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Var och hur skall vi slutförvara det
använda kärnbränslet?

Det råder politisk enighet om att använt kärnbränsle frän svenska kärnkraft-
verk skall slutförvaras i Sverige. Ännu finns inget beslut om på vilken plats i
Sverige slutförvaret skall byggas. Inte heller är det beslutat vilken metod som
skall användas. Plats och metod för slutförvaret skall väljas med hänsyn till
säkerhet och miljö liksom till värt ansvar att förhindra spridning av sådant
material som kan användas för att framställa kärnvapen.

Kärnkraftföretagen presenterade 1983, genom Svensk Kärnbränslehantering
AB (SKB), en metod för slutlig förvaring, KBS-3-metoden. I beslut 1984 om ladd-
ningstillstånd för reaktorerna Forsmark 3 och Oskarshamn 3 uttalade regering-
en att denna metod - som hade granskats ingående av svenska och utländska
experter - "i sin helhet i allt väsentligt befunnits kunna godtas med hänsyn tili
säkerhet och strålskydd".

I samma beslut påpekade regeringen också att ett slutligt ställningstagande till
val av metod kräver ytterligare forsknings- och utvecklingsarbete.

Vem har ansvar för att det
använda kärnbränslet tas om hand

på ett säkert sätt?
Det är kärnkraftföretagen som har
det direkta ansvaret för att det an-
vända kärnbränslet hanteras och
slutförvaras på ett säkert sätt.

Det bakomliggande allmänna reso-
nemanget är att den som driver en
verksamhet har ansvar för att det
görs på ett säkert sätt. Ansvaret
omfattar också att ta hand om det
avfall som uppstår vid verksamhe-
ten. Dessa tankegångar ko »mer till
uttryck i viktiga lagar äve" A kärn-
energiområdet, bl a kärnteAniklagen
(1984)och finansieringslagen (1981).

Kärnteknik- och finansieringslagen
säger att kärnkraftföretagen är skyl-
diga att bedriva den forskning som
behövs för att det använda kärnbrän-
slet skall kunna tas om hand på ett
säkert sätt. Samma lagar ålägger
företagen att också svara för de kost-
nader som uppstår i samband med
hantering och slutförvaring av av-
fallet.

Det finns fyra kärnkraftföretag i vårt
land: Statens vattenfallsverk, Fors-
marks Kraftgrupp AB, Sydsvenska
Värmekraft AB och OKG AB. Dessa
fyra företag äger gemensamt Svensk
Kärnbränslehantering AB (SKB). I
SKBs uppgifter ingår att i praktiken
genomföra det arbete som kärnkraft-
företagen har ålagts att utföra.

Staten har det övergripande an-
svaret för säkerheten kring hante-
ringen och slutförvaringen. Tre myn-
digheter - statens kärnbränslenämnd
(SKN), statens kärnkraftinspektion
(SKI) och statens strålskyddsinstitut
(SSI) - svarar för olika delar av den
statliga övervakningen av kärnkraft-
företagens avfallsverksamhet. Dess-
utom har regeringen tillsatt ett sär-
skilt organ, samrådsnämnden för
kärnavfallsfrågor (KASAM).

Se vidare omslagets bakre insida
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MODELLING OP FLOW AND CONTAMINANT MIGRATION

IN SINGLE ROCK FRACTURES

by

Peter DAHLBLOM and Lennart JÖNSSON

ABSTRACT

This report deals with flow and hydrodynamic dispersion of a

nonreactive contaminant in a single, irregularly shaped fracture.

The main purpose of the report is to describe the basis and

development of a computational "tool" for simulating the aperture

geometry of a single fracture and the detailed flow in it. On the

basis of this flow information further properties of the fracture

can be studied. Some initial applications to dispersion of a

nonreactive contaminant are thus discussed.

The spatial pattern of variation of the fracture aperture is

considered as a two-dimensional stochastic process. A method for

simulation of such a process is described. The stochastic

properties can be chosen arbitrarily. It is assumed that the

fracture aperture belongs to a log-normal distribution.

For calculation of the flow pattern, the Navier-Stokes equations

are simplified to describe low velocity and steady-state flow.

These equations, and the continuity equation are integrated in

the direction across the fracture plane. A stream function, which

describes the integrated flow in the fracture, is defined.

A second order partial differential equation, with respect to the

stream function, is established and solved by the finite dif-

ference method.

Isolines for the stream function define boundaries between

channels with equal flow rates. The travel time for each channel

can be calculated to achieve a measure of the dispersion.

The impact of the aperture distribution on the ratio between the

mass balance fracture aperture and the cubic law fracture

aperture is shown by simple examples.
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RACKGBOUND

The spent fuel from nuclear power plants in Sweden has been

proposed to be permanently stored below the ground water surface

at a depth of about 500 metres in crystalline rock. A principal

design of such a repository and a method for enclosing the fuel

have been developed. The fuel will be enclosed in copper capsules

which, surrounded by bentonite clay, will be stored in crystal-

line rock with few fractures.

The system thus consists of several barriers, and the rock,

surrounding the repository is conceived as the geological

barrier. In spite of the security of the other barriers, it might

be possible that radio-active elements can be dissolved in, and

transported with the flowing ground water.

The traditional models for describing the transport of dissolved

matter in ground water are based upon an assumption of a homogen-

eous and continuous porous medium. According to the classical

theory, the migration of contaminants is described with the aid

of the dispersion equation. The application of the classical

models to migration in a medium cons: sting of fractured rock does

not always give reliable results. Several examples of deviations

between experimental and theoretical findings have been reported

(Fried and Combarnous, 1971, Renault et al, 1975).

In the case of uniform flow in a two dimensional space, the

dispersion equation can be written as:

where

C is the concentration of the solution

u is the pore velocity

D^ is the dispersion coefficient in the flow direction

(not depending on x.)and

Df is the transverse dispersion coefficient (not depending

on x2)



The dispersion is the sum of two phenomena: the molecular

diffusion, DR. and the hydrodynamic dispersion caused by velocity

differences in the moving water. This can be written:

D L = a L u + D n (2)

Df = a Tu + Dm

where a^ anda^ are dispersivity constants which are supposed to

depend on the properties of the porous medium only.

In many cases, the impact of molecular diffusion can be neglected

beside the hydroiynamic dispersion. Taylor (1953) showed that

the molecular diffusion across streamlines counteracts the

dispersion caused by differences in velocity.

Several results of tracer experiments are referred to in the

literature. In some cases, a dispersivity coefficient is presen-

ted. Lallemand-Barres and Peaudecerf (1978) published a review of

field data together with calculated dispersion coefficients. The

result of their investigation shows that the dispersion coeffi-

cient increases with the distance between the point of injection

and the point of observation. This is valid for porous media,

such as sand and gravel as well as for fractured rock such as

limestone and crystalline rock.

