geometry functions for some simple shapes are defined in Table 3.1.

Geometry

Infinite slab
Sphere

Infinite

hollow cylinder

Dimensions

slab width, d
sphere radius, R

inner radius R\

outer radius R<i

Vol to SA ratio, a

d/2

R/3

\iRl-RDlR,

B(z)
(tanh z)lz

(coth 3z)/z - \z~2

1 1 A"i(Z,)/ifZ2)-/i(Zi)/CifZ2) 1

where Zj = Rjz/a

We are now in a position to substitute the expression for the rock matrix, (19),
into (12). This gives

, (3.27)9nCn = ~u9°-p +D0^
t=i fc=i



where

gn(s)= \6Rnis + \n) + ̂ PiAi6™D™—Bl
n{z)\, (3.28)

t=i a ' -•

l=k n ai

n (
(3-30)

The solution of (27) can be written

- i n r l
Cn = -T- Y, U™ a+exp(-6+x) +a" exp(-6"x) , (3.31)

As m=\ L J

where b^ and 6 ,̂ are the roots of the quadratic equation

9m(s) - ubm - Db2
m = 0, (3.32)

that is

The Unm can be directly evaluated from a recurrence relation, with the nor-
malisation

Um = l, (3-34)

and
n - l

(pn — 9mWnm = GRn-1 An-l^n-l,m + 2 j ^nkUkm- (3.35)

The a^ are chosen to match the boundary conditions. The simplest way of
writing this is again as a recurrence relation. We set

V, = f[, (3.36)
n - l

Vn = I1 — 5 ^ UnmVn, (3-37)
m=l

and then

(
V (d, +d26+)exp(-6+L) (dx+daft-Jexpl-fe-L) J \ a" j \0

(3.38)
Finally f% can be calculated from (31) and (18)

f e 1 + e 2 6 - ) e X p ( - 6 - / ) ] . (3.39)
m = l • J



4 Inversion to the Time Domain.

The geosphere model produces its solution in the Laplace domain. A numerical
inversion scheme is employed to obtain results in the time domain, which
was developed originally by Talbot [4]. It performs the inversion by using a
trapezoidal numerical integration scheme along a specially chosen contour in
the complex plane.

The Laplace transform F(s) of a function F(t) is defined as:

F{s)= [°° F{t)e-Stdt. (4.1)
Jo

To recover the function F(t) given the transform F(s), the Talbot algorithm
introduces four parameters, A, a, v and n. These can be adjusted as necessary,
to obtain a solution of the desired accuracy.

The basic Talbot algorithm for calculating F(t) is given by

An - l

F(t) * - £ 'Re[{u + i(3k)elXs*+°»F(\Sk + a ) ] ^ , (4.2)

where £ ' implies that the k = 0 term is given a weight of one half, and

Sk - ttfc + i^fc, (4.3)

ek = kA (4.4)
nak = 0fccot0fc, (4.5)

0k = 0k + ^fl21. (4.6)
Vk

In order to decide whether the approximation is sufficiently accurate, the result
from a full set of points (n) is compared with that using only half that number.
If these are similar (or both agree on a negligibly small value) then the result is
accepted. The following guidelines are used to set the Talbot parameters. The
parameter a is generally set to zero if the singularities in the transform all lie in
the left-hand side of the complex plane as they do here. The number of points
n is initially set to 32, but may be increased by factors of 2 up to a practical
maximum of 256. The parameter v is generally set to 1 and A to 6/(t — to),
where to is the time origin of the calculation.

Once an appropriate contour has been found is can be reused for earlier times,
which is equivalent to using a larger value of A. The advantage in using the
same contour is that no recalculation of the transforms is required, simply a
new calculation of the exponential term in (4.2).
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5 The Standard Source Term Models

Four standard source term models are included in the CRYSTAL code:

A A simple leaching model, which assumes a constant fraction of the nu-
dides in the repository are released each year,

A A band release model, in which the radionuclides in the repository are
released over a given time period,

A A variant of the simple leaching model, in which ingrowth of daughter
nuclides in the repository is suppressed, and

A A delta function input of unit strength, with which the geosphere response
function alone may be obtained.

