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ABSTRACT 

A mathematical model describing the hydrothermal conditions around 

a hard rock repository for disposal of nuclear fuel waste is pre-

sented. The model was developed to study the effect of heat 

released from a radioactive waste repository on the flow times 

from the repository to the ground surface. The model consists of 

a set of coupled non-linear partial differential equations for 

heat and ground water flow. In addition there are two equations 

of state relating fluid density and viscosity to pressure and 

temperature. The system of equations is solved numerically using 

the finite element method in either two or three dimensions. The 

model is based on the continuum approach. The fractured rock is 

treated either as two overlapping continua in which the one repre­

sents the network of fractures and the other the solid blocks or 

as a single equivalent medium. The first approach assumes quasi­

steady state heat transfer from the rock to the fluid, allowing a 

linear heat transfer function to be used. The second approach 

assumes instantaneous equilibrium between the fluid and the rock. 

This report presents the theoretical background of the model. 

Numerical solutions for the problems are contained in a separate 

report entitled "HYDROTHERMAL CONDITIONS AROUND A RADIOACTIVE 

WASTE REPOSITORY, Part 2 - Numerical Solutions". 
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SUMMARY 

This report describes a mathematical model for the flow of ground­

water and heat through a fractured rock mass. The model was 

developed to study the effect of heat released from a radioactive 

waste repository on the groundwater flow pattern. 

Heat released from the waste will increase the temperature of the 

rock, changing the groundwater density gradients and creating con­

vective currents. Physical parameters such as porosity and 

hydraulic conductivity are also dependent on temperature. The 

mathematical model presented describes the flow of groundwater and 

heat through a fractured rock mass using 

linear partial differential equations. 

a system of coupled non­

The model takes into 

account the dependence of fluid density and viscosity on pressure 

and temperature. 

The motivation for this project came as a result of plans in 

Sweden for permanent disposal of radioactive waste from nuclear 

power plants in hard rock repositories deep below the ground sur­

face. The feasibility of a prospective site for waste disposal 

depends in part on the groundwater conditions. This is due to the 

capability of a fractured rock mass to transport contaminated 

groundwater from the repository to the ground surface, should any 

of the waste canisters be breached. It is therefore of great 

interest in the safety analysis to assess potential transport 

times for the groundwater under various conditions. 

The main purpose of the present model is to obtain flow patterns 

in the area around the repository for subsequent calculation of 
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flow transit times. Major interest has been directed towards the 

influence of various parameters on the travel times of water par­

ticles from the repository to the ground surface. 

The fractured rock mass is modelled either as a single equivalent 

medium or as two separate media. The first case is analagous to 

an ordinary porous medium in which it is assumed that thermal 

equilibrium between the rock and the fluid phase is reached 
I 

instantaneously. In the I 
second case, the two separate media are 

represented by an interconnected network of fractures through 

which the fluid flow takes place and solid blocks which are con­

sidered impervious to the fluid flow. Convective heat transport 

takes place in the fractures while conductive heat transport takes 

place in both media. The second case also takes into account the 

exchange of heat between the two phases. In the present version 

of the model this is described by a linear function of the temper-

ature difference between the rock and the fluid. This assumes 

that quasi-steady state heat transfer from the one phase to the 

other is reached instantaneously. 

The model consists of a set of coupled non-linear partial differ­

ential equations for the flow of heat and groundwater through a 

fractured rock mass. The model is represented by two equations 

when instantaneous thermal equilibrium is assumed, one for the 

fluid flow and one for heat flow through both fluid and rock. The 

model is represented by three equations when quasi-steady heat 

exchange between the fluid and the solid phase is assumed: one for 

the fluid flow, one for the heat flow through the fluid, and one 

for the heat flow through the rock. In addition there are two 

equations of state relating density and viscosity of the fluid to 
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pressure and temperature. 

The governing equations are solved numerically by the finite ele­

ment Galerkin method in either two or three dimensions. The flow 

domain is discretized into a number of elements and the governing 

equations are transformed into a set of algebraic equations which 

are solved by Gauss' elimination using the frontal method. 

The governing equations in the present model describe the large 

scale transport of mass and thermal energy through a fractured 

rock mass. This assumes that it is possible to find a scale at 

which meaningful space average parameters may be defined. More­

over, the characteristic sizes of the features in the fracture 

pattern must be significantly smaller than the total dimensions of 

the rock formation under consideration. Thus, the present model 

is applicable to fractured rocks with well developed fracture pat­

terns. Further research on the subject of flow conditions around 

a radioactive waste repository should examine the more complex 

problems encountered in less developed fracture systems. 



1. INTRODUCTION 

This report describes a mathematical model developed to study the 

flow of groundwater and heat through a fractured rock mass. The 

purpose of the presented model is to describe the physical behavi­

our of the groundwater around a prospective hard rock repository 

for disposal of radioactive waste. The present report contains 

the theoretical development of the flow model presented. Numeri­

cal solutions to some problems of interest are presented in a 

separate report entitled "HYDROTHERMAL CONDITIONS AROUND A 

RADIOACTIVE WASTE REPOSITORY, Part 2 - Numerical Solutions". 

The present investigation was initiated by the Swedish KBS 

(Nuclear Fuel Safety) project having plans for deep burial of high 

level nuclear fuel waste. The radioactive waste from the nuclear 

power plants is planned to be permanently stored in hard rock 

repositories at a depth of about 500 metres. Definite repository 

sites have not yet been selected but the general principles for 

the construction of a repository regarding the layout, the method 

of encapsulation, etc. have been devised (KBS, 1978). 

The feasibility of a prospective site for disposal of radioactive 

waste depends highly on the geohydrological conditions at the 

site. This means that in order to determine the suitability of a 

prospective site for the disposal of radioactive waste, the physi­

cal behaviour of the groundwater around the repository must he 

predicted. 

The groundwater flow plays an important role owing to its capabil­

ity of transporting hazardous waste material through the fractures 
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of the rock to the biosphere, should a canister be breached. It 

is therefore of significant interest in the safety analysis of a 

radioactive waste repository to determine the travel times for 

water particles from the repository to the ground surface. 

The present study is an extension of a previous investigation, in 

which only the flow patterns induced by piezometric gradients were 

investigated (Stokes and Thunvik, 1978). In that investigation 

the g1°0undwater flow around a hypothetical radioactive waste repo­

sitory was studied under isothermal steady state conditions. 

The overall objective of the present groundwater flow study is to 

develop a more comprehensive model for the flow of groundwater 

through fractured granite eventually including the main phenomena 

related to radioactive waste repositories. These phenomena are 

among others: 

- Heat induced phenomena such as convection currents due to the 

disturbance of initial water density gradients, modifications in 

the fracture pattern due to dilation of the rock, and changes in 

the initial rock stress distribution. 

- Transport phenomena such as the transport of contaminated 

groundwater, should any of the canisters be breached. 

This investigation is restricted to studying the influence on the 

groundwater flow patterns and flow transit times due to hydrother­

mal convection around a hypothetical radioactive waste repository. 

The initial step in this development is the choice of a conceptual 

model capable of representing the actual physical phenomenon. The 

problem is then formulated mathematically and the partial differ-
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ential equations are solved for some important problems, e.g. the 

influence of the topography on the induced patterns of water flow 

both with and without the repository heat source, using a finite 

element Galerkin method. 

Heat is emitted by the decaying radioactive nuclides for some time 

after the emplacement of the waste. The effect of the heat is to 

cause the groundwater to rise in the vicinity of the repository 

because of the buoyancy effects. The thermally induced uplift of 

the groundwater above the repository will in general change the 

flow pattern and under certain conditions decrease the flow tran­

sit times for the water particles to travel from the repository to 

the ground surface. Thus, transport times for various hazardous 

radioactive nuclides may also decrease in the event of a breached 

canister. 

The flow transit times depend upon the thermal and hydraulic pro­

perties of the rock and the appropriate boundary and initial con­

ditions for the flow problem. Moreover, the physical properties 

of the fluid medium, such as viscosity and density, are pressure 

and temperature dependent. For example hydraulic conductivity is 

a function of pressure and temperature because the fluid density 

and viscosity are functions of pressure and temperature. Thus, 

the hydraulic 

increases. 

conductivity increases when the temperature 

The mathematical model presented is used to produce flow patterns 

to determine the travel times of the water particles from the 

repository to the surface through a fractured rock mass. The 

fluid flow in granitic rocks takes place only in the fractures. 
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Thus, the flow patterns depend on the geometry as well as the phy­

sical properties of the fractures. 

Fractured granite is highly inhomogeneous and anisotropic due to 

complex networks of fractures of varying density, distance between 

adjacent fractures, opening and orientation. The model presented 

in this report contains simplified representations of fractured 

granite. Because mathematical solutions require simplifications, 

care must be taken in drawing conclusions based on this simplified 

model. 

A significant difficulty in the modelling of the flow through a 

fractured rock mass is due to the great complexity of the fracture 

pattern. There may be several fracture systems within the same 

rock mass. The physical characteristics of a fracture system may 

be distributed within such a wide range that the flow problem 

becomes impossible to solve properly unless only a very small num­

ber of fractures need to be taken into account. 

The idea is then to consider only the large scale flow through the 

rock and to use space average values of the physical properties of 

the rock in the calculations. This is the common approach to 

porous media where the solid grains and void interstices are sma:l 

in relation to the considered scale. 

Solutions for groundwater flow through fractured granite are in 

this report based on the equations for flow through continua, i.e. 

the actual discontinuum is replaced by a fictitious continuum with 

average parameters such as permeability defined at every mathemat­

ical point. Solving a flow problem using the continuum approach 
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requires that the investigated flow domain be large in comparison 

to the "representative sample" of the formation for which the 

average parameters are defined. Therefore, the question of scale 

is critical when using the continuum approach. The continuum 

approach is a reasonable approximation for a fractured rock with a 

well developed network of fractures. The best locations for repo­

sitories are in good quality rock intersected by only a few frac­

tures. In such cases the formation should be treated as disconti-

nuous. 

The discrete approach implies that one describes the flow through 

individual fractures and solid blocks. This requires a descrip­

tion of the physical properties as well as the geometrical charac­

teristics of the fractures and blocks throughout the whole flow 

domain. Not only is a detailed geometrical description of the 

fracture pattern practically impossible to obtain in the field, 

but the mathematical problem increases in complexity since a large 

number of internal boundary conditions must be imposed upon the 

flow problem. 

Nevertheless, discrete analysis may have to be considered if the 

continuum approach is not satisfactory for certain hard rock for­

mations. For instance the distributions of the fracture width, 

the spacing between the fractures and the connectivity between the 

fractures may be such that the aforementioned requirements of a 

continumm cannot be fulfilled. 

Extensive literature covers various problems of flow through ordi-

nary porous media. Little is known, however, about flow through 

fractured rocks with very low permeabilities and in particular 
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about flow through crystalline rocks. Existing mathematical 

models assume that fractured rocks may be treated as ordinary 

porous media. The limitations of the application of the porous 

medium approach to granitic rocks have yet to be determined 

(Stokes, 1980). 

The use of a mathematical model to predict the flow patterns at a 

site requires that adequate data on the physical parameters, as 

well as thP. boundary and initial conditions, are available. It is 

also required that these data be measured and interpreted using 

methods which are based on the same theory as the mathematical 

model .itself. 
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2. MATHEMATICAL FORMULATION OF THE FLOW PROBLEM 

The objective of this chapter is to describe the set of partial 

differential equations characterizing the physical behaviour of 

groundwater heated by a radioactive waste repository in a hard 

rock formation. The first section is devoted to the basic con­

cepts of the flow model. The remaining sections are devoted to 

the derivation of the governing flow equations, the dimensionless 

form of the flow equations, boundary conditions, and general con­

siderations regarding the exchange of heat between the solid and 

fluid phases. 

2.1 General concepts 

A fractured medium may be modelled mathematically either as a con­

tinuous or a discrete system. As already pointed out, the contin­

uum approach is the standard approach to flow through granular 

porous media, but the limits of application to fractured rocks and 

in particular to crystalline rocks are not quite clear at present. 

The presented flow model assumes however that the continuum 

approach is valid for the considered rock formations. The cor-

rectness of this assumption should be verified by field tests. 

When treating mathematically a fractured medium as a continuum, 

one must consider various properties such as permeability, pres­

sure, fluid and rock temperature as averages over some volume ele­

ments. These elements must be large in comparison with individual 

fractures and solid blocks, but small in comparison with the char­

acteristic dimensions of the total flow domain. Significant fea­

tures such as major faults may be included as inhomogeneities, 



8 

i.e. as zones with physical properties, which are different from 

those of the surrounding rock. 

Two basic approaches are considered for the heat transport. The 

first one treats the fluid and solid phases as a single equivalent 

phase by assuming instantaneous thermal equilibrium between the 

two phases. The second one treats the heat flow in each one of 

the two phases separately. In the first approach the model will 

be represer.ted by one equation for the fluid flow and another 

equation for the heat flow and the model parameters have to be 

averaged over both phases. In the second approach the heat flow 

will be represented by two equations, one for the heat flow in the 

fluid phase and another equation for the heat flow in the solid 

phase. The latter approach also requires that the heat transfer 

from the one phase to the other be calculated. 

For the mathematical analysis of the present flow problem the 

fractured rock mass is conceptualized as a configuration of inter­

connected fractures and solid blocks. It is assumed that flow of 

mass takes place only in the fractures, implying that the solid 

blocks are impervious to the fluid flow. The heat will, however, 

be conducted through both the solid blocks and the fluid in the 

fractures. Thus, the heat flow occurs in two different phases, a 

fluid and a solid phase with continuous exchange of heat at the 

interface between the two phases. 

Pressure and thermal gradients have been proved to be uncoupled in 

the momentum equation (Bin Guine B. Huang and Dybbs, 1975). This 

means that the fluid flow is only induced by pressure gradients 

and not by thermal gradients. Thus, thermally induced flow is 
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only due to changes in the fluid density. 

To apply a discrete approach to the fractured rock mass requires 

that the interface between the two phases be geometrically des­

cribed and that the heat transfer along the interface be deter­

mined. The geometrical structure of the fracture pattern in a 

rock mass may be very complex, which implies that this is also 

true of the geometrical structure of the interface between the 

fluid and rock phase. Moreover, the heat transfer is dependent on 

the geometrical shapes of the blocks as well as the physical pro­

perties of the flow domain. This makes the problem extremely com­

plicated to deal with at a microscopic scale. The justification 

for applying the continuum approach to the fractured rock mass is 

that the various physical parameters may be treated as space aver­

ages at a certain macroscopic scale and that the governing equa­

tions may be derived accordingly. 

In order to derive a set of governing equations for a macroscopic 

scale the fundamental laws of the conservation of mass, momentum 

and thermal energy must also be expressed for a macroscopic scale. 

This requires that it is possible to define a scale, which is 

large enough to give stable average values of the physical parame­

ters, but small with regard to the dimensions of the exterior 

boundaries of the considered rock mass. 

2.2 Basic equations of the flow model 

The macroscopic equations expressing the conservation of mass and 

momentum of the fluid are considered to be known and will be 

introduced without a derivation. It is assumed that the terms 
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related to the inertia forces in the momentum equation can be 

neglected. Hence this equation is reduced to a form, which is 

identical to Darcy's law. This means that the fluid flow through 

the fractures in the rock mass will be treated analogously to the 

fluid flow through an ordinary porous medium. 

A great amount of work has been devoted to derive equations for 

the conservation of thermal energy for composite porous media at a 

macrcs0.opic scale by averaging the equations of the individual 

phases for a microscopic scale. For the sake of completeness a 

derivation of these equations will be presented. The derivation 

follows a method described by Gray and O'Neill (1976). Basic 

definitions and average theorems which are used in the derivation 

are given in Appendix 1. 

2.2.1 Derivation of the macroscopic equations of thermal energy 
in the solid and fluid phase 

The microscopic equation of thermal energy in the solid phase is 

(De Groot and Mazor, 1963) 

(2.1) 

which averaged over an element of the composite medium, taking 



into consideration the stated average theorems, becomes 

+½I J~nidS = 0 

s 
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(2.2) 

The velocity at the solid-fluid interface is zero and therefore 

the second term of (2.2) vanishes. The last term in (2.2) repre­

sents the transfer of energy from the solid to the fluid phase, 

denoted win the sequel. 

The thermal flux is expressed by 

We consider averages of the expressions involved in (2.2) 

r r r 
<J. > = <A .. T • > 

1 1J ,J 

or (Gray and O'Neill, 1976) 

(2.3) 

(2.4) 

(2.5) 
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and 

(2.6) 

Neglecting the perturbation terms in (2.5) and (2.6), which are 

assumed to be small within the element, and substituting these 

expressions into (2.2) we finally obtain: 

r r r) ( r r ) r = {p C T - X • • T . . + w 0 , t J.J , J , J. 

The average over the element volume is according to (A1.5) 

(2.8) 

or 

(2.9) 

r* r where A .. = ( 1-(/)) X. • is the thermal conductivity of the solid rock 1.J 1.J 

averaged over the element of the composite medium, and ~ is 

porosity. 

A similar equation as for the solid phase holds for the fluid 



phase, i.e. 

which averaged over the phase volume becomes 

<prCfTf>,t - ½ I pfCfTfvinidS + <Jf>,i + 

s 

+ f I JinidS = 0 

s 
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(2.10) 

(2.11) 

For the same reason as for the solid phase the second term of 

(2.11) vanishes. The last term represents the transfer of heat 

from the fluid to the solid, which for continuity reasons is equal 

to the transfer of heat from the solid to the fluid. 

By replacing the flux through the fluid phase by 

J~ = f f + fCf Tf - A •• T . p v. (2.12) 
l. l.J ,J l. 

we obtain after similar average calculations as for the solid 

phase 

where 

f* f ff f f (A .. T .) . + (p C q.T) . + w = 0 
l.J , J 'l. l. , l. 

(2.13) 

f* f A .. =~A .. is the thermal conductivity of the fluid phase 
1] 1] 

averaged over the composite element volume and q is the specific 
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fluid flux. 

