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Where and how will we dispose of
spent nuclear fuel?

There is political consensus to dispose of spent nuclear fuel from Swedish nuclear power
plants in Sweden. No decision has yet been reached on a site tor the final repository in
Sweden and neither has a method lor disposal been determined. The disposal site and
method must be selected with regard to safety and the environment as well as with regard
to our responsibility to prevent the proliferation of materials which can be used to produce
nuclear weapons.

In 1983, a disposal method called KBS-3 was presented by the nuclear power utilities,
through the Swedish Nuclear Fuel and Waste Management Company (SKB). In its 1984
resolution on permission to load fuel into the Forsmark 3 and Oskarshamn 3 reactors, the
government stated that the KBS-3 method - which had been thoroughly reviewed by
Swedish and foreign experts "was, in its entirety and in all essentials, found to be
acceptable in terms of safety and radiological protection."

In the same resolution, the government also pointed out that a final position on a choice
of method would require further research and development work.

Who is responsible for the safe
management of spent nuclear fuel?

The nuclear power utilities have the direct responsibility lor the sale handling and
disposal of spent nuclear fuel.

This decision is based on the following, general argument: those who conduct an
activity arc responsible for seeing that the activity is conducted in a safe manner. This
responsibility also includes managing any waste generated by the activity. This argument
is reflected in the wording of major legislation in the field of nuclear power, such as the
Act on Nuclear Activities (1984) and the Act on the Financing of Future Expenses for
Spent Nuclear Fuel etc. (1981).

The Act on Nuclear Activities and the Act on the Financing of Future Expenses for
Spent Nuclear Fuel etc. stipulate that the nuclear power utilities are responsible lor
conducting the research which is necessary for the sale management of spent nuclear fuel.
This legislation stipulates that the utilities are also responsible for the costs incurred in
connection with the handling and disposal of the waste.

There are lour nuclear power utilities in Sweden: Vattenfall AB. Forsmarks Kraft-
grupp AB, Sydsvenska Värmckrall AB and OKG AB. Together, these four utilities own
lhe Swedish Nuclear Fuel and Waste Management Company (SKB). SKB's tasks include
the practical execu ' m of the work which the utilities are responsible for carrying out.

The govcrnmc" iias the overall responsibility for safely in connection with waste
handling and disposal. Three authorities - the National Board for Spent Nuclear Fuel
(SKN), the Swedish Nuclear Power Inspectorate (SKI), and the National Institute of
Radiation Protection (SSI) - are responsible forc;i Herein aspects of government supervision
of the utilities' waste activities. The government has also appointed a scientific advisory
hoard, the National Council for Nuclear Wasle - KASAM. to deal with these mailers.

Continued on the back inside cover.
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ABSTRACT

In this paper the ability of a model based upon capillary tubes to repro-
duce the hydrodynamic dispersion in connection with flow of contaminated
groundwater in fractured rock is investigated. It is assumed that the cross
sectional areas are circular and that the flow is laminar. The molecular
diffusion is neglected as well as the impact of variations in velocity over
the cross-sectional area. It is assumed that the cross sectional areas in
an ensemble of tubes belong to a gamma distribution. The velocity differen-
ces between tubes having different cross sectional area cause hydrodynamic
dispersion. The model is applied to field tracer experiments at two sites.
It is shown that the mean size of the cavities is smaller at a large depth
and that the distribution is more narrow. The parameter in the gamma
distribution has to be given different values to reproduce the breakthrough
course at the different sites. It is also pointed out that there is no
general relation between conductivity of a porous medium and its porosity
without consideration of the pore size distribution.

RESUME

Dans cette communication 1'aptitude d'un modéle fondé sur des tubes
capillaires å reproduire la dispersion hydrodynamique associée å l'ecoule-
ment d'une eau souterrainne contaminée dans une roche fissurée est étudiée.
Il est suppose que les sections soient circulaires et que 1'écoulement soit
laminaire. La diffusion moléculaire est négligé ainsi que 1'influence des
variations de vitesse å travers les sections. Il est suppose que les
sections appartiennent å une distribution gamma. Les differences de vitesse
entré tubes ayant des sections différentes provoquent une dispersion
hydrodynamique. Le modéle est appliqué å des experiences en milieu naturel
dans deux sites experinienteaux. Il est montré que la grandeur moyenne des
cavités est plus modeste å des profondeurs plus importantes et que sa
repartition est plus etroite. Le paramétre de la distribution gamma doit
avoir des valeurs différentes pour reproduire le parcours de la cc.icentra-
tion aux sites differents. Il est aussi montré qu'il n'y a pas de relation
générale entré la conductivité d'un milieu poreux et sa porosité sans
consideration de la distribution de la grandeur des cavités.
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LIST OF SYMBOLS

C

co

"mi

'01

Meaning

cross sectional area of a tube (stochastic variable)

equivalent cross sectional area

cross section area of tube number i

total cross sectional area of an ensemble of tubes

the value of the stochastic variable A

cross sectional area of the most narrow of the tubes

in which the pollution fronts have passed the point

of observation

contaminant concentration

contaminant concentration in the injected liquid

average contaminant concentration at a cross section

where the fronts in j tubes have passed

modelled concentration at time i

observed concentration at time i

D diffusion coefficient

d parameter in the gamma function

E( ) expected value of a stochastic variable

f( ) probability density function

g acceleration due to gravity

number of observations in a field experiment

length of the tubes between injection and detection

number of tubes in an ensemble

probability

equally distributed random number

pressure

flow rate in a tube

total flow rate through an ensemble of tubes

deviation between observed and modelled concentration

dimensionless pressure gradient

dimensionless time

time

mean travel time

estimated mean travel time

k

L

n

P

Pi

P

Q

QT

R

S

T

t

Dimension

(1.2)