Dahlblom and Hjorth (1986) made a theoretical study on an

ensemble of parallel tubes having cross sectional areas belonging

to an exponential distribution. It was found that the dispersion

coefficient increased linearly with the travel distance.

The discussion above has indicated that the classical theory for

migration in porous media does not give reliable results when

applied to flow in fractured rock (see also Jönsson, 1988). It is

thus necessary to develop models which are based on a discrete

representation of the single fractures.

A number of researchers have investigated the mechanisms gover-

ning fluid flow and mass transport in networks of discrete

fractures.



Schwartz et al. (1983), Robertson (1984), Smith and Schwartz

(1984), Endo et öl. (1984), and Andersson (1985) made simulations

of the migration in two-dimensional networks of fractures with

uniform apertures represented as line segments. The fracture

networks were generated from probability distributions describing

the fracture geometry. Assuming laminar flow, the steady state

velocity in each fracture segment was calculated as flow between

parallel plates.

The propagation of solutes through the network was modelled by a

particle tracing technique. It was assumed that complete mixing

took place at the fracture intersections and that the solute did

not interact with the rock mass, e.g. a conservative tracer.

The dispersion in the interior of the fractures was neglected.

Simulation of the migration of a conservative tracer in a two-

dimensional network was also made by Shi no and Long (1987).

Instead of particle tracing technique, a mass balance was es-

tablished in each intersection for every time step. Thus the

concentration at any intersection in the fracture network was

calculated as a function of time. Once the mass transport

calculation had been completed, the resulting break-through

curves were analyzed to determine the two transport parameters,

longitudinal dispersion, D^, and mean pore velocity, u.

The studies mentioned above, constitute valuable contributions to

the understanding of the importance of the interconnections in

fracture networks. The impact of the variations of fracture

aperture within each fracture has, however, not been taken into

account.

At a given hydraulic gradient, the flow rate at laminar flow is

proportional to the third power of the aperture. The validity of

this so called "cubic law" for flow in natural rock fractures has

been investigated by many researchers. Abelin (1986) made a

literatura review of these efforts. For real fractures, the

aperture is undulating throughout the fracture plane. For frac-

tures with a narrow aperture distribution and small contact

areas, the cubic law can be used for calculation of the flow rate

through the fracture provided that a correction factor is



introduced which compensates for the longer flov paths due to

tortuosity.

Due to the differences in aperture within a fracture there will

be a distribution in velocity over the fracture plane. Most of

the flow takes place along some flow paths. Differences in travel

time through different paths cause dispersion.

In order to create more accurate models of flow and migration in

fracture networks, it is important to develop more realistic

descriptions of single fractures and reliable models of the

migration of dissolved material within them.

Moreno Pt al. (1985) performed tracer tests in natural fissures.

The aim of the study was to test the capability of two models to

predict the transport of strontium through a single fissure using

data from experiments carried out in laboratory. 7he first model

assumed that tracers migrate in a parallel-walled fissure.

In the second model it was assumed that the fissure consists of

parallel unconnected channels in the plane of the fissure, the

channel widths having a log-normal distribution. Due to the

velocity variations caused by the differences in channel width,

the tracer is carried different distances in a given time. The

two models gave very similar results when fitted to experimental

data for a nonsorbing tracer. If the parameters determined from

tracer tests are used to calculate break-through curves for other

conditions, the resulting curves, according to Moreno et al,

depend on the model selected.

STOCHASTIC DESCRIPTION OF THE FRACTURR GEOMETRY

Tne spatial pattern of variation of the fracture aperture across

the fracture plane can be considered as a two-dimensional

stochastic process.

A method for digital simulation of a multi-dimensional homogene-

ous process was described by Shinozuka and Jan (1972). The



condition for application of the method is a knowledge or an

assumption of the autocovariance function defined by:

Ro (c) = E [f 0 C*x) • fo

where f = x2 ~
 xi 1S t n e separation vector. The auto covariance

function is symmetric with respect to the origin of the two-

dimensional C-space.

It is assumed that fQ has the expected value 0 and the variance

o . The following function has been chosen as auto covariance

function:

2
e

where

Cj and C2 are the components of the separation vector £ in

direction 1 and 2 respectively.

Anisotropy in the correlation properties can be simulated by

allocating different values to the parameters cj and c2. The

parameters can be determined according to chosen correlation

lengths in both directions. The correlation length, again, is

defined as the length over which the auto correlation is negli-

gible. In this case one percent of the variance has been chosen

as a limit for the auto covariance function:

e i li = 0.01 , i = 1, 2 (5)

where ^j and Ĉ p are the correlation lengths in directions 1 and

2 respectively. The coefficients ĉ  and c2 then become

in 0.01
ct = - -j , i = 1, 2 (6)

li

According to Shinozuka and Jan (1972) the spectral density

function of a two-dimensional process becomes:



5O («>) = —~ C RQ (?) e
 1W l d I = (7)

— CD

2 2
™ " 2 ~ * clS + C2^ ^ - i t» C

2 2

" 4 ^ + S"

The spectral density function SQ (w) is of significant magnitude

only inside the region defined by:

< u1 .. u _ w
u

where

ui, = - ILT. u

The magnitude is regarded as insignificant when its value has

decreased to one percent of its maximum value:

So («u) = 0.01 So (0) (8)

Accordingly:
2

(9)

For the simulation of the two-dimensional aperture field, a

discrete representation of SQ (w) shall be used. The difference

Au>£ between consecutive wave numbers for each direction in space

should be chosen so that the corresponding wave-length coincides

with the length of the simulated area in that direction:

AQJ. = |- ; i = 1,2 (10)
i

Approximate values for the lowest and highest frequencies in both

directions are obtained from Equation (9) which can be written

wu.
- 4 ct lnO.Ol ; i = 1,2 ( H )

These values are adjusted in such a way that the difference

between the highest and lowest wave number for each direction

corresponds to an integer number of wave numbers



w - u = N ' Au> ; i = 1.2 (12)
i I

Two one-dimensional fields containing a discrete number of wave

numbers are then generated:

"i.

k± = 1, 2 ... N±

i = 1, 2 (13)

To avoid periodicity of the simulated process, a small random

wave number 6iu. is introduced. It is uniformly distributed

between

- A a)'. /2 and A to'. /2 with

A to1 << Aw
1 i

Adjusted wave numbers are then calculated:

<•>'. = a). + 6 u). ; i = 1,2 (14)
X f K . 1 • K. 1

i i

For simplicity, the following vector notation is introduced:

k. K2 1, k 2, kp

k: = 1,2 ... Ni

k2 = 1,2 ... N2 (15)

A two-dimensional field f o(
x) can then be generated at every

Point x N ^

f(x) = V2 X E A V k2> cos (\ k ' x + *k . )
1' 2 kl'k2

(16)

The elements in the matrix A are defined as follows

A (k 1 # k 2) = y S o (u> l k , o>2jk ) ' Au)! Au.2

(17)



The quantity • isan independent random phase uniformly dis-

tributed betweer O'and 2 n. The values in the two-dimensional

field f(x) are calculated for a finite number of points x-,-.