Equations (2.9) and (2.13) are the macroscopic equations for the 

conservation of thermal energy for the solid and fluid phases res­

pectively. These equations contain a heat transfer function w 

between the two media, which is difficult to evaluate. This 

transfer function does not appear when considering the equation 

for the conservation of thermal energy for the composite medium as 

a whole, i.e. by adding equations (2.9) and (2.13). Such an 

approach assumes instantaneous exchange of heat between the two 

phases and the thermal conductivity is treated as one equivalent 

parameter in the composite medium. 
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2.2.2 Macroscopic equations of the flow model 

This section is devoted to the development of the macroscopic 

equations expressing the laws of the conservation of mass, momen­

tum and thermal energy. The fractured rock mass is mathematically 

treated as two overlapping continua, where the one represents the 

network of fractures saturated with fluid and the other the solid 

rock matrix. The two systems are coupled through a heat transfer 

function calculating the exchange of thermal energy between the 

two media. The thermal energy transport in the fractures is 

governed by convection and conduction. The thermal energy trans­

port in the solid blocks is governed only by conduction. The 

macroscopic conservation laws are expressed by the following set 

of partial differential equations: 

(i) The equation for the conservation of mass of the fluid 

(2.14) 

(ii) The equation for the conservation of momentum of the fluid 

k .. ( q. = - -1] p . 
1 µ , J 

f 
p g.) 

J 
(2.15) 

which is equivalent to Darcy's law. 
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(iii) The equation for the conservation of thermal energy of the 
fluid 

f f f f + (p C q.T) . + w (x.,t) = 0 
l. ,1. l. 

(2.16) 

(iv) The equation for the conservation of thermal energy of the 
rock 

(2.17) 

f* r* where A and A represent the equivalent thermal conductivities 

of the fluid and the rock media. For simplicity in the ensuing 

derivations the thermal conductivity tensors are assumed iso­

tropic. However, they may readily be redefined and treated as 

anisotropic tensors whenever desirable. 

f 
The fluid density P and the dynamic viscosityµ are functions of 

pressure and temperature. Therefore the previous set of equations 

must be supplemented by the equations of state of the fluid den­

sity and viscosity respectively 

f f f 
p = p (p 'T ) 

f 
µ=µ(p,T) 

For the present we let the heat 

(2.18) 

(2.19) 

f r transfer terms w and w denote 

only the exchange of heat between the fluid medium and the rock 

medium, omitting other types of heat sources in the ensuing equa-



17 

f r 
tions. Since w and w will have the same absolute values but 

opposite signs, the superscripts of w will hereafter be dropped. 

Regarding the heat exchange between the fluid and the rock, three 

basic types of assumptions can be made: 

(i) Transient exchange of heat between the fluid 
and the rock 

(ii) Instantaneous quasi-steady state exchange of 
heat between the fluid and the rock 

(iii) Instantaneous thermal equilibrium between 
the fluid and the rock 

The temperature response of the solid blocks to fluid temperature 

changes is always transient. For large block sizes the transients 

are slow. 

For small block sizes the transients become rapid and a quasi­

steady state heat transfer function may be applied. Then the heat 

transfer function describing the exchange of heat between the 

fluid and the rock may be simplified to a linear function of the 

difference between the fluid and the rock temperatures. 

Equations (2.18) and (2.19) may be written as 

where his the heat transfer coefficient, being a function of the 
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physical properties of the two media. 

For an ordinary porous medium the usual approach is to assume that 

the fluid medium and the rock medium will instantaneously attain 

thermal equilibrium. That is to say, no distinction is made bet­

ween the temperatures of the two media. Then the two previous 

equations for the conservation of thermal energy may be replaced 

by a single equation such as the following 

* * f f ((pC) T) t - (AT.) . + (p C q.T) . = O 
, ,i ,i i ,i 

(2.22) 

* * where (pC) is the equivalent volumetric heat capacity and A is 

the equivalent thermal conductivity of the two media. 

Further discussion about the concepts of the heat transfer func­

tion and the thermal properties of the fluid and rock media will 

be carried out in section 2.3. 

The remaining part of the present section will be devoted to 

further development of the governing equations by the introduction 

of fluid compressibility, rock compressibility, thermal volume 

expansion, etc. 

Compressibility of the fluid, compressibility of the solid matrix, 

and the coefficient of thermal volume expansion of the fluid are 



defined as 

f 
C = 

r 
C = 

19 

(2.23) 

(2.24) 

(2.25) 

With these definitions the time derivative term in the equation 

for the conservation of mass of the 

rewritten in the following way 

f 
(<flp ) t , 

f f 
= qip, t + p qi, t 

fluid may be expanded and 

(2.26) 

Making use of the previous definitions of compressibility and 

thermal volume expansion we obtain 

f 
(<Jip ) t , 

f f r f f = <Jip (c + c ) p - <jlf) 6T t , t , 
(2.27) 

The equation for the conservation of mass of the fluid can now be 
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written as 

f( f r) f f f <PP c +c pt - <PP BT· + (p q.) . = 0 , ,t 1 ,i 
(2.28) 

Substituting equation (2.15) into this equation, we obtain 

,f- f ( f r) f f ( f k .. ( f 'l'P C + C p - <PP f3 T - p -1J p . - p g.)) . = 0 ,t ,t µ ,J J ,1 
(2.29) 

Expanding the time derivative term and the convective divergence 

term in equation (2.16), we obtain 

f f f + C T (p q.) . + w = 0 
1 , 1 

(2.30) 

Applying the equation for the conservation of mass of the fluid to 

the previous equation, we obtain 

(2.31) 

Expanding the time derivative in equation (2.16), we obtain 

(2.32) 
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or 

(2.33) 

The equation for the conservation of thermal energy of the rock 

can now be written as 

r r r r r r* r 
T - P C T </> c p - (A T . ) . - w = 0 
,t ,t ,1 ,1 

We now have the following set of equations to solve 

f f r 
· <PP (c + c ) p 

,t 
_ (pf k .. ( Pf ) ) = O -1J p . - g. . . 

µ ,J J ,1 

(2.34) 

(2.35) 

(2.36) 

(2.37) 

(2.38) 
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f 
µ = µ (T ) (2.39) 

where w may represent either a transient or a quasi-steady st~te 

heat transfer function. The dynamic viscosity of the fluid has 

been restated as a function of temperature only, since in the 

model the pressure dependence has been neglected in this equation. 

In brief, the model is represented by a system of non-linear par­

tial differential equations. One of the equations governs the 

fluid flow, one the flow of heat by the fluid in the fractures, 

and one the flow of heat through the rock matrix. The fluid flow 

equation is coupled with the thermal energy balance equations 

through the convective term in the fluid energy equation and 

through the fluid density and viscosity. There is another cou-

pling between the fluid flow equation and the fluid energy equa­

tion through the term with the time derivative of the fluid temp­

erature, due to the thermal volume expansion of the fluid. Since 

one of the terms in the thermal energy equation of the rock con­

tains a time derivative of pressure, there is also a coupling bet­

ween this equation and the fluid flow equation. The two energy 

balance equations are strongly coupled through the heat transfe~ 

function, governing the exchange of heat between the fluid in the 

fractures and the rock matrix. 

The heat transport will be conductive or convective dominant 

depending on the relative significance of the conduction and con­

vection terms in the equation of thermal energy (2.36). One can 

see from this equation that the flow of heat will be dominated by 
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conduction for low fluid velocities and low temperature gra­

dients, while it will be dominated by convection for high fluid 

velocities and high temperature gradients. 
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g.J Heat transfer considerations 

This section presents some mathematical concepts which describe 

the exchange of heat between the rock and the fluid. The princi­

ples of the heat exchange between the two different phases are of 

interest when dealing with fractured media that cannot be treated 

like ordinary porous media. That is to say, the flow model param­

eters cannot be lumped into single equivalent parameters which 

represent both phases of the fractured rock medium. 

An idea when treating mathematically a fractured medium is to con­

ceive the medium as a configuration of blocks and fractures, where 

the blocks represent the solid phase and the fractures the fluid 

phase. A fundamental problem is then to calculate the heat trans­

fer from the one phase to the other. 

2.3.1 Simplifying assumptions 

For the calculation of the heat transfer from the one phase to the 

other, geometrical descriptions of the blocks are needed. This 

makes the problem very complicated from a computational as well as 

from a practical point of view. In order to simplify these calcu­

lations the blocks are approximated to spheres or slabs. Hereby 

the geometrical properties of the blocks may be represented by a 

single parameter characterizing the overall sizes of the blocks. 

Investigations carried out by Kuo et al. (1976) show that irregu­

lar shaped solids under imposed flux at the surface behave like 

spheres of equivalent radii. The equivalent radii for some regu­

lar shapes, e.g. cylinders, parallelepipeds and several irregular 
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shapes, were analyzed theoretically and experimentally. A rough 

estimate for the radius of an equivalent sphere is a=3V/A where a 

is the radius of the sphere, Vis the volume and A is the area of 

the block. More accurate values are given in the report by Kuo. 

The most important reason for approximating the solid blocks in 

the fracture pattern to equivalent spheres or slabs is that it 

enables the use of some analytical solutions of the heat conduc­

tion equation for solids. Analytical solutions may, however, only 

be used to calculate the heat flux through the surface of a sphere 

or a slab under ideal conditions, but analytical solutions may yet 

be very useful to estimate the relation between response times and 

block sizes, to estimate the heat transfer coefficient for quasi­

steady state heat transfer conditions, etc. 

The solutions used herein were taken from Carlslaw and Jaeger. 

From these solutions one may readily derive expressions for the 

temperature gradient at the surface of the block and apply Four­

ier's law to obtain the heat flux. Two types of boundary condi­

tions will be considered a) linear increase in temperature at the 

surface of the block and zero initial temperature within the block 

and b) constant temperature at the surface of the block and con-

stant initial temperature within the block. In each case expres-

sions of the heat flux for exact as well as averaged solutions to 

the temperature distributions will be derived. 

Preference is given to adopt the sphere when investigating the 

heat transfer properties of a fractured rock mass with a well 

developed fracture pattern forming a system of blocks. The slab 

may be more appropriate to adopt when investigating the heat 



26 

transfer properties of a fractured rock mass with a less developed 

fracture pattern formed by a limited number of fractures. 

2.3.2 Calculation of the heat flux through the surface of a sphere 

The sphere is assumed to be heated by surrounding water. Assum­

ing that the heat flow within the sphere is only governed by con­

duction we may use the well-known diffusion equation 

(2.40) 

Derivatives of solutions to (2.40) may be substituted into Four­

ier's law to calculate the total heat flux at the surface of the 

sphere 

(2.41) 

which expressed as thermal energy flux per unit volume can be 

written as 

(2.42) 

Two particular cases will be investigated: a) linear increase in 

temperature at the surface of the sphere and zero initial tempera­

ture within the sphere, b) constant temperature on the surface of 

the sphere and constant initial temperature within the sphere. 
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a) Linear increase in temperature at the surface of the sphere and 
zero intial temperature within the sphere heated by surrounding 
water 

The solution of equation (2.40) for this case is 1) 

T(r,t) 
2 2 3 00 n Dn2n2 

e(t _ a - r) 28a \' (-1) - ---:-z- t . . nnr 
= 6D - -D l -:-3"' e a s1.n ~ 

nr n=l n a 
(2.43) 

Using (2.43), the temperature derivative within the sphere becomes 

equal to 

clT 3 00 n Dn21T2 a;;._ 2ea r <-1> --- t n1T nTTr ar = 6D DTT 3r n3'° e a - cos --
n=1 a a 

28a 3 
oo n Dn 21T2 I (-1 ) t n1Tr (2.44) + D1rr2 ~ e a sin 
n=1 a 

at r=a this expression becomes 

t (2.45) 

and 

ar I ar 
r=a 

Sa 
=-

3D 
(2.46) 

for t -+ co 

1) Carlslaw and Jaeger, p. 235. 
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The average temperature of the sphere is 

a 2 68a 2 00 1 r = e<t - 1sn) + n4n 1 n~ 
n=l 

(2.47) 

The difference between the surface temperature and the average 

temperature of the sphere is 

Tf - T = 8a2( .!_ 
D 15 

The derivative is approximated as 

Approximating (2.49) to (2.46), we obtain o = 0.2. 

(2.48) 

(2.49) 

Using (2.42), (2.45) and (2.49) to express the exact solution for 

the heat flux as energy per unit volume, we obtain 

(2.50) 

and for the averaged solution we obtain 

(2.51) 

(2.50) and (2.51) are displayed in Figure 2.1. 
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b) Constant temperature at the surface of the sphere and constant 
initial temperature 

The solution of equation (2.40) for this case is 1) 

T(r,t) 
oo n 

= T + 2aTu l (,:_!_) 
u TTr n=l n 

The temperature derivative for the sphere becomes equal to 

oo n Dn21r 
2a t (,:l) !!_! cos nTTr - ~ t 
1Tr l1 n a a e a 

n= 

. oo n 
2aT \' (-1) - 7i?'1 l -n-

n=1 
SJ.n 

n1rr 
a 

e 

at r=a this expression becomes 

and 

t -+ 00 

The average temperature of the sphere is 

1) Carlslaw and Jaeger, p. 233. 

(2.52) 

(2.53) 

(2.54) 

(2.55) 

(2.56) 
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The difference between the surface temperature and the average 

temperature of the sphere is 

(2.57) 

The derivative is approximated as 

= (2.58) 

In the present case the derivative vanishes as time goes to ini­

finity. Therefore, the value of o could not be obtained in the 

same way as for the previous case. Instead (2.58) was experimen­

tally approximated to (2.54) and the best fit was obtained for 

o;,, 0.30. 

"sing (2.42),(2.54) and (2.58) to express the exact solution for 

the heat flux as energy per unit volume, we obtain 

w = 6A1ru ~ e 
a2 l 

n=1 

and for the approximate solution we obtain 

(2.59) and (2.60) are displayed in Figure 2.2. 

(2.59) 

(2.60) 

In figures (2.1) 

and (2.2) the following transformation into dimensionless time was 
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used 

(2.61) 

where D is the thermal diffusivity, a is the equivalent block 

radius and t is time. 
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Linear increase in surface temperature and constant 
initial temperature within the sphere. 
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2.3.3 Calculation of the heat flux through the surface of the slab 

The analysis carried out for the slab is quite similar to that of 

the sphere. One dimensional solutions to (2.40) with boundary and 

initial conditions comparable to the sphere were taken from Carl­

slaw and Jaeger. That is to say the temperature at the surface of 

the slab at x=+l is either assumed to increase linearly with time 

or kept constant. 

in both cases. 

The initial temperature is assumed to be zero 

The thermal energy flux per unit volume is 

(2.62) 

As for the sphere, the derivative of the temperature at the sur­

face of the slab, using exact as well as averaged temperature dis­

tributions, will be presented. 

a) Linear increase in temperature at the surface of the slab and 
zero initial temperature. 

The solution of (2.40) for this case is 1) 

T(x,t) 

1) Carlslaw and Jaeger, p. 104. 

cos 
(2n+1)nx 

21 
(2.63) 
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The derivative of the temperature at the surface of the slab is 

00 
aT 01 801 1 
axlx=l = D - DTI 2 l (2n+1) 2 

n=o 

The average temperature is 

e 

12 3201200 1 _D(2n+1)2TI2t 
T = 0 ( t - 3D) + ~ 2 ( 2n+ 1 ) 4 e 41 z 

n=O 

(2.64) 

(2.65) 

and the difference between the surface and the average temperature 

is 

2 2 00 1 D(2n+1 )2 TI 2 t 
Tf_ T = 01 _ ~ \" - 4 2 

,..._.. L (2n+1 )4 e l 3D DTI n=O 

The derivative of the temperature is approximated by 

clT Tf_ T 
clx,x=l ol 

Approximating (2.67) to (2.64) for 1 
t + 00 , we obtain o = 3 

(2.66) 

(2.67) 

Using (2.62), (2.64) and (2.67) to express the exact solution for 

the heat flux as energy per unit volume, we obtain 

(2.68) 
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and for the approximate solution we obtain 

D(2n+1 )2n2 
412 t ) (2.69) 

(2.68) and (2.69) are displayed in figure 2.3. 

b) Constant temperature at the surface of the slab 

The solution for this case is 1) 

T(x,t) 
4T 00 (-l)n D(2n+1) 2n2 t 

= T - --u \ e- 41 2 
u n l 2n+1 

n=0 

and the derivative at x=l is 

aTI 2T 001 - D(2n+1 )2n2 t 
- - -:-u e 412 
ax x=l - l 

n=0 

The average temperature is 

00 
= - ~ \ 1 

T Tu " n~O (2n+1)2 e 

and the derivative is approximated by 

8T oo 1 

= n2~1 l (2n+1) 2 e 
n=0 

1) Carlslaw and Jaeger, p. 100. 

cos (2n+1 )nx ( 2 • 70 ) 
21 

(2.71) 

(2.72) 

(2.73) 
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In this case (2.73) was experimentally approximated to (2.71) and 

the best fit was obtained for 6 ~ 0.40. 

Using (2.62),(2.71) and (2.73) to express the exact solution for 

the heat flux as energy per unit volume, we obtain 

00 

1 e 
n=0 

and for the approximate solution we obtain 

00 

l (2n~1)2 e 
n=0 

(2.75) 

The results of the calculations carried out for the slab are pre­

sented in figures (2.3) and (2.4), in which the same dimensionless 

time as for the sphere applies (see eq. 2.61). 

A general conlusion that may be drawn from the previous analysis 

of the heat flux through the surface of a sphere or slab under 

various conditions, is that the heat exchange between the fluid 

and rock media, in most cases, may be approximated by a quasi­

steady state heat transfer function. 
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2.3.4 Quasi-steady state heat transfer function 

We assume a quasi-steady state heat transfer function of the fol­

lowing form 

w = (2.76) 

where his the heat transfer coefficient. 