(L2)

(L2

(L2

(M/L3)

(M/L3)

(M/L3)

(M/L3)

(M/L3)

(L2/T)

(L/T2)

(L)

(M/(T2L))

(L3/T)

(L3/T)

(M/L3)

(L/L)

(T)

(T)

(T)



u^ mean flow velocity in a tube (L/'T)

L'm mean flow velocity in an ensemble of tubes (L/T)

V( ) variance

Vj total volume of cavities (L )

x coordinate in the flow direction (L)

r(d) gamma function

A parameter in the gamma and exponential distributions

v kinematic viscosity (L/T)

p density of the liquid (M/L3)



INTRODUCTION

In recent years, it has been proposed to make use of deep geological

formations as repositories for hazardous waste. The spent fuel from the

nuclear power plants in Sweden has. for example, been proposed to be

permanently disposed in crystalline rock, below the groundwater surface, at

a depth of about 500 metres.

Several field experiments have been performed in the abandoned iron-ore

mine at Scripa in central Sweden. A tracer experiment with flow path

lengths of about 50 m has been performed at this place (Birgersson et al,

1985). The experimental site was located in a drift well below the ground-

water table which implies that water flows constantly into it. Conservative

tracers were injected into this water flow. Water was collected in a large

number of sampling areas located at the ceiling of the test site, so that

the entire surface was covered. Sampling over small areas made it possible

to observe the spatial distribution of water flow. The result clearly shows

that water does not flow uniformly in the rock over the scale considered

(700 m ), and that the water flow could not be described as a flow in a

homogenous porous medium. On the contrary, these results indicate that flow

takes place in only a few preferred paths.

The uncertainties involved at the assessment of advective transport in deep

rock formations over large distances and long time frames under conditions

of sparse data availability was investigated by Freeze et. al. (1989).

It is often convenient to represent a permeable medium by a number of

capillary tubes. 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 assumed that the cross sectional areas

were circular and that the flow was laminar. The concentration as function

of time and length coordinate could be expressed for the case of a step

input of contaminated fluid at one end. Comparison was made with the

classical theory for dispersion in a porous medium. The approach was

generalized, to a system of parallel fractures having an exponentially

distributed aperture that was constant for each fracture, by Carlier and

Porel (1989). A similar approach was also adopted by Klinkenberg (1957),



who shows a graphical method to determine the pore size discribution from

che results of a tracer experiment.

Simulations of flow and dispersion in irregularly shaped fractures were

nade by Dahlblom and Jönsson (1990). These simulations were rather time

consuming especially for larger fractures, which can motivate the develop-

ment of siapler models. The flow pattern could be compared with a number of

channels, isolated from each other. The differences between the flow

velocities in them caused hydrodyr.amic dispersion. It could be seen that

the flow was unevenly distributed in such a way that most of it took place

in a limited number of paths. This phenomenon is usually referred to as the

channelling effect. Tsang and Tsang (1987) studied the fluid flow and

solute transport in a fractured medium in terms of flow through channels of

variable aperture.

The purpose of this study is to investigate the ability of a model based

upon capillary tubes to reproduce the hydrodynamic dispersion.

BASIC PRINCIPLES

The mean velocity, t r in a tube with circular cross section, provided that

laminar flow prevails, can be calculated according to Hagen-Poiseuille's

law:

S A e ,,.
^ ( 1 )

where A is the cross sectional area of the tube, and v is the kinematic

viscosity of the water. S is a dimensionless gradient:

s dx p g

where p is the pressure, x is the coordinate in Che flow direction, and p

is the density of the liquid.

The travel time for a tube with given length, cross section area and

gradient can thus easily be calculated.



For an ensemble consisting of a certain number of tubes, the travel time

can be calculated for each tube. The flow rate for each tube in the en-

semble can easily be calculated while the cross-sectional area and the mean

velocity are known. It is assumed that all the tubes have equal length and

common end point pressures upstream and downstream. The case which will be

studied is the step function input, i.e. after time t-0 the liquid that

flows into each tube in the upstream end will have the contaminant con-

centration C - Co. If the molecular diffusion is neglected as well as the

impact of variations in velocity over the cross-sectional area, a break-

through curve can be obtained. The calculated travel times through the

tubes are arranged in increasing order. The accumulated sum of the flow

rates, which will appear in decreasing order while a small flow rate

implies a long travel time, is i alculated corresponding to each tube. If

the accumulated sums are divided by the sum of flow through all the tubes,

a quantity is obtained that can be regarded as the relative concentration

au the end of Che ensemble of tubes, caused by an instantaneous step

augmentation in concentration from zero to unity at the inlet. Ci is the

concentration that would occur in a small sample taken at the outlet at the

time when the pollution front in tube number j arrives.