A built-in containment submodel is included in die first three models. This
assumes that there is a user-defined period of containment in the repository,
when no leakage occurs. This parameter may be set to zero, if required.

5.1 Simple Leaching Models

In this model it is assumed that a fixed fraction kn of each radionuclide n is
released from the repository each year. This is a reasonable assumption if
the radionuclides can be considered to be in equilibrium within the repository
material and they are not solubility limited. The governing equations are

—T^- = -XnMn-knMn + An_iAfn_i, (5.1)
at

where the mass Mn of nuclide n at time t — Tc is M^, and Tc is the containment
period. The required output is the release of knMn{t). In Laplace transform
space the output f° is given by

which can. be used recursively. By convention, f§ = 0. This output can then
be used directly as the input for the geosphere submodel.

The variant of the simple leaching model, in which there is no daughter nuclide
ingrowth is handled simply by setting the results computed for the daughters
to zero, before passing to the geosphere submodel. Such a model is useful for
investigating daughter ingrowth in the geosphere alone, in isolation from the
supplies of daughter nuclides from the source term.
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5.2 Band Release Model

The band release model assumes that the radionuclides are available for im-
mediate release from the repository, but are released over a finite time period,
T. The release rate is calculated simply by dividing the total inventory at any
time t < T + Tc by T, and is zero for all times t > T + Tc, where Tc is the
containment period. The total inventory Mn(t) of nuclide n at time t is given
by

= -XnMn + An_,Mn_!, (5.3)

T h e flux out is given by Mn(t)/T for Tc <t< T+Tc and the Laplace transform

of the output, f° is given by

ft = An - Bne-sT, (5.4)

where An and Bn may be calculated recursively:

An ~ (j^TT) ' (5-5)

-On = , , , . • , • ( 5 - 6 )
(An + S)

5.3 Delta Function Source Term

The delta function source term option allows the response function for the
geosphere submodel to be examined in isolation. The Laplace transform output
f® of a delta function of unit strength, for any nuclide n is given by

]°n = 1-0, (5.7)

which is input directly to the geosphere submodel.

6 Interface with a Time Series Input

The output from a separate near-field or source-term model usually takes the
form of the flux to the far-field, in units of Becquerels or moles per canister,
per year. These results cannot be input directly to the geosphere model, as the
latter is formulated in the Laplace domain.

The interface of the geosphere model with a time series input is handled using
convolution theory. The output from the geosphere is calculated as a response
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function to a delta function input of unit strength. The result is then trans-
formed to the time domain, using the Talbot inversion algorithm. To avoid
unnecessary computation, a method for determining the approximate range of
the response is also required.

6.1 Estimation of the geosphere response cutoff times

The method of moments is used to estimate the time of occurrence of the
peak in the geosphere response curve for a given nuclide, assuming the curve
to have a Gaussian shape. Given that the area under a normal curve is unity,
the following relationship holds for a distribution of height H, with a standard
deviation of an and time of occurrence of the peak (or mean time) Tm:

f°°He~^^) dt = Han\/Zx (6.1)
JO

The area under the curve may be obtained by evaluating the Laplace transform
F(s) of the function F(t) at s = 0. By definition

F(s) = r F(t)e-Stdt, (6.2)
Jo

so that
rOO

F(0) = / F{t)dt (6.3)
Jo

= HGn^ (6.4)

The mean time Tm is given by

_ JS°tF(t)dt
~ Jg°F(t)dt { }

(6.6)

where F'(s) denotes the first derivative of the Laplace transform function with
respect to s.

Similarly, the mean square time of the distribution is given by:
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where F"(s) denotes the second derivative of the Laplace transform and t2 is
related to the standard deviation by the definition

l. (6.9)

Approximations to Tm, H and crn may therefore be calculated by evaluating the
Laplace transform of the function at s = 0 and estimating its first and second
derivatives at the same point, using finite difference approximations. The late
cut-off time is taken as the mean time plus two standard deviations.

The early cut-off times are estimated from the shortest travel times of nuclides
through the geosphere, taking account of advection, surface retardation and
longitudinal dispersion.