The thermal energy flux per unit volume through the surface of a 

sphere is approximated by 

3Ar (Tf _:: Tr) 
= --

a oa 
(2.77) 

Making use of (2.76) and (2.77), h may be solved as 

(2.78) 

The thermal energy flux through the surface of a slab is 

(2.79) 

Making use of (2.76) and (2.79) h becomes 

(2.80) 

The value of the coefficient o was determined experimentally (see 

sections 2.3.2 and 2.3.3). 



39 

2.4 Dimensionless form of equations 

We consider equations (2.14) to (2.17) to obtain the dimensionless 

form of the flow equations. 

To obtain the dimensionless form of Darcy's law, that is to say 

equation (2.15), the following 

defined 

d 
k .. 

d k .. =_1:.J. µ = __g__ 
p 

lJ ko 0 
µ 

d 
0 

d 
x. 

p - p l 
p = X. = 

0 l H 
p gH 

dimensionless parameters are 

d = p 

p0 St.T 
, 

(2.81) 

where 6T is a characteristic temperature difference taken over 

some characteristic length Hof the flow domain. The superscripts 

d and o are used to indicate dimensionless parameters and refer­

ence values, respectively. Using the definitions given in (2.81) 

and substituting into (2.15) we obtain 

d 
d k .. 

q. = -~ 
l d 

µ 

d fd g. 
p . - p B t.T _J ) 

,J g 
(2.82) 

To obtain the dimensionless form of the equation for the conserva­

tion of mass of the fluid (2.14), the following dimensionless time 
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is defined 

(2.83) 

Substitution of (2.83) together with the definitions of fluid den­

sity and specific flux, as given in (2.81) above, into (2.14) 

yields the following dimensionless form of the equation for the 

conservation of mass of the fluid 

(2.84) 

For the equations for the conservation of thermal energy (2.16) 

and (2.17), we define in addition to (2.81) the following dimen-

sionless parameters 

(2.85) 

The dimensionless time for the equations of thermal energy is 

defined as 

(2.86) 

Making use of the previous definitions and substituting into 
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(2.16), we obtain 

( ~ pfd Cfd Tfd) d2 _ ( ,f*d fd) 
'I' A T . . + 

,t ,1 ,1 

(2.87) 

where Ra denotes the Rayleigh number, expressing the ratio of heat 

transported by free convection to that by conduction, here defined 

as 

(2.88) 

For the equation of conservation of energy of the rock we apply 

the same reference values as for the conservation of energy of the 

fluid and obtain 

(2.89) 

Thus, there are different dimensionless time parameters in the 

equations for the conservation of mass and energy respectively. 

The time parameter in (2.83) is proportional to the permeability, 

fluid density and gravity respectively, and inversely proportional 

to the viscosity and the characteristic length. The time parame­

ter in (2.86) is proportional to the thermal conductivity and 

inversely proportional to the volumetric heat capacity, the square 

of the characteristic length, the thermal volume expansion of the 

fluid and the characteristic temperature difference respectively. 
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The dimensionless form of the equations facilitates the qualita­

tive evaluation of the significance of various parameters to the 

results. Therefore, a presentation of the results in dimension­

less form gives a more general aspect to the study, in particular 

with regard to the uncertainties in some model data. Furthermore, 

it makes it possible to consider a wide range of parameter values. 
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Boundary and initial conditions 

The governing equations must be supplemented by the boundary and 

initial conditions that are appropriate for the problem. 

For the fluid flow equation these are of the following types 

a) Prescribed pressure at a boundary 

b) Prescribed normal flux through a boundary 

The first type of boundary condition is relevant to the top boun­

dary of the flow domain when the aquifer is to be considered 

unconfined. The top boundary may either be a fixed or a moving 

boundary. If it is a moving boundary then its position is usually 

unknown and therefore a part of the solution. If the top of the 

aquifer is confined by an impervious layer then the second type of 

boundary condition should be considered with zero normal flux 

prescribed at the boundary. 

The lateral extent of the flow domain should in general be consid­

ered infinite. This is also true of the bottom of the flow 

domain. However, the calculations must be limited to a finite 

part of the flow domain. In certain cases a finite part may be 

localized using symmetry reasoning by considering an infinite ser­

ies of identical repositories. In general, imaginary boundaries 

must be imposed upon the flow domain and they must be chosen in 

such a way that their effects on the solution values become negli­

gible. 

For the temperature equations the following types are of interest 
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c) Prescribed temperature at a boundary 

d) Prescribed thermal flux through a boundary 

The first type is considered for the top and the bottom boundaries 

of the flow domain. The prescribed temperature at the top boun-

dary corresponds to the temperature at the ground surface or at 

the water table if this is below the ground surface. As for the 

fluid flow equation, a boundary condition corresponding to an 

imagina!"~' bottom of the flow domain must be imposed. The tempera­

ture at the bottom boundary will, together with the prescribed 

temperature at the top boundary, specify the natural geothermal 

gradient. In a similar way as for the fluid flow equation the 

considered flow domain is confined laterally by the introduction 

of imaginary vertical boundaries. 
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3. NUMERICAL METHOD OF SOLUTION 

The governing equations are transformed into a set of algebraic 

equations using Galerkin's method. The obtained matrix system is 

non-linear and is therefore solved in an iterative way. 

.3..1 Finite element formulation of the flow equations 

To solve the governing equations of flow, using the Galerkin fin­

ite element method, we first introduce the following trial func­

tions 

(3.1) 

(3.2) 

(3.3) 

represents the basis functions chosen to satisfy 

the essential boundary conditions. The same basis functions are 

also used to represent the variations in the material properties 

etc. over the elements, e.g. 

f f 
p -'l'fK (3. 4 ) 

which represents the variation in the fluid density over the ele­

ments. 

Making use of the orthogonality conditions in Galerkin's method we 

obtain 
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(i) The fluid flow equation 

f f r 
' 'i' I 

f Tf 
' 'i'I > -< q>p ( C + C ) p t > - < cf>P 13 

' ,t 

( f k .. ( p . f 
)'). ''i'I 0 - < p -1.3 - p g. > = µ ,J J ' l. 

(ii) The fluid temperature equation 

(iii) The rock temperature equation 

(3.7) 

Applying Green's theorem to all second order terms we obtain 
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(i) The fluid flow equation 

f f r f f 
< <f>p ( c + c ) P, t , '¥ I > - < <f>p 13 T, t , '¥ I > + 

f k .. 
( p . f 

'¥I . > -+ < p -J.J - p g.) 
l-1 ,J J ,1 

I f k .. ( p . f 
'!'I df. 0 p -1J - p g.,) = 

l-1 ,J J 1 (3.8) 

(ii) The fluid temperature equation 

f f f 
+ < p C q.T . , '¥1 > + < w, '¥ > -

1 ,1 I 

-I fi: f 
>.. T . '¥1 df. 

, 1 1 
= 0 (3.9) 

r 

(iii) The rock temperature equation 

(3.10) 

Substitution of (3.1-3.4) into (3.8-3.10) yields 
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(i) The fluid equation 

f r f J f f J 
<f> ( c + c ) p K p J, t If I IJI J IJI K dR - <f>Bp K T J, t If I IJI J If K dR + 

R R 

+ PJ p~ l~ij)1. J IJII,i IJIJ,j IJl:K IJIL dR -

R 

- gj /K (~ij) L p: J IJII, i IJI K IJI l IJIM dR -

f J n - p K q IJI I IJI K df = 0 

r 

(ii) The fluid temperature equation 

where 

+ CfTJf f I U/ ll/ II/ I 
PK r I qi r J, i r K dR + w K IJI I IJI K dR -

R R 

-I en IJl1 df = 0 

r 

(3.11) 

(3.12) 

(3.13) 
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(iii) The rock temperature equation 

(1-</)) prCrT~, t J '¥ I '¥ J dR - prCrT;</l crpL, t J '¥ I '¥ K '¥ L dR + 

R R 

(3.14) 

·As can be seen the heat transfer function has been introduced 

explicitly into the two temperature equations (3.6) and (3.7), 

requiring that it be evaluated at the nodal points prior to the 

solution of these equations. This is inevitable when applying a 

non-linear heat transfer function. As a consequence, the two 

temperature equations must be decoupled and each of the equations 

must be solved separately in an iterative way. The previous sys­

tem of equations may then be written in matrix form as 

(3.15) 

(3.16) 

(3.17) 
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A quasi-steady state heat transfer function such as 

w = (3.18) 

is linear and may be introduced implicitly into the two tempera­

ture equations reducing the number of iterations, since in this 

case these equations may be solved simultaneously. Applying Gal­

erkin's method to this term we obtain 

(3.19) 

or 

h (T~ J ~I~J dR - T; I ~I~J dR) (3.20) 

R R 

The matrix system may now instead be written as 

(3.21) 

(3.22) 

(3.23) 

+ {c3 } = 0 

where the two temperature variables may be solved for implicitly. 
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Using the finite difference approach to approximate the time deri­

vatives in equations (3.21), (3.22) and (3.23) we obtain 

where n denotes the time level. Rearranging we obtain 

<tt (all) + (al)) {p}n+l = fr. (all){p}n -

_ J_ Ca ) ( {Tf}n+l _ {Tf}n) _ {c } 
lit l 12 1 

( ) r n+l 
+ a23 {T} 

(3.24) 

(3.25) 

(3.26) 

(3.27) 

(3.28) 
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(3.29) 

or 

(3.30) 

(3.31) 

(3.32) 



53 

.3..g Numerical procedure 

In the numerical model the system of non-linear equations is 

solved using the frontal method. In this method the forward eli­

mination according to Gauss' elimination method is performed dur­

ing the element assembly. A significant advantage of this techni­

que is that less incore storage is usually required, allowing lar­

ger problems to be solved in comparison with conventional band-ma­

trix solution techniques. 

The non-linearities in the system of equations are treated itera­

tively in a simple way. After each iteration the non-linear coef­

ficients are updated as weighted averages of the most recent iter­

ations. The procedure is repeated until the stipulated conver­

gence criteria have been achieved. 

A numerical model based on integration over finite element volumes 

may for practical reasons only be applied to a finite region. 

Thus, when dealing with an infinite region it becomes necessary to 

l.ocalize a finite region, where the imposed boundaries are located 

in such a way that the solution is not significantly affected in 

the region as well as within the period of interest. 
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Appendix 1 

Appendix 1 Space averaging definitions and theorems 

In the derivation of the macroscopic equations the following 

definitions and averaging theorems are used: 

(i) The phase average of a parameter P1 of the phase i over the 

volume V of the composite element is defined as 

(A1.1) 

(ii) The phase average of a parameter P1 of the phase i over the 

phase volume V1 within the volume V (also the intrinsic 

phase average) is defined as 

(A1.2) 

(iii) The average of the average equals the average 

(A1.3) 

(iv) The fractional volume of the phase i within the volume of 

rhe element is defined as 

'i 
qll = J_ = 

V l I dV V . 
Vi 

(A1.4) 

(v) The average and the phase average are related to the frac-
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tional volume as follows 

(A1.5) 

(vi) A parameter value may be represented as the sum of the aver­

age and its deviation from the average as 

p = <F> + p (A1.6) 

Then with the previous definitions, the average of a product is 

given by 

(A1. 7) 

(vii) The average of the time derivative of a parameter P2 (also 

the transport theorem, Whitaker, 1973) 

-if i i 
P v.n. dS 

J J 
(A1.8) 

s 

where vis the velocity at the boundary of phase i and n the outer 

unit normal vector. 

(viii) Averaging theorem (Whitaker, 1967) 

(A1.9) 
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Appendix 2 

Appendix 2 Model validation 

A fully satisfactory validation of the numerical realization of 

the mathematical model is very difficult to achieve. This is 

mainly due to the non-linearities in the system of partial differ­

ential equations. The non-linearities in the flow problem makes 

it impossible to obtain analytical solutions compatible with the 

numerical solutions. In order to enable a comparison with analyt­

ical solutions simplified assumptions have to be made regarding 

the flow conditions. Partial verifications of the computer code 

may only be performed by making the necessary assumptions to 

decouple the governing equations. 

The fluid flow equation was checked against two dimensional ana­

lytical solutions to an isothermal groundwater flow equation with 

the appropriate boundary and initial conditions. This was done by 

assuming the fluid density and viscosity to be independent of 

pressure and temperature. Thereby, the fluid flow equation is 

decoupled from the heat flow equations for the fluid and rock 

media. 

The heat flow equations were checked against solutions to the one 

dimensional convective heat flow equation. First~ the two heat 

flow equations must be decoupled from the fluid flow equation. 

This is be done by assuming steady state fluid flow conditions. 

Second, analytical solutions to the heat flow equations cannot be 

obtained, if they are coupled to each other. Assuming instantane­

ous thermal equilibrium between the rock and the fluid, the two 

energy equations may be replaced by a single heat flow equation, 

representing both the fluid and rock media. In one dimension this 
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equation may be written as 

(A2.1) 

where 

(A2.2) 

and 

(A2.3) 

A solution to equation (A2.1) is 1) 

T - T. 
T _ T~ = ¾ {erfc( 2Tat' - a /at)+ e2xa erfc( 27at - a /at)} (A2.4) 

0 l. 

where 

(A2.5) 

and 

(A2.6) 

In figure 1, two examples are presented to allow a simple compari­

son between numerical solutions from the model and analytical 

solutions to the one dimensional convective heat flow equation 

using (A2.4). In these examples the fluid and rock media are 

treated as a single equivalent medium with properties such as 
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fluid density and viscosity independent of pressure and tempera-

ture. In figure 2, three examples are presented treating the 

fluid and rock media as two separate media, which are coupled to 

each other by a quasi-steady state heat transfer function. In 

figure 3, two examples are presented with fluid and rock treated 

as separate media, as for the previous set of examples, but fluid 

density and viscosity are functions of pressure and temperature. 

The following material properties are assumed in the examples: 

Thermal conductivity of the rock 

Specific heat capacity of the rock 

Rock density 

Thermal conductivity of the fluid 

Specific heat capacity of the fluid 

Porosity 

Fluid density 

Dynamic viscosity 

3.5 W/(mK) 

800 J/(kgK) 

2700 kg/m 3 

o.6 W/(mK) 

4180 J/(kgK) 

0.003 

998 kg/m 3 

0.0018 Pas 

A mesh of 20 elements is used in the examples. A pressure gra­

dient equivalent to a slope of 1 in 1000 is applied. The initial 

time step is 5 years. In the first five time steps, the time step 

is increased by a factor of 1.2 and thereafter by 1.5. 

The presented examples show good agreement between the numerical 

and the analytical solutions. However, they provide only a lim-

ited verification of the presented flow model owing to the over­

simplified assumptions made for the solutions. A significant dif­

ficulty in applying the presented flow model to more complicated 

problems is that solutions from the model are in general higly 
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sensitive to the discretization of the considered flow domain as 

well as the time step procedure. To provide an inherent check 

upon the calculations the computer model performs mass and energy 

balances at each time step. 
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Figure 1 • Numerical (dotted line) and analytical (solid line) 
solutions to the one dimensional convective heat flow 
equation representing both the fluid and rock media, 
Solutions to the conductive heat flow equation for the 
rock are also presented (dashed line). (a) Permeabil-
ity is 10-14' (b) Permeability is 10-12. 
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conductive heat flow equation for the rock (dashed 
line). The two equations are coupled to each other by 
a quasi-steady heat transfer function. Fluid density 
and viscosity are functions of pressure and tempera­
ture. (a) Permeability is 10- 14 , (b) Permeability is 
10 11 

100 

10 

10 

70 

60 

50 

•o 

to 

20 



8 Appendix 2 

References 

1 Lagarde, A., 1965, Considerations sur le Transfert de Chaleur 
en Milieu Poreux, Revue de l'Institute Francais de Petrole, 
Fevrier 1965, p.396. 



HYDROTHERMAL CONDITIONS AROUND A RADIOACTIVE WASTE REPOSITORY 

Part 2 - Numerical Solutions 

Roger Thunvik 
Royal Institute of Technology 
Stockholm, Sweden 

Carol Braester 
Israel Institute of Technology 
Haifa, Israel 



ABSTRACT 

Numerical solutions for the hydrothermal conditions around a hard 

rock repository for nuclear fuel waste are presented. The pre-

sented solutions illustrate the effect of heat released from a 

hypothetical radioactive waste repository under various conditions 

with regard to topography, the location of the repository, permea­

bility, porosity and adjacent fracture zones. Major interest in 

thP- analysis is directed towards flow patterns and travel times 

for water particles from the repository to the ground surface or 

alternatively to a major fracture zone in the vicinity of the 

repository. The solutions were obtained using a mathematical 

model for the flow of groundwater and heat through a fractured 

rock mass. The model consists of a set of coupled non-linear par­

tial differential equations for heat and groundwater flow. The 

set of equations is solved numerically using the finite element 

method in two or three dimensions. The presented results show 

that the heat emitted by the decaying radioactive waste may have a 

significant influence on the initial flow patterns and subse­

quently also on the travel times from the repository under certain 

conditions. 

i 
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NOMENCLATURE 

Symbol 

a 

b 

C 

C 

D 

g 

h 

H 

k 

K 

L 

p 

q 

Q 

Ra 

t 

T 

x. 
l. 

V 

w 

.6T 

]J 

Description 

equivalent block radius 

fracture width 

compressibility 

specific heat capacity 

thermal diffusivity 

acceleration of gravity 

heat transfer coefficient 

charateristic length of 
flow domain 

permeability 

hydraulic conductivity 

characteristic block size 

pressure 

specific discharge 

heat flow rate 

Rayleigh number 

time 

temperature 

Cartesian coordinate 

fluid velocity 

heat transfer function 

coefficient of thermal volume 
expansion of the fluid 
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difference 

thermal conductivity 

dynamic viscosity 

Dimension 

L 
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SI unit 
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K 
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vi 

V 

p 

qi 

kinematic viscosity 

density 

porosity 

2 m /s 

kg/m 3 

superscripts 

f 

r 

d 

0 

* 

subscripts 

i,j 

fluid 

rock 

dimensionless parameter 

reference value 

equivalent medium 

indices used for Cartesian tensor notation, repeated 
indices indicate summation over these indices 
(i,j = 1,2,3) 

pt partial time derivative of p 
' 

p . gradient of p 
,J 



SUMMARY 

This report presents a number of numerical solutions for the flow 

of groundwater and heat around a radioactive waste repository. 

