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ABSTRACT

Numerical solutions for the hydrothermal conditions around a hard
rock repository for nuclear fuel waste are presented. The objec-
tive of the present investigation 1is to illustrate in principle
the effect of heat released from a hypothetical radicactive waste
repository with regard to anisotropy in the rock permeability.
Permeability and porosity are assumed to be constant or to
decrease exponentially with depth. The hypothetical repository is
situated below a horizontal ground surface or below the crest of a
hill, and it is assumed that the water table follows the topogra-
phy. Majo; interest in the analysis is directed towards the
influence of anisotropy in the permeability on the flow patterns
and travel times for water particles, being traced from the repo-
sitory to the ground surface. The presented results show that
anisotropy in the permeability may have a significant influence on
the flow conditions around the repository and subsequently also on

the travel times from the repository.
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SUMMARY AND CONCLUSIONS

This report presents a number of numerical solutions for the flow
of groundwater and heat through anisotropiec rock around a hypoth-
etical radiocactive waste repository. The presented cases illus-
trate the hydrothermal conditions around a radioactive waste repo-
sitory which is situated below (i) a horizontal ground surface, or
(ii) the crest of a hill. Each of the two cases is analyzed with
regard to constant as well as decreasing permeability with depth.
The present investigation should be seen as an extension of a pre-
vious one, in which the permeability of the rock around the repo-

sitory was assumed to be isotropic.

Generally, the results of the calculations show that anisotropy in
the rock permeability, especially in the vertical direction, may
be an important factor for the groundwater flow around a radioac-
tive waste repository. The most significant effect due to aniso-
tropy in the rock formation is observed in the examples, in which
permeability and porosity are assumed to be constant over the con-
sidered flow domain. Conversely, the effect of anisotropy is less
significant in the examples where the rock permeability is assumed
to decrease with depth. In consequence of the results obtained
from the present investigation, it is suggested that anisotropy in
the rock permeability be determined in connection with the permea-
bility tests, which have to be carried out in situ for a prospec-

tive radiocactive waste repository.

The numerical solutions for a repository situated below a horizon-
tal ground surface and constant permeability, resulted in a very

short travel time, about 400 years for vertical anisotropy, and
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about 4400 years for horizontal anisotropy. If decreasing permea-
bility with depth is assumed, then none of the water particles
starting from the repository will reach the ground surface for
either vertical or horizontal anisc :.ropy. This suggests, that in
this setting the effect of decreasing permeability with depth on

the flow conditions is greater than that of anisotropy.

For a repository situated below the crest of a hill, the shortest
travel time is obtained for wvertical anisotropy and constant
permeability over the flow domain. Then, the shortest travel time
is calculated to be about 1000 years. The corresponding travel
times for isctropy and horizontal anisotropy are about four times
longer. If decreasing permeability with depth is assumed, then
the travel time is about 4000 years for both isotropy and horizon-
tal anisotropy, and about 6000 years for vertical anisotropy.
Thus, when assuming decreasing permeability with depth, then the
travel time for isotropy is shorter than for vertical as well as
for horizontal anisotropy in the rock permeability. This applies
also for steady flow, while neglecting the effect of the heat from

the repository.

General assumptions

The objective of the present investigation is to illustrate in
principle the significance of anisotropy in the permeability to
the groundwater flow patterns. Therefore, simplified assumptions
are made regarding the properties of the flow domain as well as
the repository to facilitate the interpretation of the results of

the calculations.
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The flow domain 1is bounded downwards by an impervious bottom,
laterally by noflow boundaries and upwards by the water table,
which is assumed to coincide with the ground surface is consid-
ered. Permeability is assumed to be constant or to decrease expo-
nentially with depth over the flow domain, and the prinecipal
directions of the anisotropy are assumed to coincide with the hor-
izontal respectively vertical directions of the considered flow
domain. The initial flow pattern is assumed to be governed by the
topography and the natural geothermal gradient, which here is

assumed to be 30 degrees Celsius/km.

A radicactive waste repository located at a depth of about 500
metres below the ground surface is considered. The lateral extent
of the repository is about 1 km. The repository consists of a
system of parallel tunnels, spaced 25 metres apart, and the
radioactive waste is stored in canisters in drillholes along the
bottoms of the tunnels. Thus, a repository with a lateral extent
of 1 km contains 41 tunnels, The drillholes for disposal of the
canisters are spaced out every 4 metres, along the bottom of each
tunnel. The thermal load per canister, at the moment of disposal,
is assumed to be 525 W, resulting in a uniformly distributed load
of 5.25 W/sq.m over the area of the repository. For simplicity in
the calculations the waste is assumed to be instantaneously

emplaced.

The numerical examples are organized into two main cases with
regard to the topography above the repository. Four examples are
worked out for each of the two cases. These are:

1. Constant permeability and porosity over the flow domain and
vertical anisotropy.



2. Constant permeability and porosity over the flow domain and
horizontal anisotropy.

3. Exponentially decreasing permeability and porosity with depth
over the flow domain and vertical anisotropy.

4, Exponentially decreasing permeability and porosity with depth
over the flow domain and horizontal anisotropy.
In the examples with vertical anisotropy, the permeability in the
vertical direction is 10 times higher than the permeability in the
horizontal direction, and in the examples with horizontal aniso-
tropy the horizontal permeability is 10 times higher than the
permeability in the vertical direction. The values of the permea-
bility components are chosen such that (i) the isotropic equiva-
lent permeability is the same for vertical as well as horizontal
anisotropy, and (ii) the examples in the present investigation may
be compared with those in a previous one, in which the rock perme-

ability generally was assumed to be isotropic.

The results are presented in the form of tables of flow times for
water particles to travel from the repository to the ground sur-
face and in the form of pathlines. The hydrothermal flow condi-~
tions are 1illustrated by vector plots showing the direction and
magnitude of the groundwater fluxes, and isotherms showing the
temperature distribution at different moments. Below follows a

brief presentation of the results obtained from the calculations.

Repository situated below a horizontal ground surface

In this case, the shortest travel time for a water particle is
obtained in example 1, in which vertical anisotropy and constant
permeability are assumed over the flow domain. The travel time

for each of the water particles starting within a distance of
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about 300 metres from the centre of the repository is computed to
be about U400 years. Two of the traced water particles do not
reach the ground surface at all. One of these two water particles
is traced from a point at a distance of 100 metres from the edge

of the repository and the other is traced from the edge of the

repository.

In example 2, horizontal anisotropy in the permeability is
assumed. The shortest travel time is computed to be about L4400
years. In fact, only the water particle starting from the centre
of the repository will reach the ground surface. Thus, the water
particle starting from the centre of the repository moves straight
up to the ground surface, while the other water particles are get-
ting involved in the convection cell, being formed around the edge
of the repository. As time proceeds, the groundwater flow abates
due to the radioactive decay, and as a result none of the other

water particles will reach the ground surface.

The two travel times, obtained from examples 1 and 2, may be com-
pared with the corresponding travel time for isotropic conditions.

In a previous investigation this was calculated to be about 650

years.

In examples 3 and 4, none of the water particles traced from the

repository will reach the ground surface, This is due to the fact
that the groundwater movements are so slow in the region around
the repository, and that the radioactive heat source will decay,
before any water particles will reach the ground surface. The
comparatively slow groundwater movements are due to the decrease

in permeability with depth, that is assumed in these two examples.
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Repository situated below the crest of a hill

The repository is assumed to be symmetrically situated below the
crest of a hill with a slope of one per mille of each hillside.
This means, that the groundwater flow will be governed by the heat
released from the repository as well as the topographical gra-

dient.