n n
Cj/ Co " i S j V Ai /iSl^Sni Ai : A i + l ^ i <3>

Some examples of simulated ensembles of tubes are shown below, where the

time scales are dimensionless. and the cross sectional areas, A^, of the

Cubes belong Co an exponential distribution. The dimensionless travel time

is obtained as the ratio between the travel time t for each tube and the

expected value of the travel time E(t):

The expected value of Che travel time is equal to the travel time in a tube

with an area equal to the mean area. According to equation (1) this can be

written:

( 5 )g E(A) S ( 5 )

where E(A) is the expected value of the cross-sectional area of the cubes,

and L is the length of the cubes. A combinaCion of these equacions gives:



T . t fi E(A) S
o n v L

The distribution function for the exponential distribution can be written:

a

P(O<A<a) - I - e E(A> (7)

where P denotes the probability. In the calculations, one random number,

Pi? between zero and unity is generated for each of the n tubes in the en-

semble. This random number is inserted into the inversion of equation (7).

The resulting value of a is assigned to one of the tubes of the ensemble.

0 < Pj; < 1

a - - E(AWn(l-P(O<A<a)) (8)

ror an infinite number of tubes, the breakthrough curve at a distance L

from the inlet can be expressed (Dahlblom and Hjorth, 1986):

1a2 f(a) da

}
f (a) da (9)

a2 f(a) da ao

where aQ » aQ(L,c) is the cross sectional area of the most narrow tube in

the group of tubes for which the pollution fronts have passed the point of

observation at the time t:

For an exponential distribution, the probability density function can be

written:

a
f< a>-db~ e E(A)

This expression can be inserted into equation (9) which after evolution of

the integral gives:

ao

1 ao 2
 a° 1

T(E(A) * + E(A) + l\ (12)

8



The following expression, is obtained if equation (12) is combined with

equation (6) and (10):

1
C
C, 2 T 2 T • 1) (13)

This expression has been drawn as a solid line in the figures 1 through 5

in order to compare breakthrough curves for ensembles with a specific

number of tubes with breakthrough curves for an infinite number of tubes.

These figures show dimensionless arrival times versus relative concentra-

tion. Three ensembles of tubes have been simulated for each given value of

the number of tubes. Dimensionless arrival tiires exceeding 2.0 are not

shown in the figures. A comparison between the figures gives at hand that

the plotted points are more scattered for an ensemble with a few tubes than

for an ensemble with a large number of tubes. This may imply that a predic-

tion of the concentration tends to have smaller reliability when the

conducting medium consists of a few channels.
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Figure 1. Plot of dimensionless arrival times for three simulations of
migration through ensembles of k tubes. Squares, triangles, and
crosses have been used to separate the three cases. The solid
line marks the limit breakthrough curve when the number of
tubes tends to infinity.



1.00
NUMBER OF TUBES IN EACH ENSEMBLE. 8

0.00
0.00 2.00

Figure 2. Plot of diraensionless arrival times for three simulations of
migration through ensembles of 8 tubes. Squares, triangles, and
crosses have been used to separate the three cases. The solid
line marks the limit breakthrough curve when the number of
tubes tends to infinitv.

NUMBER OF TUBES IN EACH ENSEMBLE. 16
1.00

0.00
0.00 2.00

Figure 3. Plot of dimensionless arrival times for three simulations of
migration through ensembles of 16 tubes. Squares, triangles,
and crosses have been used to separate the three cases. The
solid line marks the limit breakthrough curve when the number
of tubes tends to infinity.
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1.00

0.75 -

0.50 -

0.25 -

NUMBER OF TUBES IN EACH ENSEMBLE: 32

0.00
0.00 2.00

Figure 4. Plot of dimensionless arrival times for three simulations of
migration through ensembles of 32 tubes. Squares, triangles,
and crosses have been used to separate the three cases. The
solid line marks the limit breakthrough curve when the number
of tubes tends to infinity.

NUMBER OF TUBES IN EACH ENSEMBLE: 64
1.00

0.00
0.00 2.00

Figure 5. Plot of dimensionless arrival times for three simulations of
migration through ensembles of 64 tubes. Squares, triangles,
and crosses have been used to separate the three cases. The
solid line marks the limit breakthrough curve when the number
of tubes tends to infinity.
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In a real case, concerning storage of hazardous waste, the problem should

be to predict the concentration that will be exceeded with a chosen level

of risk. In order to illustrate the uncertainty at prediction depending on

the number of flowpaths, confidence limits showing the concentration not

exceeded with a probability of 99 %. A large number of ensembles have been

simulated each of them containing a certain number of tubes. For each of

the ensembles a breakthrough course has been calculated as dimensionless

concentration as function of dimensionless time as described earlier. The

dimensionless time between 0.0 and 2.0 has been divided into 20 intervals.

For each of the intervals, the concentration values was sorted in increa-

sing order and the concentration value that was exceeded by 1 % of the

values in the interval was plotted. The procedure was repeated for en-

sembles containing 4 , 8, 16, 32, and 64 tubes. The number of ensembles for

those simulations was 1600, 800, 400, 200, and 100 respectively. The

resulting curves are shown in figure 6 together with the breakthrough curve

for an ensemble with an infinite number of tubes.

