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ABSTRACT 

Heat released by the radioactive decay of nuclear wastes in an 

underground repository causes a long-term thermal disturbance in the rock 

mass containing it. The nature of this disturbance fora planar reposi

tory 3000 m in diameter at a depth of 500 m below surface is investigated 

for various waste forms. The effects of changes in the density and 

viscosity of groundwater caused by the temperature 'changes on the, flow 

through a simple model of a vertical fracture connected to a horizontal 

fracture in a rock mass is evaluated. It is concluded that different 

waste forms and periods before burial have significant effects on the 

thermal disturbance and that buoyant groundwater flow is a function of 

both the vertical and horizontal fracture transmissivities, as well as 

the changes in temperature.. Loaded initially with a power density of 

10 W/m2 of spent fuel assemblies 10 years after discharge from a 

reactor, the maximum increase in temperature of the repository in 

granite is about 500C and the epicentral thermal gradient about 

70c e/km. 
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INTRODUCTION 

Significant quantities of nuclear wastes exist already and continue 

to be produced (Department of Energy, 1978). At present, most of these 

wastes are stored in near surface facilities. Although every precaution 

is taken to protect man and the environment from the potential hazard 

posed by these wastes, near surface storage is not regarded as a satisfac

tory long term proposition. Disposal of the nuclear wastes by deep 

burial in suitable geologic formations is generally favored (Interagency 

-Review Group, 1978). The principal attraction of disposal by deep burial 

is that it provides a high degree of physical isolation of the nuclear 

waste from the biosphere. The principal. concern of deep burial is that 

at no stage should toxic components of these wastes find their way back 

to the biosphere at levels which are not completely harmless. 

A wealth of scientific knowledge and engineering experience exists 

concerning the excavation of underground openings in a wide variety 

of geologic media. Unfortunately no comparable experience exists 

concerning the effects of the generation of heat within such openings nor 

of the leakage of materials from such openings back to the biosphere. 

Salt formations have generally been preferred as candid~tes for deep 

geological disposal for a number of reasons (National Research Council, 

1957) • The relatively high thermal conduc tion of s~l t facilitates the 

dissipation of heat released by the radioactive decay of nuclear wastes. 

The viscous plasticity of salt, particularly at elevated temperatures, 

assures that the excavation within which the wastes are disposed will, in 

the long term, seal themselves by deformation of the salt itself, and the 

presence of the salt attests to very slow dissolution and transport by 

movement of groundwater. 
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However, other geological media may be equally or even better suited 

for construction of deep underground repositories for nuclear wastes, 

provided that the openings and access ways to the repository can be 

sealed adequately. The permeability of intact pieces of many crystalline 

and argillaceous rocks is at least as low as that of 'salt. However, the 

per1ileability of masses of such rocks arises mainly from the hydraulic 

conductivity of joints and fractures pervading them, but may still be 

sufficiently small to retard the movement of groundwater between the 

repository and the biosphere to an adequate degree. 

The purpose of this paper is to study three important aspects 

concerning the design and performance of such underground repositories 

for the disposal of nuclear wastes in hard rock." First, the heat released 

by the radioactive decay of the nuclear wastes causes changes in the 

spatial and temporal distributions of temperature, in the rock mass within 

which the repository is located. These changes in temperature produce 

thermally induced components of compressive stress in the heated portions 

of this rock mass and tensile components of stress outside of this zone. 

These thermally induced changes in stress may effect the performance and 

design of a repository. The distribution of temperatures around a 

repository is necessary to evaluate the thermally induced changes in 

stress. However, the evaluation of the stress changes is not part of 

this paper. Second, ._the magni tude and temporal changes ·of the tempera

tures in the rock mass within which the repository is located are affected 

by the kind of waste and the time after removal from the reactor at which 

it is buried. The characteristics of different wastes on the temporal 

changes in temperature are examined. Finally, changes in the temperature 

of the groundwater in the rock mass containing the repository affect both 
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the density and viscosity of the water significantly. These changes in 

density and viscosity may result in perturbations of the original hydro

logical flow, which could affect the performance of the repository in 

isolating toxic components of the wastes from the biosphere. A model of 

buoyant groundwater flow through a simple fracture system is used to 

assess the magnitude of this phenomenon. 

,! 

.. .. " ... ..-
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TEMPERATURE FIELD 

Repository Model 

To study the long t~rm regional changes in temperature in the rock 

mass the repository is idealized to be a flat circular disk loaded 

uniformly with nuclear waste at time t=O. The repository is assumed to 

'.' 
be a depth, D, of 500 m below surface in granite and to have a radius, R, 

of 1500 m. The principal code of heat transfer from the nuclear waste to 

the rock cass is assumed to be by linear heat conduction. This has been 

proved to be a good assumption based on recent Stripadata analysis 

(Hood, 1979). 