6.2 Convolution with the Geosphere

The final output from the geosphere is obtained by convolution of the source
output and the geosphere response terms. The geosphere response is calculated
for delta function inputs from each nuclide in the chain. Each input gives rise
to a response function for itself and one for each of its daughter nuclides. The
geosphere response functions calculated in the Laplace domain are first inverted
at a set of time-points covering a range determined by the cut-off times.

The output from the geosphere at time t for nuclide j in response to input from
nuclide i, higher in the chain is given by the convolution:

- r)dr (6.10)

where gi is the source input of nuclide i and hij is the geosphere response of
nuclide j to a delta-function input from nuclide i. The total output Hj(t) from
the geosphere for nuclide j at time t is obtained by summing over all such
possible outputs:

The convolution integral is performed numerically by assuming the g and h
functions are piecewise linear between the timepoints at which they have been
calculated or supplied. These timepoints may be independent and totally arbi-
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Table 7.1:
Nuclide-

independent
parameters for

CRYSTAL.

trary. Each value of H(t) may then be calculated from an analytic formula and
the result is finally interpolated to the user requested output rimes.

7 Data Requirements

The data required for CRYSTAL is summarised in the tables below:
Parameter

Block surface area/unit
volume of rock mass

Constant in inlet
boundary condition
Constant in inlet
boundary condition
Constant in outlet
boundary condition
Constant in outlet
boundary condition

Rock matrix diffusivity

Longitudinal dispersion
in the fissures

Constant in output
flux expression

Constant in output
flux expression

Pathlength for
output calculation

Distance to far boundary

Water velocity in the
fracture

Matrix porosity

Rock mass porosity

Symbol

Ai

C\

C2

di

d2

Dm

D

e i

e2

/

L

u

9m

e

Units

m/year*

m2/year*

m/year*

m2/year*

m2/year

m2/year

m/year*

m2/year*

m

m

m/year

-
-

Notes

May be used as a
chanelling parameter

Irrelevant if DL = 0
or if L = oo
Irrelevant if DL = 0
or if L = oo
Dm = 0 for no
matrix diffusion

If D = 0 only the inlet
boundary condition
can be used

must have 1 < L unless
D — 0 when any
I is allowed
Can be infinite, indicated
in the code by
negative value.
Irrelevant if D = 0

* The units of c\, c?, d\, di,e\ and e<i depend on the type of boundary condition
used. The units given are for flux boundary conditions, with the flux being the
total flux into the system. The units of ci ,di ,ei are those of velocity and the
units C2, ̂ 2, &i are those of diffusivity. The area A cancels out of the solution
and is not therefore a required parameter.

13



Table 7.2:
Nuclide-

independent
parameters for

CRYSTAL
(continued).

Parameter
Block type
Slab thickness

Sphere radius

Cylinder inner and
outer radii

Proportion of total
matrix volume

Penetration depth into
a matrix block

Symbol
-

d

R

RuR2

Pi

-

Units
-

m
m

m

-

m

Notes

'slab','sphereVh-cylinder'
Distance between fissures

One for each block type.

One for each block type.

Table 7.3:
Parameters for the

simple leaching
models.

Parameter
Nuclide inventory

Containment period

Release fraction

Symbol

Mn(0)

Tc

Units
mols

y
per year

Notes

May be zero

One for each nuclide

Table 7.4:
Parameters for the

band release
model.

Parameter

Nuclide inventory
Containment period

Release period

Symbol
Mn(0)

Tc

T

Units
mols

y

y

Notes

May be zero

Same for all nuclides

Table 7.5.
Nuclide-dependent

parameters for
CRYSTAL.

Parameter
Retardation for
fracture walls

Retardation in the
rock matrix

Radioactive half
life

Nuclide names

Symbol
R

Rm

-

-

Units
-

-

years

-

Notes
Average for all matrix
block types
Irrelevant if Dm = 0

Written to results file
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8 Verification

Verification tests have been performed on the geosphere model, both in stand-
alone and interfaced form. In the stand-alone form, the geosphere model is
supplied with input from one of the simple source-term models. Output from
the geosphere is then obtained directly, by inversion of the complete solution
to the time domain. In the interfaced version, input from the source term
is supplied in the time domain, for convolution with the geosphere response
functions.