The solutions were obtained using a mathematical model for the 

flow of groundwater and heat through fractured rock. 

The objective of the present investigation is to study the effect 

of heat released from a radioactive waste repository on the ini-

tial groundwater flow pattern. In order to facilitate the 

interpretation of the results of the calculations simplified 

assumptions are made regarding the properties of the flow domain 

as well as the repository. Thus, topography is assumed horizontal 

or linearly sloping. The flow domain is bounded downwards by an 

impervious bottom, laterally by noflow boundaries and upwards by 

the water table. The water table is assumed to coincide with the 

topography. Permeability is assumed constant or exponentially 

decreasing with depth over the flow domain. The effect of major 

vertical fracture zones located close to a repository is also stu­

died. 

The initial flow pattern is assumed to be governed by the topogra­

phy. and in the event of adjacent fracture zones of high permea­

bility, the flow conditions in these fracture zones. The initial 

distribution of the fluid and rock temperatures is assumed to fol­

low the natural geothermal gradient. The effect of the heat emit­

ted by the decaying radionuclides is investigated for four ideal­

ized cases with regard to the boundary and initial conditions as 

well as the properties of the flow domain. 

vii 
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The presented cases illustrate the hydrothermal conditions around 

a radioactive waste repository situated below a horizontal ground 

surface, the crest of a hill, and a hillside. As a special case, 

the effect of two major vertical fracture zones situated on either 

side of the repository is investigated. In each of the cases the 

effect of decreasing versus constant permeability and porosity 

with depth is analyzed. 

The results are presented in the form of tables of flow times for 

water particles to travel from the repository to the ground sur­

face, or alternatively to the major fracture zones, and in the 

form of pathlines. The hydrothermal flow conditions are illus-

trade by vector plots showing the direction and magnitude of the 

groundwater fluxes, and isotherms showing the temperature distri­

bution at different moments. 

A single level repository is considered and it is assumed to be 

located at a depth of about 500 metres below the ground surface. 

It consists of a system of parallel tunnels, spaced 25 metres 

apart. The radioactive waste is stored in canisters in drillholes 

along the bottoms of the tunnels. The lateral extent of the repo­

sitory is about 1 km. For simplicity in the calculations the 

waste is assumed to be instantaneously emplaced. Flow patterns 

are studied for a repository situated below a horizontal ground 

surface, the crest of a hill, or a hillside. 



1. INTRODUCTION 

The objective of the present investigation is to exemplify in 

principle the effect of heat released from a radioactive waste 

repository on the initial groundwater flow pattern under various 

conditions. This report contains a number of preliminary examples 

worked out in order to illustrate the influence of a hypothetical 

radioactive waste repository on the groundwater flow around the 

repository. Thus, no specific site is referred to in the analysis 

and the assumptions regarding the characteristics of the flow 

domain as well as the repository are made simple to facilitate the 

interpretation of the results. 

Heat released from the radioactive waste will increase the temper­

ature of the rock, changing the groundwater density gradients and 

creating convective currents. This means that the initial ground­

water flow pattern is changed and subsequently also the flow times 

for contaminated groundwater from the repository to the biosphere, 

should any of the canisters be breached. 

The solutions presented herein were obtained using a mathematical 

model developed for studying the flow of groundwater and heat 

through fractured rock. The model is thoroughly described in a 

previous report entitled "HYDROTHERMAL CONDITIONS AROUND A 

RADIOACTIVE WASTE REPOSITORY, Part 1 - A Mathematical Model for 

the Flow of Groundwater and Heat in Fractured Rock". The used 

flow model is therefore only briefly described in the present 

report. 

The model is based on the continuum approach, implying that vari-
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ous properties such as permeability, pressure, fluid and rock 

temperature are defined as averages over some volume elements. 

These elements must be large in comparison with individual frac­

tures, but small with regard to the dimensions of the exterior 

boundaries of the rock formation under consideration. The model 

is represented by a set of partial differential equations, which 

is solved numerically using the finite element method. 
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2. THE FLOW MODEL 

The mathematical flow model used herein consists of a set of par­

tial differential equations describing the flow of mass and heat 

through a fractured rock. The model treats the fractured rock 

either as a single equivalent continumm representing both fluid 

and rock, or as two overlapping continua, where one represents the 

fluid in the fractures and the other the solid rock. The first 

approach assumes that local thermal equilibrium between the fluid 

and the rock is reached instantaneously. The second approach 

assumes that quasi-steady state exchange of heat between the fluid 

and the rock media is reached instantaneously. 

2.1 Governing equations of the flow model 

The model consists of the following set of partial differential 

equations 

f f r f f 
c/Jp (c + c ) p t - c/Jp f3 T , , t 

( fk .. ( f )) - p -1.J p . - p g. . = 0 
µ ,J J ,1. 

(2.1) 

(2.2) 

( 1- ~)prCr r r r r r ( r* r) '+' T -pCT c/Jcp - ;\ T .. -w=O ,t ,t ,1. ,1. 
(2.3) 

When instantaneous thermal equilibrium between the fluid and the 

rock is assumed, the last two equations of the previous set of 
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equations reduces to 

(2.4) 

* where >.. denotes the thermal conductivity and * (pC) the volume-

trio heat capacity of the single equivalent medium representing 

both the fluid and rock media. 

In additjon to the previous equations, there are two equations of 

state relating the density and viscosity of the fluid to pressure 

and temperature 

In brief, the model is represented by a system of non-linear par­

tial differential equations. One of the equations governs the 

fluid flow, one the flow of heat by the fluid in the fractures, 

and one the flow of heat through the rock matrix. The fluid flow 

equation is coupled with the thermal energy balance equations by 

the convective term in the fluid energy equation and by the fluid 

density and viscosity. There is another coupling between thP. 

fluid flow equation and the fluid energy equation by the term with 

the time derivative of the fluid temperature, due to the thermal 

volume expansion of the fluid. Since one of the terms in the 

thermal energy equation of the rock contains a time derivative of 

pressure, there is also a coupling between this equation and the 

fluid flow equation. The two energy balance equations are 

strongly coupled through the heat transfer function, governing the 
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exchange of heat between the fluid in the fractures and the rock 

matrix. 

The heat transport will be conductive or convective dominant 

depending on the relative significance of the conduction and con­

vection terms in the equation for the thermal energy of the fluid. 

One can see from this equation that the heat flow is dominated by 

conduction for low fluid velocities and low temperature gra­

dients, while it is dominated by convection for high fluid veloci­

ties and high temperature gradients. The heat transport in the 

present problem was concluded to be dominated by conduction. As a 

consequence, equation (2.4) may be employed in the calculations, 

reducing the computational effort. 
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2.2 Dimensionless parameters 

The following dimensionless parameters are defined (see section 

2.4 in part 1) 

d 
k .. 

d d d 
0 

d 
x. 

= -2-1. = .l:!. p p - p 1 k .. µ p = p = x. =-
1] ko 0 

p0 SL'iT 
0 1 H 

µ p gH 

d H2 
w = --w 

A. 0 tiT 
(2.7) 

0 c0 k 0 HSL'iT Ra-=- p g 
A.0\)0 

Major interest in the present investigation is directed towards 

the travel times of water particles from the repository to the 

ground surface. The influence of various physical properties of 

the fractured rock mass is analyzed using the following transfor­

mation into dimensionless time for the fluid flow equation 

(2.8) 

and 

td2 = Ao 

p O c0 H2 SL'iT 
(2.9) 

for the heat flow equation. 

With the exception of permeability and porosity, the parameters in 

equations (2.8) and (2.9) are not expected to vary significantly 

from place to place. As follows from equation (2.8), the travel 

time is directly proportional to the hydraulic conductivity Kand 

inversely proportional to the characteristic length Hof the flow 

domain. 
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d1 
The dimensionless time t should be used for problems dominated 

by the fluid flow, while t 
d2 

should be used for problems dominated 

by the heat flow. In certain problems both t 
d1 and d2 

must be t 

used. It is then possible to relate d1 and td2 to each other, t 

for example by the following relationship 

(2.10) 

where Ra is the Rayleigh number. Thus, a change in the hydraulic 

conductivity will change the value of td 1 according to (2.8) and 

change the value of td2 according to (2.10). Porosity, however, 

does not appear in (2.10) and a change in porosity will have the 

same effect on both td 1 and td2• 
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g.2 Boundary and initial conditions 

Most of the previous work on the flow of mass and heat through 

aquifers has been devoted to problems of hydrothermal convection 

in confined aquifers. In the present problem the aquifer should 

be considered unconfined, implying that the flow domain is bounded 

upwards by a water table. This complicates the problem since the 

position of the groundwater table is usually unknown and therefore 

a par·t of the solution. In the present numerical solutions the 

upper boundary is assumed to coincide with the ground surface, 

simplifying the mathematical treatment of this boundary. The 

downward as well as the lateral extent of the flow domain should 

in principle be considered infinite, unless there should exist 

some predominant geological features bounding the flow domain 

under consideration. The present analysis is carried out in two 

dimensions for a vertical cross-section through the repository and 

the following boundary conditions are considered: 

2.3.1 A horizontal bottom which is impervious to fluid flow and at 
constant temperature. 

In general, below a certain depth the location of an impervious 

bottom has little influence on the groundwater flow around and 

above the location depth of a radioactive waste repository. This 

is particularly true if the permeability decreases with depth. 

The temperature at this boundary is set in accordance with the 

geothermal gradient. 

2.3.2 Vertical sides which are impervious to fluid flow and adia­
batic to heat. 

This boundary condition is either due to a physical barrier that 
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prevents exchange of water as well as heat with the surrounding 

region or due to symmetry by considering a series of symmetric 

flow domains. 

2.3.3 A top boundary at constant pressure and temperature. 

An implication of dealing mathematically with an unconfined aqui­

fer is that the position of the top boundary, the water table, in 

general is unknown and therefore a part of the solution. Further­

more, the position of the water table depends on the net accretion 

to the water table as well as the flow conditions in the fractured 

rock mass under consideration. This means that the the position 

of the water table is time dependent. As a consequence, a tran­

sient non-linear boundary conditions applies for the upper boun­

dary of the flow domain, making the flow problem difficult to 

solve. 

As already mentioned above the water table and the ground surface 

are assumed to coincide. This is considered a relatively good 

approximation to the groundwater conditions in Sweden, where the 

water table generally is accompanying the ground surface because 

of the abundant precipitation. The assumption also means, that 

the water in the outflow areas runs off or evaporates instantane­

ously and that there is a continuous supply of water in the inflow 

areas. Thus, the present assumption, that the water table coin­

cides with the topography, may usually be considered to be a con­

servative one. However, the assumption might lead to exaggerated 

piezometric gradients when dealing with hilly areas, where the 

water table is likely to be situated below the ground surface at 

the crests of the hills and above the ground surface at the bot-
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toms of the valleys. Under such circumstances a phreatic boundary 

condition should be applied. 

The assumption of constant temperature at this boundary means that 

seasonal variations in temperature are being neglected. This c~n­

dition gives, together with the prescribed temperature at the bot­

tom of the flow domain, the natural geothermal gradient, which 

herein is assumed to be 30°C/km. 

2.3.4 Vertical fracture zones 

A number of examples were carried out assuming that the repository 

is located between two major vertical fracture zones. It is 

assumed that the hydraulic gradient in the lateral fracture planes 

is low enough to allow Dupuit's assumption to be made. Further­

more, the flow through the fractures is asssumed at steady state. 

Thus, the fractures may be treated as hydrostatic boundaries. 

Since the velocity of the water in the fractures is significantly 

higher than the velocity of the water in the rock, it is assumed 

that the heat transferred from the rock to the fractures is 

instantaneously transported by the water in the fracture planes. 

Therefore, the temperature distribution in the fractures is 

assumed to follow the geothermal gradient. 
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3. INPUT DATA 

This chapter deals with the parameters used in the flow model. 

The relative significance of the various parameters to the present 

flow problem is discussed. Furthermore, the characteristics of 

the radioactive waste repository and the considered flow domain 

are described. 

The flow model includes the following parameters: 

(i) Fluid flow equation 

porosity 
fluid density 
fluid viscosity 
permeability 
fluid compressibility 
rock compressibility 
thermal volume expansion of the fluid 
gravity 

(ii) Heat flow equations 

porosity 
fluid density 
specific heat capacity of the fluid 
thermal conductivity of the fluid 
rock compressibility 
rock density 
specific heat capacity of the rock 
thermal conductivity of the rock 
equivalent block radius 
heat transfer coefficient 

Some of the model parameters such as the thermal volume expansion 

of the fluid, the density and viscosity of the fluid, may be det­

ermined in the laboratory and they are not expected to signifi-

cantly vary from place to place. Other model parameters, such as 

porosity and permeability may, however, only be determined by 

field experiments. Data obtained from field measurements are 

often related to large uncertainties because of shortcomings in 
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the measuring techniques as well as difficulties in the interpre­

tation of the data, expecially when using them ·for mathematical 

flow models, which in general are based on the continuum approach. 



.3..1 Hydraulic properties 

3.1.1 Permeability and hydraulic conductivity 

Hydraulic conductivity is defined as 

K = kpg 
).1 
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(3.1) 

where k is the intrinsic permeability,µ is the dynamic viscosity, 

p is the fluid density and g is the acceleration of gravity. 

Fluid density and viscosity are functions of pressure and tempera­

ture. Permeability is an intrinsic property of the rock medium. 

The permeability of an individual fracture may be estimated using 

the solution for viscous creeping flow between parallel plates. 

Then the resulting equivalent permeability becomes 

(3.2) 

where b is the fracture width. To envision how permeability is 

related to the fracture spacing and fracture width, one may con­

sider a simple conceptual model consisting of three sets of par-

allel fracture planes intersecting at right angles. Using this 

approach the average permeability of the bulk volume is approxi­

mately 

(3.3) 

where L represents the characteristic block size and bis the mean 

fracture width. 
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Hydraulic conductivity has been determined by field tests in bore­

holes at Finnsjon, Krakemala and Stjarno. In most cases double 

packer tests were performed with a spacing of 2 metres between the 

packers. The results of the tests were interpreted using solu­

tions for the flow through isotropic porous media. The measur~d 

values of the hydraulic conductivity vary several orders of magni­

tude, in the range between 10-10 and 10- 5 , from borehole to bore­

hole, but also within the boreholes themselves. The test inter­

vals fal~ in quasi-impervious blocks, which sometimes comprise one 

or several dominating fractures and sometimes not. This makes it 

difficult to determine the hydraulic conductivity as a space aver­

age using the discrete measuring points at the boreholes. 

In several boreholes there seems to be a trend of decreasing 

permeability with depth. It was therefore considered to be of 

significant interest to examine the effect of decreasing permea­

bility with depth in comparison with constant permeability over 

the flow domain. In the calculations with decreasing permeability 

an exponential decrease is assumed and the following relationship 

is used between permeability and depth 

(3.4) 

where ko is the permeability at a given reference level (in the 

present calculations the ground surface is used as reference 

level), y is a coefficient that determines how rapid the permea­

bility decreases with depth and z is the elevation. 
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3. 1. 2 Porosity 

Porosity is of great significance for the determination of travel 

times for water particles from the repository to the ground sur­

face or to major fracture zones. In the calculation of flow times 

the fluid velocity is computed according to 

where v is the fluid velocity, q> is porosity, k is the permeabil-

ity, p is pressure, Pfis the fluid density and g is the accelera­

tion of gravity. 

Generally, rock porosity varies with pressure changes and the 

thermal volume expansion of the rock. In the used model the lat­

ter dependence is neglected and porosity is only related to pres­

sure by the rock compressibility. In the calculations, porosity 

is assumed either constant or exponentially decreasing with depth 

analogous to the permeability. 

The determination of porosity, using tracer injection between two 

boreholes, drill core samples and electrical resistivity measure­

ments, indicates that the value of porosity is between 0.001 and 

0.005. In the calculations with constant permeability a value of 

0.003 is used for porosity. The same value is also used as a 

reference value at the ground surface when porosity is assumed to 

decrease exponentially with depth. 

To envision how porosity is related to the fracture spacing and 

fracture width, the same concept as for permeability may be used. 
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Then porosity may be approximated by 

3b 
~ = - (3.6) L 

where bis the mean fracture width and Lis the mean spacing be~­

ween the fracture planes. 

The previous concept used to relate permeability and porosity to 

fractur·e 'vidth and spacing may also be used to study the relation-

ship between porosity and permeability. Using (3.6) and (3.3) to 

form the ratio of porosity and permeability, we obtain 

(3.7) 

Rearranging and substituting (3.3) into (3.7), we obtain 

(3.8) 

This means that the assumption of a linear relationship between 

porosity and permeability may be considered to be conservative, 

resulting in too short travel times in the calculations, if the 

decrease in permeability with depth is due to a decrease in frac­

ture width rather than fracture spacing. 
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3.1.3 Fluid and rock compressibilities 

Compressibility was previously defined as the sum of the fluid and 

rock matrix compressibilities. The fluid compressiblility is con­

sidered a known parameter that may be determined in the labora­

tory. The rock compressibility, on the other hand, must be deter­

mined by in situ measurements and there are rather few such mea­

surements reported for hard rocks. However, if the compressiblity 

of the rock is not significantly higher than that of the fluid, 

then the effect of compressibility becomes practically negligible 

in the present problem, implying that pressure transients decay 

much faster than temperature transients. 
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3.1.4 Fluid density 

Fluid density is a function of pressure and temperature and the 

function is illustrated in figure 3.1 

0 20 .. o 60 80 100 
I 

100 • 10 5 Pa 
1000 1000 

O• 10 5 Pa 
,-... 