The temperature field, T(r,z,t), resulting from heat conduction in the 

rock mass as a function of space and time is given by a solution to 

the diffusion equation: 

1 a (r aT ) a2T 1 aT (1) + =-
r dr ar '2 KT dt 

dZ 
K = K/PRCR T , 

where r = the radial coordinate; 

z = the axial depth below surface; 

t the time after loading; 

KT the thermal diffusivity; 

K the thermal conduc tivi ty; 

PR = the density of the rock; and 

CR = the specific heat of the rock. 

Values for the thermal properties of granite and other hard rocks 

are given in Table 1. 

By integrating the solution for an instantaneous point source of heat 
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over the radius of the repository, R, in the plane z 0:: -0 (Carslaw and 

Jaeger, 1959), the unit strength of an instantaneous disk heat source can 

be found: 

V':'o(r,z,t) 
R. 2 2 2 

= 1 f exp[_r +r' +(z+O) ] 
4( 3 3)1/2 4KTt TIKTt C. 

(2) 

where 10 is the zeroth order modified Bessel function of the first 

kind. When heat is released from the nuclear waste at an average rate 

</>(t') by the disk like repository from time t' = 0 to time t' = t, the 

temperature change at any point (r,z) is: 

t . 

flT(r,z,t) =-.-Lc f </>(t')V_O(r,z,t-t')dt' 
PR R (3) 

o 

The first term in this equation represents the change in temperature from 

the disk-like source in the infinite medium and the second term is a 

correction for the presence of a boundary at cons~ant temperature at the 

ground surface, z=O. 

For the purposes of this paper, equations (2) and (3) have been 

solved numerically for a number of expressions </>(t'). 

Temperatures on the z-axis for simple functions </>(t'), such as 

constant power, exponential decay of power, and a decrease in power 

inversely of the square root of time can be expressed in terms of tabula-

ted functions. These are given in Table 2 and can be used to check 

the accuracy of the numerical solutions to equations (2) and (3). In 

this paper, numerical results reproduces these analytical solutions to 

within O.OloC. 

" . 
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Different Forms of Waste 

At present, consideratibn is beirig given to the disposal of two 

principal -forms of nuclear waste generally known as high level waste. 

rhev are spent fuel. as discharged from a reactor, and the 

-products from reprocessing spent fuel to recover the uranium and 

plutonium. Assuming that either form of high level waste is buried 10 

years afterdischarge from the reactor, at an initial loading density 

iIi the repository of 10 W/m2, the power densities (Kisner et a1., 

1978) of the two principal waste forms in the plane of the repository, 

and of their main constituents, as a function of time are as illils-

trated in Figure 1. The curves in this figure give, numerically, ~(t') 

used in Equation (3). They were used to calculate the changes in 

temperature in the rock mass containing the repository as described 

above. Examples of these changes in temperature and isotherms for a 

repository containing spent fuel or reprocessed waste 100 years and 

1000 years after burial in the repository are as illustrated in Figures 

2 and 3. It is important to note how much greater are the magnitudes 

of these changes for spent fuel- than for reprocessed waste, especially 

afte~ 1000 years of burial. 

The maximum average temperature in a repository arises at its center 

and is plotted as a function of time after burial in Figure 4. For both 

spent fuel and reprocessed waste this temperature reaches a maximum after 

a period of less than 100 years and thereafter decays very slowly over 

a period of many thousands of years. The maximum temperature and all 

other temperatures are of course proportional to the power density with 

which the repository is loaded. 

To study the far field effects and, in particular, those at the 

surface, the maximum ground surface temperature gradient at the epicenter 

7 
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above the reposItory has been calculated for both forms of waste and is 

as illustrated in Figure 5. This gradient and the corresponding heat 

flow through the surface reach maximum values at about 2400 years after 

burial and 1300 years after burial for the spent fuel and reprocessed 

wast€,respectively. The maximum value of the temperature gradient for '.' 

the spent hiel ,.70oe/km, is about three times greater than that of the 

reprocessed waste , 22ue/km. The total thermal gradient is of course 

o 
the sum of the original geothermal gradient, typically of 30 e/km, and 

the thermal gradient induced by the repository. 

The power output of various waste forms as a function of time, ~(t'), 

in a log-log plot can be approximated by segments of straight lines 

over periods of time after discharge from the reactor. Values of the 

maximum changes in temperature at the center of the repository as a 

function of time, and of the epicentral thermal gradient have been 

calculated for functions of ~(t') in which power varies inversely as 

time after discharge from a reactor to the power £ = 1, 2/3 and 1/2, as 

well as for ~ (t') representing the power output of spent fuel as illus-

tra ted in Figure 1. The results of these calculations are as shown in 

Figure 6. In Figure 7, similar results for reprocessed waste are shown 

together wi th those for inverse square root power in time of storage and for an 

e~ponential decay of power output with a half life of 30 years. From this 

figure it can be seen that, because the output of the two principal forms 

of nuclear wastes decays with time faster than that corresponding to 

inverse square root, the maximum temperature in any repository must reach 

a peak value and then decays, such as that illustrated in Figure 4. 