‘Also in this case the shortest break-through time is obtained in
example 1, in which constant permeability and vertical anisotropy
are assumed. The shortest travel time from the repository to the
ground surface is obtained for a water particle starting at a dis-
tance of about 100 metres from the repository, and the travel time
for this water particle is calculated to be about 1000 years. For
steady flow the shortest travel time is calculated to be about
3000 years. The corresponding figures for the isotropic equiva-
lent permeability were' previously calculated to be about 4000
years and 2500 years, respectively. This means, that the effect
of vertical anisotropy on the travel times is greatest, when the

heat released from the repository is taken into account.

The horizontal anisotropy assumed in example 2, resulted in con-
siderably longer travel times in comparison with those obtained
for vertical anisotropy as well as isotropy in the rock permeabil-
ity. The shortest travel time for steady state conditions is
about 9000 years, which is about 3 times longer than for vertical
anisotropy and about 3.5 times longer than for isotropy. When the
heat from the repository is taken into account the travel times
become extremely long. Then, the travel times are calculated to

be over 60000 years for all water particles but one, namely the
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water particle being traced from the centre of the repository, and
the travel time for this water particle is calculated to be about

k100 years.

In examples 3 and 4, permeability and porosity are assumed to

decrease exponentially with depth over the flow domain. The shor-
test travel times are obtained for steady flow conditions. In the
example with vertical anisotropy the steady state travel time is
about 4500 years, and in the example with horizontal anisotropy it
is about 3200 years. For isotropic permeability the corresponding
travel time was previously computed to be about 2000 years. When
taking the heat released from the repository into account, the
shortest travel time is about 5800 years for vertical anisotropy,
about 4100 years for horizontal anisotropy, and about 3900 years

for isotropic permeability.
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NOMENCLATURE

Symbol Description Dimension SI unit
c compressibility M lLT? 1/Pa
C specific heat capacity L2T 2K ! J/ (kgK)
g acceleration of gravity LT 2 m/s?
k multiplier to relate the flow rate - -

in an anisotropic medium to that
of an isotropic equivalent one

k .. multiplier to relate the permea- - -
ri1 bility in the i-direction to the
isotropic equivalent permeability

k permeability L2 m?
P pressure ML T 2 Pa
q specific discharge LT ! m/s
Q flow rate M3T ! n’/s
t time T s
T temperature K K
Xi Cartesian coordinate L m
X Cartesian coordinate in an L m

isotropic equivalent medium

g coefficient of thermal volume K ! 1/K
expansion of the fluid

A difference - -
A thermal conductivity MLT °K ! W/ (mK)
u dynamic viscosity R Pas
p density ML 3 kg/m?
¢ porosity - _
T time transformed from an T s

anisotropic medium into an
isotropic equivalent one
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superscripts

f fluid

r rock

¥ equivalent medium

o] reference value

subscripts

i,J indices used for Cartesian tensor notation, repeated

indices indicate summation over these indices
(i=3=1,2,3)

P partial time derivative of p

, L

p 5 gradient of p
b

Note: underlined indices indicate that no summation is
is to be performed over these indices



1. INTRODUCTION

The objective of the present investigation is to exemplify in
principle the effect of anisotropy in the rock permeability around
a radioactive waste repository on the groundwater flow pattern
under various conditions, This report deals with a number of num-
erical examples worked out in order to illustrate the influence of
a hypothetical radicactive waste repository on the groundwater
flow around the repository. Thus, no specific site is referred to
in the analysis and the assumptions regarding the characteristics
of the flow domain as well as the repository are made simple to

facilitate the interpretation of the results.

The mathematical flow model used in the calculations is thoroughly
described in a previous report entitled "HYDROTHERMAL CONDITIONS
AROUND A RADIOACTIVE WASTE REPOSITORY, Part 1 - A Mathematical
Model for the Flow of Groundwater and Heat in Fractured Rock".
For this reason the governing equations used in the present study

will be given without derivation in this report.

The present study should be seen as an extension of a previous
investigation, in which the effect of the heat released from a
repository in the groundwater flow patterns was studied. However,
in the previous investigation the rock permeability was assumed to
be isotropic in all of the numerical examples. The examples with
isotropic permeability are presented in part 2 of the above men-
tioned report. With the exception of rock permeability, the
assumptions regarding the input data and boundary conditions are
the same in the present investigation as in the previous one. 1In

order to facilitate a comparison between the two investigations



the values of the anisotropic permeability components are chosen
such that, when transforming the anisotropic media considered into
isotropic equivalent ones, the permeability becomes the same as in

the previous investigation.,

It should be mentioned, however, that there is little information
available at present regarding anisotropy in the rock permeabil-
ity. This means, that the importance of the obtained results is
highly dependent on the relevance of the assumed anisotropy in the
rock formation. The field measurements currently being carried
out are largely based on one hole measurements., In these tests
the rock permeability is determined at certain intervals, being
sealed off by double packers, along the borehole, A serious
shortcoming is that the values of the permeability obtained from
these tests represent the horizontal permeability component only,
and that no information is obtained about the permeability in the
vertical direction. As a matter of fact, the method used for the
interpretation of these permeability tests presupposes that the
rock formation under consideration is isotropic as well as homoge-

neous.

The remaining part of this report is organized as follows: Chap-
ter 2 deals with the flow model. In the first section of this
chapter the governing equations are presented. The second section
is devoted to the relation between an anisotropic medium and an
isotropic equivalent one. The third section 1is devoted to a sim-
ple qualitative analysis, using the transformations derived in the
second section of chapter 2. Chapter 3 deals with the input data
and boundary conditions. Chapter 4 contains the presentation and

discussion about the numerical examples worked out.



2. THE FLOW MODEL

The mathematical flow model used herein consists of a set of par-
tial differential equations describing the flow of mass and heat
through a fractured rock formation. The model equations are
solved numerically using the finite element method. The model is
based on the continuum approach, implying that various properties
such as permeability, pressure, fluid and rock temperature are
defined as averages over some volume elements. These elements
must be large in comparison with individual fractures, but small
with regard to the dimensions of the exterior boundaries of the

rock formation under consideration.

The model may treat the fractured rock either as a single equiva-
lent continumm representing both fluid and rock, or as two over-
lapping continua, where one represents the fluid in the fractures
and the other the solid rock. It was concluded that the heat flow
under the present conditions is dominated by conduction. Then the
fracture pattern and the solid blocks may be treated as a single
equivalent medium. This approach assumes that local thermal equi-

librium between the fluid and the rock is reached instantaneously,

2.1 Governing equations of the flow model

The following set of governing equations is used for the present

study:



(i) an equation for the fluid flow

f
¢t T+ p - doTBT |
’ b
.. f
- of %13 (b ;- 0g)) ;=0 (2.1)

where ¢ 1is porosity, pf is fluid density, ef is fiuid compres-
sibility, e’ is rock compressibility, p is pressure, g 1is the
thermal volume expansion coefficient, T is temperature, kij is the
permeability tensor, 1y is dynamic viscosity and g is the accel-

eration of gravity, and

(ii) an equation for the heat flow

* * f f

s C T - . . - (202)

(pC) t (A T’l)’1 +pC 4T ;=0
* *

where X denotes the thermal conductivity and(pC) the volumetric

heat capacity of the single equivalent medium representing both

f

the fluid and rock media, ¢* is the heat capacity of the fluid and

q is the Darcy velocity. Darcy's law is expressed by

k.. f
L o= == .- . 2.
9 i (p’J o gJ) (2.3)

In addition to the previous equations, there are two equations of
state relating the density and viscosity of the fluid to pressure

and temperature

of = p(p,T) (2.4)



M= u(T) (2.5)

The previous set of governing equations is solved numerically
using a finite element Galerkin method. A discussion of the flow
model developed is given in a previous report entitled "HYDROTHER-

MAL CONDITIONS AROUND A RADIOACTIVE WASTE REPOSITORY (KBS: 80-19).