The verification tests were taken from the INTRACOIN international nuclide
transport code intercomparison study [10, 11], as these tests are able to verify
the correct behaviour of the fissure transport, matrix diffusion and radionuclide
decay components of the model. Four of the tests are reported here, which
exercise the above components of the code. The remaining tests, performed
to verify other aspects of the model, such as variation of the inlet and outlet
boundary conditions, are not reported here for the sake of brevity, but were
completed satisfactorily. The only difficulties encountered were for cases of
extreme parameter variation, such as input of a source term with very sharp
fronts. It is believed that these cases are not generally of interest in safety
assessment programs, but they can be solved by appropriate choices of the
Talbot parameters.

8.1 INTRACOIN Level 3, Central Case and Variation 8

The central case is that of advection and dispersion of a single nuclide (Np-23 7)
from a waste canister to a nearby fracture zone, through a fractured medium.
The block geometry is that of the parallel slab, and retardation takes the form
of surface sorption on the fissure walls. The inlet boundary condition is the
flux from a decaying band release source term and the exit boundary condition
is that of zero concentration. The exit boundary position is set equal to the
path length at which the output flux is calculated.

A complete list of the parameter values is given in the CRYSTAL User Guide
[13], together with their values for variation 8. This variation includes matrix
diffusion between the fracture and adjacent rock matrix blocks.

The results for the central case are shown in figure 8.1, both for the stand-alone
and interfaced geosphere models. Both models are in excellent agreement with
the results of Hodgkinson, Lever and England [9], who also used the Laplace
transform method.

The results for variant 8 are shown in figure 8.2 for the stand-alone and inter-
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Figure 8.1:
INTRACOIN Level 3.

Central Case.

faced models. Excellent agreement is again obtained with the results presented
in [9]. The effects of matrix diffusion are clearly evident in the reduced flux
levels and delay in the arrival time of the peak, compared with the central case.
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8.2 INTRACOIN Level 1, Cases 1 and 5

Figure 8.3:
INTRACOINLeveM.

Case 1.

These two cases essentially test the same geosphere features as the level 3
cases, but for a 3-member nuclide chain. The flux at the inlet boundary is
supplied from a decaying band release source term. The outlet boundary is
positioned at infinity, where the concentration is set to zero. The calculated
output is the concentration in the outflow at a travel distance of 500m. Case
1 includes advection, dispersion and sorption in the fracture with no sideways
matrix diffusion. Case 5 includes matrix diffusion, but omits surface sorption
on the fracture walls. The parameter values for the two cases are listed in the
CRYSTAL User Guide [13]

The results for the two cases are shown in figures 8.3 and 8.4. There is practi-
cally no difference between the stand-alone and interfaced geosphere models,
and both are in broad overall agreement with the results of the INTRACOIN
participants.
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Figure 8.4:
INTRACOIN Level 1.

Case 5.
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8.3 Comparison with FARF31

The far-field migration code FARF31 [14] uses basically the same approach
to solving the equations of radionuclide migration through a densely fissured
geosphere, as the CRYSTAL code. The block geometry is again that of the
infinite slab. The transport equations are solved analytically in Laplace space
and inverted to the time domain using Talbot's algorithm. The response time
series is then convolved with the input time series.

The FARF31 documentation includes a test example for an arbitrary set of
geosphere parameters, using a number of source term inputs. A similar test
case was run with the CRYSTAL code, using input parameters derived from
those listed on page 18 of [14], with a Cesium-135 decaying band source. The
results obtained are shown in Figure 8.5 overleaf, together with those reported
in [9]. Although it is not possible to make an exact comparison, both sets of
results appear to agree on a peak value in the flux of the order of 10~7 moles/y
after approximately 3 million years, and display a similar shape.
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Figure 8.5:
Comparison of

CRYSTAL(top) and
FARF31.
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9 Planar versus Cylindrical Models for Matrix Diffu-
sion

9.1 Discussion

In the version of CRYSTAL that was used within Project-90 [1], matrix diffusion
was modelled by assuming a planar fracture with a fraction of its surface area
connecting flowing water with the stationary water in the matrix.

In the transport equation a term

Figure 9.1:
Comparison of

planar and
cylindrical block

geometries.