The decay in power output of nuclear wastes as a function of time is 
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determined by their composition and age; different fuel cycles yield 

wastes With different compositions. To evaluate some of these effects it 

has been assumed that the·repository is loaded with 0.01 MTHM/m2 which 

is equivalent to a total load in the repository of 0.71 x 106 MTHM. 

(HTHM = metric ton of uranium fuel charged to the reactors). The maxi

mum temperatures and epicentral thermal gradients as a function of time 

for different wastes from pressurized water reactor (PWR) and boiling 

water reactor (BWR) are given in Table 3. The same data are illustrated 

iri Figure 8 for periods of cooling of 10 years after discharge from the 

reactor. In Table 3, data are also given for a repository loaded at an 

initial power density of 10 W/m2. 

It can be seen that the differences in temperature for the different 

fuel cycles arise mainly from the variations of initial power loading 

density. Even ata constant power loading density 10 W/m2, significant 

differences can be seen. 

Near Surface Cooling before Emplacement 

The power output of all nuclear wastes decays very rapidly immediately 

after discharge from the reactor. Accordingly, the effects of a period 

of near surface cooling of these wastes before burial in a repository 

may be expected to be significant. The effects over short periods of 

near surface cooling. on spent fuel and reprocessed waste for PWR (with 

initial loading densities of 0.01 MTHM/m2 and 10 W/m2) on the maximum 

repository temperatures and epicentral thermal gradients have been 

calculated and are given in Table 4. The effects of periods of near 

surface cooling on the maximum repository temperatures and epicentral 

thermal gradients as a function of time are also illustrated in Figure 9. 

From these data, it must be concluded that the period for which the 

wastes are cooled near surface before burial is an important factor in 



determining the effect of a repository on the temperatures in the rock 

mass within which it is located. 

Repository Depth and Radius 

10 

The effects of different repository depths and radii have been 

analyzed for situations where the ratio of depth to radius is less than 

1. The results are as illustrated in Figure 10. The maximum temperature 

is not. likely to be aff ec ted by this range of dep ths and radii, bti t 

changes in far-field, long-term temperatures must be expected. In 

particular, the epicentral thermal gradient changes with the ratio of the 

depth of repository balow surface to its r.dius a~ illustrated in Figure 

10. 

Rock Properties 

The properties of typical hard rocks have been given in Table 1. 

Using these values the maximum repository temperature and the apicentral 

thermal gradient have been calculated for a repository loaded with 

spent fuel or reprocessed waste and the results are as illustrated in 

Figure 11. From this figure, it can be seen that significant changes in 

these parameters re~ult from the different rock properties. 

THERNOHYDRAULIC EFFECTS 

Fracture Flow Model 

Changes in the temperature of the rock mass containing a repository 

will change the temprature of the groundwater in this rock mass. Increasing 

the groundwater temperature results in decreased density and viscosity of 

the water. In this section changes in buoyant groundwater flow induced 

by these temperature changes are evaluated. 

The model used for this purpose comprises a simple horizontal 

fracture at the depth of the repository connecting a recharge zone to a 

,.J 
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discharge zone and intersecting a vertical fracture containing the axis 

of the repository·as is illustrated in Figure 12. Flow from the repository 

to the surface occurs through the vertical fracture. The effective 

hydraulic aperture of the horizontal fracture is bx and its permeability 

kx 0:: bx2/12 (Lamb, 1932; Snow, 1965; Iwai, 1977). The aperture and 

permeability of the vertical fracture·are bz and kz co bz 2/12, 

respectively. The flow of groundwater is confined within these fractures. 

In practice, the flow of groundwater through most hard rock, Which 

generally has very low intrinsic permeability (Brace et al., 1968), is 

largely through'fractures, SO that this model approximates the mechanics 

of groundwater flow through hard rock masses, differing only in its 

simplicity. 

Before the repository is loaded and the rock mass subjected to 

changes in temperature, it is assumed that the original groundwater flow 

is horizontal from recharge zone to discharge zone. As the rock mass 

heats up so will the groundwater in the vertical fracture containing the 

center of the repository. This will perturb the original flow pattern. 

Flow Equations 

For any temperature field, the flow of the groundwater must satisfy 

the equations of conservation of mass and momentum. The equation 

for the conservation of mass is: 

ap -+ 
+ II • q .. 0, 

at 
(4) 

where q '" the mass flux that is the product of the density and velocity 

of the water in the fracture; 

p .. density of water; and 

t - time. 