2.2 Equations for an isotropic equivalent medium

In this section a set of transformations is defined in order to
transform an anisotropic medium into an isotropic equivalent one,
vice versa. In the present analysis a two-dimensional vertical
flow domain with anisotropy in the permeability is considered.
The principal directions of the anisotropy are assumed to coincide
with the coordinate axes. Thus, the permeability tensor reduces

to its diagonal.

It is assumed that the permeability tensor at a given point may be
obtained by multiplying an isotropic permeability tensor by a cer-

tain coefficient krij in the following way:

kii(xi) = kriik(xi) (2.6)



Dividing equations (2.1) and (2.2) by kr22, we obtain

£, f 1 £
do (¢ +c’)p - " o0 BT

koo Y] t
Krii) £ £
- (k ‘-] (p m (p ; TP gi)) ;=0 (2.7)
r22 ’ ’
for the fluid flow equation, and
* 1 *
o1, - AT )
r22 ’ r22 >e 2
f Rrig fk £
- pfc { "J p-=(p.-pPg.)T.=0 (2.8)
kr22 u s 1 ,1 ,1

for the heat flow equation.

The term (krii/k ) 1is enclosed in parentheses to indicate that

r22
the equations are written in symbolic form. This means, that they
cannot be reduced by kr22 Note also that no summation is to be

performed over the underlined indices.

The following geometrical transformations of the flow domain are

made to obtain an isotropic equivalent medium with regard to

permeability.
X, = (k_ [k )P x (2.9)
1 r22" ri1 1
and
X = x (2.10)



Substitution of (2.9) and (2.10) into (2.7) and (2.8) gives

f f r _ 1 f
pp " (c + ¢c ) Pe ™ X ofe) BT’

1
k

t

r22 r22
_ (pf-l-{- (p _ pfg.)) =0 (2.11)
H , 1 1,1
and
1 * 1 *
(pC) T _ - AT L) .
k22 ot ko 1751
_ ff fk _f _ (2.12)
pTC (p y (p’i p gi)) T,i 0

The flow rate in the x2-direction, using Darcy's law, is expressed

by
Q, = g, &, (2.13)
or
= - k _ o f
Q2 = kr22 m (p’2 e gz) Ax1 (2.14)
Applying the transformations given by (2.9) and (2.10), we obtain
the flow rate for the isotropic equivalent medium, by using the

following expression for the permeability multiplier

3
e = /R ) (2.15)



Multiplying equations (2.11) and (2.12) by kr’ we obtain

k 3 k 3
( r11} ¢p(cf+ Cr) > . B (kr11] ¢Of8 T )
koo ’ r22 ’
f k _ £ _
-k G e =0 (2.16)

for the fluid flow equation, and

k 4 k 4 k b,
r11] * _ [ r22] * _ rii A )
(pC) T (AT ) (AT 5
{erZ ot Uk 151 kg 20
fk - of - 2.1
-k (o T (p,i 0 gi)) T,i 0 (2.17)

for the heat flow equation.

Equations (2.16) and (2.17) suggest the following transformation
of the time scale, when transforming the anisotropic permeability

into an isotropic equivalent permeability

) ¢ (2.18)

T = (k_,,/k

r22' rit

Substituting the previous relation into (2.16) and (2.17), we

obtain

f, 6 f r f
dp (e + c”) P r ofe BT,T

£k £ _
kr(o i-(p . =P gi),i = 0 (2.19)

s 1



for the fluid flow equation, and

k 4 k 5
* r22 * rti *
(pc) T _ - ] (xrT.,)), - [ ] (AT ,)
. T k 1 s 17,1 k oo ,27,2
f k f _
- kr(o ﬁ'(p,i P gi)) T,i =0 (2.20)

for the heat flow equation.

Equation (2.19) is the fluid flow equation for the isotropic equi-
valent medium, and equation (2.20) is the heat flow equation, when
using the suggested transformations. Note that when applying
these transformations to the equation for the heat flow, the ori-
ginally isotropic thermal conductivity becomes anisotropic accord-
ing to the following relationships

*

L (2.21)

Ay = (g

11 ril

and

*

4
99 = r11/kr22) A (2.22)

This means, that when transforming an anisotropic medium into an
isotropic equivalent one, not only the geometrical characteristics
of the flow domain are changed, but also the time scale and mater-
ial properties. Therefore, care should be taken in drawing con-
clusions, regarding the flow through an anisotropic medium, based

on solutions for an isotropic medium.
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2.3 Qualitative analysis

This section contains a simple analysis of the relation between an
anisotropic medium and an isotropic one, making use of the trans-
formations derived in the previous section. In the numerical
examples being presented in the sequel, the initial temperature
distribution is assumed to follow the geothermal gradient. Furth-
ermore, a single level repository with a horizontal extent that is
many times larger than the vertical one is assumed. Thus, the
trermal gradient is essentially vertical in the flow region stu-
died, except for in the region close to the lateral edges of the
repository. Therefore, the present qualitative analyis can be
simplified by neglecting the horizontal thermal gradients. This
means, that the equivalent thermal conductivity in the
x1—direction obtained by the previous transformation will have
little influence on the flow problem, and that equations (2.19)

and (2.20) may be assumed to represent an isotropic equivalent

medium also with regard to the heat flow.

Let us consider a solution to an isotropic flow problem in the Xi
(i=1,2) - plane. The anisotropic equivalent solution depends on
the ratio of the previously defined permeability multipliers

according to the following relationships

% = (kr11/kr22)£ (2.23)
X, = X2 (2.24)
A L (2.25)



M

s (2.26)

/k 29

r22" rtt

Thus, when wusing a solution for an isotropic medium to study ar
anisotropic medium with horizontal anisotropy (kr11 > kr22)’ the
solution for the anisotropic medium is obtained by constricting
the isotropic medium 1in the xT-direction according to the rela-
tionship given above (2.22). Furthermore, the characteristic time
is reduced and the thermal conductivity 1is increased using the
relationships (2.24) and (2.25). This means, that a circular flow
pattern will be transformed into an elliptic one with the princi-
ple axis in the xz-direction. As a result, the travel times for

water particles flowing from the repository to the ground surface

will be affected.

Thus, for an idealized flow problem in which the repository is
assumed to be 1located below a horizontal water table, the travel
times become longer when transforming the equivalent isotropic
flow domain into an anisotropic one. If instead the anisotropy is
vertical (kr11 < kr22)’ then the effect on the travel times will
be the opposite, i.e. the travel times will become shorter in

comparison with those obtained from the isotropic equivalent flow

domain.
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3. INPUT DATA

In this chapter there will be only a brief description of the
input data used in the numerical examples worked out. A more tho-
rough discussion about the input parameters and their relative
significance has been presented in a previous report entitled:
"HYDROTHERMAL CONDITIONS AROUND A RADIOACTIVE WASTE REPOSITORY,

Part 2 - Numerical Solutions".

The dependence of the permeability upon the depth below the ground
surface 1is assumed to be the same as in the above mentioned
report, that is to say permeability is assumed to be constant or
to decrease exponentially with depth over the flow domain. The
same depth dependence as for the permeability is also assumed for
porosity. In the presented examples flow patterns are studied for
horizontal as well as vertical anisotropy. The anisotropy in the
horizontal direction is assumed to be 10 times that of the verti-

cal direction, vice versa.

The flow domain 1is represented by a two-dimensional vertical
cross-section with a lateral extent of 3 km and a depth of 1.5 km.
The hypothetical repository is 1located at a depth of about 500
metres below the ground surface., The lateral extent of the repo-
sitory is 1 km, and the initial thermal load due to the repository
is 5.25 W/m® . Two main cases are considered with regard to the
topography or the position of the water table. The two cases are:
(i) a repository situated in an area with a horizontal ground sur-
face (figure 3.1), and (ii) a repository situated below the crest

of a hill with linearly sloping sides (figure 3.2).
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The boundary conditions are: (i) constant pressure at the top
boundary and (ii) no flow boundary conditions at the bottom and
lateral boundaries, (iii) precribed temperature at the top and

bottom boundaries, and (iv) adiabatic lateral boundaries.