In order to verify the performance of the generating process,

values of the autocorrelation have been estimated from the

generated data f (x) and compared to the theoretical autocorrela-

tion function according to Equation (4). The following expression

has been utilized for the estimation:

t (f(x) - •) (f(x

a2 l (f(x) - M M
2 * ( m r n ) * m2

(18)
where

n* is the mean value of fo(x)

IDJ is the number of fo~values in direction 1

ni2 is the number of fo values in direction 2

n is the number of length steps for which the autocor-

relation is calculated

R*(n)j is the estimated autocovariance function in direc-

tion 1

Equation 18 has been established for direction 1. For direction

2, the autocorrelation is estimated accordingly.

Figure 1 shows a comparison between the tiooretical autocorrela-

tion Ro and estimation R*(n)j for values of n between 1 and 5.

The field fo(x ) has been generated with different numbers of

points: 11 x 11, 21 x 21, 41 x 41, and 81 x 81. From the figure

it can be seen that the accuracy increases with an increasing

number of points.

In this example, the ratio between the correlation length and the

length step was 3.33.

The values fo(x) calculated according to the description above

will be normally distributed by virtue of the central limit

theorem. Snow (1970) found, however, the apertures of rock

fractures to be very nearly lognormally distributed.

8



o

o 11x11 POINTS
X 21x21 POINTS
D 41x41 POINTS
A 81x81 POINTS

Figure 1. Comparison between theoretical autocorrelation

function and estimated autocorrelation for a

generated two-dimensional Gaussian process.

A lognormally distributed field of apertures, h(x), is achieved

from the normally distributed fo(x) as follows:

h(x) = exp (fo(x) (19)

where fo(x) has the expected value 0, the parameter vn has to be

added in order to get a normal distributed process with desired

expected value. The expected value of h(x) thus becomes (Yev-

jevich, 1972):



E (h(x)) = exp (wn + --) (20)

The variance of h(x) becomes:

(e - 1) (21)

,2,
where ° is the variance of the normally distributed process f (x),

The correlation structure of a simulated field h(x) is il-

lustrated in Figure 2. The parameters for this simulations are

R
a

1.0-

0.8-

0.6-

0Å-

0.2-

0.0-
(

o

) 1

ft
X

O

2

o 11x11
X 21x21
o 61x41
A 81x81

8
3

POINTS
POINTS
POINTS
POINTS

X

ft
1
U

X
o

T
5

STEPS

Figure 2. Example of correlation structure of a simulated

lognormally distributed aperture field.
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the sane as for the examples of Figure 1. It can be concluded

that the theoretical autocorrelation pattern is well reflected

when a mesh of 81 x 81 nodal points is used for generation of the

aperture field.

Field observations of statistical properties of fractures in

crystalline rock was reported by Gale et al. (1987) and by

Gentier (1986).

Figure 3 shows the distribution of the aperture measured on a

fracture in a core of granite, published by Gale et al. (1987).

The distribution of the aperture seemed to fit a lognonnal

distribution well. Gale et.al. report mean values of the aper-

tures between 0.2 and 0.9 mm and coefficients of variation

between 0.8 and 1.3.

Values of the correlation length for fracture apertures of the

order of 10 - 20 ram were reported by Gentier (1986).

Some examples of simulated aperture fields are shown in Figures

4-7. The isolines have been plotted with the aid of the graphical

program package "UNIRAS" (1986). The number of nodal points was

81 in each direction. The stochastic properties of the generated

aperture fields have been given realistic values.

11
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Figure 3. Example of contour diagram of observed fracture

aperture.

After Gale et al. (1987).
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LOGNORMAL VARO 0.42 XI1= 15.00 XI2= 15.00
H-MEAN= 0.30

0

Xl-AXIS

Figure 4. Isolines (mm) for the apertures of a generated

fracture. The mean aperture is 0.30 mm and the

coefficient of variation 0.42. The correlation

length is 15 mm in each direction. Along the xj

and X2 axes, the coordinates are marked in mm.
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LOGNORMAL VARC= 0.80 XI1= 15.00 XI2= 15.00
H-MEAN= 0.35

120

o o
40 60 80
Xl-AXIS

Figure 5. Isolines (mm) for the apertures of a generated

fracture. The mean aperture is 0.35 mm and the

coefficient of variation 0.42. The correlation

length is 15 mm in each direction. Along the xj

and X2 axes the coordinates are marked in mm.
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LOGNORMÄL VARO 0.53 XI1= 30.00 XI2=
H-MEAN= 0.31

120

100 -

en

I

X

0
40 60 80

Xl-AXIS
100 120

Figure 6. Isolines (mm) for the apertures of a generated

fracture. The mean aperture is 0.31 mm and the

coefficient of variation is 0.53. The correlation

length is 30 mm in direction 1 and 15 mm in

direction 2. Along the Xj and Xj a x e s t n e c o o r"

dinates are narked in mm.
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LOGNORMAL VARC= 0 .53 X I1= 15 .00 XI2= 3 0 . 0 0
H-MEAN= 0 . 3 1

0 0
0 20 40 60 80 100 120

Xl-AXIS

Figure 7. Isolines (mm) for the apertures of a generated

fracture. The mean aperture is 0.31 mm and the

coefficient of variation is 0.53. The correlation

length is 15 mm in direction 1 and 30 mm in

direction 2. Along the x^ and X2 axes the coor-

dinates are marked in mm.
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LOGNORMAL VARC= 0.53 XI1= 15.00 XI2= 15.00
H-MEAN= 0.31

X

0
20 40 60 80 100 120 140 160 180 200 220 240

Xl-AXIS

Figure 8. Isolines (mm) for the apertures of a generated

fracture. The mean aperture is 0.31 mm and the

coefficient of variation is 0.53. The correlation

length is IS mm in each direction. Along the x^

and X2 axes the coordinates are marked in mm.
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LOGNORMAL VARC= 0.53 XI1= 15.00 XI2= 15.00
H-MEAN= 0.31

100 200 300

Xl-AXIS
400

Figure 9. Isolines (ran) for the apertures of a generated

fracture. The mean aperture is 0.31 nan and the

coefficient of variation is 0.53. The correlation

length is 15 ran in each direction. Along the Xj

and X2 axes the coordinates are marked in mm.

CALCULATION OF THE FLOW IN A FRACTURE

The flow in a fracture is characterized by the distance between

the fracture walls. In the following, calculations of the flow in

a fracture with arbitrary varying aperture will be described.

The Navier-Stokes equations can, together, with the continuity

equation be written for the two directions x^ and Xj a s follows.

It is assumed that the flow velocity has no component in the z-

direction.

