
vtf / # • ^ / / 

LBL-8271 
Revised 

UC-70 

FASTER 
A STUDY OF 

REGIONAL TEMPERATURE AND THERMOHYDROLOGICAL EFFECTS 
OF AN UNDERGROUND REPOSITORY FOR 

NUCLEAR WASTES IN HARD ROCK 

J. S. Y. Wang, C. F. Tsang, 
N. G. W. Cook and P. A. Witherspoon 

October 1979 

Prepared for the U. S. Department of Energy 
under Contract W-7405-ENG-48 

WBMTim (IF THS OOCIJapT is nmmrm 



An abbreviated version of this report was LBL-8271 
submitted for publication in June 1979 to the Revised 
J o u r n a l of Geophysical Research 

A STUDY OF 

REGIONAL TEMPERATURE AND THERMOHYDROLOGICAL EFFECTS 

OF AN UNDERGROUND REPOSITORY FOR 

NUCLEAR WASTES IN HARD ROCK 

J . S. Y. Wang, C. F. Tsang, N. G. W. Cook and P. A. Witherspoon 

E a r t h Sc iences D i v i s i o n 
Lawrence Berkeley Labora to ry 

U n i v e r s i t y of C a l i f o 1 - i a 
B e r k e l e y , C a l i f o r n i a 9 4720 

DISCLAIMER -

October 1979 

Funding for this work was supplied by the U. S. Department of Energy 
under contract number W-7405-ENG-48. V, 

;....ri;:^'j:snM 



ABSTRACT 

Heat released by the radioactive decay of nuclear wastes in an under

ground repository causes a long-term thermal disturbance in the sunounding 

rock mass. The nature of this disturbance for a planar repository 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 are evalu

ated. It is concluded that different waste forms and time 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/m^ of spent fuel assemblies 10 years after dis

charge from a reactor, the maximum increase in temperature of the repository 

in granite is about 50CC and the epicentral thermal gradient about 70°C/km. 

i n 



TABLE OF CONTENTS 

LIST OF FIGURES 

LIST OF TABLES 

NOMENCLATURE 

INTRODUCTION 

TEMPERATURE FIELD 

Repository Model . . . . . 

Different Forms of Waste . . . . 

Near Surface Cooling Before Emplacement . 

Repository Depth and Radius . 

Rock Properties. . . . . . 

THERMOHYDROLOGICAL EFFECTS . . . . 

Fracture Flow Model . . 

Flow Equations . . . . . . 

Results of Buoyant Flow . . . . 

DISCUSSION 

REFERENCES 

APPENDIX A: Incompressible Flow Approximation 

APPENDIX B: Single Fracture Models. 



VI 

LIST OF FIGURES 

fig. 1 Areal power density of heat generated by the stored 
nuclear wastes . . . . . . . . . . 8 

Fig. 2 Isotherms and profiles of temperature rise around repository 
after 10 years of waste storage . . . . . . . 9 

Fig. 3 Isotherms and profiles of temperature rise around repository 
after 100 years of waste storage . . . . . . . 10 

Fig. 4 Isotherms and profiles of temperature rise around repository 
after 1000 years of waste storage. . . . . . . 11 

Fig. 5 Isotherms and profiles of temperature rise around repository 
after 10,000 years of waste storage . . . . . . 12 

Fig. 6 Temperature rise at the center of ?. disk-shaped repository 
in granire stored uniformly with nuclear wastes . . . . 1 4 

Fig. 7 Ground surface epicentral thermal gradient rise above a 
disk-shaped nuclear waste repository with radius of 1500 m, 
and 500 m deep in granite . . . . . . . . 1 5 

Fig. 8 Comparision of power densities of nuclear waste with simple 
functions of inverse power laws and exponential decay of 
30-year half-life . . . . . . . . . . 17 

Fig, 9 Comparison of repository temperature and ground surface 
thermal gradient of spent fuel with the results calculated 
with simple functions of inverse power laws. . . . . 1 8 

Fig. 10. Comparison of repository temperature and ground surface 
thermal gradient of reprocessed waste with the results 
calculated with exponential function and inverse square root . 19 

Fig. 11. Power densities of wastes from different fuel cycles 
originated from the same amount of fuel (1 MTHM) charged 
to a PWR 22 

Fig. 12 Power densities of wastes from different fuel cycles origi
nated from the same amount of fuel (1 MTHM) charged to a BWR . 23 

Fig. 13 Effects of different PWR fuel cycles from the same amount of 
fuel on the repository temperature and ground surface thermal 
gradient. . . . . . . . . . . . 24 



Fig. 14 Effects of different PWR cycles from the same amount 
of fuel BWR on the repository temperature and ground 
surface thermal gradient . . . . . . 