The material properties assumed in the calculations are summarized

in table 3.1 below.

Table 3.1 Summary of material properties used in the examples

Porosity at the ground surface 0.003 -
Permeability at the ground surface 10-14 m2
Fluid density 998  kg/m3
Dynamic viscosity 0.001 Pas
Fluid compressibility 10-10 1/Pa
Thermal volume expansion of the fluid 0.0018 17K
Thermal conductivity of the fluid 0.6 W/(mK)
Specific heat capacity of the fluid 4180 J/(kgK)
Rock density 2700  kg/m3
Thermal conductivity of the rock 3.5 W/(mK)
Specific heat capacity of the rock 800 J/(kgK)
Rock compressibility 10-11 1/Pa
Gravity 9.81 m/s?2

Fluid density and viscosity are given in the previous table as
reference values corresponding to a temperature of 20 degrees Cel-
sius. Using these values and a reference value of the isotropic

equivalent permeability of 10-14 m2, then the value of the
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hydraulic conductivity becomes about 10-7 m/s. The exponential

decrease in the permeability with depth is in the examples

k = k° g0-00922 (4.1)

Thus, at an elevation of -500 metres the value of isotropic equi-
valent permeability is 10-16 and at -1000 metres 10-18 m? and the
corresponding values of the hydraulic conductivity are approxi-

mately 10-9 respectively 10-11 m/s.

The principal axes of the permeability tensor are assumed to be
aligned with the horizontal respectively vertical directions of
the flow domain. In the examples with vertical anisotropy the
permeability in the vertical direction is assumed to be 10 times
higher than the permeability in the horizontal direction, and in
the examples with horizontal anisotropy the permeability ih the
horizontal direction is 10 times higher than the permeability in
the vertical direction. The permeability values are chosen in
such a way that the isotropic equivalent permeability becomes the
same as the permeability assumed in the previous investigation, in
which the rock permeability was assumed to be isotropiec in all of

the examples.
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b, NUMERICAL SOLUTIONS

Two main cases are considered for the numerical solutions. Each
case is defined by the geometry of the flow domain, boundary con-

ditions and the location of the repository. The two cases are:

4.1 Repository located below a horizontal ground surface.

4.2 Repository located below the crest of a hill,

Each case is analysed for constant permeability and porosity res-
pectively exponentially decreasing permeability and porosity with
depth. The considered flow domain is symmetrical around the ver-
tical centre 1line through the repository for both cases. Thus,
only one half of the flow domain needs be analysed, reducing the
computational work. The following results of the computations are
presented for each case: exit times (travel times for water par-
ticles flowing from the repository to the ground surface), path-

lines from the repository, groundwater fluxes and isotherms.

Flow times from the repository to the ground surface are calcu-
lated for water particles spaced out 100 metres apart along the
repository. The results are presented in the form of tables of
the flow times and graphical display of the pathlines. The calcu-
lations are performed for conditions with heat released from the
repository as well as for undisturbed conditions, taking into
account only the effects of topography and the natural geothermal

gradient.

Groundwater fluxes are displayed graphically in the form of vector
plots. The arrow of a vector indicates the flow direction and the

length indicates the relative order of magnitude of the specific
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discharge. The velocities are logarithmically scaled in such a
way that the maximum velocity at a certain instant corresponds to
1 centimetre on the graph. Isotherms are used to illustrate the
temperature distribution over the flow domain. The difference in

temperature between each isctherm is 5 degrees Celsius.

The element meshes used in the calculations were designed such
that smaller elements were generated around the repository and
larger elements towards the bottom and the lateral boundaries of
the flow domain. In some of the examples, problems were encoun-
tered in the pathline trace due to the large elements towards the
flow domain boundaries. The elements at the boundaries appeared
to be too ccarse to properly describe the sudden variation in the
flow direction within these elements. As a consequence, some of
the pathlines hit the boundaries. When this occurs, the pathline
trace 1is continued along the boundary until, if possible, the

ground surface is reached.



ﬁ.l Repository located below a horizontal ground surface

This case illustrates a situation where the groundwater flow is
induced only by heat released from the radioactive waste reposi-
tory. In the initial stage, the groundwater is in hydrostatic
equilibrium, assuming that the pressure gradient is vertical and

parallel to the geothermal gradient over the entire flow domain.

Four examples are presented for this case. The four examples are

organized as follows:

4.1.1 Repository located below horizontal ground surface. Con-
stant permeability and porosity and vertical anisotropy in
permeability.

4,1.2 Repository located below horizontal ground surface. Con-
stant permeability and porosity and horizontal anisotropy in
permeability,

4.1.3 Repository located below horizontal ground surface. Expo-
nentially decreasing permeability and porosity with depth
and vertical anisotropy in permeability.

4.1.4 Repository located below horizontal ground surface. Expo-
nentially decreasing permeability and porosity with depth
and horizontal anisotropy in permeability.

Generally, in these examples the groundwater flow pattern is char-

acterized by upward movements at the repository and downward move-

ments at the lateral boundary. Thus, outflow takes place through
the part of the ground surface that lies above the repository and
inflow through the remaining part. The assumption that the level
of the water table is constant with time, implies that the out-
flowing water is removed from the ground surface by some process,

and that there is sufficient recharge of surface water to the

water table at the inflow area.

The exit time given in the beginning of each example corresponds
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to the travel time for the first water particle to reach the
ground surface. Since the groundwater movements in these examples
are caused only by the heat released from the repository, there
are no travel times or pathlines to be considered when the ground-
water is in equilibrium. Groundwater fluxes are displayed in the
form of vectors and temperatures in the form of isotherms at the
following times after the emplacement of the radiocactive waste:

53, 360 and 1800 years.
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4.1.1 Repository 1located below a horizontal ground surface.
Permeability and porosity are constant over the flow domain,

Vertical anisotropy.

Exit time: > 400 years

The results of the pathline trace are presented in table 4.1.1.
Pathlines are displayed in figure 4,1.1.

Groundwater fluxes and isotherms are displayed in figures 4.1.2 -

L.1.4.

Generally, the effect of the heat released from the repository is
to cause an uplift of the groundwater at the repository. There-
fore, the expected result of having vertical anisotropy is to
obtain shorter travel times from the repository to the ground sur-
face than for the isotropic equivalent flow conditions. This is
also verified by the present example, The shortest travel times
are obtained for water particles released near the centre of the
repositéry. The travel time for the water particle traced from
the very centre of the repository is about 400 years, while for
isotropy in the permeability it was previously calculated to be

about 650 years.

As can be seen in the figure with the graphical display of the
pathlines, two of the pathlines do not reach the ground surface at
all. Thus, the water particle traced from a point at a distance
of 40O metres from the centre of the repository deviates from its
original vertical course, following an elliptic path for some
thousand years. Then the effect of the heat begin to vanish and

as a result the groundwater movements stop. The water particle
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traced right from the edge of the repository is circulating
closely around the edge in the initial stage. After approximately
1500 years this water particle continue to move upwards, until it

stops at a depth of about 50 metres below the ground surface.

Table 4.1.1 Coordinates of the starting respectively end points
and the corresponding travel times in years of path-
lines traced from a radioactive waste repository situ-
ated below a horizontal ground surface. Permeability
and porosity are constant over the flow domain, Ver-
tical anisotropy.