1.00

0.75 -

0.50 -

0.25 -

0.00
0.00

- 1600 ENSEMBLES OF 4 TUBES
- 800 ENSEMBLES OF 8 TUBES
- 400 ENSEMBLES OF 16 TUBES
- 200 ENSEMBLES OF 32 TUBES
- 100 ENSEMBLES OF 64 TUBES

INFINITE NUMBER OF TUBES

0.50 1.00

T
1.50 2.00

Figure 6. Confidence limits for the level 99 % for the dimensionless
concentration versus dimensionless time for ensembles of 4, 8,
16, 32, and 64 tubes. The solid line marks the limit break-
through curve when the number of tubes tends to infinity.
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A generalization of the exponential distribution of the cross sectional

areas of the tubes can be obtained by means of the gamma distribution:

c, \ 1 . d d-1 -Xa
f(a) - ^-^ x a e

where F(d) is the gamma function. The exponential distribution is a special

case of the gamma distribution with d - 1. For a gamma distribution,

generation of the cross section areas for an ensemble of tubes becomes more

complicated while the inverse function can not be expressed explicitly as

in equation (8), but has to be found by means of iteration.

In the following, the parameter d is supposed to have integer values so

that:

r<d) = (d-1)! (d - 1,2,...) (15)

The expected value of the tube area can be expressed in X and d as follows:

d
E(A) = (16)

A

The variance, V, for a gamma distributed stochastic variable can be ex-

pressed:

d
V(A) = — (17)

A2

which according to equation (16) can be rewritten:

E(A)2

V(A) = (18)

In figure 7 the gamma distribution is shown for every second integer value

of d between 1 and 15.

13



GAMMA DISTRIBUTIONS
2.00

1.50 -

5 1.00 -

0.50 -

0.00
0.00 4.00

Figure 7. The gamma distribution for every second value between 1 and 15
of the parameter d. A » 1.

If an instantaneous increase of the concentration is supposed to take place

at the inlet of an ensemble consisting of an infinite number of tubes, the

breakthrough curve at a distance L downstream can be calculated according

to equation (9). Inserting the expression for the distribution function

according to equation (14) into equation (9) and utilizing the expressions

according to equations (6), (10), and (16) gives:

7- - e TIME E -r-
° j-0 J

(19)

In the figures 13 - 17 below, this expression is shown for some different

values of d.

A larger value of the parameter d means a concentration of the cross

sectional areas towards the mean value. A smaller portion of the tubes will

have small or large cross sectional areas. The differences in travel time

through the tubes will thus decrease with an increasing value of the

parameter d, and the breakthrough curve should be more steep. This is to

some extent confirmed by the applications shown below. The different curves

in each of the figures have about the same steepness in their central parts

but their appearances differ at the ends. This difference is particularly



evident in the upper end because of the different portions of narrow tubes.

In connection with practical applications aiming at prediction of some

pollution concentration, it is however most interesting to get an idea of

the time when the concentration exceeds a certain value. An adequate

modelling of the beginning of the course is thus most important.

An expression for the mean velocity in an ensemble of tubes can be es-

tablished by forming the ratio between the total flow through the ensemble

and its total cross sectional area. For the infinite case this ratio

becomes (Dahlblom and Hjorth, 1986):

I a Uj^a) f(a) da

0

i
v E(A) J

a2 f ( a ) d a . (20)

a f(a) da

0

S g E(A2) V(A) S g 1
- (1 + ) E(A) - (1 + - )

8 it v E(A) E(A)2 8 if v d

The expression for um has been inserted according to equation (1), and the

expressions for the expected value and the variance were inserted according

to equations (16) and (17), respectively. It can be seen that the mean

velocity for an ensemble of tubes with cross section areas belonging to an

exponential distribution is twice the velocity in a mean area tube. In case

of a gamma distribution with large values of the parameter d, the mean

velocity for the ensemble tends to became approximately equal to the

velocity in a mean area tube.

For incompressible fluids in closed systems Danckwerts (1953) showed that

the mean residence time, Tm, for particles passing through the system can

be written:

vT
Tm ~ (21>

QT

where Vj is the volume of the system and Q-j. is the flow through it, which

in this case correspond to the total volume of the ensemble of tubes and

the total flow, respectively. This ratio can be developed:

15



CO

I La f(a) da

VT ° L 8 K v E(A) L

Q T • S g E(A)2

a) a f(a) da

(22)

Field studies concerning porous media often include measurements of poro-

sity and hydraulic conductivity. For a porous menium, the hydraulic conduc-

tivity is not directly dependent on the porosity. However, a medium having

zero porosity snould have a zero conductivity and a 100 % porosity should

imply an infinite conductivity, but the distribution of the pore volume on

cavities is also important. While these notions are related to a total

volume or a unit cross section area of the medium, they can not directly be

used for a discrete representation of the cavities, as for example by

tubes. An equivalent area, Ae, can be defined as the cross section area of

a tube conducting the same flow-rate as the ensemble of tubes at the

prevailing gradient. The flow rate through a tube is found by multiplying

equation (1) by the cross section area. If the total flow rate through an

ensemble of tubes is denoted by Qj, the equivalent area can be written:

(23)

A comparison of equation (1) with Darcy's law is possible while a linear

relation between hydraulic gradient and flow velocity prevails in both

cases. The hydraulic conductivity for a porous medium replaced by a tube

can then be expressed in terms of the cross section area and the viscosity:

g

8 if v
k = Ae (24)

The total cross sectional area of the ensemble of tubes, A^, corresponds to

the porosity:

n
AT - Z Aj (25)

16



From equation (1) the expected value of rhe total flow Q-j. can be found as n

times the expected value of the flow in one tube:

(26)

This expression can be inserted into equation (23), which leads to:

n E(A2) E(A2)

Jn E(A)
(27)

Applied to field conditions, the result implies that there is no given

correspondence between porosity and hydraulic conductivity without a

knowledge of the number of channels and their statistical distribution. On

the other hand, observations of porosity and hydraulic conductivity does

not imply any certain evidence of the number of channels.