3t

. 1 1 1,
4 v ( — 2 + — 2 + r-2>

3Xj 3x2 3z

(22)

^

+ w -- =
3z

2
3 "n

1 3p_

P x.

2 2

v {-- * — + —3x 3Z

18

(23)



^ • 5_" . o
3x 3z

(24)

Figure 10. A fracture with arbitrary varying aperture

x2)

It has been assumed that the density and the viscosity are

constant. It is further assumed that velocities are low, which

implies that the nonlinear terms can be neglected. The velocity

variations in the flow directions are small compared to the

variations in z-direction. This implies that

32u

3~z2
and

3x
(25)

3z

19



The second derivatives with respect to X} and X2 can be neglec-

ted.

If stationarity is assumed, the time-derivatives are cancelled.

The Navier-Stokes equations and the continuity equation can then

be written:

2

P 3 X l

•» 3x2

The continuity

z = zo + h

z +h .
O du

3z2

+ — = 0
1

equation

z +

can be

z z
o o

It is generally valid that:

z +h

A °r3x J
z
o

3

u d z =

z +h

T- j
Z
O

z +hr
z
o

T,'

integrated

z +

z
o

T— d z +u (

(27)

(28)

from z = zo

h

(29)

3 (z +h)

o 3x

(30)

because u = 0 on the boundaries. The continuity equation can then

be written

. 3U

i + --? = 0 (31)
3

z +h Zn+

where Ui = °/* u, d z and U? = /* U2 d z°r u. d z and ^2 ~ f U2

z z
o o

The same approach was used by Bengtsson (1973).

The quantities - ~ and - — in Equations (26) and (27)
\i ax. \i °*o

respectively, are constant in the z-direction. Those equations

can thus be integrated to obtain expressions for u^(z) and U2<z).
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u i U ) =b^r (z*- 2 v -hz + zo
2 + z

o
h) (32)

U2<z) = ÖU T"2 (z2~ 2z z - hz + z 2 + z h) (33)
* ^M »Xp O O O

From these expressions, the integrated flows Uj and U2 in Xj and

X2 directions respectively, can be calculated:

z
o

z -»o

z
o

These equations can be rewritten as follows:

zo o (35)

V 3xj h
3

12 (36)

A 1E_ = _ ig u (37)
V 3X2 h3 2

A stream function ¥ (x) which satisfies Equation (31) is intro-

duced

(39)

These expressions are introduced in Equations (36) and (37) to

obtain:

21



1 3p IP 3Y_ (41)
p 3x_ " 3 3x

These equations are combined to give the following equation:

!̂_ (il_ . !_) + JL (_i! . !_) = o (̂ 2)

This equation can also be written:

_ 3 2L • ?L - i 3
3 X l

2 3 x 2 3X1 3X1 h 3X2 3X2 h '
1 2 (43)

The solution of this equation has to be carried out numerically.

By applying the finite difference method on Equation (43), the

following difference equation is obtained (Figure 11).

'i+l.J + 'i-l.J
+

2 2
(AXj) (AX2)
h . . , - h . . , T. . - t . .

L J + 1 I J I i J t 1 i J
h . . 2 Ax. 2 Ax.

i , J 1 1

j " Vl.j
A

This can also be written:

A. . • *. . . + B . . *. , . + C. . ¥ . . +
i , j l + l , j i , j l - l , j i , j i j + l

+ D. . 1. . - 4 *. . = 0
i.J i.J-1 i.J
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i=m,

\

u-i

Hi

i-li

J'Ax,
AX,

j=m,

Figure 11. Grid net used in the calculations.

where:

A. . = 1-

i.J

r - i
i.J

i.J

3

L

3

3

L

3

( h i + l

( h i + l

. - h.

. - h.

L - h i .

l - h i ,

1 J }

1 j *
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Flow calculations were performed on a fracture of rectangular

shape with flow entering along one side (constant pressure) and

flow leaving the opposite side (constant but lower pressure).

The boundary conditions are shown in Figure 12. The pressure is

supposed to be constant along the left and right boundaries and

the stream function is constant along the upper and lower

boundaries.

1=

Figure 12. Illustration of boundary conditions.



This can be written

p

p
T

*

" Pi

= P2

= 0

= *,

at

at

at

at

xl
xl
X2
X2

= 0

= (m2 -

= 0

= (ml -

1)A xt

1)A XO

The boundary conditions at the left and the right boundaries, p =

constant, implies that-r-^ = 0 and-— = 0 according to Equation

(41). These boundaries will be inflow and outflow boundaries

respectively.

The solution to Equation (45) is found by means of iteration:

¥k . = (A. . • *k~J . + B. . Tk"J . + C. . I*'1 . +
i.J i.J i+l,J i.J i-l,J i.J i,J+l

+ D. . » . . , / 4 (46)
i.J i.J-1

where the superscripts denote the iteration number. The quantity

* is calculated for all inner points of the region modelled. The

above mentioned boundary conditions for the inflow and outflow

boundaries are satisfied by setting V at the appropriate boundary

nodes equal to the calculated value at the nearest inner node

after each iteration.

Some examples of solutions are shown in the figures below, where

isolines of f have been plotted. According to Equations (34) and

(31) the following expression can be established:

n+1
constant = Y 1 . - T .= C w

n+l,j n,j J dt =

/•

.2 , _o+n n (47)

U dxo = J J u dx^dz = Q
2 xp z 2 ndn o

which means that the same flow (volume per time unit) takes place

between each pair of consecutive isolines. This implies that the

velocity is high where the distance between the isolines is

narrow. As can be seen from the figures, the distance between the

isolines of V are narrowest where the aperture is large, and, as

expected, the velocity is low where the aperture is small.

The distances between grid points - Ax.. L% - are chosen so that
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they are much smaller than the correlation length. (1/20 to 1/10

of the correlation length).

That means, for instance, that the aperture pattern in Figure 13

was simulated using 81 x 81 nodal points.

LOGNORMAL VARC= 0 .42 XI1= 15.00 XI2= 15.00
H-MEAN= 0.30 GRAD=0.104

1 t-U

0 0
0 20 40 60 80

Xl-AXIS
120

Figure 13. Isolines (mm) for the aperture and the stream

function for a generated fracture. The example is

the same as in Figure k. The mean aperture is 0.30

mm and the coefficient of variation 0.42. The

correlation length is 15 mm in each direction.

Along the x^ and xj axes, the coordinates are

marked in mm. Each isoline for the stream function

is denoted by the total flow rate in mm^/s between

that isoline and the xj axis.
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L0GNQRMA1

120

VARC= 0.80 XI1= 15.00 XI2= 15.00

120
H-MEAN- 0.35 GRAD=O.063

20

0 0
40 60 80

Xi-AXIS
120

Figure 14. Isolines (mm) for the aperture and the stream

function for a generated fracture. The example is

the same as in Figure 5. The mean aperture is 0.35

mm and the coefficient of variation 0.42. The

correlation length is 15 mm in each direction.