For low velocities, inertial forces are much less than viscous 
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forces, so that by means of Darcy's law the. equation of momentum can be 

written as: \) -+- -+-
VP+kq-pg=O, (5) 

where P = pressure; 

\) = kinematic viscosity of water; 

.k = permeability; and 

-+-
g = the gravitational acceleration. 

In most studies of thermal convection, because of the small com-

pressibility of water,it is usual to make use of the Boussinesq approxi-

mation (Wooding, 1957; Combarnous and Bories, 1975) that variations in 

the density of water with time can be neglected except for the effects 

on the buoyancy of the groundwater. As a result of this, equation (4) 

reduces to: (6) 

Equations (5) and (6) describe the incompressible flow of 

groundwater. 

The expression qz(t) for the simple case with zero regional 

groundwater flow and the repository located a distance, L, midway between 

the recharge and discharge zones is considered first. The flow is 

symmetric about x = 0, 

pet) = 0, at x = 0, i = 0, 

bxqx(t) + ~bzqz(t) = 0, at x = 0, z = -D 

a 
pet) Po = Jpo(Z)gdZ' at x = L, z "" -D 

-D 

(7) 

(8) 

(9) 

Equation (8) describes Kirchoff's Law for the junction between vertical 

and horizontal fractures. The hydrostatic pressure at the depth z = -D 

with a water table at z E a is Po' Before loading the repository and 

heating of the rock mass, the temperature, To(z) ,as a function of depth 

'11 
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may be given by To(z) = (20-0.03z)Oe, where a surface temperature of 

200 e and a normal geothermal gradient of 30oe/km is assumed. By 

imposing a constant pressure boundary condition in equation (9) at the 

inlet of . the horizontal fracture, it is assumed that the temperature at 

the recharge and discharge zones are not affected by the thermal loading 

of the repository. This corresponds to recharge and discharge zones far 

from the repository or with large heat capacities. The contrast in 

density between the heated water near the repository and the cooled 

water in the recharge and discharge zone drives the buoyant groundwater 

flow in the vertical fracture. The limiting case with zero distance from 

the repository to the recharge and the discharge zone, L = 0, is an 

unrealistic representation of the hydrologic condition of a repository. 

In accordance with equation (6), the groundwater flows are indepen-

dent of the spatial coordinates along the fractures. With constant flow, 

equation (5) can be integrated from the repository center to the boundary: 

. q(t) 0 
o - P (0 , -D , t) = - z . f v ( 0 , z , t) 

k .D z -
q (t) 1L 

Po - P(D,-D,t) ~ . v(x,-D,t) dx. 
x 0 

Q 

dz - ~.[p (O,z,t) gdz, (10) \ 

(ll) 

Equations (8), (10), (11) can be solved for the unknowns qz(t), qx(t) 

and Po{O,-D,t). The result for qz{t) is: 

(12) 

where 
0 

1 p(x,z,t) - p (z) 
l:I hb (t) 

0 
dz; = p (0) 

-D 0 

(13) 

L 

L{t) = J v(x,-D,t) 
dx; v (0) 

0 
·0 

(14) 



o 
D(t) .. 10 

\I (p, z, t) 
\I (0) 

o 
dz. 

The factors ~hb(t), L(t), and D(t) have the definition of lengths 

and can be referred to as effective hydraulic heads. Equation (12) 

is a product of three factors. The first of these is the hydraulic 

conductivity of the vertical fracture; the second, the gradient 

resulting from buoyancy and· the last, a correction for the hydraulic 

(15) 

resistance of the horizontal fracture between the recharge and discharge 

zone and the repository. The product of the last two factors is an 

effective vertical hydraulic gradient, (lJh)z' From equation (13), 

qz(t) can be evaluated by the numerical integration of the effective 

heads, equations (13)-(15). Values for dertsity~ p(x,z,t) and viscosity 

\I(x,z,t) are calculated at the temperature To(z) + ~T(x,z,t).Values 

for po(z) and \Io(z) are calculated at To(z) (Meyer et al.1967). 