SOME APPLICATION'S TO FIELD STUDIES

In order to investigate the ability of the tube-model to describe disper-

sion in a natural environment, results from some tracer experiments in

fractured rock have been utilized. Experiments performed in the Stripa mine

have been described by Andersson and Klockars (1985). In these experiments,

16 vertical detection holes were situated on a circle of 1.5 metre radius

around a central injection hole. The holes where about 10 m deep with a

diameter of 76 mm. In the centre of the circle, a vertical hole with a

diameter of 300 mm was drilled. Two sites of this description were situated

in a gallery at a level of about 360 m below the ground surface. Due to

problems with clogging, 8 of the peripheral holes and the centre hole at

one of the sites were deepened from 10 to 20 metres. The equipment for the

tracer test was designed for 16 sampling sections, two in each peripheral

hole with the packers at 11.0 and 15.8 metres depth. In this way an upper

and a lower section exist in each hole. In the following they are denoted

by U and L respectively. The section length used for the tracer injection

was 9 metres (11.0 - 20.1 m depth). The injection of tracer was preceded by

about 7 weeks injection of water at 30 metres of water column excess pres-

sure to obtain constant flow and pressure conditions. When steady state was

17



obtained a non-sorbing tracer, Uranin, was injected. Samples vere taken at

two hour intervals at the beginning an then at gradually increasing inter-

vals up to 16 hours. The injection flow rate was almost constant, 26 - 28

ml/h, during the experiment and the maximum total flow rate to the sampling

sections was 2.4 inl/h which makes about 8 % recovery of injected tracer.

The 8 peripheral holes with a diameter of 76 nun, together make up 6.5 % of

the total mantle area of the cylindrical test arrangement. Out of the 16

possible sampling sections, no flow did occur in 10 of them. Due to scatter

in the breakthrough data for two of the observation sections, only four

breakthrough curves, caused by continuous injection, have been published

(Andersson and Klockars, 1985). The pressure difference between injection

and detection holes during the experiments was 30 metres of water column,

which means that the dimensionless pressure gradient, S, was 20 m/m. The

four breakthrough curves are denoted by 11 L, 13 L, 13 U, and 15 L respec-

tively.

Another experimental study has been performed within the Finnsjö field

research area (Gustafsson and Klockars, 1981). At this site, tracer tests

were performed with the aid of two bore holes, denoted by Gl and G2, having

a depth of about 100 m, drilled from the ground surface. The groundwater

level in borehole Gl was lowered by continuous pumping at constant capaci-

ty. By this means, controlled grour.dwater conditions were obtained within a

given radius with a groundwater flow towards borehole Gl. Tracer was

injected into borehole G2 in the section 91 - 93 metres. Detection was

performed in borehole Gl in the section 100 - 102 metres. The distance

between the points of injection and detection at the experiment referred to

here was 30 m, and the pressure difference was 6.7 metres of water column.

Injection of tracer was preceded by injection of groundwater for 2 - 3 days

for adjustment of the flow, at the same time as a state of equilibrium was

developed in the head of the groundwater. The injection flow was 2.7*10

1/s.

Besides the above mentioned parameter S, the expected value of the tube

areas £(A) and the parameter d in the distribution function are needed. The

temperature of the water is assumed to be 10° C which implies the kinematic

viscosity v to be 1.31*10 nr/s. It has been assumed that L is equal to

1.5 m for the experiment at Stripa and 30 m for the experiment at Finnsjö,

18



i.e. it has been supposed that the length of the tubes in the model is

equal to the shortest distance between injection and detection well.

It is assumed that the input in this context is a step function. The

response from the system is then a step response of which the derivative is

equivalent to an impulse response. This function can be regarded as a

residence time distribution function. The travel time for a particle

through a tube with laminar flow is deterministic, but the residence time

for a particle in the system consisting of an ensemble of tubes is random,

dependent on which tube that is used for the travelling. The first moment

of the residence time distribution function gives the mean residence time

(Nauman and Buffham, 1983). In this case, the estimation of the mean travel

time, T m . has been calculated with the aid of the first moment of the

consecutive differences in observed concentration:

(28)
n-1

Table 1: Calculated values of the expected values for the mean velocity,
, and the cross section area, E(A) , for a tube.