Fig. 15 Areal power densities of wastes from different PWR 
fuel cycles normalized to 10 W/m^ at 10 years after 
discharge from the reactor . . . . . . 

i 

Fig. 16 Areal power densities of wastes from different BWR 
fuel cycles normalized to 10 W/m^ at 10 years after 
discharge from the reactor . . . . . . 

Fig. 17 Effects of different PWR fuel cycles with the same 
initial power density on the repository temperature 
and ground surface thermal gradient . . . . 

Fig. 18 Effects of different BWR fuel cycles with the same 
initial power density on the repository temperature 
and ground surface thermal gradient . . . . 

Fig. 19 Effects of surface cooling periods of wastes with 
density of 0.01 MTHM/m^ on the repository 
temperature and ground surface thermal gradient . 

Fig. 20 Effects of surface cooling periods of wastes with 
initial power density of 10 W/n/ on the repository 
temperature and ground surface thermal gradient . 

Fig. 21 Effects of depths of repository on the repository 
temperature and ground surface thermal gradient . 

Fig. 22 Effects of radii of repository on the repository 
temperature and ground surface thermal gradient . , 

Fig. 23 Effects of rock formations on the repository 
temperature and ground surface thermal gradient . 

Fig. 24 Two fracture model for simulating buoyant ground
water movement through a repository located between 
the recharge and discharge zone . . . . . 

Fig. 25 Water movement along vertical fracture from the 
repository . . . . . . . . 

Fig. 26 Effects of recharge distances L on the flow velocities, 
hydraulic gradients and water movements along the ver
tical fracture from a 500 m deep repository. 



viii 

Fig. 27 Effects of recharge distances L on the flow velocities 
hydraulic gradients and water movement along the vertical 
fracture from a 1000 m deep repository. . . . . . 4 9 

Fig. 28 Effects of different vertical fracture apertures on the 
water movement along the vertical fracture from the 
repository . . . . . . . . . . . 51 

Fig. 29 Effects of different recharge distances L r c and dis
charge distances h^c on the water movement along the 
vertical fracture from the repository . . . . . . 52 

Fig. 30 Effects of different original geothermal gradients 
on the water movement along the vertical fracture from 
the repository . . . . . . . . . . 53 

LIST OF TABLES 

Table 1: Thermal properties of rocks . . . . . . . . 4 

Table 2: Analytic solutions of temperature rise on the z-axis of 

disk source . . . . . . . . . . . 6 

Table 3: Effects of fuel cycles . . . . . . . . . 21 

Table 4: Effects of surface cooling . . . . . . . . 31 



NOMENCLATURE 

b fracture aperture (L) 
C specific heat (L 2t - 2T - 1) 
D depth of repository (L) 
g gravity acceleration (Lt-^) 
h head (L) 
I 0 zeroth order modified Bessel function of the first kind 
k permeability (L 2) 
K thermal conductivity (MLt~"3T_1) 
L distance from the center of repository to the recharge 

and discharge zone (L) 
M mass per unit width (ML-*) 
P pressure (ML -*t~ 2) 
^ mass flux (ML" 2t - 1) 
R radius of disk-shaped repository (L) 
r, r' radial coordinate from the repository axis (L) 
T temperature (T) 
t, t 1 time (t) 
at transit time (t) 
V source function (L _ 1) 
$ flux velocity (Lt - 1) 
Z vertical displacement of water level initially 

at repository depth (L) 
vertical coordinate from the ground surface (L) 
compressibility of water (M _ 1Lt^) 
diffusivity (L 2t~ 1) 
density (ML 3 ) 
power density (Mt _ J) 
dynamic viscosity (ML - 1t _ 1) 

v kinematic viscosity (L^t 1 ) 

Superscripts and subscripts 
o ambient 
b buoyancy 
dc discharge zone 
p pressure 
R rock 
re recharge zone 
T temperature 
x horizontal 
w waste 
z vertical 
- effective head 



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 pro

tect man and the environment from the potential hazard posed by these wastes, 

near-surface storage is not regarded as a satisfactory long-term proposition. 