To calculate the displacement of water in the vertical fracture, 

qz (t) can be integrated over time. Before loading the repository 

and heating the rock mass the total amount of static water inside the 

vertical fracture per unit width is: 

o 
Me = bz f Po(z)dz.· 

-D 

After heating the rock mass, qz(t) ~ 0, and the cumulative amount of 

water flow across a given horizontal section is: 

t 

M(t) .. bz f q'z(t')dt' 

o 

(16) 

(17) 

14 
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Water initially at a level z a -D moves upward to a depth given by 

Z ( t) I: -D (1 - M ( t) fMo ), . 

for M(t) ~ Mo. The vertical displacement Z(t) results from the 

buoyancy of the water in the vertical fracture • 

Equation (12) forqz{t) can be generalized to the case when 

qo :f. 0, L 1= Ld where the subscrip ts rc and dc refer, respec tively, 
rc c 

(18) 

to recharge and discharge zones. If the original groundwater flow is 

not zero, the hydraulic heads at the recharge and discharge zones, 

hrc ' hdc must be different. The pressure difference between the 

recharge and discharge zones is: 
h 

~Po frc Po{z) gdz ; P 0(0) g(hrc - hdc). 

hdc 

From equation (5) the flow in horizontal fracture at the depth z 

is: 

where 

k P (O)g 
x 0 

v (-D) 
o 

represents the hydraulic gradient between these zones. The use of 

the density of water at surface po(O) and a subsurface viscosity 

vo(-D) in the equation for the flow qo is an artifact of this model 

(19) 

-D 

(20) 

where water is driven through a horizontal fracture by difference in 

the near surface water tables. 

To drive qz(t) for qo :f. 0 and Lrc ~ Ldc, 2bxqx in equation (8) 

must be replaced by bx(qrc(t) - qdc(t». The pressure boundary condi-

15 

tion in equation (9) is replaced by two equations with the upper limit of, 

the integral set as hrc or hdc instead of zero, and Darcy's equation is 

integrated, over both horizontal lengths x > 0 and x < O. The expression 

for q (t) is: 
z 
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[

b k k p (0) g] [tlhb- (t) (l/L (t) + l/Ld (t» + (Vb) (L /L (t)-Ld /Ld (t»] ( t) = x x Z 0 rc c _ 0 rc rc c c 

qz vo(o) b k + b k D(t)(l/L (t) + l/L
d 

(t» (21) 
z z x x rc c 

Note that equation (21) reduces to Equation (12) for Lrc = Ldc, 

even when (Vh)o • 0 or qo ~ O. That is, the buoyant flow in the 

vertical fracture is independent of the flow in the horizontal 

fracture for the symmetric case. 

Results of Buoyant Flow 

Consider first the case Where the vertical and horzontal fractures 

have the same aperture bz = bx = 1 ~m, with a repository radius 

of 1500 m and a length to the recharge and discharge source L = 5000 m. 

Groundwater initially at the depth of the repository will move upward 

in a vertical fracture as a function of time after the emplacement of 

the wastes. The results of a repository at a depth of 500 m and a depth 

of 1000 m are plotted in Figure 13. The buoyancey and the movement of 

groundwater is proportional to the change in temperature of the rock 

mass as can be seen by comparison with Figure 3. The vertical flow in 

the case of spent fuel is substantially greater than is that for 

reprocessed waste. There is little difference due to the change in 

depth. Essentially the flow of water as a result of buoyancy depends 

upon the average tempera ture of the groundwa ter throughout the leng th 

of the vertical fracture. 

In addition to the buoyancy of the heated water in the vertical 

f:-acture, the flow of this water is affected by the hydrologic 

connection between the recharge and discharge zones represented by the 

horizontal fracture. The shorter the distance from the repository to 

recharge zone the greater will be the flow of water in the vertical 
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fracture for a given buoyancy •. As examples, the velocities have been 

calculated for distances between the repository and recharge zone at 

L c 0,2000 m, 5000 m, 10,000 m and the results are as illustrated in 

Figure 14 fot repository depths of 500 m and 1000 m (L = 0 is an unrea1i-

sti.c limiting case). The most important factor affecting the buoyant flow 

of groundwater is the ratio between the distance L from repository to the 

recharge zone and the depth D of the repository. 

From equation (12) or equation (21), if the hydraulic resistances 

of the horizontal frac ture were infinite (bx = 0 or L .. 00 ), buoyant 

flow in the vertical fracture could not occur. For the general realistic 

.case with finite constant values of bx (bx " 0, bx rio (0) and L (L rio 0), 

L ... (0), q(t) does not become infinite as bz increases. On the 

contrary, qz (t) approaches zero as bz corresponds to 00, that is, a 

large vertical fracture with storage capacity reduces buoyant flow. It 

can be shown that qz(t) as a maximum value with bz = (4D(t)/L(t»1/3b j C' and 

~:b (t)] r4~(t)] r D(t) r L(t) 

2/3 
(22) 

Buoyant groundwater flow in the vertical fracture has an upper bound 

which is determined by the permeability of the horizontal fracture 

rather than the permeability of a vertical fracture. In Figure 15 

results with a constant aperture bx .. 1 ~m and with a range of 

apertures bz ... 10 ~m,l ~m and O.l~m are illustrated. The movement 

of the groundwater in the vertical fracture is significantly slower 

both for the case of bz - 10bx and bz - O.lbx than with bz - bx • 

The finite recharge capacity through the horizontal fracture restricts 

the vertical buoyant flow. 