Along the xj and X2 axces the coordinates are

marked in mm. Each isoline for the stream function

is denoted by the total flow rate in mnr/s between

that isoline and the Xj axis.
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LOGNORMAL VARC= 0.53 XI1= 30.00 XI2= 15.00
H-MEAN= 0 .31 GRAD=0.091

20

0
80 100 120

Xl-AXIS
Figure 15. Isolines (mm) for the aperture and the stream

function for a generated fracture. The example is

the same as in Figure 6. The mean aperture is 0.31

mm and the coefficient of variation is 0.53. The

correlation length is 30 mm in direction 1 (flow

direction) and 15 mm in direction 2. Along the xj

and xj axes the coordinates are marked in mm. Each

isolinr; for the stream function is denoted by the

total flow rate in mm'/s between that isoline and

the Xj axis.

28



LOGNORMAL VARC= 0.53 XI1= 15.00 XI2= 30.00
H-MEAN= 0.31 GRAD=0.091

120

0 0
0 40 60 80

Xl-AXIS
100 120

Figure 16. Isolines (mm) for the aperture and the stream

function for a generated fracture. The example is

the same as in Figure 7. The mean aperture is 0.31

mm and the coefficient of variation is 0.53. The

correlation length is 15 mm in direction 1 (flow

direction) and 30 mm in direction 2. Along the X2

and %2 axes the coordinates are marked in mm. Each

isoline for the stream function is denoted by the

total flow rate on mnrVs between that isoline and

the xj axis.
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LOGNORMAL VARC= 0.53 XI1= 15.00 XI2= 15.00
H-MEAN= 0.31 GRAD=0.091

100-

X

X

50-

200 300

Xl-AXIS
Figure 17. Isolines for the stream function for a generated

fracture. The example is the same as in Figure 9.

The mean aperture is 0.31 mm and the coefficient

of variation is 0.53. The correlation length is 15

mm in each direction. Along the x-̂  and xj axes the

coordinates are marked in mm. Each isoline for the

stream function is denoted by the total flow rate

in mm /s between that isoline and the x^ axis.

LOGNORMAL VARO 0.53 XI1= 15.00 XI2= 15.00
H-MEAN= 0.31 GRAD=0.091

200 300

Xl-AXIS
Figure 18. Isolines (mm) for the aperture and the stream

function for a generated fracture. For example is

the same as in Figures 9 and 17. The mean aperture

is 0.31 mm and the coefficient of variation is

0.53. The correlation length is 15 mm in each

direction. Along the x^ and X2 axes the coor-

dinates are marked in mm. Each isoline for the

stream function is denoted by the total flow rate

in mm /s between that isoline and the x^ axis.
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The total flow through the simulated fracture is equal tc the

difference between the f-values at the two boundaries parallel to

the direction of flow, i.e.:

Q = ^ - Tj j . j = 1.2 ... m1 (48)

The relation between the flow and the gradient can be derived

from Equation (40)

S = — y ~ - — (49)
h3

 v 3x2 pg

where

S - - *E 1-
3x^ pg

is the dimensionless gradient.

Equation (49) can be rewritten and integrated

B V

S(x) ' h3(x) dx2 = / d* (50)

O o

where B is the extension of the modelled area across the flow

direction. If S and h are replaced by their mean values, the

following expression is obtained:

££_ . g • B • h3 = * - * (51)
12p B o

In this application, T Q has been set to zero and fg is given a

suitable value so that S will be in the interval

0.01 < S < 0.1

MODELLING OF HYDRODYNAMIC DISPERSION

If molecular diffusion is neglected, the area between each pair

of flow lines can be regarded as an isolated channel. Differences

in velocity between the different channels will cause hydrodyna-

mic dispersion. A program has been written to calculate a measure

of the hydrodynamic dispersion in a given field of apertures for

which tha stream function has been calculated in advance.
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The velocity in each channel, bounded by isolines for T, can be

calculated with knowledge of the ajerture and the distance

between the isolines.

The figure below shows how the calculation of the cross sectional

area of a channel between two consecutive isolines of * is

performed. The view is taken across the flow direction. The %2

coordinates for the equidistant nodes where the aperture has been

simulated and the stream function has been calculated are denoted

by (*2^i-l« ^ X2^i ; e t c--

The solid line shows the variation in aperture, h, and the dotted

one shows the variation in the stream function, T. It is assumed

that both quantities vary as a straight line between the nodal

points. The X2"coordinate (x2)n for a point on an isoline * n ̂

can thus be calculated by inverse interpolation:

n,j i+l.j i.j >J

(52)

where Tn denotes the value of the chosen isoline and t ̂ z is the

T-value at the node i, j.

The calculation is made for all the selected isolines. The

aperture, hn, at the point (x2)n 4 is then calculated by linear

interpolation.

The cross sectional area for each channel between a pair of

isolines is calculated as a sum of trapeziums, according to the

shaded area in Figure 19.

The flow velocity can thus be calculated for every channel

between a pair of consecutive isolines at any point along the

flow direction.

( U l) n j j = ~ - (53)
n,j

where

Qn is the flow rate between the isolines T n
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An • is the cross sectional area of the channel bounded by

the isolines *n and

(X2). (X2) (X2).

Figure 19. Illustration of the calculation of cross sectional

area of a channel between two isolines of the

stream function.

For a particle released at time t = 0 at Xj = 0 in a channel

between isolines * n and Vn.\ the arrival time tn m at any point

x^ m = m A xj is calculated as the sum of travel times through

all the segments AXJ:

t y "i i " ' V V >

m-1
(A. , + A_ j

= åx
n,j n^j+1

/ 2

(54)
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while the expression for (uj)n i according to Equation (53) has

been inserted, and the mean value of the cross-section areas at

the end points of a segment has been regarded as cross-section

area for that segment.

The calculated travel times at each cross section of the modelled

area are arranged in increasing order. A plot of the times

against the accumulated number of particles, which have passed

the section, are made.

These curves can be compared with the corresponding theoretical

curves based on a one-dimensional description of the contaminant

transport and spreading in the fracture by means of Equation (1)

(in which case D^ = 0 and D^ should be considered as a dispersion

coefficient and not a diffusion coefficient). In order to do this

the "coefficients" U and DL in this equation are estimated from

the travel times of the particles arranged in order.

One of the most simple methods to estimate the coefficients u and

Di of Equation (1) is to use the times at which, for example, 25%

and 75% of the particles have arrived. These times will on the

following be denoted by t25 and t-j$ respectively. The method

implies that a break-through curve modelled by Equation (1)

matches the break-through curve consisting of ordered travel

times for particles at these two points. This method was earlier

used by Robinson (1984).