00

(M/s)

d

1
3
5
7
9
11
13
15

Stripa

11 L

175

2.39

E<V E(A)

M/s M"»2

1.19
1.79
1.99
2.09

2.15
2.19
2.22
2.24
2.39

0.20

0.30
0.33
0.35
0.36
0.37
0.3 7
0.38
0.40

Stripa
13 L

288

1.45

E<V E(A)

2
M/s Mm

0.72
1.09

1.21
1.27
1.30

1.33
1.34
1.36
1.45

0.12
0.18

0.20
0.21

0.22
0.22
0.23
0.23
0.24

Stripa
13 U

97

4.28

E«V
M/S M

2.14
3.21
3.56
3.74
3.85

3.92
3.97
4.01
4.28

E(A)

m2

0.36
0.54

0.60

0.63
0.65

0.66
0.67
0.67
0.72

Stripa
15 L

99

4.22

M/s M

2.11
3.16
3.51
3.69
3.79
3.86
3.91
3.95
4.22

E(A)

m2

0.35
0.53
0.59

0.62
0.64

0.65
0.66
0.66
0.71

Finnsjö

88

94.:

E<V
M/S /i

47.1
70.7
78.5
82.4

84.8
86.4
87.5
88.3
94.2

>

E(A)

m2

708
1062
1180
1239
1274

1298
1315
1327
1416
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With knowledge of the travel time Tm, the mean velocity Um can easily be

calculated. The expected values for the mean velocity and the cross section

area for a tube can then be calculated according to equation (20). These

values are given in table 1.

When d tends to infinity, all the tube areas approach the same value, and

the expected value of the velocity, u^, becomes equal to the mean velocity

for the ensemble, Um.

The mean travel time, Tm, can thus be regarded as a parameter for the tube

model while this quantity determines the expected value of the cross

section area.

The sum of squares of the residuals has been used to judge the degree of

agreement between observed and simulated breakthrough course. This quan-

tity, denoted by R, is defined as follows:

" coi>2

(29)
k-1

where k is the number of observations, co^ is the concentration at observa-

tion number i and cm^ is the corresponding modelled concentration.

The tube model has been executed with different values of the parameters Tm

and d, and a comparison with observed concentrations was made according to

equation (29). Isolines for the quantity R are shown in the figures 8

through 12. From these figures optimal values of the parameters has been

determined. They are given in table 2 together with the corresponding

values of Um, E(uJn) , and E(A) .

For the case of Finnsjö the expected value for the cross section area is

much larger than for the cases of the Stripa mine. This can be explained by

the fact that the fractures usually are more closed at large depths than

near the ground surface.
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Table 2. Values of the parameters Tm and d for best fit according to
equation (.28') together with the corresponding values of Um.
E(u[n) , and E(A) . For comparison, the estimated values Tffl
according to equation (27) are given.

Tm*

Tm
d

Um

E(A)

Stripa

1

1

0

175

245

14

70

59

27

11L

h

h

Mtn/s

Mm/s

Mm2

Stripa

i

0

0

288

280

1

49

74

12

13L

h

h

jim/s

jim/s

Mm2

Stripa

4

3

0

97 h

93 h

6

48 M

84 n

64 /i

13U

m/s

m / s

m2

Stripa 15L

3

2

0

99 h

138 h

4

02 fim/s

42 /im/s

41 pm

—1
Finnsjö

1
1

88 h

45 h

1

185 fim/s

93 jim/s

1387 urn2

There are some considerable deviations between the mean travel time es-

timated from field observations and optimal values according to model

calibration, especially when it concerns the case of Finnsjö. In this case,

the value from the field observations is about twice the value according to

the model calibration. A more interesting comparison can be made between

the different cases concerning Stripa. The expected value for the cross

section area reaches from 0.12 to 0.64 ̂ m , and the parameter d has optimal

values from 1 to 14. This shows an inhomogeneity or possibly an anisotropy

in the rock material while the holes have been drilled within a radius of

1.5 metres.

In the figures 13 through 17 modelled breakthrough curves are shown for the

optimal values according to table 2 but with values of d from 1 to 15,

together with observed values of concentration.
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Figure 8. Isolines for the quantity R according to equation (28). The
observations stem from the point "Stripa 11 L".

STRIPA 13 L

270. 280. 290. 300.

Tm
310 320.

Figure 9. Isolines for the quantity R according to equation (28). The
observations stem from the point "Stripa 13 L".
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Figure 10. Isolines for the quantity R according to equation (28). The
observations stem from the point "Stripa 13 U".
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Figure 11. Isolines for the quantity R according to equation (28). The
observations stem from the point "Stripa 15 L".
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Figure 12. Isolines for the quantity R according to equation (28). The
observations stem from the point "Finnsjö".
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Figure 13. Breakthrough curves for ensembles of an infinite number of
tubes belonging to gamma distributions with every second
integer value from 1 to 15 of the parameter d. The circles show
observed concentrations at the point called 11 L. The input is
assumed to be a step function.



STRIPA 13 L
1 00
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Figure 14. Breakthrough curves for ensembles of an infinite number of
tubes belonging to gamma distributions with every second
integer value from 1 to 15 of the parameter d. The circles show
observed concentrations at the point called 13 L. The input is
assumed to be a step function.
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Time (h)
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Figure 15. Breakthrough curves for ensembles of an infinite number of
tubes belonging to gamma distributions vitu every second
integer value from 1 to 15 of the parameter d. The circles show
observed concentrations at the point called 13 U, The input is
assumed to be a step function.

25



STRIPA 15 L

o
u
CJ

1.00

0.75 -

0.50 -

0.25 -

0.00
100.

Time (h)
150. 200.