All the preceeding results have been calculated for the symmetrical 

situation. In Figure 16 the effects on the buoyant flow of groundwater 

in the vertical fracture of the position of the repository between 

the recharge and discharge zones is illustrated. Finally the effect 

18 

of different original geothermal gradients on buoyant groundwater flow in 

the vertical fracture has been analyzed as shown in Figure 17 for spent 

fuel and reprocessed waste. The buoyant flow of groundwater in the 

vertical fracture decreases slightly as the original geothermal gradient 

increases. 
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DISCUSSION 

Although thethermo-hydrolgoic model used for the analysis presented 

in this paper is very simple, it sh9uld possess the same physical behavior 

as that of the more complex systems of fractures which account for the 

permeability of masses of hard rock. Accordingly, it should provide a 

.. good insight into the dynamics of thermally-induced groundwater flow. and 

illustrate the sensitivity of this. flow to various parameters. However, 

the actual numerical results should be considered as no mo~e than an order 

of magnitude estimations. It must be pointed out also that the transport 

of nuclides from the repository to surface does not take place at the 

same rate as that of the groundwater. Nuclide transport is retarded in a 

certain degree as results of physical and chemical processes, such as sorption. 

The calculations reported in this paper suggest that, under certain 

circumstances, thermally-induced buoyant groundwater flow inaybe a 

mechanism by which toxic materials from a repository could be transported 

to the biosphere. The magnitude of this flow depends upon many factors. 

Of these, the aggregate increase in the temperature of the rock mass 

containing the repository is one of the most important. This temperature 
, 

is affected by the design of the repository, the kind of nuclear waste 

buried in it and the period for which this waste has been cooled near 

surface before burial. Significant differences exist between reprocessed 

waste and spent fuel in respect of the degree to which the rock mass is 

heated and hence the time taken for groundwater to reach the surface by 

buoyant flow. The depth of the repository below surface. is of much less 

significance. Cooling of the wastes near surface can be uSed to compen-

sate for these differences and reduce substantially the total amount of 

heat put into the rock mass. The heat capacity of different kinds of 
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rocks has a significant effect on buoyant groundwater flow also. Finally. 

the buoyant groundwater flow depends upon the ratio of the hydraulic 

transmissivities of the vertical and horizontal fractures. the maximum flow 

being determined by the transmissivity of the horizontal fracture. 

.;.,' 
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Table 1 

Thermal Properties of Rocks 

K 
Rock 

(W/m/oC) 

* 2.5 Granite 

Stripa-
Granitet 3.2 

Basalt± 1.62 

Shale§ 0.90 

*Kappe1meyer and Haenel, 1974 
tPrati, et a1.,1977 
±Martinez-Baez and Amick, 1978 
§Fairchl1d et a1.,1976 

R CR 

(kg/m3) (J /kg/oC) 

2600 836 

2600 837.36 

2865 1164 

2300 1000 

23 

KT 

(lO-6m2/sec ) 

1.15 

1.47 

0.486 

0.391 



Power form 

Constant 

Table 2 

Analytic Solutions of Temperature Rise 

on the z-axis of Disk Source 

1 
I 

I Power density ~(t) Solution form* f(x,t) 

I 

~(O) . I ierfc (x) 
i 

I 

24 

Exponential decay ¢(O) exp (-.\t) <PiQl (K /A)~ Im\>J[ (At) ~ +ixl . K T 

Inverse Square Root I T erfc(x) 
o 

~I;: L\T(O,z,t) 

ierfc 

erfc 

ImW 

fin(t" integral of complementary error function 

complementary error function 

imaginary part of the error function of complex argument 
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Table 3 

Effects of Fuel Cycles 

-.' Nuclear (fiT) * (MVT) ) * Power density at loading* 
reactor Fuel-cycle o max Z max 

W/m2 C °C/krn ;, k\.]/canister 

Spent fuel 60 (50) 83 (70) 11.9 (10) .548 

HLW+Pu0
2 : U-recycle 65 (52) 86 (69) 12.5 (10) 2.61 

PWR IlU~ : U+Pu recycle 90 (40) 68 (30) 22.7 (10) 4.75 

HLW: U-recycle 43 (42) 22 (22) 10.2 (10) 2.14 

HLW: no recycle 43 (41) 22 (22) 10.3 (10) 2.16 

Spent fuel 50 (51) 73 (74) 9.96 (10) .182 

HLW+Pu0
2

: U-recycle 57 (54) 77 (73) 10.5 (10) 2.20 

BWR HUI : U+Pu recycle 71 (40) 59 (34) 17.5 (0) 3.65 

HLW : U-recycle 35 (42) 19 (23) 8.30 (10) 1. 74 

HLW: no recycle 35 (42) 19 (23) 8.35 (10) 1. 75 

" 

(t.T) : Maximun value of the average temperature rise at the center of repository. m.ax 

(~(VT)z)max: Maximun value of the ground surface thermal gradient rise at the epicenter 

above the repository. 