The solution of the dispersion Equation (1) with D^ - 0 and DL =

D can be written (Crank, 1975):

(x2 - ut)
2

C(xj,t) = — - - (55)

4 Dt

y4 ot

This is the solution which describes the spreading by dispersion

superimposed on an advection with velocity u of an amount of

substance M deposited at time t = 0 in the plane x^ = 0.



The accumulated amount of substance which, until the time t, has

passed a certain point 1 on the xj axis is equal to the amount

which is situated beyond this point: x - ut 2

- (-1. )

/

I C ?
C(x t) dx = - M l -^-

•f it
d x l =

- i M erf c ( ^ - ^ )

(56)

This shall be compared with the total number of particles that

have passed the same point according to the numerical simula-

tions.

It can be noted that:

erf (0.477) = \ (57)

which implies that:

| erf c (0.477) = | (1 - erf (0.477)) = ^

and

| erf c (- 0.477) = | (1 + erf (0.477)) = | <59)

A comparison with Equation (56) implies that t25 and t-j$ can be

found from the following expression:

If this expression is squared and reorganized, the following

equation is obtained:

u2t2 - (2 ul + 0.910 D) t + I2 = 0 (61)

The roots of this equation are t25 and t-j$. They are found as

follows:
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t' - (2 i + 0.910 2_ ) t • 1= = 0

(t - t25) (t - t75) = 0

A comparison between these two equations gives:

(62)

*25 + t75 - 2 I + 0.910 \
uand

from which D and u can be deduced.

(63)

If the molecular diffusion is neglected in Equation (2), the

longitudinal dispersivity a^ can easily be calculated:

L u
(64)

This can be done for every point on the xi axis.
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LOGNORMAL VARC= 0 .42 XI1= 15.00 XI2= 15.00
H-MEAN= 0.30 GRAD=0.104

2 0 -

1 8 -

1 6 -

1 4 -

1 2 -

1 0 -

8 -

6 -

4 -

2 -

0

i\

0 20 40 60

XI
80 100 120

Figure 20. Dispersivity (mm) as a function of the travel

distance (nun) for a simulated fracture with the

mean aperture 0.30 mm and coefficient of variation

0.A2. The correlation length is 15 mm in each

direction. Along the xj axis the travel-length in

the flow direction is marked in mm.
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LOGNORMAL

20-|

18 ]\
16 - S

14- \

12- \

10 -
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4-

2-
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VARC= 0.53 XI1= 30.00 XI2= 15.00
H-MEAN= 0.31 GRAD=0.09l
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r20 !40 60
V A
Å l

80 100 120

Figure 21. Dispersivity (mm) as a function of the travel

distance (mm) for a simulated fracture with the

mean aperture 0.31 mm and coefficient of variation

0.53. The correlation length is 30 mm in direction

1 (flow direction) and 15 mm in direction 2. Along

the Xj axis the travel-length in the flow direc-

tion is marked in mm.
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LOGNORMAL

40

VARC= 0.53 XI1= 15.00 XI2= 30.00
H-MEAN= 0.31 GRAD=0.091

10-1

b -

O-i
C

i
) 20 40

v—

60

XI
80 100 120

Figure 22. Dispersivity (mm) as a function of the travel

distance (mm) for a simulated fracture with the

mean aperture 0.31 mm and coefficient of variation

0.53. The correlation length is 15 mm in direction

1 (flow direction) and 30 mm in direction 2. Along

the xj axis the travel-length in the flow direc-

tion is marked in mm.
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LOGNORMAL VARC= 0.53 XI1= 15.00 XI2= 15.00
H-MEAN= 0.31 GRAD=0.091

Figure 23. Dispersivity (mm) as a function of the travel

distance (mm) for a simulated fracture with the

mean aperture 0.31 mm and coefficient of variation

of 0.53. The correlation length is 15 mm in each

direction. Along the Xj axis the travel-length in

the flow direction is marked in mm.



LOGNORMAL
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VARC= 0.53 XI1= 15.00 XI2= 15.00
H-MEAN= 0.31 GRAD=0.181
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X /

Figure 24. Dispersivity (mm) as a function of the travel

distance (mm) for a simulated fracture with the

mean aperture 0.31 mm and coefficient of variation

0.53. The correlation length is 15 mm in each

direction. Along the x^ axis the travel-length in

the flow direction is marked in mm.



LOGNORMAL VARC= 0.53 XI1= 15.00 XI2= 15.00
H-MEAN= 0.31 GRAD=0.091

120 n

100 -

80^

60

O
o 200 300

XI

Figure 25. Dispersivity (mm) as a function of the travel

distance (mm) for a simulated fracture with the

mean aperture 0.31 mm and coefficient of variation

0.53. The correlation length is 15 mm in each

direction. Along the Xj axis the travel-length in

the flow direction is marked in mm.
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o 40 60 80

TIME (S)

Figure 26. Calculated break-through curves for the sections

240 mm and 480 mm along the flow direction for a

simulated area of 480 x 120 mm.

Figure 26 shows break-through curves for the same example as in

the Figures 9, 17, 18 and 25. The curves have been calculated as

the accumulated number of particles that have passed the midpoint
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and the endpoint respectively, assuming one particle in each of

20 channels. The curves are similar, which implies that the

dispersion and the dispersivity are approximately equal for the

two curves. This is also confirmed by Figure 25.

In the Figures 20 - 25 examples of calculated values of a as a

function of the travel distance are shown.

All the curves indicate a tendency of decreasing a^ with increas-

ing travel distance. This seems like a contradiction against

field experiment, referred to in the introduction. However, the

field experiments were performed in a much larger scale, with

possible intersecting fractures, while this study concerns only

one isolated fracture.

A comparison between the Figures 23 and 24 gives, as expected,

that the dispersivity is not affected by the flow velocity. The

two examples have been simulated assuming different boundary

conditions for the stream function, which implies different

gradients, and consequently, different velocities. The gradients

according to Equation (51) were 0.091 and 0.181 respectively.

Figure 25 shows an example of calculated dispersivity values for

a simulated area with the width 120 mm and the length 480 mm. It

can be seen that the dispersivity, after some distance, tends to

stabilize.

EQUIVALENT APERTURES

Two different definitions of equivalent aperture are found in the

literature (Abelin, 1986).

- mass balance fracture aperture

_ cubic law fracture aperture.

The mass balance fracture aperture, 6f is a measure of the total

volume of the fracture. When the mean residence time, tw, and the

flow rate Q are known, the measure can be calculated using the

mass balance

0 • t
6 - « (65)

f ~ L.B

where L and Bare the length and width respectively of the conside-

red fracture.
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The mess balance fracture aperture is representative of the mean

aperture.

The cubic law fracture aperture 6 c is defined as the aperture

between two parallel plates which, for a given pressure drop,

gives the same flow rate between the imagined parallel plates as

for the irregular fracture.

In the case of ideal Poiseuille flow between parallel plates,8 f

and 6C are equal. For real fractures, very significant dis-

crepancies between the two measures might occur. One reason for

this could be significant spatial aperture variations.