Figure 16. Breakthrough curves for ensembles of an infinite number of
tubes belonging to gamma distributions with every second
integer value from 1 to 15 of the parameter d. The circles show
observed concentrations at the point called 15 L. The input is
assumed to be a step function.

FINNSJÖ
1.00

0.00
0. 100.

Time (h)
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Figure 17. Breakthrough curves for ensembles of an infinite number of
tubes belonging to gamma distributions with every second
integer value from 1 to 15 of the parameter d. The circles show
observed concentrations. The measurements have been performed
at the Finnsjö experimental site (Gustafsson and Klockars,
1981) . The input is assumed to be a step function.
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It can be seer, from figure 17 that the observed values are significantly

below the theoretical curve according to the model based on gamma dist-

ributed cross sectional areas with d - 1. Due to the long distance between

the injection- and detection points, there should be some possibility that

a portion of the tracer might be lost for example by sorption or through

flow channels ending elsewhere than the point of detection. Some approve-

ment is achieved by assuming that 95 % of the injected tracer arrives at

the detection point. The quantity R is decreased when the modelled con-

centration is multiplied by 0.95. The observed break through course shows

up a wave pattern with a period of about 48 hours. This pattern can not be

due to randomness, but has to be explained by some undesired non-constant

condition at the experiment. A less obvious wave pattern can be seen i

figure 16.

DISCUSSION

It has been assumed above that the molecular diffusion could be neglected.

The molecular diffusion, which takes place also in non-moving water, can be

described by the diffusion equation which in one dimension for the case of

zero flow velocity can be written:

dC 32C
— = D (30)
at dx2

The solution for the case considered in this context, i.e. an instantaneous

increase of the concentration at time t - 0 at x - 0 can be written (Crank,

1975):

C 1
— - - erfc /— (31)
r 2 2VDt
"o

The diffusion coefficient decreases with increasing size of the molecules

in solution and solution viscosity. For protons (H+) in water at a tempera-

ture of 298 K the diffusion coefficient is 9.31«10*9 m2/s (Atkins, 1986),

which can be regarded as an upper limit. Equation (31) then gives that the

relative concentration C/CQ that can be caused by molecular diffusion for

all the cases studied in this context, i.e. x > 1.5 m and t < 400 h does

tor exceed 3*10 (Abramowitz and Stegun, 1965) which is negligible com-



pared to the observed and calculated values according to the figures 13

through 17.

The hydrodynamic dispersion caused by the velocity differences within each

tube has not been taken into account. In a tube, with laminar flow, the

velocity at the wall approaches zero. This implies that some part of a

pollution introduced at one end of such a tube would not exit at the

outflow end of the tube until after an infinite time. The breakthrough

curve will thus show up lower values for large values of the parameter

TIME. The flow velocity at the centre axis of a circular tube is twice the

mean velocity for the cross section, which leads to an earlier arrival time

for the pollution front. Altogether, the velocity distributions within each

tube causes larger dispersion for the ensemble of tubes. The impact of the

hydrodynamic dispersion within each tube on the shape of the breakthrough

curve for an ensemble of an infinite number of tubes with exponentially

distributed cross section areas was studied by Dahlblom and Hjorth (1986).

Simplified expressed, the result shows that the breakthrough curve becomes

less steep when the hydrodynamic dispersion within the tubes is taken into

account. It has been shown above, that a less steep breakthrough curve to

some extent also can be modelled with a change of the distribution of the

tube areas. If the hydrodynamic dispersion within the tubes had been taken

into account, optimal agreement with the field observations would be

achieved with the model for other parameter values. Some irregularities \y

the observed breakthrough curves discussed below, could however not b,

modelled even by introduction of the discussed improvement.

There are remarkable deviations between modelled and observed breakthrough

courses in the upper part according to the figures 13, 14 and 16. This

phenomenon could perhaps be reproduced by the model modifying the distribu-

tion for the cross sectional areas so that the probability of cross sec-

tional areas within a certain interval is made smaller. The augmentation in

the breakthrough curve will then be smaller in the corresponding time

interval. Another possibility would be an introduction of large enlarge-

ments within the tubes of certain cross sectional areas, causing a delay in

the travelling of the pollution fronts in the tubes. A further possibility

would be to let some of the tub, have an other length than the others,

casing a delay in the transport in these tubes.
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The wave pattern that is present at some observed breakthrough courses can

not be due to randomness, but has to be explained by some undesired non-

constant condition at the experiment.

In this study it has been assumed that the capillary tubes had constant

cross sectional areas along their direction. By letting the tubes have

varying cross sectional areas, it might be possible to reproduce some

observed phenomena that have been observed in the field, and might be

explained by the presence of larger cavities in the flow paths. One such

phenomenon is the difference between the mass balance fracture aperture and

the cubic law fracture aperture observed in connection with flow in frac-

tures (Abelin, 1986).

In a future study, the intention is to enhance the capillary tube model to

allow the cross sectional area to vary along the flow direction. This

variation can be more or less deterministic according to the large scale

variations in the fracture apertures observed in the field.

CONCLUSIONS

The hydrodynamic dispersion caused by differences in velocities between

different channels can be reproduced by a model based upon a number of

capillary tubes. The shape of a modelled breakthrough curve is dependent on

the distribution of the cross sectional areas of the tubes in such a way

that a more narrow distribution gives a steeper breakthrough curve.