Disposal of 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 iso

lation 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 scienu ic knowledge and engineering experience exists con

cerning 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 candidates for deeD 

geological disposal for a number of reasons (National Research Council, 1957). 

The relatively high thermal conduction of salt facilitates the dissipation of 

heat released by the radioactive decay of nuclear wastes. The viscous plasti

city of salt, particularly at elevated temperatures, assures that the excavation 
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within which Liu- wastes are disposed wiLl, in the Lon); term, seal themselves 

ny til. i'uniuil Luu lit the s,i 1 t iLsell, and the presence of the salt attests to 

very slow dissolution and transport by movement of groundwater. 

However, other /,eo I o ; i ca! media may he equally or even hetter suited for 

construction oi deep unde r;1, round repositories for nuclear wastes, provided l he 

openings and access wavs to the repository c m he sealed adequately. The per-

mcability ol intact pieces ol inanv crystal line and argillaceous rocks is at 

le.isL as low as tii,it ol sail. However, the permeability ol masses ol such 

rocks arises mainly I r.wi Lhe hydraulic conductivity of joints and fractures 

pervading them, buL may sLill be sul I icicut 1y small to retard the movement ot 

groundwater between the repository and the biosphere to an adequate decree. 

The purpose ol this paper is Lo study three important aspects concerninc 

the design and perlurmance ol such undere, round repositories lor the disposal 

of nuclear wastes in hard rock. first, Lhe heat released by the radioactive 

decay ot Lhe nuclear wastes causes changes in I he spatial and temporal distri

butions ol temporalurc in the rock mass within which Lhe repository is located. 

These changes in temperature produce thermally induced components of compres

sive stress in the heated portions of this ruck mass and tensile components of 

stress outside ol this /.one. These thermally induced changes in stress may 

affect the performance and design of a repository. An understanding of the 

distribution of temperatures around a repository is necessary to evaluate the 

the 1:111,1 L Ly induced changes in stress. however, the evaluation of the stress 

changes is not part ol Lhis paper. Second, the magnitude and temporal changes 

ol the temperatures in the rock mass surround i ni', I he reposiLorv are affected 
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by the type of waste anil the time after its removal from the reactor. The 

effects of different wastes on tin: temporal changes in temperature are exam

ined. Finally, changes in the temperature of the qroundwat.er in the rock mass 

containing the repository affect both the density anil viscosity of t_lu» water 

siyinficantly. These chunyes in density and viscosity may result in pertur

bations of tile original hydrol oij Leal flow, which could affect: the performance 

of the repository in isolatLny toxic' components of the wastes from the bio

sphere. A model of buoyant yroundwa Lei flow tlirouyh a simple fracture system 

is used to assess the magnitude of this phon imenon. 

TEMPERATURE L'lELL) 

Repository Model 

To study the Lony-tenn reyional chamjes in temperature in the rock mass 

the repository is idealized to be a flat circular disk loaded uniformly with 

nuclear waste at time t 0. The repository is assumed Lo lie a depth, D, of 

500 m below the surface in yranite and to have a radius, R, of 1500 m. The 

Lirincipal mode of heat transfer from the nuclear waste to the rock mass is 

assumed to be by linear heat conduction. This has been proved to be a yood 

assumption based on recent Stripa data analysis (Mood, 1979). 

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

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

the diffusion equation: 
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k T = "KCK 

where 

r = t h e r a d i a l c o o r d i n a t e ; 

z = t h e a x i a L d e p t h be low s u r f a c e ; 

t = t h e Lime a l t e r L o a d i n g ; 

•"]> = t h e LhennaL d i i l u s i v i t y ; 

R = t l ie t l iermaL c o n d u c t i v i t y ; 

(J|< = t l ie d e n s i t y of t h e r o c k ; and 

C K = t h e s p e c i t i c heaL of t h e r o c k . 