In order to illustrate the impact of aperture variations on the

ratio between the two measures, a simple example is shown below.

Consider a fracture with constant width and apertures h^ and h2

along the lengths Lj and L>2 respectively in the flow direction,

as shown in the figure below.

hi

Figure 27. Idealized fracture with an aperture belonging to a

two-point distribution.

The ratio between the cubic law fracture aperture and the mass

balance fracture aperture can for this idealized case be ex-

pressed as follows:

6 •a 1

U£> = (66)
6f V l h2 V V h l Ll V 3

where L is the total length Lj +



In Figure 28, the impact of the ratio Lj/L is shown, as an

example, for the case when h j ^ = 10.

0.0
Ll/L

Figure 28. Example on the impact of the ratio L^/L on the

ratio between the cubic law aperture and the mass

balance fracture aperture.
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As can be seen from the figure, the impact of the difference in

aperture is most important when the extension of the wider

aperture is between 40 and 95%.

If, for simplicity, it is assumed that L|/L = I^/L = 1/2 and

hj » hj, Equation (63) gives that

f • ni

i.e. the ratio between the cubic law fracture aperture and the

mass balance fracture aperture is proportional to the ratio

between the apertures for a two-point distribution.

In order to make a corresponding comparison for fractures with an

aperture having a lognormal distribution, as earlier, the

following equation is derived from Equation (40).

( 6 8 )

where p0 - p^ is the pressure difference between the points o and

L on the Xj axis.

In the case of parallel plates, the equation can be written

Po -
•a

B
o 6 c (69)

C

For application to earlier calculated values of stream functions

at discrete points, the integral of Equation (68) has to be

replaced by a discrete sum and the partial derivatives approxima-

ted by finite differences.

^ — 'I'
B o .

6 3 = — B — * L
C \u vt "~

Y- I . ___!____ __-!__ • Ax (70)
I* h""3 2 A *2 " '
J=l i.J

The calculation of 6C can be performed for every row of nodal

points parallel to the flow direction except for the boundaries.
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The arithmetic mean has been calculated to represent the vhole

area.

The mass balance fracture aperture, 6f, has been calculated

according to Equation (65) whereby the mean residence time tw has

been replaced by the median recidence time tjn, which is the

travel time from the point x^ = 0 to xj = L exceeded by 50% of

the travel times for all the channels. The travel times are

calculated according to Equation (54). Some examples of calcu-

lated values of 6C and 6j for simulated fractures are given in

the table below.

Table 1. Examples of calculated values of cubic law fracture

aperture and mass balance fracture aperture.

E(h(x))

0.30

0.31

0.31

0.32

0.31

0

h

0.42

0.53

0.53

0.80

1.79

1

15.0

30.0

15.0

15.0

15.0

2

15.0

15.0

30.0

15.0

15.0

c

0.27

0.27

0.24

0.25

0.12

i
6f

0.30

0.29

0.30

0.30

0.29

It can be noted that the mass balance fracture aperture, as it

should, coincides approximately with the expected value of the

aperture E((h(x)). There is some tendency for the cubic law

fracture aperture to decrease with increasing coefficient of

variation.

Measurements of 6C and 5^ on real fractures often show a dif-

ference of one or more orders of magnitude - i.e. much more than

the results according to Table 1. One way of obtaining this

condition could be to increase the term o/h even more, i.e.

making the simulated fracture rougher.

The simple example with the two-point distributed aperture

(Figure 27) was based upon the assumption that the fracture width

was constant in the lateral direction of fracture. It was shown
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that a significant difference between the two measures could be

achieved with a big variation in aperture distribution.

It is therefore possible that a big difference between the two

measures also could be obtained with a large correlation length,

C2» in the direction perpendicular to the flow direction in

conjunction with a large coefficient of variation.

DISCUSSION

A method has been described for simulating a flow field which

should resemble the flow pattern in a fracture. The simulation

encompasses two steps. In the first place an aperture field is

generated in the plane of the fracture with given stochastic

characteristics - lognormal aperture distribution with a certain

mean value and standard deviation and specified spatial correla-

tion structure. Secondly the laminar two-dimensional flow field

is calculated for the fracture considering the aperture varia-

tions.

Such a simulated flow field could be considered as a computatio-

nal tool for investigating transport and dispersion properties of

single fractures provided that the simulated fractures resemble

real fractures geometrically and that flow in real fractures

takes place according to the assumptions made for the flow

calculations (laminar, two-dimensional Newtonian flov). Some

initial studies using this tool have also been performed partly

to check some properties of the simulated fracture in comparison

with real fractures and partly to demonstrate the capability of

the tool. Thus calculations have been done in order to determine

the effective aperture of the simulated fracture - according both

to the residence time concept and the cubic law. It was found

that the same tendency was at hand (although to a smaller degree)

as for a real fracture. Initial studies of the dispersion proper-

ties of a single fracture were also studied based on the particle

tracking method for an instantaneous input of a large number of

particles at the upper and of the simulated fracture.



Interpreting the results in terms of the common dispersion

equation it was found that the dispersivity seemed to stabilize

if the fracture was long enough (i.e. the particles could migrate

a long enough distance in relation to the correlation length).

It should, however, be mentioned that the computer simulations

are rather time-consuming especially for larger fractures with a

very large number of nodal points. As an example the largest

fracture simulated in this report - 120 mm x 480 mm and contain-

ing 81 x 321 nodal points - required more than 24 hours on our

VAX 8200 computer for simulation of the aperture field and

determining the stream function field. However, once this is

done, one could save the results and use the data in different

studies. The execution times could be diminished significantly by

different measures in the future - using computers with a better

performance and also by making the numerical algorithms more

efficient. Another prerequisite for extensive and reliable single

fracture modelling is, of course, access to data on single

fracture aperture characteristics. Some data already exists as to

aperture distributions and correlation structure and such data

has been used in the simulations described in this report.

However, there is a need for more data - especially concerning

larger fractures as the published data so far only relates to

small fracture samples (diameter of the order of 10 cm).

It is believed that detailed computations of the flow in single

fractures - along the lines described in this report - could be

valuable in different aspects in gaining understanding and

information on flow and transport processes in fractured rock. In

the following some ideas on further work on the tool and on

further studies based on the tool will be briefly discussed.

As mentioned above it is important to increase the

efficiency of the numerical scheme - especially the

iterative part for the stream function. The simulation

technique should also be extended to cope with frac-

tures of other geometries than the rectangular one and

with more general boundary conditions.
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Further efforts have to be devoted to comparisons

between characteristics of simulated and real fractures

concerning the different measures of effective aper-

tures. One idea could be to study the effect of

increased lateral correlation lengths in order to (may

be) obtain a larger discrepancy between the effective

aperture according to the cubic law and the break-

through curve respectively.