0 dw w=0

represented the interface flux. In this term

3 —
OW tu=O

is the flux per unit contact area. This must then be multiplied by the surface-
area per unit volume of water to give the flux per unit volume of water. The
a/0 term represents this, with a being the contact area per unit volume of rock
mass and 9 the porosity (volume of flowing water per unit volume of rock mass).

In the current version of CRYSTAL, this term is written more directly as

dw w=0

wiiere the i index represents the block number. The factor ?-*£*• represents
the surface area per unit volume of water. Note that the term as it appears in
equation (3.1) has been multiplied by a factor of 6.

The only difference between the planar (slab) and cylindrical block types is in
the way that the block geometry is represented. For the planar case diffusion is
into a linear section of rock whereas for the cylindrical model diffusion occurs
radially.

planar

For small penetration distances there will be little difference between results
using the different block geometries, but for larger penetration distances the
amount of matrix accessed can be much larger in the cylindrical case.

20



Also, in the cylindrical case the radii of the flow tubes is an important parameter.
A small radius implies lots of small tubes and hence more efficient transfer and
potentially higher retardation.

If flow paths in fractured rock are rather narrow paths then the cylindrical model
is likely to be more realistic. Care has to be taken not to be over optimistic -
for example the maximum penetration depth must not be too large otherwise
the same piece of rock is available to two separate channels.

9.2 Examples

Figure 9.2:
Slab geometry with

open fractures for
the first example

Three example problems are described here in order to illustrate the differences
the selection of block geometry and properties can make.

In the first example a slab geometry is used, illustrated schematically in figure
9.2.

J

advective/
dispersive

contaminant
transport

along
fractures

Fracture width, b

Fracture, spacing, S
£ T Block penetration depth, p

> transport in matrix Stocks

A single nuclide (Np-237) is released using the band-release model over a period
of 105 years. The initial inventory is 6 moles (1 Ci) and there is assumed to
be no canister containment period. The flowing porosity of the fractured rock
system is 10~4, with a fracture spacing of 1 m and a fracture width of 10~4

m. The fractures are completely open, with their entire surface available for
matrix diffusion. Hence, the ratio of block surface area to rock volume is 2
m"1 in this example. The velocity of water in the fractures is set to 1 m/y,
with a longitudinal dispersion coefficient of 50 m2/y. The effective diffusion
coefficient in the rock matrix is 1.6 x 10~6 m2/y, and its porosity is set to 10~3.
There is no surface sorption, but in the matrix the retention factor is set to
13500. The boundary condition of zero concentration at infinity is used, and
the flux is measured at a location 1000 m downstream from the inlet.
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Figure 9.3:
Flux versus time for

the slab geometry
with open fractures

Figure 9.4:
Cylindrical

geometry for the
second example

The flux history is shown in figure 9.3. There is considerable delay in the
arrival of the nuclide, and the peak flux is approximately 4 x 10"12 Ci/y at 13
million years. This implies that the majority of the contaminant diffuses into
the rock matrix where it sorbs and decays before it can diffuse out. This results
from the choice of a high distribution coefficient (5 m3/kg and a relatively low
matrix diffusion rate.

x
3

The second example illustrates the effect of choosing a rock matrix with the
same flowing porosity of 10~4, but with a hollow, cylindrical geometry. This
idealised geometry is illustrated in figure 9.4.

Advective/dispersive
transport along the
central, open tube

Cross-Sectional
View of Blocks
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Figure 9.5:
Flux versus time for

the cylindrical
geometry and for

the slab geometry
with infilled

fractures

It is assumed that the spaces between the cylindrical blocks play no role in
flow or diffusion. The cross-sectional area associated with each of the blocks
(including the impenetrable spaces) is 1 m2, giving an average separation of
about 1 m. For a porosity of 10~4, the radius of the open tube is l O " 2 / ^ ,
which is 5.64 x 10~3 m. The value of the block surface area available for
diffusion is now 3.55 x 10~2 m"1 , which is almost two orders of magnitude
less than in the previous example. We would therefore expect the effects of
the matrix on the outlet flux to be considerably reduced. This is the case, as
is shown in figure 9.5. The peak flux now occurs at 105 years and its value is
1.6 x 10~6 Ci/y.