V a l u e s t o r t h e Ll iermal p r o p e r t i e s of g r a n i t e and o t h e r h a r d r o c k s a r e 

t , i ven i n T a b l e 1 . 

T a b l e 1: T h e r m a l P r o p e r t i e s of Kocks 

Kock 
K 

(W/in/°( :) (kg/m:i) (d/kg/°C) (lir(>m2/sec) 

Cranite a 2.5 2000 83b 1.1 'i 

Stripa granite " 3.2 2600 837.36 1.47 

Basalt c l.b2 2865 1164 0.4 86 

[Shale d U.9U 2300 1000 o.3yi 

a K a p p e l m e y e r and H a e n e i , 1974 

b P r a t t e t a l . , 1977 

c M a r t i n e i i - B a e z and Anilck, 1978 

a K a i r c h i l d e l a i . , 197b 
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By integrating the solution for an instantaneous point source of heat 

over the radius of the repository, R, in the plane z = -D (Carslaw and Jaeger, 

1959), the unit of strength of an instantaneous disk heat source can be found. 

V _ u ( r , z , t ) [2) 

4 ( II K; V ) 1 / 2 J e x p 
2 2 2 

r + r ' + ( z + D) 
4 < r i t o\ 2K r J t 

r ' d r ' , 

where L 0 is the zeroth order modified Bessel function of the first kind. 

On the axis of the disk (r = 0 ) , V_ n is simply 

V_ u(0, Z, t) 
2( « t) 1/ M exp 

', z + D) 
4k t T 

exp R + (z + D) 
•IK t 

T 

which depends only on the distances from the point on the axis to the center 

and to the perimeter of the disk. If the radius R is much larger than the 

distance |z + L)|, V_^(0, z, t) is reduced to the instantaneous plane heat 

source with heat conduction in the z-direction. 

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: 

aT(r, z, t) = (3) 

t t 
— T - / ¥ ( f ) V n(r,z,t - f ) d f - — \ - I tlt'lV (r (z,t t')dt" 

0 0 

Tlie first terra in this equation represents the change in temperature from the 

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

(by the method of image) for the presence of a boundary at constant tempera

ture at the ground surface, z = 0 . 
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For the purposes of th i s paper, equations (2) and (3) have been i n t e 

grated numerically for a number of expressions ( | i ( t ' ) . 

Temperature!-: on tlie z-axis for simple functions ^ ( t 1 ) , such as constant 

power, exponential decay of power (llodgkinson and Uourke, 1978), and a de

crease in power inverse to the square root of time can be expressed in tenns 

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

the accuracy ol the numerical, solut ions to equations (2) and (3) . In th i s 

paper, numerical resul t s reproduce these analyt ica l solutions to within ().(I1UC. 

Table 2: Analytic solutions of temperature r ise on the z-axis of disk source. 

Power form Power densi ty ,|i(t) Solution form* f(x, t ) 

Constant ij>(0) 

lixponent Lai decay <|>(0) exp(-At) 

Lnverse square root 2T K/(HK t ) 

* AT(U, z, t ) = f | l ( z + t ) ) 2 / 4 K T t ] l / 2 , t ( - f | [ ( R 2 + (z + D ) 2 ) / A K T L I l / Z , t j 

- f j l U - l » 2 / 4 K , r t ] , / 2 , t | + r j [ ( i r + (a - D ) 2 ) / / i K T t | , / 2 , t j 

ierfc = f i r s t in tegra l of complementary error function 

erfc = complementary error function 

IniW = imaginary part of the e r ror function nl complex argument. 

I / ' 1 

+ ( 0 ) ( K T L ) 1 / -
i e r I c ( x) 

K 

^ ( K . / A ) l / 2 l m W | ( U ) 1 / 2

 + ix | 

T erfc(x) 
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Different Forms ol" Waste 

At present, consideration is being given to the disposal of two principal 

lorms ol nuclear waste, botli generaLLy known as high-level waste. They are: 

spent fuel as discharged from a reactor; and the products from reprocessing 

spenL fuel to recover the uranium anil plutonium. Assuming that either form 

ol high-level waste is burled 10 years after discharge from tile reactor, at an 

initial loading density in the repository ol ID W/111-, the power densities 

ol Llie two principal waste forms in the plane of the repository and of their 

main constituents as a function of time are as Illustrated in Figure I (Kisner 

et al., 1L17K). The nuclear wastes contain fission products and acttnides (II, 

I'u, . . . ) . The fission products generate must of the heat in the early life of 

the wastes but decay very rapidly, with an approximate half-life of 'Ml years. 