It would be of great value to obtain information on the

flow patterns in a fracture and compare with calcula-

tions. In-situ-information is probably impossible to

obtain. However, one could try to accomplish a visible

(using perspex) fracture-like flow field. One idea

might be to make castings from an artificially ac-

complished fracture. Another idea would be to produce a

slight, measurable roughness on a perspex plate and

putting a plane plate above so that something similar

to a fracture with varying apertures is obtained. By

marking (with colour for instance) the water entering

the "model fracture" visual observation might be made

of the flow pattern and thus flow velocities in

different points.

Simulations of larger fractures should be attempted in

order to see if the gross flow properties of a fracture

stabilize for large enough flow paths. This will, of

course, require real data on larger fractures.

Sorption processes might be added computationally to

the flow in a fracture.

Flow and dispersion properties should be studied

computationally for a number of simulated fractures

with different statistical characteristics. Data from

such efforts could be used for investigating the

possibility of describing the gro flow properties of

fractures in a simpler way - i.e. by means of the

parallel plate concept or a package of parallel tubes

with interconnections at some locations. In the former
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case this would mean that a real fracture could be

considered as two parallel plates with an effective

aperture and a dispersion coefficient, the values of

which hopefully might be related to the statistical

properties of the varying apertures. It is believed

that such an approach is necessary when trying to

simulate large fracture networks. The demand on

computer capacity would otherwise be too heavy (when

simulating each fracture realistically).

Two simulated fractures could be used for studying the

geometrical properties (i.e. common flow area) of the

crossing of two fractures. With further development of

the algorithms for flow calculations it might be

possible to simulate the flow behaviour at a crossing

and the dispersive effects of a crossing.

If the efforts on the former paragraphs should prove

successful it should in principle be possible to

simulate the flow and dispersive properties of a

network of fractures. Such a network could they be used

for investigating a large number of problems related to

the safety of the geosphere.
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Det svenska kärnkraftprogrammet
Efter folkomröstningen om kärnkraft 1980 beslutade riksdagen att den svenska
kärnkraften skall vara avvecklad senast år 2010 och att antalet reaktorer skulle
begränsas till 12 stycken. Sedan år 1985 är samtliga dessa reaktorer i drift vid
kärnkraftverken i Barsebäck, Forsmark, Oskarshamn och Ringhals. I juni 1988
beslutade riksdagen om riktlinjer för en s k förtida avveckling vilka bl a innebär
att en reaktor i Barsebäck och en i Ringhals skall tas ur drift åren 1995 och 1996.
Vilka reaktorer som skall tas ur drift och i vilken ordningsföljd skall enligt
planerna beslutas av riksdagen år 1990.

Olika slag av radioaktivt avfall
Under driften vid ett kärnkraftverk uppkommer olika slag av radioak-
tivt avfall. Man skiljer mellan lågaktivt avfall, medelaktivt avfall och
högaktivt avfall.
Låg- och medelaktivt avfall från
den löpande driften vid kärnkraft
verken kallas med ett gemensamt
namn för radioaktivt driftavfall.
Driftavfallet består dels av material-
och metallskrot, isoleringsmattor,
kläder och liknande som använts
inom de s k kontrollerade områdena
på kärnkraftverken, dels av filter-
massor som använts för att fånga
upp radioaktiva ämnen i reaktorvatt-
net. Det lågaktiva avfallet har så låg
strålnivå att det kan hanteras utan
särskilda skyddsåtgärder. Det för-
packas i plastsäckar eller plåttun-
nor. För att hantera det medelaktiva
avfallet fordras däremot vissa skydds-
åtgärder. Det gjuts in i betong eller
asfalt.

Våren 1988 togs SFR (Slutförvar för
radioaktivt driftavfall) i bruk. SFR
är nedsprringt under havsbotten i
närheten av Forsmarks kärnkraft-
verk. Allt driftavfall liksom låg- och
medelaktivt rivningsavfall skall en-
ligt företagens planer slutförvaras i
SFR.

Högaktivt avfall utgörs framför allt
av använt kärnbränsle dvs bränsle-
element i vilka så mycket av de klyv-
bara atomerna är förbrukade att
elementen inte längre är användba-
ra. Det använda bränslet värms dock
fortfarande av sin radioaktivitet och
måste kylas. Det lagras därför i sär-
skilda vattenbassängeri reaktorbygg-
naden under minst ett år. Därefter
faktas det på det specialbyggda far-
tyget Sigyn till ett mellan 1 äger, CLAB
(Centralt mellanlager för använt
bränsle), som ligger vid Oskarshamns
kärnkraftverk. Eftersom strålnivån
är mycket hög transporteras brän-
slet i specialbyggda transportbehål-
lare. Behållarna har tjocka väggar av
stål för att skydda personalen och
omgivningen från skadlig strålning
och bränslet från transportskador.

I CLAB placeras bränslet i bassänger
i bergrum. Enligt nuvarande planer
skall bränslet förvaras i CLAB i minst
40 år. Under denna tid avtar radioak-
tiviteten och därmed även värmen i
bränslet. Det innebär att bränslet
blir lättare att hantera och slutförva-
ra.



Statens kärnbränslenämnd, SKN
är en central förvaltningsmyndighet

En av kärnbränslenämndens huvuduppgifter är att granska kärnkraftfbreta-
gens forsknings- och utvecklingsprogram för hantering och slutlig förvaring av
det använda kärnbränslet och för rivning av kärnkraftverken. Nämnden över-
vakar också fortlöpande hur kärnkraftföretagen genomför programmet. För att
kunna fullgöra denna uppgift följer nämnden den internationella forsknings-
verksamheten inom området och tar initiativ till sådan forskning som behövs för
nämndens tillsynsverksamhet. Nämndens forskning har dels en naturveten-
skaplig/teknisk inriktning, dels en samhällsvetenskaplig inriktning. Resulta-
ten från denna forskning publiceras i serien SKN Rapporter. En förteckning
över utgivna rapporter finns i slutet av varje publikation.

En annan av nämndens huvuduppgifter är att sköta frågor som gäller finansie-
ringen inom kärnavfallsområdet. Varje år beräknar nämnden storleken på de
avgifter som skall tas ut av kärnkraftföretagen för att täcka kostnaderna för
avfallshanteringen nu och i framtiden. Förslaget till avgifter för det kommande
året redovisas i SKN PLAN, som lämnas till regeringen före oktober månads
utgång.

Kärnbränslenämnden har också ansvar för att allmänheten får insyn i det
arbete som bedrivs för att kunna slutförvara det använda kärnbränslet på ett
säkert sätt. I serien SLUTFÖRVARING AV ANVÄNT KÄRNBRÄNSLE kom-
mer nämnden att fortlöpande publicera korta informationsskrifter kring dessa
frågor. Hittills har följande skrifter givits ut:
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2. Hur finansieras kärnkraftens avfall?

3. Hur väljer vi en lämplig plats för ett slutförvar?
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