A prediction of the concentration tends to be little reliable when the

conducting medium consists of a few channels.

For a porous medium, the hydraulic conductivity is not directly dependent

on the porosity. The distribution of the pore volume on cavities is also

important. Applied to field conditions, the result implies that there is no

given correspondence between porosity and hydraulic conductivity without a

knowledge of the number of channels and their statistical distribution. On

the other hand, observations of porosity and hydraulic conductivity does

not imply any certain evidence of the number of channels.
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Applications of the tube model have been made to field studies at two

sites: in the Stripa mine at a large depth from the ground surface and at

the Finnsjö experimental site where the test wells were drilled from the

ground surface. The result shows that the cross sectional areas of the

conducting channels were significantly larger at the Finnsjö site than at

the Stripa mine. This can be explained by the fact that the fractures

usually are more closed at large depths than near the ground surface. Also

the distribution of the cross sectional areas of the tubes of the applied

model did show up different properties for the two cases while the parame-

ter d in the gamma distribution was different. An interesting comparison

can be made between the different cases concerning Stripa. The expected

value for the cross section area reaches from 0.12 to 0.64 /im , and the

parameter d has optimal values from 1 to 14. This shows an inhomogeneity or

possibly an anisotropy in the rock material while the holes have been

drilled within a radius of 1.5 metres.
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The Swedish nuclear power
programme

After the 1980 referendum on nuclear power, the Riksdag decided that nuclear power in
Sweden would be phased out no later than the year 2010 and that the number of reactors
would be limited to twelve. Since 1985, these reactors have all been in operation at the
nuclear power plants in Barsebäck, Forsmark, Oskarshamn and Ringhals.

Different kinds of radioactive waste

Different kinds of radioactive waste are generated during the operation of
a nuclear power plant - low-level waste, intermediate-level waste and
high-level waste.

LOW- AND INTERMEDIATE-LEVEL WASTE

Low- and intermediate-level waste arising from the continuous operation of a nuclear
power plant are known by the common name of reactor waste. Reactor waste consists of
scrap material and metal, protective matting, clothing and suchlike which are used within
the controlled areas of the nuclear power plants. This waste also consists of filter material
which is used to trap radioactive substances in the reactor coolant. The radiation level of
low-level waste is so low that it can be handled without any particular safety measures and
so it is packed in plastic bags or sheet metal drums. However, certain protective measures
arc required when handling intermediate-level waste. This waste is cast in concrete or
asphalt.

In the spring of 1988, SFR (the final repository for reactor waste) was taken into
service. SFR is located under the seabed near to Forsmark nuclear power plant. The
utilities plan to deposit all reactor waste as well as low- and intermediate-level waste from
decommissioning in SFR.

HIGH-LEVEL WASTE

High-level waste mainly consists of spent nuclear fuel, i .e. fuel elements in which so many
of the fissile atoms are spent that the elements can no longer be used. However, the spent
fuel still generates heat on account of its radioactivity and must be cooled. The fuel is,
therefore, stored in special pools filled with water in the reactor building for at least one
year. The fuel is then transported by a specially built ship, called Sigyn, to CLAB (the
central interim storage facility for spent nuclear fuel), located close to Oskarshamn
nuclear power plant. CLAB was taken into service 1986. Since the radiation level is very
high, the fuel is transported in specially built containers. The walls of the containers arc
made of thick steel so as to shield the personnel and surroundings from harmful radiation
and to protect the fuel from damage.

The fuel is then placed in storage pools in an underground room at CLAB where it will
be stored for at least forty years. During this time, the radioactivity and the heat generated
by the fuel will decline thereby facilitating handling and disposal of the fuel.



THE NATIONAL BOARD FOR SPENT NUCLEAR FUEL

One of the main tasks of the National Board for Spent Nuclear Fuel (SKN) is to review
the utilities' research and development programme for the management of spent
nuclear fuel and for the decommissioning of the nuclear power plants. The Board also
supervises the way in which the utilities carry out the programme. In order to
accomplish this task, The Board keeps abreast with international research and de-
velopment work within the area and initiates such research that is important to its own
supervisory functions. The research conducted by the Board is both scientific/
technical and sociological in nature. The results from this research are published in
the SKN Reports series. A list of published reports is available at the end of each
publication.

Another of the Board's main tasks is to handle issues concerning the financing of
costs within the area of nuclear waste. Each year, the Board estimates the size of the
fee to be paid by the utilities to cover the current and future costs of waste manage-
ment. The proposal on fees for the coming year is reported in SKN PLAN, which is
submitted to the government before the end of October.

The Board is also responsible for seeing that the public is granted insight into the
work on the safe disposal of spent nuclear fuel. The Board will continually issue short
publications on this matter in the series, DISPOSAL OF SPENT NUCLEAR FUEL.
The following publications have so far been issued:

1. Comments on the research programme for 1986. (In Swedish)
2. (Now replaced by numbd 5)
3. How do we choose a suitable site for a final repository? (In Swedish)
4. Radioactive waste: technology and politics in six countries. (In Swedish)
5. This is how nuclear waste management is financed. (In Swedish and English)
6. Evaluation of SKB's research programme 89. (In Swedish)
7. 100 questions and answers concerning spent nuclear fuel. (In Swedish)
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