The uctinides and their daughter nuclei are the main heat source later on. 

With reprocessing treatment to remove most of the act initios (9 9.':>'/,), the power 

density of reprocessed waste is much smaller alter a long time than thai ol" 

spent 1 tie I. 

The curves in Figure 1 give numerically the ,|>(f') used in equation (')). 

They were used to calculate the temperature changes in the rock mass containing 

the repository as described abuve. Fxamples of these changes in temperature 

and isotherms for a repository containing spent fuel or reprocessed waste in, 

lUU, 1UUU and 10,DUO years alter burial In the repository are as illustrated 

in Figures 2 through '). The temperature profiles a Long the vertical axis 

through the center oT the repository and along the radial axis in the plane of 

the repository are aLso shown in these figures. At early times of 10 and 100 
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T i m e after discharge t w (years) 
XBL 7810-11962 

Figure 1. Areal power density of heat generated by the stored 
nuclear wastes. 
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Figure 2. Isotherms and profiles of temperature rise around 
'''•" repository after 10 years of waste storage. 
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Figure 3. Isotherms and profiles of temperature rise around 
repository after 100 years of waste storage. 
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Figure 4. Isotherms and profiles of temperature rise aroun 
repository after 1000 years of waste storage. 
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years, temperature changes and large temperature gradients are induced only 

in the vicinity of the repository. Most of the heat is conducted vertically 

upward and downward from the repository. The extent of heat diffusion is 

approximately 4»^t. Only later on after 1000 years, when the heat flux 

from the repository leaks out at the ground surface, is an approximate linear 

temperature profile from the repository to the ground surface maintained. 

It is important to note how much greater the magnitudes of the tempera

ture changes for spent fuel are than for reprocessed waste, especially after 

1000 years of burial. The power density of spent fuel is 10-fold greater than 

that of reprocessed waste after 1000 years. 

The maximum average temperature in a repository arises at its center and 

is plotted as a function of time af^er burial in Figure 6. 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 (especially for spent 

fuel) 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 grad ent at the epicenter above the re

pository has been calculated for both forms if waste and is as illustrated in 

Figure 7. This gradient and the corresponding heat flow KVT through the sur

face (in HFU = Mcal/cm^/sec) reach maximum values at about 2400 years after 

burial and 1300 years after burial for the spent fuel and reprocessed waste, 
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Average temperature rise 
at repository center 
500m deep in granite 
IOw/m 2 at loading 

I01 I0 2 I0 3 I 0 4 I0 5 

Storage time t(year) 
XBL 7810-11951 

Figure 6. Temperature rise at the center of a disk-shaped 
repository in granite stored uniforinly with 
nuclear wastes. 
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i—i—JO 
10000 

XBL 7810-11952 

Figure 7. Ground surface epicentral thermal gradient rise above a 
disk-shaped nuclear waste repository with radius of 1500 m, 
and 500 m deep in granite. 
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respectively. The maximum value of the temperature gradient for the spent 

fuel, 7u°C/km, is about three times greater than that of the reprocessed waste, 

22°C/km. The total thermal gradient is of course the sum of the original geo-

tiiermal grui' cut, typically of JO°C/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, as shown in Figure 8. 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 func

tions of y(t') in which power varies inversely as time after discharge from a 

reactor t w = t' + 10 to the power e = 1, 2/3 and 1/2, as well as for p(t') 

representing the power output of spent fuel as illustrated in Figure 1. The 

results of these calculations are as shown in Figure 9. In Figure 10, similar 

results for reprocessed waste are shown together with those for inverse square 

root power in time of storage t' and for an exponential 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 6. The power function of inverse square root in time of storage re

presents a constant temperature plane heat source in an infinite medium. The 

onset of cooling after a thousand years is due to the interaction of the heat 

source with the ground surface boundary condition. 
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10 I02 I03 I04 I05 