! No ! Starting point ! End point ! Travel time !
g e e f
L 0 -500 ! 0] 0 ! L27 !
L D b D T s (
2! 100 =500 ! 93 0 ! 431 !
(RPN Y ettt S doreee f
't 3! 200 =500 191 0 ! 419 !
Sy YO L e T e e f
! -4 v 300 ~500 !t 304 0 ! 433 !
M dommcrrer e drmmm e f
! 51 400 =500 ! - - ! No exit !
meed e o e it L f
t 6t 500 =500 ! - - ! No exit !
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Figure 4.1.1 Pathlines for the fluid flow induced by a radioac-
tive waste repository 1located below a horizontal
ground surface. Permeability and porosity are con-
stant. Vertical anisotropy.
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Figure 4.1.2 Groundwater fluxes and isotherms illustrating the
hydrothermal flow conditions around a radioactive
waste repository situated below a horizontal ground
surface. Permeability and porosity are constant.
Vertical anisotropy. Release time: 53 years.
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Figure 4.1.3

Groundwater fluxes and isotherms illustrating the
hydrothermal flow conditions around a radioactive
waste repository situated below a horizontal ground
surface. Permeability and porosity are constant.
Vertical anisotropy. Release time: 360 years.
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Figure U.1.4 Groundwater fluxes and isotherms illustrating the
hydrothermal flow conditions around a radioactive
waste repository situated below a horizontal ground
surface. Permeability and porosity are constant.
Vertical anisotropy. Release time: 1800 years.
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4,1.2 Repository located below a horizontal ground surface.
Permeability and porosity are constant over the flow domain.

Horizontal anisotropy.

Exit time: > 4400 years

The results of the pathline trace are presented in table 4.1.2.

Pathlines are displayed in figure 4.1.5.

Groundwater fluxes and isotherms are displayed in figures 4.1.6 -

4.1.8,

Considerably longer flow times are to be expected in this example
in comparison with those obtained from the previous one. The rea-
son for this is that the comparatively low vertical permeability,
that is implied when having horizontal anisotropy, generally will
hamper the vertical groundwater movements due to the heat from the

repository.

In the present example only the water particle released at the
centre of the repository will reach the ground surface, and the
travel time for this water particle is calculated to be over Y4400
years. This is rather a drastic effect, showing that the influ-

ence of anisotropy on the travel times is of great significance.

In the initial stage, the groundwater flow pattern is character-
ized by convection currents whose paths are elliptic in the region
around the edge of the repository. The fluxes below and above the
repository, of course with the exception of the region near the
centre of the repository, are more or less horizontal. As time

proceeds, the centre of the convection cell moves downwards, diag-
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onally towards, the lateral boundary. As a consequence, the
fluxes are largely vertical at the repository. As can be seen in
the graphical displays of the flow patterns most part of the flow

domain is affected by the heat released from the repository.

Table 4.1.2 Coordinates of the starting respectively end points
and the corresponding travel times in years of path-
lines traced from a radioactive waste repository situ-
ated below a horizontal ground surface. Permeability
and porosity are constant over the flow domain. Hori-
zontal anisotropy.

! No ! Starting point ! End point ! Travel time !
SR S U, dommce e T T f
! 1! 0 =500 ! 34 0 ! 4ulo !
L R D - e f
' 21t 100 -500 ! - - ! No exit !
Y S it L . o f
! 31t 200 -500 ! - - ! No exit !
SV e L T f
!4 300 -500 ! - - ! No exit !
[ S . it L PR, R e . f
! 51 400 =500 ! - - ! No exit !
S aT U o T {
! 6! 500 -500 ! - - ! No exit !
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Figure 4.1.5 Pathlines for the fluid flow induced by a radioac-
tive waste repository located below a horizontal
ground surface, Permeability and porosity are con-
stant, Horizontal anisotropy.
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Figure 4,1.6 Groundwater fluxes and isotherms illustrating the

hydrothermal flow conditions around a radicactive
waste repository situated below a horizontal ground
surface. Permeability and porosity are constant,
Horizontal anisotropy. Release time: 53 years.
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Figure 4.1.7

Groundwater fluxes and isotherms illustrating the
hydrothermal flow conditions around a radioactive
waste repository situated below a horizontal ground
surface. Permeability and porosity are constant.
Horizontal anisotropy. Release time: 360 years.
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Figure 4,1.8 Groundwater fluxes and isotherms illustrating the
hydrothermal flow conditions around a radioactive
waste repository situated below a horizontal ground
surface, Permeability and porosity are constant.
Horizontal anisotropy. Release time: 1800 years.
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4,1.3 Repository 1located below a horizontal ground surface.
Permeability and porosity decrease exponentially with depth.
Vertical anisotropy.

Exit time: No exit

The results of the pathline trace are presented in table 4.1.3.

Pathlines are displayed in figure 4.1.9,

Groundwater fluxes and isotherms are displayed in figures 4.,1,10 -

4,1.12.

In this example, the results of the calculations show that the
decrease in permeabtility and porosity with depth over the flow
domain has great influence on the travel times, Thus, the very
low permeability at great depth, not only governs the flow veloci-
ties in the deeper flow regions, but also the flow velocities in
the more shallow regions. In consequence of the long flow times,
the effect of the heat, being the only cause of the groundwater
movements in the present example, vanishes before any water parti-

cles will reach the ground surface.
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Table 4.1.3 Coordinates of the starting respectively end points
and the corresponding travel times in years of path-
lines traced from a radioactive waste repository situ-
ated below a horizontal ground surface. Permeability
and porosity decrease exponentially with depth. Ver-
tical anisotropy.

! No ! Starting point ! End point ! Travel time !
o T TSI, T T - (
o1t 0 -500 ! 0 -325 ! No exit !
S et T i {
! 2Y 100 =500 ! y2 -291 ! No exit !
T e R ettt (
! 31 200 =500 ! 85 -279 ! No exit !
e e domme e ettt f
! 41 300 =500 ! o145 -265 ! No exit !
TS S . R T {
! 51 1400 =500 !t 212 -259 ! No exit !
L i S ittt (
' 61! 500 =500 t 232 =275 ! No exit !
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Figure 4.1.9 Pathlines for the fluid flow induced by a radioac-
tive waste repository located below a horizontal
ground surface. Permeability and porosity decrease
exponentially with depth. Vertical anisotropy.
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Figure 4.,1.10

Groundwater fluxes and isotherms illustrating the
hydrothermal flow conditions around a radioactive
waste repository situated below a horizontal ground
surface. Permeability and porosity decrease expo-
nentially with depth. Vertical anisotropy. Release
time: 53 years.
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Figure 4.1.11 Groundwater fluxes and isotherms illustrating the
hydrothermal flow conditions around a radioactive
waste repository situated below a horizontal ground
surface. Permeability and porosity decrease expo-
nentially with depth. Vertical anisotropy. Release
time: 360 years.
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Figure 4.1.12

Groundwater fluxes and isotherms illustrating the
hydrothermal flow conditions around a radicactive
waste repository situated below a horizontal ground
surface. Permeability and porosity decrease expo-
nentially with depth, Vertical anisotropy. Release
time: 1800 years.
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4,1.4 Repository located below a horizontal ground surface.
Permeability and porosity decrease exponentially with depth.
Horizontal anisotropy.

Exit time: No exit

The results of the pathline trace are presented in table 4.1.4,

Pathlines are displayed in figure 4.1.13,

Groundwater fluxes and isotherms are displayed in figures 4.1.14 -

4,1.16.

As in the previous example with vertical anisotropy, none of the
traced water particles will reach the ground surface. A notable
difference is, however, that the water particles traced from the
repository are stopping more clcse to the ground surface in the

present example than in the previous one.

At the beginning, the centre of the rotative movement, induced by
the heat from the repository, is located at the edge of the repo-
sitory. After about two thousand years, the centre of the rota-
tive movements is moved upwards, towards the ground surface, to a
depth of about 200 metres below the ground surface. As a result,
the groundwater fluxes become horizontal at the edges of the repo-
sitory. Furthermore, the groundwater fluxes in the region below
the repository are extremely small in comparison with the fluxes

in the region above the repository.
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Table 4.1.4 Coordinates of the starting respectively end points
and the corresponding travel times in years of path-
lines traced from a radiocactive waste repository situ-
ated below a horizontal ground surface. Permeability
and porosity decrease exponentially with depth. Hori-
zontal anisotropy.