"' 990 25•10 5 Pa 990 s -bD 
~ 1. 10 5 Pa '--" 

>-, 
+J 

•.-I 
en 980 980 r::: 
Q) 

'"d 

'"d 
.,-1 

::, 
r-l 
i:,;.. 

970 970 

960 960 

0 20 140 60 80 JOO 

Temperature ( oc ) 

Figure 3.1 Fluid density as a function of pressure and tempera-
ture 
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3.1.5 Dynamic viscosity of the fluid 

Dynamic viscosity of the fluid is considered a function of temper­

ature as illustrated in figure 3.2 

0 20 -.o 60 80 JOO 
O.OOJ8 I I O.OOJ8 

fLUJO VJSCOSJTY IPASl 
O.OOJ6 0.0016 

0.001-. O.OOJi, ,..._ 
Cll 
<I! 

P-< ......., 
0.0012 0.0012 

:>.. 
.µ 

'"" Cll 
0 0.0010 0.0010 CJ 
Cll . .., 
:> 
CJ 

0.0008 0,0008 . .., 
~ 
i::: 
:>.. 

A 
0.0006 0.0006 

0.000-. o.oooi. 

0 20 -.o 60 80 JOO 

T t ( oC) empera ure 

Figure 3.2 Dynamic viscosity of the fluid as a function of temp­
erature 
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2•g Thermal properties 

Generally, the thermal properties of rock are temperature depen­

dent. The thermal properties of the rock at the Stripa mine have 

been determined by laboratory and in situ experiments. In t~e 

heater experiments at Stripa the following relationship between 

thermal conductivity and temperature was obtained 

A= 3.60 - 0.003745 T (3.9) 

where A is the thermal conductivity of the rock and T is the 

temperature in centigrades. In the present study thermal conduc­

tivity as well as the other thermal properties are assumed con­

stant. The following thermal properties are used in the calcula­

tions: 

Thermal conductivity of the rock 

Rock density 

Specific heat capacity of the rock 

Thermal conductivity of the fluid 

Specific heat capacity of the fluid 

Thermal volume expansion of the fluid 

3.5 W/(mK) 

2700 kg/m 3 

Boo J/(kgK) 

0.6 W/(mK) 

4180 J/(kgK) 

0.0018 1/K 

The equivalent thermal conductivity representing both fluid and 

rock is computed as 

(3.10) 
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and the equivalent volumetric heat capacity is calculated as 

* f f r r (pC) = ~p C + (1-~)p C (3. 11) 

where the asterisks are used to denote equivalent medium proper­

ties, ~ porosity, )/ the thermal conductivity of the fluid, >..r 

the thermal conductivity of the rock, / the fluid density being 

a function of pressure and temperature, Cf is the specific heat 

capacity of the fluid, pr the rock density, and Cris the spe-

cific heat capacity of the rock. The heat transfer coefficient 

and the equivalent block radius need only be considered when 

treating the fluid and rock as separate media. 
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1-1 The repository 

The repository is assumed to be located at a depth of 500 metres. 

The lateral extent of the repository is assumed to be about 1 km. 

The repository consists of a single level system of parallel t~~­

nels, with a spacing of 25 metres between the centres of the tun-

nels. The study area is a cross-section perpendicular to the 

longitudinal tunnel axes. Thus, a repository with a lateral 

extent o~ 1 km comprises 41 tunnels. In the two-dimensional ana­

lysis the length of the tunnel system cannot be taken into 

account, but this will be done in forthcoming three dimensional 

solutions. The waste canisters are stored in drill holes at the 

bottom of the tunnels. The distance between the drillholes along 

each tunnel is about 4 metres. 

The heat released from the repository is assumed to be generated 

by 40 year old high level waste. The decay was interpolated using 

the following formula 

(3.12) 

where Q denotes heat generated by the radioactive waste. The 

coefficients a and a 2 were selected so that they represent 3C 1 

and 500 year half-lives, and a 1 and a2 were equal to 0. 882 and 

0.118 respectively. 

The thermal load per canister at the moment of the disposal is 

assumed 525 w, resulting in a uniformly distributed load of 5.25 

W/sqm over the area of the repository. For simplicity, it is 

assumed in the calculations, that all the waste is disposed of at 
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the same time. The assumed decay of the thermal load is illus-

trated in figure 3.3. 
1. 
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Figure 3.3 Decay of the thermal load 
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The drill holes with the canisters will be filled with a buffer 

material composed of 90 per cent quarz sand and 10 per cent ben­

tonite. Eventually, the entire tunnel space will be filled with 

such a material. The region containing the buffer material will 

have a very low permeability. The buffer material is considered a 

safety factor and it is not taken into account in the present 

study. 
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Geometry of the flow domain 

The flow domain considered in the calculations represents a two­

dimensional cross-section with a lateral extent of 3 km and a 

depth of 1.5 km. The repository is located at a depth of abol't 

500 metres below the ground surface. Four main cases are consid­

ered with regard to the topography or the water table above the 

repository. The four main cases are: 

Case 1 A repository situated in an area with a horizontal ground 

surface. See figure 3.4. 

Case 2 A repository situated below the crest of a hill with 

linearly sloping sides. See figure 3.5. 

Case 3 A repository located below a linearly sloping hillside. 

See figure 3.6. 

Case 4 A repository located between two major vertical fracture 

zones. See figure 3.7. 
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Figure 3.4 Case 1. A repository located in an area where the 
groundwater is horizontal. 
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Figure 3.6 Case 3. A repository located below a hillside. 
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Figure 3.7 Case 4. A repository located between two major verti­
cal fracture zones. 
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4. NUMERICAL SOLUTIONS 

Four main cases are considered for the numerical solutions. Each 

case is defined by the geometry of the flow domain, boundary con­

ditions and the location of the repository. The four main cases 

are: 

4.1 Repository located below a horizontal ground surface. 

4.2 Repository located below the crest of a hill with linearly 

sloping sides. 

4.3 Repository located below a linearly sloping hillside. 

4.4 Repository located between two major vertical fracture 

zones. 

Each case is analysed for constant permeability and porosity res­

pectively exponentially decreasing permeability and porosity with 

depth. The considered flow domain is symmetrical around the ver­

tical centre line through the repository for all cases except for 

the third case, where the repository is situated below a unidirec­

tionally sloping ground surface. Thus, in the three symmetric 

cases only one half of the flow domain needs be analysed, reducing 

the computational work. 

The following results from the computations are presented for each 

case: Exit times (travel times for water particles from the repo­

sitory to the ground surface, or to a major fracture zone), path­

lines from the repository, groundwater fluxes and isotherms. 
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Flow times from the repository to the ground surface, or alterna­

tively to a major fracture zone, are calculated- for water parti­

cles spaced out 100 metres apart at the repository. The results 

are presented in the form of tables of the flow times and graphi­

cal display of the pathlines. The calculations are performed for 

conditions with heat released from the repository as well as for 

undisturbed conditions, taking into account only the effects of 

topography and the natural geothermal gradient. 

Groundwater fluxes are graphically displayed in the form of vector 

plots. The arrow of a vector indicates the flow direction and the 

length indicates the relative order of magnitude of the specific 

discharge. The velocities are logarithmically scaled in such a 

way that the maximum velocity at a certain instant corresponds to 

1 centimetre on the graph. 

Isotherms are used to illustrate the temperature distribution over 

the flow domain. The difference in temperature between each isot­

herm is 5°c. 

In the solutions the time step was increased by a factor of 1.2 

during the first 50 years. Thereafter the time step was increased 

by 1.5. The time step procedure has been checked against analyti­

cal solutions. 
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In case 1 and 2, an element mesh consisting of 130 elements and 

501 nodes corresponding to one symmetric half of the flow domain 

is used. In case 3, an element mesh of 300 elements and 971 nodes 

corresponding to the entire flow domain is used. In case 4, an 

element mesh of 128 elements and 433 nodes is us3d for the first 

setting and an element mesh of 160 elements and 533 nodes is used 

for the second setting. The elements were designed such that 

smaller elements were generated around the repository and larger 

elements towards the bottom and the lateral boundaries of the flow 

domain. 

In some of the examples, problems were encountered in the pathline 

trace due to the large elements towards the flow domain boundar­

ies. The elements at the boundaries appeared to be too coarse to 

properly describe the sudden variation in the flow direction 

within these elements. As a consequence, some of the pathlines 

hit the boundaries. When this occurs, the pathline trace is con­

tinued along the boundary until the ground surface or a major 

fracture zone is reached. 
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Summary of material properties used in the examples 

Porosity at the ground surface 

Permeability at the ground surface 

Fluid density 

Dynamic viscosity 

Fluid compressibility 

0.003 

10-11-1 

998 

0.001 

10~10 

0.0018 

0.6 

m 

kg/m 3 

Pas 

1/Pa 

1/K 

W/(mK) 

Thermal volume expansion of the fluid 

Thermal conductivity of. the fluid 

Specific heat capacity of the fluid 

Rock density 

4180 J/(kgK) 

2700 kg/m 3 

3.5 W/(mK) Thermal conductivity of the rock 

Specific heat capacity of the rock 

Rock compressibility 

800 J/(kgK) 

10-11 1/Pa 

Gravity 9.81 m/s 2 

Fluid density and viscosity are given in the previous table as 

reference values corresponding 0 to a temperature of 20 C. Using 

these values and a reference value of the permeability of 10~14 , 

then the value of the hydraulic conductivity becomes about 10- 7 

m/s. The exponential decrease in the permeability with depth is 

in the examples 

(4.1) 

Thus, at an elevation of -500 metres the value of permeability is 

-is at -1000 metres 10 and the corresponding values of 

the hydraulic conductivity are approximately 10- 9 respectively 

10-11 m/s. 
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4.1 Repository located below a horizontal ground surface 

This case illustrates a situation where the groundwater flow is 

only induced by heat released from the radioactive waste reposi­

tory. In the initial stage the groundwater is in hydrostatic 

equilibrium, assuming that the pressure gradient is vertical and 

parallel to the geothermal gradient over the entire flow domain. 

Two examples are presented for this case. In the first example 

permeability and porosity are constant and in the second example 

permeability and porosity decrease exponentially with depth over 

the flow domain. In the example with constant permeability the 

shortest exit time was about 650 years, while in the example with 

exponentially decreasing permeability, the initial hydrostatic 

equilibrium was reestablished before any water particles could 

reach the ground surface. 
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4.1.1 Repository located below a horizontal ground surface. Per­
emability and porosity are constant over the flow domain. 

Exit time: > 650 years 

No exit without the influence of a repository 

The results of the pathline trace are presented in table 4.1.1. 

Pathlines are displayed in figure 4.1.1 

Groundwater fluxes and isotherms are displayed in figures 4.1.2 -

4.1.4 

In this example, the flow pattern remains qualitatively the same 

within the considered solution period. The flow pattern is char­

acterized by a region of upward movements at the centre of the 

repository, a region of rotative movements at the edge of the 

repository, and a region of downward movements at some distance 

from the repository. 

The shortest exit time is obtained for water particles starting at 

the centre of the repository. Local convection cells are formed 

around the edges of the repository. As a consequence, water par-

ticles starting at a distance of about 300 metres and further away 

from the centre towards the edges of the repository will be 

included in these convection cells, which means that these water 

particles are not going to reach the ground surface. 

In the present exemple the calculations were carried out for a 

period of about 1900 years. Thus, the pathlines obtained in the 

this example were obtained by extrapolation, using the most recent 

flow pattern, that is to say the solution after about 1900 years. 
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Therefore in fact, the convection cells being created at the edges 

of the repository are actually going to vanish•within the 15000 

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

!No! Starting point! End point ! Travel time! 
!--,---------------,---------------,------------! 
! 1 ! 0 -500 5 0 650 
f--1---------------,---------------,------------! 
! 2! 100 -500 160 0 670 
!--,---------------,---------------,------------! 
! 3! 200 -500 ! 365 0 810 ! 
!--,---------------,---------------,------------! 
! 4! 300 -500 No exit 
.!--,---------------,---------------,------------! 
! 5! 400 -500 No exit 
!--,---------------,---------------,------------! 
! 6! 500 -500 No exit , , , -----------------------------------------------
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Figure 4.1.1 Pathlines for the fluid flow induced by a radioac­
tive waste repository located below a horizontal 
ground surface. Permeability and porosity are con­
stant. 
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Figure 4.1.2 Groundwater fluxes and isotherms illustrating the 
hydrothermal flow conditions around a radioactive 
waste repository situated below a horizontal ground 
surface. Permeability and porosity are constant. 
Release time: 50 years. 
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Figure 4.1.3 Groundwater fluxes and isotherms illustrating the 
hydrothermal flow conditions around a radioactive 
waste repository situated below a horizontal ground 
surface. Permeability and porosity are constant. 
Release time: 201 years. 
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Figure 4.1.4 Groundwater fluxes and isotherms illustrating the 
hydrothermal flow conditions around a radioactive 
waste repository situated below a horizontal ground 
surface. Permeability and porosity are constant. 
Release time: 1909 years. 
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4.1.2 Repository located below a 
Permeability and porosity are 
depth. 

horizontal ground surface. 
exponentially decreasing with 

Exit time: No exit 

No exit without the influence of a repository 

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

Pathlines are displayed in figure 4.1.5 

Groundwater fluxes and isotherms are displayed in figures 4.1.6 -

4.1.8 

A comparison between the flow patterns in this example and the the 

flow patterns obtained in the previous example, in which peremea­

bility and porosity were constant, shows a notable difference bet­

ween the two solutions, especially when comparing the most recent 

solutions. In the present example, the flow at the repository is 

mainly horizontal and directed towards the centre of the reposi­

tory, whereas in the previous example the flow at the repository 

is mainly vertical and directed upwards. Moreover, the assumed 

exponential decrease of the permeability substantially reduces the 

fluxes~ increasing the travel times from the repository to the 

ground surface. 

In consequence of the very low fluid velocities in this example 

the initial hydrostatic equilibrium will be reestablished before 

any fluid particles reach the ground surface. This seems to occur 

after about 7500 years and the water particles starting from the 

repository will discontinue at a depth of about 175 metres below 

the ground surface. 
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A local convection cell is also formed in this example, but its 

centre is located in an area above the edge of the repository, 

fairly close to the ground surface. However, none of the water 

particles starting from the repository seem to be involved in this 

convection cell. 

The exponential decrease in permeability with depth particularly 

reduces the magnitude of the vertical flux component. The reason 

for the bend of the pathlines towards the vertical centre line 

through the repository is that in the area around the repository, 

the magnitude of the vertical flux component is reduced to the 

same order of magnitude as the horizontal one, which is directed 

towards the centre of the repository. This is due to the minor 

increase in temperature towards the centre of the repository. 
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Table 4.1.2 Coordinates of the starting respectively end points 
and the corresponding travel times in years of path­
lines traced from a radioactive waste repository situ­
ated below a horizontal ground surface. Permeability 
and porosity are exponentially decreasing with depth. 

, , , -----------------------------------------------
!No! Starting point! End point ! Travel time! 
!--~---------------~---------------~------------! 
! 0! -175 -500 ! 0 -175 No exit 
!--~---------------~---------------~------------! 
! 2! 100 -500 35 -175 No exit 
!--~---------------~---------------~------------! 
! 3! 200 -500 75 -175 No exit 
!--~---------------~---------------~------------! 
! 4! 300 -500 132 -175 No exit 
!--~---------------~---------------~------------! 
! 5! 400 -500 200 -175 No exit 
!--~---------------~---------------~------------! 
! 6! 500 -500 200 -175 No exit , , , -----------------------------------------------
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Figure 4.1.5 Pathlines for the fluid flow induced by a radioac­
tive waste repository located below a horizontal 
ground surface. Permeability and porosity are expo­
nentially decreasing with depth. 
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Figure 4.1.6 Groundwater fluxes and isotherms illustrating the 
hydrothermal flow conditions around a radioactive 
waste repository situated below a horizontal ground 
surface. Permeability and porosity are exponen­
tially decreasing with depth. Release time: 50 
years. 
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Figure 4.1.7 Groundwater fluxes and isotherms illustrating the 
hydrothermal flow conditions around a radioactive 
waste repository situated below a horizontal ground 
surface. Permeability and porosity are exponen­
tially decreasing with depth. Release time: 201 
years. 
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Figure 4.1.8 Groundwater fluxes and isotherms illustrating the 
hydrothermal flow conditions around a radioactive 
waste repository situated below a horizontal ground 
surface. Permeability and porosity are exponen­
tially decreasing with depth. Release time: 1909 
years. 
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4.2 Repository located below the crest of~ hill 

The repository is symmetrically located below the crest of the 

hill. In this case the groundwater flow is induced both by the 

slope of the ground surface and by the heat released from the 

repository. 

This case is of great interest since it implies long flow times 

from the repository to the ground surface if the groundwater flow 

is only governed by topography. The longer flow times are 

expected because the repository is situated below an inflow area, 

with downward groundwater movements at the repository. 

Four examples were worked out for this case. Two examples have a 

slope of one per mille and constant respectively exponentially 

decreasing permeability with depth. Two examples have a slope of 

one per cent and constant respectively exponentially decreasing 

permeability with depth. 

Pathlines are also presented for the natural steady flow condi­

tions, corresponding to the flow conditions without the influence 

of a radioactive waste repository. 

The four examples are organized as follows: 

4.2.1 Repository located below the crest of a hill with a slope of 

one per mille. Constant permeability and porosity. 

4.2.2 Repository located below the crest of a hill with a slope of 

one per mille. Exponentially decreasing permeability and porosity 



50 

with depth. 

4.2.3 Repository located below the crest of a hill with a slope of 

one per cent. Constant permeabililty and porosity. 

4.2.4 Repository located below the crest of a hill with a slope of 

one per cent. Exponentially decreasing permeability and porosity 

with depth. 
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4.2.1 Repository located below the crest of a hill with a slope of 
one per mille Permeability and porosity are constant. 

Exit time: > 3800 years 

> 2550 years without the influence of a repository 

The results of the pathline trace are presented in tables 4.2.1 

and 4.2.2. 