'" Values without parenthesis correspond to 0.01 MTHM/m2 waste capacity. 

2 Values with parenthesis correspond to 10 W/m po~er density. 
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Table 4 

Effects of Surface Cooling 

" 

Waste Surface coolingt (liT) * (MIlT»- ,', Power density at loading * max z max I 

form period (year) °c °C/km W/m2-. kW/canister 

t 1 98 (9) 93 (9) 104. (10) 4.81 
Spent 

2 76 (14) 90 (16) 56.4 (10) 2.60 i 
fuel of 
PhTR 5 67 (33) 86 (43) 20.1 (10) .927 

10 60 (50) 83 (70) 11.9 (10) .548 

1 95 (9) 35 (3) 103. (10) 21.5 
Reprocessed 2 62 (11) 31 (6) 55.0 (10) 11.5 HLW: no 

I recycle 5 50 (27) 26 (14) 18.7 (10) 3.9 
of PHR 

10 43 (41) 22 (22) 10.3 (10) 2.16 I 
I 
I 

(liT) : Maximun value of the average temperature rise at the center of repository. 
max 

(ll(IlT)z)max: Maximun value of the ground surface thermal gradient rise at the epicenter 

above the repository. 

* Values without parenthesis correspond to 0.01 MTHM/m
2 

waste capacity. 

Values with parenthesis correspond to 10 W/m2 power density. 

t Spent fuel fuel assembly discharge directly from the reactor. 

W"7 -+- Pu0
2 

: U-recycle reprocessed waste with U and Pu removed from the discharge fuel, 

U recycled in the reactor, and Pu stored to~ether with the waste. 

HLW U+Pu recycle reprocessed waste with U and Pu removed from the discharge fuel and 

recycled in the mixed oxide reactor. 

HIM U-recycle reprocessed waste with U and Pu removed from the discharge fuel and U 

recycled in the reactor. 

HLW no-recycle reprocessed waste with U and Pu removed from the discharge fuel. 



Figure 1: Areal power densities of spent fuel and reprocessed high 

level waste versus time after discharge from a pressurized water 

2 reactor. The power densities are normalized to 10 W/m at 10 years 

after discharge when the wastes are assumed to be stored in a 

respository. The wastes contain the short-lived fission products 

and the long-lived actinides. In the reprocessed waste, 99.5% of 

the actinides U and Pu are reroved. 

Figure 2: Temperature rise contours around repository after 100 years 

of waste storage and the corresponding temperature profiles along the 

vertical axis through the center of the repository and along the radial 

axis in the plane of the repository . The repository, in granite with 

500 m in depth and 1500 m in radius, is stored with either spent fuel 

or reprocessed waste_ at initial loading density of 10 W/m2 at 10 years 

after discharge from PWR. 

Figure 3: Temperature rise contours around repository after 1000 vearR 

of waste storage and the corresponding temperature profiles along the 

vertical axis through the center of the repository and along the radial 

27 

axis in the plane of the repository. The repository, in granite with 500 m 

in depth and 1500 m in radius, is stored with either spent fuel or 

reprocessed waste at initial loading density of 10 W/m2 at 10 years 

after discharge from PWR. 
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Figure 4: Temperature rise 6.T at the center of repository versus storage 

time. The repository, in granite with 500 m in depth and 1500 m in radius, 

is stored with either spent fuel or reprocessed waste at initial loading 

density of 10 w/m2 at 10 years after discharge from PWR. 

Figure 5: Ground surface temperature gradient rise 6.(VT) and heat flux 
z 

rise 6.(K(VT) ) (in HFU = lJ.cal/cm
2
/sec) at the epicenter above the z 

repository. The repository, in granite with 500 m in depth and 1500 m 

in radius, is stored with either spent fuel or reprocessed waste at 

initial loading density of 10 W/m2 at 10 years after discharge from PWR. 

Figur~ 6: Repository center's temperature and ground surface epicentral 

thermal gradient versus storage time of spent fuel are compared with the 

results calculated with power denisities varying inversely as time after 

discharge to the power E: = 1, 2/3 and 1/2 (log-log straight iines passing 

2 through 10 W/m and 10 years after discharge in Figure 1). The repository 

is in granite with 500 m in depth and 1500 m in radius. 

Figure 7: Repository center's temperature and ground surface epicentral 

thermal gradient versus storage time of reprocessed waste are compared 

with the results calculated with the power density varying exponentially 

with 30 years half-life and with the power density varying inversely as 

square root in storage time with initial temperature of 40
o

C. The 

repository is in granite with 500 m in depth and 1500 m in radius. 