! No ! Starting point ! End point ! Travel time !

B i St R et T it (
!t 1! 0 ~500 ! 0 -138 ! No exit !
S e it (
! 21 100 -500 ! 54 -137 ! No exit !
T TR dm e R f
31t 200 -500 'y =142 ! No exit !
L T et R f
! 4!t 300 =500 ' 178 -151 ! No exit !
N —— it T S et e (
t 5 1t 400 =500 !o232 -164 ! No exit !
T ittt LT e e L f
! 6! 500 ~-500 ! 215 -164 ! No exit !



Lo

$2¢ - YXPRIP22 EXECUTION DATE 810930 TINE 17.16 GRAPH NO )
HT1102 - KISIA2 - HORIZOMTAL CAOUND SURFRCE - EXP. DECR. PERNMEAS.
PRTHL INE TRACE (YEARS) ]3621
0 200 00 600 600 1000 1200 1400
0+ i 1 1 3 1 1 | 1 | i 1 ]
.?oo p—
p =
-N00 - -
- =
-600 — -
E
b -
&
< -800 -
L
: =
-1000 — —
-1200 = =
- L
-1400 — -
1 T T T T T T T 1 T T b
0 200 (1: ] 600 600 1000 1200 1400
LRTERAL DISTANCE (M)

-200

-N00

-600

-800

-1000

-1200

-1400

Figure 4.1.13 Pathlines for the

fluid flow induced by a radioac-

tive waste repository located below a horizontal

ground surface.
exponentially with depth.

Permeability and porosity decrease
Horizontal anisotropy.
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Figure 4.1.1Y4 Groundwater

fluxes and isotherms illustrating the
hydrothermal flow conditions around a radiocactive
waste repository situated below a horizontal ground
surface. Permeability and porosity decrease expo-
nentially with depth, Horizontal anisotropy.
Release time: 53 years.
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Figure 4.1.16

Groundwater fluxes and isotherms illustrating the
hydrothermal flow conditions around a radiocactive
waste repository situated below a horizontal ground
surface. Permeability and porosity decrease expo-
nentially with depth. Horizontal anisotropy.
Release time: 1800 years,
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4,2 Repository located below the crest of a hill

The repository is symmetrically located below the crest of the
hill, and the hillsides are assumed to slope linearly in each
direction., In this case the groundwater flow is induced both by
the sloping ground surface and by the heat released from the repo-
sitory. The behaviour of this problem is much more difficult to
tell beforehand than that of the previous one. This is due to the
fact that the influence of the heat upon the groundwater movements

is varying with time,

At the beginning, the flow is governed by the topographical gra-
dients only. Then, some time after the emplacement of the waste,
there is a period when the heat released from the repository is
exerting significance influence on the flow pattern. Thus, the
flow pattern is affected by the heat from the repository for some
thousand years, before the flow conditions begin reverting to the

initial ones.

Four examples are worked out for this case and they are organized

as follows:

4,2.1 Repository located below the crest of a hill with a slope of
one per mille. Constant permeability and porosity and ver-
tical anisotropy in permeability.

4.2.2 Repository located below the crest of a hill with a slope of
one per mille. Constant permeability and porosity and hori-

zontal anisotropy in permeability.

4.2.3 Repository located below the crest of a hill with a slope of
one per mille. Exponentially decreasing permeability and
porosity with depth and vertical anisotropy in permeability.

4,2.Y4 Repository located below the crest of a hill with a slope of
one per mille. Exponentially decreasing permeability and
porosity with depth and horizontal anisotropy in permeabil-

ity.
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The presentation of these examples is similar to that of the pre-
vious set of examples, in which the ground surface was horizontal.
However, in the present analysis it is of great interest to obtain
travel times as well as pathlines, also without the influence of
the heat from the repository, implying that the groundwater flow

is governed by the topographical gradients only.

In these examples the inflow area is situated at the crest of the
hill above the repository, and the outflow area is situated at the
lateral boundary. As in the previous case, it is assumed that the
water level is constant with time. This implies, that the rec-
harge at the inflow area is sufficient to maintain the water table
at the crest of the hill, and that the water being discharged at
the outflow area is removed by some process. Groundwater fluxes
are displayed in the form of vectors and temperatures in the form
of isothe;ms at the following times after the emplacement of the

radicactive waste: 0, 53, 360 and 1800 years.
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4,2.1 Repository located below the crest of a hill with a slope of
one per mille, Permeability and porosity are constant,
Vertical anisotropy.

Exit time: > 1000 years

> 3000 years without the influence of a repository

The results of the pathline trace are presented in tables L4.2.1

and 4.2.2.

Pathlines for the flow conditions with the influence of a reposi-

tory are displayed in figure 4.2.1.

Pathlines for the natural flow conditions without the influence of

a repository are displayed in figure 4.2.2,

Groundwater fluxes and isotherms are displayed in figures 4,2.3 -

h,2.6.

The effect of vertical anisotropy in the present example 1is to
enhance the uplift, caused by the heat from the repository, of
water particles flowing from the repocsitory. Thus, the water par-
ticle starting at a distance of 100 metres from the centre of the
repository will reach the ground surface already after about 1000
years., In a previous investigation the shortest travel time for
isotropic flow conditions was calculated to be about 3800 years.
Water particles starting near the edges of the repository are get-
ting involved in the convection currents, created around the edges
of the repcsitory. As a result, the travel times for these water
particles to reach the ground surface become much longer than the
above mentioned travel time for the very first water particle to

reach the ground surface.
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Coordinates of the starting respectively end points
and the corresponding travel times in years of path-
lines traced from a radioactive repository located
below the crest of a hill with a slope of one per
mille. Permeability and porosity are constant over
the flow domain. Vertical anisotropy.

! No ! Starting point ! End point ! Travel time !
A e it f
o1 0 -500 ! 1365 0 ! 7834 !
P et e e S L it f
21 100 ~-500 31 0 ! 1074 !
S . e R ettt {
! 3t 200 =500 ! 1356 0 ! LE66 !
PR O S e demreee e {
t 4t 300 =500 ! 1457 0 ! TUé1 !
e et T R ettt {
! 5t 400 -500 ! 1387 0 ! 6534 !
(P o T f
! 61! 500 -500 ! 1391 0 ! 6L96 !

Coordinates of the starting respectively end points
and the corresponding travel times in years of path-
lines traced from a repository located below the crest
of a hill with a slope of one per mille. Permeability
and porosity are constant over the flow domain. Ver-
tical anisotropy. No heat is released from the repo-
sitory.

- —— - - - —— - . - T - - - — - - - - - -
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Figure 4.2.1

Pathlines for the flow conditions with the influence
of a repository located below the crest of a hill
with a slope of the hillsides of one per mille.
Permeability and porosity are constant. Vertical
anisotropy.
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Figure 4.,2.2

Pathlines for the natural flow conditions below the

crest of a hill with a slope of one per mille.
Vertical

Permeablility and porosity are constant.
anisotropy.
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Figure 4.,2.3 Groundwater fluxes and isotherms illustrating the

hydrothermal flow conditions around a

radioactive

waste repository situated below the crest of a hill
with a slope of one per mille. Permeability and

porosity are constant. Vertical
Release time: 0 years.

anisotropy.