Pathlines for the flow conditions with the influence of a reposi­

tory are displayed in figure 4.2.1 

Pathlines for the natural flow conditions without the influence of 

a repository are displayed in figure 4.2.2 

Groundwater fluxes and isotherms are displayed in figures 4.2.3 -

4.2.6 

In the initial stage the flow pattern is dominated by the effect 

of the topography. The flow is directed downwards around the 

repository and upwards when approaching the lateral boundary. 

As time goes on a rotative movement of the groundwater is formed 

near the edge of the repository. After about 50 years the down­

ward movement at the centre of the repository is balanced by the 

upward movement caused by the heat from the repository. 

It is interesting to see the creation of a horizontal water divide 

above the repository. This water divide separates water, flowing 

from the crest of the hill towards the repository, from water sur­

rounding the repository. 

In this example, the heat released from the repository has a sig-



nificant effect on the flow pattern and subsequently also on the 

flow times. The effect of the heat released from the repository 

is to create convection currents, which after a certain period of 

time turn some of the water particles back towards the repository 

in wide circular paths, prolonging the flow times. Because of :he 

decay in the heat generation by the waste in the repository, the 

effect of the heat becomes too small to maintain the rotational 

movement of the groundwater around the repository. Thus, after 

some tnc~sand years the groundwater is again governed essentially 

by topography. The result of the influence exerted by the heat 

from the repository is to prolong the travel times for most of the 

water particles starting at the repository. However, at points 

close to the centre of the repository, the travel times are signi­

ficantly reduced due to the heat from the repository. 
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Table 4.2.1 Coordinates of the starting respectively end points 
and the corresponding travel times in years of path­
lines traced from a radioactive repository located 
below the crest of a hill with a slope of one per 
mille. Permeability and porosity are constant over 
the flow domain. 

, , , , 
-----------------------------------------------

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

!--~---------------~---------------~------------! 
! 1! 0 -500 ! 1399 0 3863 
!--~---------------~---------------~------------f 
! 2! 100 -500 ! 1500 0 ! 4255 ! 
!--i---------------+---------------~------------! 
! 3! 200 -500 ! 1497 0 12305 

!--~---------------~---------------~------------! 
! 4! 300 -500 ! 1473 0 ! 8615 

!--~---------------~---------------~------------' 
! 5! 400 -500 ! 1494 0 ! 7749 
!--~---------------~---------------~------------' 
! 6! 500 -500 ! 1484 0 8520 , , , 
--. --------------------------------------------

Table 4.2.2 Coordinates of the starting respectively end points 
and the corresponding travel times in years of path­
lines traced from a repository located below the crest 
of a hill with a slope of one per mille. Permeability 
and porosity are constant over the flow domain. No 
heat is released from the repository. 

, , , 
-----------------------------------------------

!No! Starting point! End point ! Travel time! 
!--~---------------~---------------~------------f 
! 1! 0 -500 
!--~---------------~---------------~------------f 
! 2! 100 -500 ! 1487 0 ! 11700 ! 
!--~---------------~---------------i------------' 
! 3! 200 -500 ! 1449 0 ! 6540 
!--i---------------i---------------i------------' 
! 4! 300 -500 ! 1427 0 4550 
!--i---------------i---------------i------------' 
! 5! 400 -500 ! 1401 0 3220 
!--~---------------i---------------i------------' 
! 6! 500 -500 ! 1382 0 2550 , , , 
-----------------------------------------------
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Figure 4.2.1 Pathlines for the flow conditions with the influence 
of a repository located below the crest of a hill 
with a slope of the hillsides of one per mille. 
Permeability and porosity are constant. 
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Figure 4.2.2 Pathlines for the natural 
crest of a hill with a 
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are constant. 
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Figure 4.2.3 Groundwater fluxes and isotherms illustrating the 
hydrothermal flow conditions around a radioactive 
waste repository situated below the crest of a hill 
with a slope of one per mille. Permeability and 
porosity are constant. Release time: 0 years. 
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Figure 4.2.4 Groundwater fluxes and isotherms illustrating the 
hydrothermal flow conditions around a radioactive 
waste repository situated below the crest of a hill 
with a slope of one per mille. Permeability and 
po~osity are constant. Release time: 50 years. 
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Figure 4.2.5 Groundwater fluxes and isotherms illustrating the 
hydrothermal flow conditions around a radioactive 
waste repository situated below the crest of a hill 
with a slope of one per mille. Permeability and 
porosity are constant. Release time: 201 years. 
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Figure 4.2.6 Groundwater fluxes and isotherms illustrating the 
hydrothermal flow conditions around a radioactive 
waste repository situated below the crest of a hill 
with a slope of one per mille. Permeability and 
porosity are constant. Release time: 1909 years. 
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4.2.2 Repository located below the crest of a hill with a slope of 
one per mille. Permeability and porosity are exponentially 
decreasing with depth. 

Exit time: > 3900 years 

> 2200 years without the influence of a repository 

The results of the pathline trace are presented in tables 4.2.3 

and 4.2.4. 

Pathlines for the flow conditions with the influence of a reposi­

tory are presented in figure 4.2.7. 

Pathlines for the natural flow conditions without the influence of 

a repository are displayed in figure 4.2.8. 

Groundwater fluxes and isotherms are displayed in figures 4.2.9 -

4.2.12. 

In the initial stage the groundwater flow is largely governed by 

the topographical gradient. Owing to the decrease in permeability 

with depth, the groundwater flow is mainly horizontal and below 

the location depth of the repository the velocities are very 

small. At the centre of the repository the flow is directded 

downwards. A water particle starting from this point in the 

beginning downwards at very low velocity. Then it moves upwards 

through the repository until it reaches a point above the reposi­

tory, from where it again goes downwards through the repository, 

following a mainly horizontal path. 
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Eventually, as for the previous case with constant permeability, a 

horizontal water divide is formed above the repository. In com-

parison with the previous example, in which permeability and 

porosity were constant over the flow domain, the water divide is 

situated more closely to the repository. In this example, the 

effect of the heat is less drastic compared with that of the pre­

vious case. The exponential decrease in permeability signifi­

cantly reduces the fluxes at depth. The heat from the repository 

affects the flow times notwithstanding. All of the traced path­

lines resulted in longer travel times. The shortest exit time was 

obtained for the water particles starting at a distance of 100 

metres from the centre of the repository and the longest flow time 

was obtained for water particles starting at the edge of the repo­

sitory. The longer flow times towards the edge of the repository 

are due to the convection cell created in this area. 



63 

Table 4.2.3 Coordinates of the starting respectively end points 
and the corresponding travel times in years of path­
lines traced from a radioactive repository located 
below the crest of a hill with a slope of one per 
mille. Permeability and porosity are exponentially 
decreasing with depth. 

, , , -----------------------------------------------!No! Starting point! End point ! Travel time! 
!--,---------------,---------------,------------! 
! 1! 0 -500 ! 1500 0 5394 ! ( __ , _______________ , _______________ , ____________ ! 

! 2 ! 100 -500 ! 1500 0 3917 f __ , _______________ , _______________ , ____________ f 
! 3! 200 -500 ! 1500 0 4444 
!--,---------------,---------------J------------! 
! 4! 300 -500 ! 1500 0 4833 
!--,---------------J---------------J------------! 
! 5! 400 -500 ! 1500 0 4437 
!--i---------------,---------------i------------! 
! 6! 500 -500 ! 1500 0 5411 , , , 

. ----------------------------------------------

Table 4.2.4 Coordinates of the starting respectively end points 
and the corresponding travel times in years of path­
lines traced from a repository located below the crest 
of a hill with a slope of one per mille. Permeability 
and porosity are exponentially decreasing with depth. 
No heat is released from the repository. 

, , , -----------------------------------------------
!No! Starting point! End point ! Travel time! 
!--,---------------,---------------,------------! 
! 1 ! 0 -500 ! 1500 0 5580 ! _, _______________ , _______________ , ____________ ! 

! 2 ! 100 -500 ! 1500 0 ! 3290 
!--,---------------i---------------i------------! 
! 3! 200 -500 ! 1500 0 2860 ( __ , _______________ , _______________ , ____________ , 
! 4 ! 300 -500 ! 1500 0 ! 2610 .!-_, _______________ , _______________ , ____________ , 
! 5! 400 -500 ! 1500 0 2420 !-_, _______________ , _______________ , ____________ , 
! 6! 500 -500 ! 1500 0 2240 , , , -----------------------------------------------
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Figure 4.2.7 Pathlines for the flow conditions with the influence 
of a repository located below the crest of a hill 
with a slope of one per mille. Permeability and 
porosity are exponentially decreasing with depth. 
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Figure 4.2.9 Groundwater fluxes and isotherms illustrating the 
hydrothermal flow conditions around a radioactive 
waste repository situated below the crest of a hill 
with a slope of one per mille. Permeability and 
porosity are exponentially decreasing with depth. 
Release time: 0 years. 
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Figure 4.2.10 Groundwater fluxes and isotherms illustrating the 
hydrothermal flow conditions around a radioactive 
waste repository situated below the crest of a hill 
with a slope of one per mille. Permeability and 
porosity are exponentially decreasing with depth. 
Release time: 50 years. 
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Figure 4.2.11 Groundwater fluxes and isotherms illustrating the 
hydrothermal flow conditions around a radioactive 
waste repository situated below the crest of a hill 
with a slope of one per mille. Permeability and 
porosity are exponentially decreasing with depth. 
Release time: 201 years. 
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Figure 4.2.12 Groundwater fluxes and isotherms illustrating the 
hydrothermal flow conditions around a radioactive 
waste repository situated below the crest of a hill 
with a slope of one per mille. Permeability and 
porosity are exponentially decreasing with depth. 
Release time: 1909 years. 
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4.2.3 Repository located below the crest of a hill with a slope of 
one per cent. Constant permeability and porosity. 

Exit time: > 292 years 

> 250 years without the influence of a repository 

The results of the pathline trace are presented in tables 4.2.5 

and 4.2.6. 

Pathlines for the flow conditions with the influence of a reposi­

tory are displayed in figure 4.2.13. 

Pathlines for the natural flow conditions without the influence of 

a repository are displayed in figure 4.2.14. 

Groundwater fluxes and isotherms are displayed in figures 4.2.15 -

4.2.11. 

In this example the slope of the hill is 10 times higher than that 

of the previous examples, as for the rest the assumptions are the 

same. The effect of the topography is the dominating one and the 

flow pattern is hardly affected by the heat released from the 

repository. However, the heat has a slight effect on the flow 

times, prolonging them by about 30 per cent. 



Table 4.2.5 Coordinates of the starting respectively end points 
and the corresponding travel times in years of path­
lines traced from a repository located below the crest 
of a hill with a slope of one per cent. Permeability 
and porosity are constant over the flow domain. 

, , , 

-----------------------------------------------
!No! Starting point! End point ! Travel time! 
'--i---------------i---------------i------------! 
! 1! 0 -500 
f--i---------------i---------------i------------! 
! 2 ! 100 -500 ! 1500 0 ! 1510 
f--i---------------i---------------i------------! 
! 3! 200 -500 ! 1471 0 ! 869 ! 
'--i---------------i---------------i------------! 
! 4! 300 -500 ! 1450 0 567 ! 
'--~---------------~---------------~------------! 
! 5 ! 400 -500 ! 14 30 0 ! 404 ! 
!--~---------------~---------------~------------! 
! 6! 500 -500 ! 1408 0 292 , , , -----------------------------------------------

Table 4.2.6 Coordinates of the starting respectively end points 
and the corresponding travel times in years of path­
lines traced from a repository located below the crest 
of a hill with a slope of one per cent. Permeability 
and porosity are constant over the flow domain. No 
heat is released from the repository. 

, , , 

-----------------------------------------------
!No! Starting point! End point ! Travel time! 
!--~---------------~---------------i------------! 
! 1 ! 0 -500 
f--i---------------~---------------~------------! 
! 2 ! 100 -500 ! 1485 0 1150 
C--i---------------~---------------~------------! 
! 3! 200 -500 ! 1452 0 666 

!--~---------------~---------------~------------! 
! 4! 300 -500 ! 1426 0 ! 448 ! 
r--~---------------i---------------i------------! 
! 5! 400 -500 ! 1400 0 325 

!--~---------------i---------------~------------! 
! 6 ! 500 -500 ! 1381 0 250 , , , 
-----------------------------------------------
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Figure 4.2.13 Pathlines for the flow conditions with the influence 
of a repository located below the crest of a hill 
with a slope of the hillsides of one per cent. 
Permeability and porosity are constant. 
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Figure 4.2.14 Pathlines for the natural flow conditons below the 
crest of a hill with a slope of one per cent. 
Permeability and porosity are constant. 
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Figure 4.2.15 Groundwater fluxes and isotherms illustrating the 
hydrothermal flow conditions around a radioactive 
waste repository situated below the crest of a hill 
with a slope of one per cent. Permeability and 
porosity are constant over the flow domain. Release 
time: 0 years. 
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Figure 4.2.16 Groundwater fluxes and isotherms illustrating the 
hydrothermal flow conditions around a radioactive 
waste repository situated below the crest of a hill 
with a slope of one per cent. Permeability and 
porosity are constant over the flow domain. Release 
time: 53 years. 
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Figure 4.2.17 Groundwater fluxes and isotherms illustrating the 
hydrothermal flow conditions around a radioactive 
waste repository situated below the crest of a hill 
with a slope of one per cent. Permeability and 
porosity are constant over the flow domain. Release 
time: 360 years. 
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4.2.4 Repository located below the crest of a hill with a slope of 
one per cent. Permeability and porosity are exponentially 
decreasing with depth. 

Exit time: > 222 years 

> 218 years without the influence of a repository 

The results of the pathline trace are presented in tables 4.2.7 

and 4.2.8. 

Pathlines for the flow conditions with the influence of a reposi­

tory are presented in figure 4.2.18. 

Pathlines for the natural flow conditions with the influence of a 

repository are presented in figure 4.2.19. 

Groundwater fluxes and isotherms are displayed in figures 4.2.20 -

4.2.22. 

In this example, the slope of the hill is the same as in the pre­

vious one, that is to say one per cent, but permeability and 

porosity are exponentially decreasing with depth. The effect of 

the heat released from the repository is practically negligible. 

A very small increase in the flow times can be observed. The 

effect of the exponential decrease in permeability and porosity 

with depth is that the flow times from the repository to the 

ground surface become less. 
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Table 4.2.7 Coordinates of the starting respectively end points 
and the corresponding travel times in years of path­
lines traced from a radioactive repository located 
below the crest of a hill with a slope of one per 
cent. Permeability and porosity are exponentially 
decreasing with depth. 

, , , , 

-----------------------------------------------
!Nol Starting point! End point ! Travel time! 
!--i---------------i---------------i------------! 
! 1 ! 0 -500 ! 1500 0 ! 579 ! 
!--i---------------i---------------i------------! 
! 21 100 -500 ! 1500 0 ! 325 ! 
!--i---------------i---------------i------------' 
! 3! 200 -500 ! 1500 0 284 
!--i---------------i---------------i------------' 
! 4! 300 -500 ! 1500 0 ! 258 ! 
(--i---------------~---------------~------------! 
! 5! 400 -500 ! 1500 0 ! 234 

!--~---------------~---------------~------------! 
! 6! 500 -500 ! 1500 0 222 

, , , 

--. --------------------------------------------

Table 4.2.8 Coordinates of the starting respectively end points 
and the corresponding travel times in years of path­
lines traced from a repository located below the crest 
of a hill with a slope of one per cent. Permeability 
and porosity are exponentially decreasing with depth. 
No heat is released from the repository. 

, , , , 

-----------------------------------------------
!No! Starting point! End point ! Travel time! 
!--~---------------J---------------J------------' 
! 1! 0 -500 ! 1500 0 546 
!--J---------------J---------------J------------' 
! 2! 100 -500 ! 1500 0 322 
!--~---------------J---------------J------------! 
! 3! 200 -500 ! 1500 0 281 
!--i---------------J---------------J------------' 
! 4! 300 -500 ! 1500 0 255 
!--i---------------i---------------i------------' 
! 5! 400 -500 ! 1500 0 237 
!--i---------------i---------------i------------' 
! 6! 500 -500 ! 1500 0 218 , , , 

-----------------------------------------------
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Figure 4.2.18 Pathlines for the flow conditions with the influence 
of a repository located below the crest of a hill 
with a slope of one per cent. Permeability and 
porosity are exponentially decreasing with depth. 
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Figure 4.2.20 Groundwater fluxes and isotherms illustrating the 
hydrothermal flow conditions around a radioactive 
waste repository situated below the crest of a hill 
with a slope of one per cent. Permeability and 
porosity are exponentially decreasing with depth. 
Release time: 0 years. 
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Figure 4.2.21 Groundwater fluxes and isotherms illustrating the 
hydrothermal flow conditions around a radioactive 
waste repository situated below the crest of a hill 
with a slope of one per cent. Permeability and 
porosity are exponentially decreasing with depth. 
Release time: 53 years. 
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Figure 4.2.22 Groundwater fluxes and isotherms illustrating the 
hydrothermal flow conditions around a radioactive 
waste repository situated below the crest of a hill 
with a slope of one per cent. Permeability and 
porosity are exponentially decreasing with depth. 
Release time: 164 years. 
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Repository located below a hillside 

This case deals with a repository located below a hillside with a 

slope of one per mille. Two examples have been worked out. 

In the first example, permeability and porosity are constant over 

the flow domain. In the initial stage in this example, the repo­

sitory is subject to downward groundwater movements in one part of 

the repository and upward movements in another part. Convective 

currents are created at both edges of the repository as a result 

of the heat released from it. 

In the second example permeability and porosity are exponentially 

decreasing with depth over the flow domain. In this example, the 

initial groundwater flow pattern is characterized by horizontal 

groundwater flow in most parts of the flow domain. Convective 

currents are formed only at the downstream edge of the repository. 
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4.3.1 Repository located below a hillside with a slope of one per 
mille. Constant permeability and porosity. 

Exit time: > 625 years 

> 900 years without the influence of a repository 

The results of the pathline trace are presented in tables 4.3.1 

and 4.3.2. 