Comparison of Geometries

(C

X
3

10 10 '

(y)

Figure 9.5 also shows that it is also possible to achieve practically the same
effect using the slab by restricting the surface area of the fractures available
for sorption. This is because the actual penetration distance into the matrix is
small in this case. This third example uses the geometry shown in figure 9.6.

The flowing porosity of 10~4 is obtained using a fracture spacing of 1 m, a
fracture width of 10~2 m and a channel width of 10~2 m. The surface area for
matrix diffusion per unit volume of rock is then 2 x 10~2 m"1 .

Figure 9.5 shows that the effect of the slightly lower surface area compared to
the cylindrical case is to increase the peak flux to around 5 x 10~6 Ci/y at 105

years.
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diffusion

Figure 9.6:
Slab geometry with
infilled fractures for

the third example

fracture
spacing

Infilled fracture

fracture width

open channel

References

[1] SKI Project-90 Summary Report, TR 91:23, August 1991.

- [2] K.Worgan and P.Robinson, CRYSTAL: A Model of a Fractured Rock
Geosphere for Performance Assessment within Project-90, Intera Sci-
ences Report 12420-1, Version 2, prepared for the Swedish Nuclear
Power Inspectorate, 1990.

[3] J.A. Barker, Block-Geometry Functions Characterizing Transport in
Densely Fissured Media, Journal of Hydrology Vol. 77, 263-279, 1985

[4] A.Talbot, The Accurate Numerical Inversion of Laplace Transforms, J.
Inst. Math. Appl. Vol 23, 97, 1979.

[5] JABarker, Adv. Wat. Resour. Vol.5, 98, 1982.

[6] D.P. Hodgkinson and D.A. Lever (1983). Radioactive Waste Manage-
ment and the Nuclear Fuel Cycle 4(2), 129.

[7] P.C.Robinson and P.RJVtaul, Some Experience with the Numerical In-
version of Laplace Transforms, Math. Engng. Ind. Vol.3, no. 2, pps 111-
131,1991.

24



[8] D.P.Hodgkinson and P.R.Maul, One-dimensional modelling of radionu-
clide migration through permeable and fractured rock for arbitrary
length decay chains using numerical inversion of Laplace transforms,
UKAEA Report AERE-R11880 and CEGB Report TRPD/B/0691/N8 5
(1985)

[9] D.P.Hodgkinson, D.AXever and T.H.England, Mathematical mod-
elling of Radionuclide transport through fractured rock using numer-
ical inversion of Laplace transforms: application to Intracoin Level 3,
Ann.Nucl.Energy Vol ll ,No3, pp 111-122 (1984).

[10] INTRACOIN International Nuclide Transport Code Intercomparison
Study Final Report Level 1, SKI 84:3. Swedish Nuclear Power Inspec-
torate, Box 27106, S-102 52, Stockholm, Sweden. September 1984.

[11] INTRACOIN International Nuclide Transport Code Intercomparison
Study Final Report Levels 2 and 3, SKI 86:2. Swedish Nuclear Power
Inspectorate, Box 27106, S-102 52, Stockholm, Sweden. May 1986.

[12] D.A.Lever, M.H.Bradbury and S.J.Hemingway, Modelling the effect of
diffusion into the rock matrix on radionuclide migration, Prog. Nucl.
EnergyVoll2,p85(1983).

[13] K-Worgan, User Guide for CRYSTAL Version 2.1, SKI Report 95:56,
Swedish Nuclear Power Inspectorate, Stockholm 1995.

[14] S. Norman, N. Kjellbert, FARF31 - A far field radionuclide migration
code for use with the PROPER package. SKB Technical Report 90-01,
Swedish Nuclear Fuel and Waste Management Co., Box 5864, S-102 48
Stockholm, Sweden, January 1990.

25



Postadress/Postal address

SKI
S-106 58 STOCKHOLM

STATENS KARNKRAFTINSPEKTION
Swedish Nuclear Power Inspectorate

Telefon/Telephone

Nat 08-698 84 00
Int +46 8 698 84 00

Telefax

Nat 08-661
Int +46 8 661

90 86
90 86

Telex

11961 SWEATOMS