51

47 - YXPRTPLI EXECUTION DATE 811215 TIME 19.47 GRAPH NO 2
HTI03 - W1S2R1 - REPOSITORY BELOW THE CREST OF HILL - CONSTANT PERMEABILITY

RELERSE TIME (YERRS) 53

0 200 400 600 800 1000 1200 1400
0 i l t /l ! | 1 | ! | ! | ) f l 0
A — —
41\ AN \ f -
4 A - / -7 A N ol
-200 — ) N N L -200
200
41\ N VN 4 _
— T
oo 4V v N [
1Y
N —_—
=
= !
-
-600 — f I~ -600
g —
- 11 .
g -e04 , | J_ 1 \ - / - -800
- A 4 - '3 1 ]
-1000 -1000
\ /
44 v A \ -~ .
-1200 — ~ -1200
~~
e N A ~ - 1400
' I T T ! T ¥ i t I T T 1 |
1] 200 §00 600 800 1000 1200 1400

LATERAL DISTANCE (M)

Figure 4.2.4

Groundwater fluxes and isotherms illustrating the
hydrothermal flow conditions around a radioactive
waste repository situated below the crest of a hill
with a slope of one per mille. Permeability and
porosity are constant. Vertical anisotropy.
Release time: 53 years,
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Figure 4.2.5 Groundwater fluxes and isotherms illustrating the

hydrothermal flow conditions around a radioactive
waste repository situated below the crest of a hill
with a slope of one per mille. Permeability and
porosity are constant. Vertical anisotropy.
Release time: 360 years.
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Figure 4.2.6 Groundwater fluxes and isotherms illustrating the

hydrothermal flow conditions around a radioactive
waste repository situated below the crest of a hill
with a slope of one per mille. Permeability and
porosity are constant. Vertical anisotropy.

Release time: 1800 years.
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4,2.2 Repository located below the crest of a hill with a slope of
one per mille, Permeability and porosity are constant.
Horizontal anisotropy.

Exit time: > U100 years

> 9000 years without the influence of a repository

The results of the pathline trace are presented in tables §.2.3

and 4,2.4.

Pathlines for the flow conditions with the influence of a reposi-

tory are displayed in figure 4.2.7.

Pathlines for the natural flow conditions without the influence of

a repository are displayed in figure 4.2.8.

Groundwater fluxes and isotherms are displayed in figures 4,2.9 -

h,2.12.

The most obvious effect of the horizontal anisotropy in this exam-
ple is the considerably long travel times in comparison with those
obtained in the previous example with vertical anisotropy. The
effect of the heat released from the repository is to cause an
uplift of the groundwater at the repository, with the exception of
the area at the edges of the repository. A horizontal water
divide is formed about 150 metres above the repository. Above
this water divide the groundwater flow is essentially horizontal.

Below the water divide a large convection cell is formed.

The flow velocities are relatively high during the initial period.
When the effect of the heat begins to vanish, then the flow veloc-
ities become very low. Thus, after about 10000 years one can

hardly observe any effect of the heat released from the reposi-
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tory.

The water particles traced from the repository are significantly
affected by the convection currents. Thus, in the beginning the
water particles move relatively fast, first upwards and then hori-
zontally, towards the lateral boundaries of the flow domain.
After some thousand years, the water particles are moving down-
wards at lower velocities, Then, the effect of the heat begin to
vanish, and as a result the groundwater flow is again governed
mainly by the topographical gradients. When the effect of the
heat has vanished almost completely, one can see that the water
particles have reached a region, where the flow velocities are
extremely low. Subsequently, the travel times become very long
for all water particles but one, namely the one starting from the
centre of the repository. This water particle diverges from the
other ones after about 3000 years. Then, it begins to move
upwards instead of downwards, as the other ones do, and it reaches
the ground surface after about 4000 years. As for the rest of the
water particles, the travel times are computed to be over 60000

years.

For steady flow conditions the travel times become about 3 to 10
times longer in this case in comparison with the previous case, in
which vertical anisotropy in the permeability was assumed. Thus,
the travel time for a water particle starting at a distance of
about 100 metres from the centre of the repository increased from
about 5000 years to 60000 years, and the travel time for a water
particle starting at the edge of the repository increased from

about 3000 years to 9000 years.
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Table 4.2.3 Coordinates of the starting respectively end points

Table 4,2.4

and the corresponding travel times in years of path-
lines traced from a radioactive repository located
below the crest of a hill with a slope of one per
mille. Permeability and porosity are constant over
the flow domain. Horizontal anisotropy.

! No ! Starting point ! End point ! Travel time !
L T . domm e e D T f
L | 0 ~-500 ! 1480 0 ! 4100 !
L o —————— B T —— f
't 2! 100 -500 ! 1500 0 ! 69600 !
S do e Y {
! 31 200 ~-500 ! - - ! >100000 !
Y S SR it T —— e f
! 41 300 =500 ! 1500 0 ! 73100 !
T T - e f
! 51 400 -500 ! 1500 0 ! 71600 !
PR S it - T St D f
! 6! 500 -500 ! 1500 0 ! 91400 !

Coordinates of the starting respectively end points
and the corresponding travel times in years of path-
lines traced from a repository located below the crest
of a hill with a slope of one per mille. Permeability
and porosity are constant over the flow domain. Hori-
zontal anisotropy. No heat is released from the repo-
sitory.

! No ! Starting point ! End point ! Travel time !
T . Y L S T f
o1t 0 -500 ! - - ! >100000 !
e TS, e Y it f
! 2t 100 -500 ! 1500 0 ! 59200 !
e TS R e e T (
! 3t 200 -500 ! 1500 0 ! 26500 !
T R et T T {
! 411 300 -500 ! 1500 0 ! 16600 !
f e el L T T (
! 51 400 -500 ! 1500 0 ! 12000 !
e - e (
{ 6 : 500 -500 ! 1500 0 { 9270 !
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Figure 4.2.7 Pathlines for the flow conditions with

the influence

of a repository located below the crest of a hill
with a slope of the hillsides of one per mille,
Permeability and porosity are constant. Horizontal

anisotropy.




58

ELEVYATION 1My

-1200

- 1600

181 - TRPRIPS> EXECUTION DATE 811125 VIME 16.28 CAAPH NO )
H1109 - RIS2A2-X0 - REPOSITORY BELOM THE CREST OF R MILL - CONST. PERMERS.

PRYW IME TRACE IYEARS! 101000
0 200 NOO 600 800 1000 1200 1800
s i i 1 1 | 1 1 Il 1 i 1 1 i 1 0
- -200
-800
-600
-800
- - 1000
-1 - -1200
- — -1400
T T Y T T T Y T T T Y T T T
0 200 N00 600 800 1000 1200 1400

LARTERAL DISTRNCE M)

Figure 4.2.8

Pathlines for the natural flow conditions below the
crest of a hill with a slope of one per mille,
Permeability and porosity are constant. Horizontal

anisotropy.
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Figure 4.2.9 Groundwater

isotherms illustrating the
around a radioactive
crest of a hill

fluxes and
hydrothermal flow conditions
waste repository situated below the

with a slope of one per mille. Permeability and
porosity are constant. Horizontal anisotropy.
Release time: 0 years.
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Figure 4,2.10 Groundwater fluxes and isotherms illustrating the

hydrothermal flow conditions around a radiocactive
waste repository situated below the crest of a hill
with a slope of one per mille. Permeability and
porosity are constant. Horizontal anisotropy.

Release time: 53 years.
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Figure 4.2.11 Groundwater fluxes and isotherms illustrating the
hydrothermal flow conditions around a radicactive
waste repository situated below the crest of a hill
with a slope of one per mille. Permeability and
porosity are constant. Horizontal anisotropy.

Release time: 360 years.
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Figure 4.2.12 Groundwater fluxes and isotherms illustrating the

hydrothermal flow conditions around a radiocactive
waste repository situated below the crest of a hill
with a slope of one per mille. Permeability and
porosity are constant. Horizontal anisotropy.
Release time: 1800 years.
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4.2.3 Repository located below the crest of a hill with a slope of
one per mille, Permeability and porosity decrease exponen-
tially with depth. Vertical anisotropy.