Pathlines for the flow conditions with the influence of a reposi­

tory are displayed in figure 4.3.1. 

Pathlines for the natural flow conditions without the influence 

of a repository are presented in figure 4.3.2. 

Groundwater fluxes and isotherms are displayed in figures 4.3.3 -

In this example, the flow pattern is significantly modified by the 

heat particularly in the vicinity of the repository. The ground­

water is being pushed up around the repository by the heat, reduc­

ing the flow times to the ground surface. Under undisturbed con­

ditions the shortest flow time from the repository to the ground 

surface is obtained starting at the dowstream edge of the reposi­

tory. With the effect of the heat released from the repository, 

the longest flow time is obtained at this point. ~his is due to 

the convection cell being created at the downstream edge of the 

repository. A convection cell is also formed at the upstream edge 

of the repository, resulting in longer flow times for water parti­

cles starting in this area. The effect of the heat is most obvi­

ous for water particles starting upstream and at the centre of the 

repository. In this region the flow times are reduced to about 

half the flow times under undisturbed conditions. The shortest 
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exit time from the repository to the ground surface is about 30 

per cent less owing to the heat released from the repository. 
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Table 4.3.1 Coordinates of the starting respectively end points 
and the corresponding travel times in years of path­
lines traced from a repository located below a hill­
side with a slope of one per mille. Permeability and 
porosity are constant over the flow domain. 

, , , 
-----------------------------------------------

!No! Starting point! End point ! Travel time! 
'--i---------------J---------------J------------f 
! 1! -500 -500 ! -74 0 ! 1475 ! , __ , _______________ , _______________ , ____________ f 

! 2! -400 -500 -46 0 850 , __ , _______________ ,---------------i------------r 
! 3! -300 -500 141 0 650 
f--1---------------,---------------,------------f 
! 4! -200 -500 298 0 626 , __ , _______________ , _______________ , ____________ f 

! 4! -100 -500 455 0 637 
f--1---------------,---------------i------------! 
! 6! 0 -500 650 0 707 ! 
f--1---------------,---------------i------------f 
! 7 ! 100 -500 917 0 ! 876 ! 
!--1---------------,---------------i------------f 
! 8 ! 200 -500 ! 114 3 0 1033 , __ , _______________ , _______________ , ____________ f 

! 9 ! 300 -500 ! 1321 0 1275 , __ , _______________ , _______________ , ____________ f 

! 10 ! 400 -500 ! 1419 0 1968 , __ , _______________ , _______________ , ____________ f 

! 11 ! 500 -500 ! 1485 0 5952 , , , -----------------------------------------------
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Table 4.3.2 Coordinates of the starting respectively end points 
and the corresponding travel times in years of path­
lines traced from a repository located below a hill­
side with a slope of one per mille. Permeability and 
porosity are constant over the flow domain. No heat 
is released from the repository. 

, , , , 
-----------------------------------------------!No! Starting point! End point ! Travel time! 

'--i---------------J---------------J------------! 
! 1! -500 -500 ! 1071 0 ! 2520 ! 
!--~---------------i---------------J------------! 
! 2! -400 -500 ! 1041 0 ! 2280 ! 
J--i---------------J---------------J------------! 
! 3! -300 -500 ! 1016 0 2070 
!--J---------------i---------------J------------! 
! 4! -100 -500 ! 1005 0 1880 ! 
!--i---------------J---------------i------------! 
! 5! -100 -500 995 0 1710 
!--i---------------i---------------J------------! 
! 6! 0 -500 990 0 1540 
!--i---------------J---------------J------------! 
! 7! 100 -500 ! 993 0 ! 1400 ! 
!--~---------------i---------------J------------! 
! 8! 200 -500 ! 1004 0 1270 ! 
!--~---------------J---------------J------------! 
! 9! 300 -500 ! 1016 0 1140 
'--i---------------J---------------J------------! 
! 10! 400 -500 ! 1039 0 ! 3220 ! 
'--i---------------J---------------J------------! 
!11! 500 -500 ! 1068 0 935 

, , , 
. ----------------------------------------------
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Figure 4.3.1 Pathlines for the flow conditions with the influence 
of a repository located below a hillside with a 
slope of one per mille. Permeability and porosity 
are constant. 
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Figure 4.3.3 Groundwater fluxes and isotherms illustrating the 
hydrothermal flow conditions around a radioactive 
waste repository located below a hillside with a 
slope of one per mille. Peremability and porosity 
are constant. Release time: 0 years. 
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Figure 4.3.4 Groundwater fluxes and isotherms illustrating the 
hydrothermal flow conditions around a radioactive 
waste repository located below a hillside with a 
slope of one per mille. Peremability and porosity 
are constant. Release time: 40 years. 
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Figure 4.3.5 Groundwater fluxes and isotherms illustrating the 
hydrothermal flow conditions around a radioactive 
waste repository located below a hillside with a 
slope of one per mille. Peremability and porosity 
are constant. Release time: 102 years. 
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Figure 4.3.6 Groundwater fluxes and isotherms illustrating the 
hydrothermal flow conditions around a radioactive 
waste repository located below a hillside with a 
slope of one per mille. Peremability and porosity 
are constant. Release time: 678 years. 



99 

4.3.2 Repository located below a hillside with a slope of one per 
mille. Permeability and porosity are exponentially decreas­
ing with depth. 

Exit time: > 2500 years 

> 2100 years without the influence of a repository 

The results of the pathline trace are presented in tables 4.3.3 

and 4.3.4. 

Pathlines for the flow conditions with the influence of a reposi­

tory are displayed in figure 4.3.7. 

Pathlines for the natural flow conditions without the influence of 

a repository are displayed in figure 4.3.8. 

Groundwater fluxes and isotherms are displayed in figures 4.3.9 -

In this example, the effect of the heat is less apparent than in 

the previous example, in which permeability and porosity were con­

stant over the flow domain. At the repository the effect of the 

heat is to uplift the water particles. Downstream the repository, 

there is a tendency to draw down the pathlines when aproaching the 

lateral boundary, before turing up at the ground surface. The 

effect of the heat on the flow times is very small, with the 

xception of the flow times for water particles starting at the 

downstream edge, where local convection currents are induced, 

approximately doubling the flow times. 
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Table 4.3.3 Coordinates of the starting respectively end points 
and the corresponding travel times in years of path­
lines traced from a repository located below a hill­
side with a slope of one per mille. Permeability and 
porosity are exponentially decreasing with depth. 

, , , ------------------------------------------ ~---!No! Starting point! End point ! Travel time! 
'--J---------------J---------------J------------! 
! 1! -500 -500 ! 1500 0 ! 2907 
!--+---------------+---------------+------------! 
! 2! -400 -500 ! 1500 0 ! 2483 
!--+---------------+---------------+------------! 
! 3! -300 -500 ! 1500 0 2803 
!--+---------------J---------------J------------! 
! 4! -200 -500 ! 1500 0 3016 
!--+---------------J---------------J------------! 
! 5! -100 -500 ! 1500 0 2908 
!--+---------------J---------------+------------! 
! 6! 0 -500 ! 1500 0 2985 
!--+---------------J---------------+------------! 
! 7 ! 100 -500 ! 1500 0 3077 
!--J---------------+---------------+------------! 
! 8! 200 -500 ! 1500 0 3324 
!--+---------------+---------------+------------! 
! 9! 300 -500 ! 1500 0 5075 
!--J---------------+---------------+------------! 
! 10 ! 400 -500 ! 1500 0 ! 4188 ! 
!--+---------------+---------------+------------! 
! 11 ! 500 -500 ! 1500 0 4948 , , , -----------------------------------------------
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Table 4.3.4 Coordinates of the starting respectively end points 
and the corresponding travel times in years of path­
lines traced from a repbsitory located below a hill­
side with a slope of one per mille. Permeability and 
porosity are exponentially decreasing with depth. No 
heat is released from the repository. 

, , , , 
-----------------------------------------------

!No! Starting point! End point ! Travel time! 
!--J---------------J---------------J------------! 
! 1! -500 -500 155 0 3160 
!--J---------------J---------------J------------f 
! 2! -400 -500 209 0 3050 ! 
!--J---------------J---------------J------------f 
! 3! -300 -500 385 0 2960 
!--J---------------J---------------J------------f 
! 4! -200 -500 641 0 2840 
!--J---------------J---------------J------------' 
! 5! -100 -500 ! 1000 0 ! 2750 ! 
!--J---------------J---------------J------------f 
! 6! 0 -500 ! 1500 0 2630 
!--J---------------J---------------J------------f 
! 7! 100 -500 ! 1500 0 2550 
!--J---------------J---------------J------------f 
! 8! 200 -500 ! 1500 0 2450 
!--~ --------------J---------------J------------f 
! 9! 300 -500 ! 1500 0 2360 
!--J---------------J---------------J------------f 
!10! 400 -500 ! 1500 0 ! 2260 
!--J---------------J---------------J------------! 
!11! 500 -500 ! 1500 0 2170 ! , , , , 
-----------------------------------------------
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Figure 4.3.8 Pathlines for the natural flow conditons below a 
hillside with a slope of one per mille. Permeabil-
ity and porosity are exponentially decreasing with 
depth. 
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Figure 4.3.9 Groundwater fluxes and isotherms illustrating the 
hydrothermal flow conditions around a radioactive 
waste repository located below a hillside with a 
slope of one per mille. Permeability and porosity 
are exponentially decreasing with depth. Release 
time: O years. 
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Figure 4.3.10 Groundwater fluxes and isotherms illustrating the 
hydrothermal flow conditions around a radioactive 
waste repository located below a hillside with a 
slope of one per mille. Permeability and porosity 
are exponentially decreasing with depth. Release 
time: 40 years. 
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Figure 4.3.11 Groundwater fluxes and isotherms illustrating the 
hydrothermal flow conditions around a radioactive 
waste repository located below a hillside with a 
slope of one per mille. Permeability and porosity 
are exponentially decreasing with depth. Release 
time: 102 years. 
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Figure 4.3.12 Groundwater fluxes and isotherms illustrating the 
hydrothermal flow conditions around a radioactive 
waste repository located below a hillside with a 
slope of one per mille. Permeability and porosity 
are exponentially decreasing with depth. Release 
time: 678 years. 
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4.4 Repository located between two major fracture zones 

This case illustrates the effect of two major fracture zones of 

high permeability situated in the vicinity of the repository. The 

relatively high flow velocity in the fracture planes causes a 

drawdown of the water level in the fractures. Subsequently, the 

fractures will drain the adjacent rock. 

Two examples are worked out with a distance of 100 metres from the 

repository to the fracture zones. In one of the two examples 

permeability and porosity are constant, and in the other permea­

bility and porosity are exponentially decreasing with depth. 

Furthermore, two examples are considered with a distance of 200 

metres from the repository to the fracture zones. In the first 

one of the latter two examples permeability and porosity are con­

stant, while in the second one permeability while porosity are 

exponentially decreasing with depth. The drawdown in the frac­

tures is 5 metres in the first two examples and 3 metres in the 

last two examples. 

The presented examples show a similar qualitative behaviour. The 

effect of the heat released from the repository is to make the 

flow times from the centre of the repository to the fracture zones 

longer. The flow times from the edges of the repository to the 

fracture zones are not influenced by the heat in the examples. 

The exit times obtained in the examples are very short. The 

actual travel times, however, will probably be significantly lon­

ger. Firstly, the entry into the fractures takes place at about 

the same depth as or even deeper than the repository itself. The 
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flow time in the fracture zones to the ground surface is not 

accounted for in the computations. Secondly, it is assumed that 

the water level in the fractures as well as in the surrounding 

rock is stationary. This is a very conservative assumption, since 

the drawdown in the fractures is likely to lower the water tab~e 

in the surrounding rock as well. 
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4.4.1 Repository located between two major vertical fracture zones 
at a distance of 100 metres to the fracture zones. Permea­
bility and porosity are constant over the flow domain. 

Exit time: > 25 years 

> 25 without the influence of a repository 

The results of the pathline trace is presented in tables 4.4.1 and 

4.4.2. 

Pathlines for the flow conditions with the influence of a reposi­

tory are displayed in figure 4.4.1. 

Pathlines for the natural flow conditions without the influence of 

a repository are displayed in figure 4.4.2. 

Groundwater fluxes and isotherms are displayed in figures 4.4.3 -

4.4.4. 
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Table 4.4.1 Coordinates of the starting respectively end points 
and the corresponding travel times in years of path­
lines traced from a radioactive waste repository 
located between two major vertical fracture zones. The 
distance from the repository to respective fracture 
zone is 100 metres and the drawdown in the fractures 
is 5 metres. Permeability and porosity are constant 
over the flow domain. 

, , , , 

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

·'--~---------------~---------------~------------! 
! 1! 0 ~500 600 -1437 ! 2890 
!--J---------------~---------------~------------f 
! 2 ! 100 -500 600 -1020 ! 583 

!--~---------------~---------------~------------! 
! 3! 200 -500 600 -760 ! 257 
!--~---------------J---------------J------------f 
! 4! 300 -500 600 -625 ! 128 
f--~---------------J---------------J------------f 
! 5! 400 -500 600 -562 ! 59 
f--~---------------~---------------J------------f 
! 6! 500 -500 600 -526 ! 25 , , , 
-----------------------------------------------

Table 4.4.2 Coordinates of the starting respectively end points 
and the corresponding travel times in years of path­
lines traced from a radioactive waste repository 
located between two major vertical fracture zones. The 
distance from the repository to respective fracture 
zone is 100 metres and the drawdown in the fractures 
is 5 metres. Permeability and porosity are constant 
over the flow domain. No heat is released from the 
repository. 

, , , -----------------------------------------------
!No! Starting point! End point ! Travel time! 
'--J---------------~---------------~------------f 
! 1 ! 0 -500 600 -1452 ! 2100 ! 
!--~---------------J---------------J------------f 
! 2! 100 -500 ! 600 -1072 ! 475 
!--J---------------~---------------~------------' 
! 3! 200 -500 600 -816 ! 213 

!--~---------------~---------------~------------' 
! 4! 300 -500 600 -664 ! 111 
f--~---------------~---------------J------------! 
! 5! 400 -500 600 -571 ! 59 
!--~---------------J---------------J------------! 
! 6! 500 -500 600 -518 ! 25 , , , -----------------------------------------------
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Figure 4.4.1 Pathlines for the flow conditions with the influence 
of a repository located between two major vertical 
fracture zones. The distance between the repository 
and respective fracture zone is 100 metres. The 
drawdown in the fracture zones is 5 metres. Permea­
bility and porosity are constant. 
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Figure 4.4.2 Pathlines for the natural groundwater flow around a 
repository located between two major vertical frac­
ture zones. The distance between the repository and 
respective fracture zone is 100 metres. The draw­
down in the fracture zones is 5 metres. Permeabil­
ity and porosity are constant. 
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Figure 4.4.3 Groundwater fluxes and isotherms illustrating the 
hydrothermal flow conditions around a radioactive 
waste repository situated between two major fracture 
zones. The distance between the repository and res­
pective fracture zone is 100 metres. The drawdown 
in the fracture zones is 5 metres. Permeability and 
porosity are constant. Release time: 0 years. 
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Figure 4.4.4 Groundwater fluxes and isotherms illustrating the 
hydrothermal flow conditions around a radioactive 
waste repository situated between two major fracture 
zones. The distance between the repository and res­
pective fracture zone is 100 metres. The drawdown 
in the fracture zones is 5 metres. Permeability and 
porosity are constant. Release time: 59 years. 



117 

4.4.2 Repository located between two major vertical fracture 
zones. The distance between the repository and respective 
fracture zone is 100 metres. The drawdown in the fracture 
zones is 5 metres. Permeability and porosity are exponen­
tially decreasing with depth. 

Exit time: > 7 years 

> 7 without the influence of a repository 

The results of the pathline trace are presented in tables 4.4.3 

and 4.4.4. 

Pathlines for the groundwater flow with the influence of a reposi­

tory are displayed in figure 4.4.5. 

Pathlines for the natural flow conditions are displayed in figure 

4.4.6. 

Groundwater fluxes and isotherms are displayed in figures 4.4.7 -

4.4.8. 
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Table 4.4.3 Coordinates of the starting respectively end points 
and the corresponding travel times in years of path­
lines traced from a radioactive waste repository 
located between two major vertical fracture zones. The 
distance from the repository to respective fracture 
zone is 100 metres and the drawdown in the fractures 
is 5 metres. Permeability and porosity are exponen­
tially decreasing with depth. 

, , , 
-----------------------------------------------

!No! Starting point! End point ! Travel time! 
'--i---------------J---------------J------------! 
! 1! 0 -500 600 -1019 ! 211 ! 
'--i---------------i---------------J------------! 
! 2! 100 -500 600 -668 ! 77 
!--i---------------J---------------J------------! 
! 3! 200 -500 600 -597 ! 47 ! 
i--i---------------J---------------J------------! 
! 4! 300 -500 ! 600 -556 ! 26 
!--i---------------J---------------~------------! 
! 5! 400 -500 600 -526 ! 15 
f--i---------------J---------------i------------! 
! 6! 500 -500 600 -508 ! 7 , , , -----------------------------------------------

Table 4.4.4 Coordinates of the starting respectively end points 
and the corresponding travel times in years of path­
lines traced from a radioactive waste repository 
located between two major vertical fracture zones. The 
distance from the repository to respective fracture 
zone is 100 metres and the drawdown in the fractures 
is 5 metres. Permeability and porosity are exponen­
tially decreasing with depth. No heat is released 
from the repository. 