'-
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Figure 8: Effects of different fuel cycles on the repository center's 

temperature and ground surface epicentral thermal gradient versus storage 

time. The wastes of different fuel cycles are: (1) spent fuel 

fuel assembly discharge directly from the reactor; (2) HLW: no-recycle 

reprocessed waste with U and Pu removed from the discharge fuel; 

(3) HLW + Pu0
2 

: U-recycle reprocessed waste with U and Pu removed, 

U recycled in the reactor, and Pu stored together with reprocessed waste; 

(4) HLW: U+Pu recycle reprocessed waste with U and Pu removed from 

the discharge fuel and recycled in the mixed oxide reactor. The repository, 

in granite with 500 m in depth and 1500 m in radius, is stored with 0.01 

2 MTHM/m of wastes at 10 years after discharge from PWR. 

Figure 9: Effects of different surface cooling periods of wastei after 

discharge from reactor and before burial in repository on the repository 

center's temperature and ground surface epicentral thermal gradient 

versus storage time. The repository, in granite with 500 m in depth 

2 
and 1500 m'in radius, is stored with 0.01 MTHM/m of spent fuel or 

reprocessed waste of PWR. 

Figure 10: Effects of different depths and radii of repository on the 

ground surface epicentral thermal gradient versus storage time. The 

repository in granite is stored with either spent fuel or reprocessed 

. / 2 waste at initial loading density of 10 W m at 10 years after discharge 

froin PWR. 



Figure 11: Effects of different rock formations on the repository 

center's temperature and ground surface epicentral thermal gradient 

versus storage time. The repository,with 500 m in depth and 1500 m 

in radius, is stored with either spent fuel or reprocessed waste at 

initial loading density of 10 W/m2 at 10 years after discharge from 

PWR. 

Figure 12: Two fracture model for simulating groundwater movement 

through a repository located between the recharge and discharge zone. 

The thermal loading at the repository induces the buoyant flow along 

the vertical fracture to the ground surface. The horizontal fracture 

30 

(with aprture b ; and length 2L if the repository is located midway between 
x 

the recharge and discharge zone) recharges the vertical fracture (with 

aperture b ; and length D) to maintain the buoyant flow. 
z 

Figure 13: Water movement along vertical fracture from the repository 

versus storage time. The repository depth is either 500 m or 1000 m. 

The stored waste is either spent fuel or reprocessed waste at 

. / 2 initial loading density of 10 W m at 10 years after discharge from PWR. 

The repopitory is in granite with radius of 1500 m and distances to the 

recharge and discharge zone of 5000 m. Both horizontal and vertical 

fractures have 1 ~m aperture. 



Figure 14: Effects of different recharge distances L and repository 

depths D on the flow velocities and hydraulic gradients along the 

vertical fracture versus storage time.. Both horizontal and vertical 

fractures have 1 ~m aperture. The repository, in granite with 1500 m 

in radius and located midway between the recharge and the discharge 

zone, is stored with either spent fuel or reprocessed waste at 

intially loading density of 10 W/m2 at 10 years after discharge from 

PWR. The velocities are sensitive to the ratio of the horizontal 

distance 

Figure, 15: 

L to the vertical depth D. 

Effects of different vertical fracture apertures b on 
z 

the water movement along the vertical fracture from the repository 

versus storage time. The horizontal fracture aperture b
x 

is constant 

at 1 J-Im. The repository depth is either 500 m or 1000 m. The stored 

2 waste is spent fuel" at initial loading desnity of 10 W/m at 10 years 

after discharge from PWR. The repository is in granite with radius of 

1500 m and distance to the recharge and discharge zone of 5000 m. 

31 

The water movement is significantly slower both for the case of b = 10 b 
z x 

and b = 0.1 b, than with b = b . z x z x 

Figure 16: Effects of different recharge distance L and discharge 
rc 

distance Ldc on the water movement along the vertical fracture from 

the repository versus storage time. The original horizontal hydraulic 

gradient is O.OOlm/m. The repository depth is either 500 m or 

1000 m. The stored waste is either spent fuel or reprocessed waste 

2 at'initial loading density of 10 W/m at 10 years after discharge from 

PWR. The repository is in granite with radius of 1500m. Bothhori-

zonta1 and vertical fractures have 1 J-Im aperture. 



Figure 17: Effects of different original geothermal gradient on the 

water movement along the vertical fracture from the repository versus 

storage time. The repository depth is either 500 m or 1000 m. The 

stored waste is either spent fuel or reprocessed waste at initial 

loading density of 10 W/m2 at 10 years after discharge from PWR. 

The repository is in granite with radius of 1500 m and distances to 

the recharge and discharge zone of 5000 m. Both horizontal and 

vertical fractures have 1 ~m aperture. 
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