Exit time: > 5800 years

> 4500 years without the influence of a repository

The results of the pathline trace are presented in tables 4.,2.5

and 4.2.6,

Pathlines for the flow conditions with the influence of a reposi-

tory are presented in figure 4.2.13,

Pathlines for the natural flow conditions without the influence of

a repository are displayed in figure 4.2.14,

Groundwater fluxes and isotherms are displayed in figures 4.2.15 -

4,2.18.

Convection currents are formed at the edges of the repository, but
the effect ocn the travel times seems to be fairly moderate. The
effect of the heat released from the repository is essentially to
prolong the travel times. Initially, the groundwater flow is hor-
izontal in most part of the flow domain. The consequence of the
convecticen currents, formed around the edges of the repository, is
that the flow paths from the repository are getting closer to the
ground surface. Despite this fact, the travel times become longer
for all of the traced water particles. The water particle start-
ing from the centre of the repository should in principle follow
the flow domain boundary, but the decrease in permeability with
depth, together with the coarseness of the elements along the
boundary, will restrain the downward movement of this water parti-

cle.
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Table 4.2.5 Coordinates of the starting respectively end points

Table 4.2.6

and the corresponding travel times in years of path-
lines ‘traced from a radioactive repository 1located
below the c¢rest of a hill with a slope of one per
mille. Permeability and porosity decrease exponen-
tially with depth. Vertical anisotropy.

! No ! Starting point ! End point ! Travel time !
e e T e !
L | 0 -500 ! 1500 0 ! 9274 !
L e $ommm e $rmemr— e (
2! 100 =500 ! 1500 0 ! 6647 !
S ittt R f
! 3! 200 -500 ! 1500 0 ! 6229 !
. D e {
4t 300 ~-500 ! 1500 0 ! 5896 !
e e L it {
! 51 400 =500 ! 1500 0 ! 5850 !
S T ettt ittt f
! 6! 500 =500 ! 1500 0 ! 6267 !

Coordinates of the starting respectively end points
and the corresponding travel times in years of path-
lines traced from a repository located below the crest
of a hill with a slope of one per mille. Permeability
and porosity decrease exponentially with depth. Ver-
tical anisotropy. No heat is released from the repo-
sitory.

! No ! Starting point ! End point ! Travel time !
S R N e DT TS Y et T e f
! o1l 0 ~500 ! 1500 0 ! 8640 !
. e T T (
t 21!t 100 -500 ! 1500 0 ! 5440 !
L . e LS domme e {
! 31 200 ~500 ! 1500 0 ' 5220 !
L T T —— e R T {
! 4t 300 -500 ! 1500 0 ! 5080 !
T - et T {
! 51 1400 -500 ! 1500 0 ! 4740 !
S T o Y f
{ 6 [ 500 -500 { 1500 0 : 4500 {
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Figure 4.2.13 Pathlines for the flow conditions with the influence
of a repository located below the crest of a hill
with a slope of one per mille, Permeability and
porosity decrease exponentially with depth. Verti-

cal anisotropy.
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Figure 4.2.14 Pathlines for the natural flow conditions below the

crest of a hill with a slope of one per mille.
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Figure 4.2.15

Groundwater fluxes and isotherms illustrating the
hydrothermal flow conditions around a radioactive
waste repository situated below the crest of a hill
with a2 slope of one per mille., Permeability and
porosity decrease exponentially with depth. Verti-
cal anisotropy. Release time: 0 years.
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4,2.4 Repository located below the crest of a hill with a slope of
one per mille. Permeability and porosity decrease exponen-
tially with depth. Horizontal anisotropy.

Exit time: > 4100 years

> 3200 years without the influence of a repository

The results of the pathline trace are presented in tables 4.2.7

and 4.2.8.

Pathlines for the flow conditions with the influence of a reposi-

tory are presented in figure 4.2.19.

Pathlines for the natural flow conditions without the influence of

a repository are displayed in figure 4,2.20.

Groundwater fluxes and isotherms are displayed in figures 4.2.21 -

h,2.24.

As in the previous case with vertical anisotropy, the groundwater
flow is largely horizontal in the flow domain. Comparing the pre-
sent results with the ones obtained from vertical anisotropy, it
turns out that horizontal anisotropy gives shorter travel times
for the water particles starting at 100 respectively 200 metres
from the centre of the repository, but longer travel times for the
rest of the traced water particles. Similarly, comparing the
travel times for steady flow, it appears that the travel times
become shorter for all but two of the water particles traced from
the repository, namely the ones starting at the centre of the

repository.
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Table 4.2.7

Table 4.2.8

Coordinates of the starting respectively end points
and the corresponding travel times in years of path-
lines traced from a radioactive repository located
below the crest of a hill with a slope of one per
mille. Permeability and porosity decrease exponen-
tially with depth. Horizontal anisotropy.

! No ! Starting point ! End point ! Travel time !
T T —— e it H
o1 0 =500 ! 1500 0 ! 7810 !
e e L E i f
t 21t 100 -500 ! 1500 0 ! 4110 !
S S —— et LD T T f
t 31 200 =500 ! 1500 0 ! 4550 H
Py L et T H
! 41 300 -500 ! 1500 0 ! 7030 !
L T —— drmmcccm e R H
! 51! 4oo -500 ! 1500 0 ! 6040 !
. e R DL C T f
! 6! 500 -500 ! 1500 0 ! 6960 !

Coordinates of the starting respectively end points
and the corresponding travel times in years of path-
lines traced from a repository located below the crest
of a hill with a slope of one per mille, Permeability
and porosity decrease exponentially with depth. Hori-
zontal anisotropy. No heat is released from the repo-
sitory.

! No ! Starting point ! End point ! Travel time !
L L P T dommmmeeeee f
o1t 0 -500 ! 1500 0 ! 22570 !
R B T TP s (
t 2! 100 =500 ! 1500 0 ! 6060 !
L T - LN L L et !
1 3! 200 -500 ! 1500 0 ! 4790 !
T It e . e {
! 4! 300 =500 ! 1500 0 ! L4100 !
L e T L P s T T f
! 51! 400 =500 ! 1500 0 ! 3650 !
L T L T {
' ! '
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Figure U4.2.19 Pathlines for the flow conditions with the influence
of a repository located below the crest of a hill
with a slope of one per mille. Permeability and
porosity decrease exponentially with depth. Hori-
zontal anisotropy.
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Figure 4.,2.20 Pathlines for the natural flow conditions below the
crest of a hill with a slope of one per mille.
Permeability and porosity decrease exponentially
with depth. Horizontal anisotropy.
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Figure 4,2.21 Groundwater fluxes and isotherms illustrating the
hydrothermal flow conditions around a radioactive
waste repository situated below the crest of a hill
with a slope of one per mille. Permeability and
porosity decrease exponentially with depth. Hori-
zontal anisotropy. Release time: 0 years.
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Figure 4,2.22

Groundwater fluxes and isotherms illustrating the
hydrothermal flow conditions around a radioactive
waste repository situated below the crest of a hill
with a slope of one per mille. Permeability and
porosity decrease exponentially with depth. Hori-
zontal anisotropy. Release time: 53 years.
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Figure 4.2.23 Groundwater

isotherms illustrating the
around a radioactive

fluxes and
hydrothermal flow conditions
waste repository situated below the crest of a hill
with a slope of one per mille. Permeability and
porosity decrease exponentially with depth. Hori-
zontal anisotropy. Release time: 360 years.
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Figure U4,2.24 Groundwater fluxes and isotherms illustrating the
hydrothermal flow conditions around a radiocactive
waste repository situated below the crest of a hill
with a slope of one per mille. Permeability and
porosity decrease exponentially with depth. Hori-
zontal anisotropy. Release time: 1800 years.
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