, , , -----------------------------------------------
!No! Starting point! End point ! Travel time! 
f--J---------------J---------------J------------! 
! 1! 0 -500 600 -1041 ! 190 
f--i---------------J---------------t------------! 
! 2! 100 -500 ! 600 -684 ! 80 
!--t---------------~---------------~------------' 
! 3! 200 -500 600 -607 ! 44 
!--i---------------t---------------t------------! 
! 4! 300 -500 ! 600 -560 ! 27 
!--J---------------t---------------~------------' 
! 5! 400 -500 600 -527 ! 16 
!--i---------------~---------------~------------! 
! 6! 500 -500 600 -507 ! 7 , , , -----------------------------------------------
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Figure 4.4.5 Pathlines for the groundwater flow with the influ­
ence of a repository located between two major ver­
tical fracture zones. The distance between the 
repository and respective fracture zone is 100 
metres. The drawdown in the fractures is 5 metres. 
Permeability and porosity are exponentially decreas­
ing with depth. 
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Figure 4.4.6 Pathlines for the natural groundwater flow around a 
repository located between two major vertical frac­
ture zones. The distance between the repository and 
respective fracture zone is 100 metres. The draw­
down in the fractures is 5 metres. Permeability and 
porosity are exponentially decreasing with depth. 
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Figure 4.4.7 Groundwater fluxes and isotherms illustrating the 
hydrothermal flow conditions around a radioactive 
waste repository situated between two major fracture 
zones. The distance between the repository and res­
pective fracture zone is 100 metres. The drawdown 
in the fracture zones is 5 metres. Permeability and 
porosity are exponentially decreasing with depth. 
Release time: 0 years. 
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Figure 4.4.8 Groundwater fluxes and isotherms illustrating the 
hydrothermal flow conditions around a radioactive 
waste repository situated between two major fracture 
zones. The distance between the repository and res­
pective fracture zone is 100 metres. The drawdown 
in the fracture zones is 5 metres. Permeability and 
porosity are exponentially decreasing with depth. 
Release time: 53 years. 
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4.4.3 Repository located between two major vertical fracture 
zones. The distance between the repository and respective 
fracture zone is 200 metres. The drawdown in the fracture 
zones is 3 metres. Permeability and porosity are constant. 

Exit time: > 110 years 

> 88 without the influence of a repository 

The results of the pathline trace are presented in tables 4.4.5 

and 4.4.6. 

Pathlines for the flow conditions with the influence of a reposi­

tory are displayed in figure 4.4.9. 

Pathlines for the natural flow conditions without the influence of 

a repository are displayed in figure 4.4.10. 

Groundwater fluxes and isotherms are displayed in figures 4.4.11 -

4.4.12. 
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Table 4.4.5 Coordinates of the starting respectively end points 
and the corresponding travel times in years of path­
lines traced from a radioactive waste repository 
located between two major vertical fracture zones. The 
distance from the repository to respective fracture 
zone is 200 metres and the drawdown in the fractures 
is 3 metres. Permeability and porosity are constant 
over the flow domain. 

, , , 

-----------------------------------------------!No! Starting point! End point ! Travel time! 
'--i---------------J---------------J------------' 
! 1! 0 -500 ! 700 -1425 ! 4500 ! 
r--i---------------i---------------i------------' 
! 2 ! 100 -500 700 -1141 ! 1300 
r--i---------------i---------------i------------' 
! 3! 200 -500 700 -888 ! 651 
f--i---------------i---------------i------------r 
1·41 300 -500 700 -740 ! 384 
r--i---------------i---------------i------------r 
! 5! 400 -500 700 -673 ! 226 
f--J---------------J---------------J------------f 
! 6! 500 -500 700 -609 ! 110 , , , , -----------------------------------------------

Table 4.4.6 Coordinates of the starting respectively end points 
and the corresponding travel times in years of path­
lines traced from a radioactive waste repository 
located between two major vertical fracture zones. The 
distance from the repository to respective fracture 
zone is 200 metres and the drawdown in the fractures 
is 3 metres. Permeability and porosity are constant 
over the flow domain. No heat is released from the 
repository. 

, , , , 
, -----------------------------------------------
!No! Starting point! End point ! Travel time! 
f--J---------------J---------------J------------! 
! 1 ! 0 -500 700 -1451 ! 2981 
f--i---------------i---------------i------------r 
! 2 ! 100 -500 700 -1173 ! 919 
f--J---------------J---------------J------------! 
! 3! 200 -500 700 -925 ! 481 
f--i---------------i---------------i------------r 
! 4! 300 -500 ! 700 -759 ! 274 
r--i---------------i---------------i------------r 
! 5! 400 -500 700 -642 ! 159 
r--i---------------i---------------i------------r 
! 6! 500 -500 700 -562 ! 88 , , , -----------------------------------------------
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Figure 4.4.9 Pathlines for the flow conditions with the influence of a repository located between two major vertical fracture zones. The distance between the repository and respective fracture zone is 200 metres. The drawdown in the fracture zones is 3 metres. Permea­
bility and porosity are constant. 
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Figure 4.4.10 Pathlines for the natural groundwater flow around a 
repository located between two major vertical frac­
ture zones. The distance between the repository and 
respective fracture zone is 200 metres. The draw­
down in the fracture zones is 3 metres. Permeabil­
ity and porosity are constant. 
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Figure 4.4.11 Groundwater fluxes and isotherms illustrating the 
hydrothermal flow conditions around a radioactive 
waste between two major fracture zones. The dis­
tance between the repository and respective fracture 
zones is 200 metres. The drawdown in the fracture 
zones is 3 metres. Permeability and porosity are 
constant. Release time: 0 years. 
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Figure 4.4.12 Groundwater fluxes and isotherms illustrating the 
hydrothermal flow conditions around a radioactive 
waste between two major fracture zones. The dis­
tance between the repository and respective fracture 
zones is 200 metres. The drawdown in the fracture 
zones is 3 metres. Permeability and porosity are 
constant. Release time: 53 years. 



129 

4.4.4 Repository located between two major vertical fracture zones 
at a distance of 200 metres to the fracture zones. The 
drawdown in the fracture zones is 3 metres. Permeability 
and porosity are exponentially decreasing with depth. 

Exit time: > 27 years 

> 27 without the influence of a repository 

The results of the pathline trace are presented in tables 4.4.7 

and 4.4.8. 

Pathlines for the groundwater flow with the influence of a reposi­

tory are displayed in figure 4.4.13. 

Pathlines for the natural flow conditions are displayed in figure 

4.4.14. 

Groundwater fluxes and isotherms are displayed in figures 4.4.15 -

4.4.16. 
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Table 4.4.7 Coordinates of the starting respectively end points 
and the corresponding travel times in years of path­
lines traced from a radioactive waste repository 
located between two major vertical fracture zones. The 
distance from the repository to respective fracture 
zone is 200 metres and the drawdown in the fractures 
is 3 metres. Peremeability and porosity are exponen­
tially decreasing with depth. 

, , , 

-----------------------------------------------
!No! Starting point! End point ! Travel time! 
f--~---------------~---------------i------------f 
! 1! 0 -500 700 -1062 ! 551 
f--~---------------i---------------i------------! 
! 2! 100 -500 700 -709 ! 207 
'--i---------------i---------------i------------! 
! 3! 200 -500 ! 700 -636 ! 121 ! 
f--i---------------i---------------i------------! 
! 4! 300 -500 700 -599 ! 82 
f--~---------------i---------------i------------! 
! 5 ! 400 -500 700 -566 ! 46 
f--~---------------i---------------i------------! 
! 6 ! 500 -500 700 -533 ! 27 , , , 

-----------------------------------------------

Table 4.4.8 Coordinates of the starting respectively end points 
and the corresponding travel times in years of path­
lines traced from a radioactive waste repository 
located between two major vertical fracture zones. The 
distance from the repository to respective fracture 
zone is 200 metres and the drawdown in the fractures 
is 3 metres. Peremeability and porosity are exponen­
tially decreasing with depth. No heat is released 
from the repository. 

, , , 
-----------------------------------------------

!No! Starting point! End point ! Travel time! 
f--i---------------i---------------i------------! 
! 1 ! 0 -500 700 -1087 ! 465 
f--i---------------i---------------i------------! 
! 2 ! 100 -500 700 -725 ! 173 
!--i---------------i---------------i------------! 
! 3 ! 200 -500 700 -645 ! 107 
!--i---------------i---------------i------------! 
! 4 ! 300 -500 700 -594 ! 75 
!--~---------------i---------------i------------' 
! 5! 400 -500 ! 700 -554 ! 45 
!--~---------------i---------------i------------' 
! 6! 500 -500 700 -525 ! 27 , , , 

-----------------------------------------------
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Figure 4.4.13 Pathlines for the groundwater flow with the influ­ence of a repository located between two major ver­
tical fracture zones. The distance between the repository and respective fracture zone is 200 
metres. The drawdown in the fractures is 3 metres. 
Permeability and porosity are exponentially decreas­
ing with depth. 
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Figure 4.4.14 Pathlines for the natural groundwater flow around a 
repository located between two major vertical frac­
ture zones. The distance between the repository and 
respective fracture zone is 200 metres. The draw­
down in the fracture zones is 3 metres. Permeabil­
ity and porosity are exponentially decreasing with 
depth. 
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Figure 4.4.15 Groundwater fluxes and isotherms illustrating the 
hydrothermal flow conditions around a radioactive 
waste repository situated between two major fracture 
zones. The distance between the repository and res­
pective fracture zone is 200 metres. The drawdown 
in the fracture zones is 3 metres. Permeability and 
porosity are exponentially decreasing with depth. 
Release time 0 years. 
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Figure 4.4.16 Groundwater fluxes and isotherms illustrating the 
hydrothermal flow conditions around a radioactive 
waste repository situated between two major fracture 
zones. The distance between the repository and res­
pective fracture zone is 200 metres. .The drawdown 
in the fracture zones is 3 metres. Permeability and 
porosity are exponentially decreasing with depth. 
Release time 53 years. 
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5. CONCLUSIONS AND DISCUSSION 

The purpose of this chapter is to relate some general conclusions 

based on the presented examples and to discuss various further 

aspects of the heat flow problem that may have to be considered in 

the forthcoming investigations. 

The primary objective of the investigation has been to exemplify 

the influence of a radioactive waste repository on the groundwater 

in the surrounding rock qualitatively rather than quantitatively. 

Thus, no specific site is referred to in the analysis. Therefore, 

simplified assumptions were made regarding the physical properties 

as well as the geometry of the flow domain. As a consequence, 

owing to the great complexity in the present flow problem, care 

must be taking in drawing conclusions on the behaviour of the 

groundwater at a specific site, based on the presented solutions. 

The flow domain was limited downwards by an impervious bottom and 

laterally by noflow boundaries or alternatively hydrostatic boun­

aries, representing some major fracture zones. Upwards, the flow 

domain was bounded by the water table, assumed to coincide with 

the ground surface and water is allowed to pass freely through 

this boundary, depending on the piezometric gradients in the flow 

domain. Furthermore, the repository was located at equal dis­

tances from the lateral boundaries. 

For simplicity in the calculations the radioactive waste was 

assumed to be loaded into the repository at the same time. How­

ever, this was considered a conservative assumption, resulting in 

a more concentrated thermal load in the initial stage. 
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Four main cases were considered in the analysis: 

1) A repository situated below a horizontal ground surface. 

2) A repository situated below the crest of a hill. 

3) A repository situated below a hillside. 

4) A repository situated between two major fracture zones. 

Each case was worked out for constant respectively exponentially 

decreasing permeability with depth over the flow domain. 

The overall effect of the heat emitted by the decaying waste was 

to modify the initial fluxes and subsequently also the flow times 

from the repository. Although the temperature reached its maximum 

after about 50 years, the heat released from the repository con­

tinued to exert influence on the flow field for many thousands of 

years, before the initial flow conditions were reestablished. 

In case 1, the groundwater flow is only induced by the heat from 

the repository. In the example with constant permeability the 

flow time from the centre of the repository was about 650 years. 

However, in the example with permeability decreasing with depth 

the initial hydrostatic conditions were reestablished before any 

water particles could reach the ground surface. Thus, in the lat­

ter example the driving force on the groundwater attenuated aftc· 

about 7500 years and the water particles traced from the reposi­

tory halted at a depth of about 175 metres below the ground sur­

face. 

In case 2, the groundwater flow is initially governed by topogra­

phy and the repository was symmetrically situated below the crest 

of the hill. Generally, this case represents a desirable location 
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of a radioactive waste repository. This is due to the fact that 

the repository is situated below an inflow area. As a result, the 

travel times from the repository to the ground surface become 

relatively long if the groundwater is only governed by topography. 

Two different values of the slope of the hillsides were applied, 1 

in 1000 and 1 in 100. Two examples were worked out for a slope of 

1 in 1000. In these examples the heat from the repository had a 

significant effect on the flow pattern of the groundwater. Con­

vection currents were created, and the flow pattern was influenced 

by the heat for about 10000 years. In the two examples with a 

slope of 1 in 100, topography is the dominating factor and only a 

minor influence on the flow times could be noted. 

In case 3, the slope of the hillside was 1 in 1000. This case is 

characterized by mainly horizontal flow at the repository area. 

The effect of the repository was most significant for the example 

with constant permeability. In this example, rotative convection 

currents were created at both edges of the repository. As a 

result, the pathlines, which under the initial flow conditions 

appeared fairly concentrated from the repository to the surface, 

diverged owing to the heat and from some areas the flow times 

became shorter, while from other areas they became longer. In the 

example with constant permeability over the flow domain, the 

effect of the heat from the repository was to shorten the minimum 

travel times by about 30 per cent. In the example with exponen­

tially decreasing permeability with depth over the flow domain, 

the minimum travel time was increased by about 20 per cent. 

Case 4 differs from the foregoing cases because the lateral boun­

daries are treated as hydrostatic or discharge boundaries, instead 
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of impervious boundaries, as for the previous three cases. In 

this case the hydrostatic boundaries are assumed to represent 

major vertical fracture zones, whose orientation is perpendicular 

to the study area. The assumption here was that the piezometric 

gradient in the fractures was high compared to that of the rock, 

but yet low enough to allow the Dupuit assumption to be made. 

Thus means that the flow in the fracture zones may be treated as 

horizontal and that the piezometric head is constant in the verti­

cal d1r0ction. Furthermore, steady state conditions were assumed 

to prevail in the fracture zones. Two different settings were 

worked out. In the first one, the distance between the repository 

and respective fracture zone was 100 metres and the drawdown in 

the fractures was 5 metres. In the second one the distance bet­

ween the repository and the fracture zones was 3 metres. Each 

setting was solved for constant and for exponentially decreasing 

permeability and porosity. All of the examples gave as a result 

very short travel times from the repository to the fracture zones. 

The shortest travel times were obtained for water particles start­

ing at the edge of the repository. The flow times in the second 

setting were about four times longer than those in the first one. 

The exponential decrease in the permeability resulted in about 30 

per cent shorter travel times compared with constant permeability. 

The presented examples show that heat released from a radioactive 

waste repository may have a significant impact on the flow regime 

around the repository. A general impression of the results is 

that the effect of the heat released from a repository on the 

groundwater flow pattern is highly sensitive to the physical pro­

perties as well as the boundary conditions of the considered flow 

domain. Although the hypothetical repository in the presented 
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examples causes a very moderate increase in the temperature of the 

surrounding rock, it significantly effects the flow patterns and 

consequently also the flow times for water particles from the 

repository to the ground surface or to a major fracture zone. 

Especially remarkable is the fact, that the heat from the reposi­

tory may increase as well as decrease the travel times, depending 

on the conditions in and around the repository. Moreover, the 

conditions differ from place to place in the repository. Thus, at 

the centre of the repository the effect of the heat is to push the 

groundwater upwards. At the lateral boundaries of the repository, 

the effect of the heat is to develop rotational movements. As a 

consequence, if the repository is situated below a horizontal 

ground surface or a hillside, the transit times are in general 

shorter at the centre of the repository and significantly longer 

at the edges. On the other hand, in the latter case the reposi­

tory becomes subject to a higher leaching of hazardous waste 

material, since the groundwater may pass through the repository 

several times before reaching the bioshpere. 

The presented examples show that under certain conditions, major 

fracture zones situated in the vicinity of the repository may have 

a strong impact on the flow conditions. However~ the examples 

were based on very simplified and conservative assumptions. 

Therefore, further investigations based on more realistic assump­

tions should be carried out to examine the influence of major dis­

continuities in the flow domain. 

All of the presented examples exhibit a very strong influence of 

decreasing permeability with depth on the flow patterns. This is 



140 

due to the fact that the decrease in permeability with depth par­

ticularly reduces the vertical groundwater fluxes, implying that 

the effect of heat released from a radioactive waste repository 

becomes less significant under these conditions. 

In the calculations with exponentially decreasing permeability the 

same degree of decrease with depth was used for porosity as for 

the permeability. This assumes that there is a linear relation­

shi~ between permeability and porosity. However, this probably 

yields unreasonably low values of porosity at depth. Although 

porosity itself does not significantly affect the solutions for 

the groundwater fluxes, it is crucial in evaluating the travel 

times for water particles. Thus, the travel times are inversely 

proportional to porosity. The actual decrease in porosity with 

depth is probably much less than the assumed one in the presented 

examples. This means that the travel times given in the examples 

with exponentially decreasing permeability and porosity should in 

reality be significantly longer than the presented ones. 

In addition to pressure and temperature, the fluid density is also 

dependent on the salt concentration in the water. Thus, if the 

considered flow domain comprises any significant salt deposits 

which are liable to be leached out, then the effect of both temp­

erature and salt concentration on the flow pattern should be taken 

into account. 

Other factors which may have to be taken into account in future 

investigations are changes in the rock stress distribution, 

resulting in modifications in the initial fracture pattern, chang­

ing permeabilities and flow paths of the groundwater. 
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Furthermore, the flow patterns may be influenced by the repository 

during the construction and operation period. During this period, 

water must be pumped out from the tunnels and shafts and as a 

result the surrounding rock will be drained, lowering the water 

table. 

The travel times for water particles from the repository to the 

ground surface in the presented examples are computed applying 

Darcy's law to the groundwater fluxes obtained from the used flow 

model and dividing the results by porosity. Thus, various phe­

nomena resulting in retention of the radionuclides due to chemical 

reactions with the rock, diffusion into the rock and dispersion 

are not being accounted for. 
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