T i m e after d ischarge t w (years) 
XBL 7810-11988 

Figure 8. Comparison of power densities of nuclear waste with 
simple functions of inverse power laws and exponential 
decay of 30-year half life. 
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Comparison of repository temperature and ground 
surface thermal gradient of spent fuel with the 
results calculated with simple function of 
inverse power laws. 
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Figure 10. Comparison of repository temperature and ground 

surface thermal gradient of reprocessed waste with 
the results calculated with exponential function 
and inverse square root. 
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The decay in power output of nuclear wastes as a function of time is de

termined by their composition and age; different fuel cycles yield wastes with 

different compositions. The U and Pu recovered from the discharged fueld can 

be used in new fuel elements and recycled to the nuclear reactors. The fuel 

cycle can also be operated so that neither of these elements is recovered and 

recycled or either of them is recycled. The nonrecycled U or Pu can be stored 

together with the reprocessed waste or stored separately. Therefore, numerous 

waste types are available. Figures 11 and 12 are the power densities of dif

ferent waste types originating from the same amount of fuel, 1 MTHM (MT'.IM = 

metric ton of heavy metal U), charged to a pressurized water reaccor (PWR) and 

a boiling water reactor (BUR), respectively. To evaluate some of the effects 

of different fuel cycles, it has been assumed that the repository is loaded 

with 0.U1 MTHM/m*^ which is equivalent to a total load in the repository of 

U.71 x 10^ MTHM. The repository temperatures and epicentral thermal grad

ients as a function of time for different wastes from PVJR and BWR are illus

trated in Figures 13 and 14. The maximum values of repository temperatures 

and epicentral thermal gradients are summarized in Table 3. It can be seen 

that the differences in temperature for the different fuel cycles for a repos

itory loaded with 0.01 MTHM/m^ arise mainly from the variations of initial 

power density. 

In Table 3, results are also given for a repository loaded at an initial 

power density of 10 W/m^. The loading power densities and the repository tem

perature and epicentral thennal gradient as a function of time are illustrated 

in Figures 15-18. Even at a constant power density 10 W/m-( significant 
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differences among different waste types can be seen. The differences can 

be attributed to the amount of fission products at early times and the amount 

of Pu later on. 

Table 3: Effects of Fuel Cyc les 
Nuclear ( AT ) a (. v x 'max *> h ( VT1 ) D Power density at loading 
reactor Fuel-cycle °C c °C/km c W/m2 c kW/canlster 

Spent fuel d 60 (50) 83 (70) 11.9 (10) .548 
HLW+PU02:U-recycle e 65 (52) 86 (69) 12.5 (10) 2.61 

PWR HLW:U+Pu recycle f 90 (40) 68 (30) 22.7 (10) 4.75 
HLW:U-recycle S 43 (42) 22 (22) 10.2 (10) 2.14 
HLW:no recycle n 43 (41) 22 (22) 10.3 (10) 2.16 

Spent fuel d 50 (51) 73 (74) 9.96 (10) .182 
HLW+Pu02:U-recycle e 57 (54) 77 (73) 10.5 (10) 2.20 

BWR HLW:U+Pu recycle f 71 (40) 59 (34) 17.5 (10) 3.65 
HLW:U-recycle 8 35 (42) 19 (23) 8.30 (10) 1.74 
HLW:no recycle n 35 (42) 19 (23) 8.35 (10) 1.75 

a ( i iT) m a x: maximum value of the average temperature rise at the center 
of the repository. 

b (^(^T) z) m a x: maximum value of the ground surface thermal gradient 
rise at the epicenter above the repository. 

c Values without parentheses corrpspond to 0.01 MTHM/m2 waste capacity. 
Values with parentheses correspond to 10 W/m2 power density. 

d Fuel assembly discharge directly from the reactor. 
e Reprocessed waste with U and Pu removed from the discharge fuel, 

U recycled in the reactor, and Pu stored together with the waste. 
f Reprocessed waste with U and Pu removed from the discharge fuel and 

recycled in the mixed oxide reactor. 
g Reprocessed waste with U and Pu removed from the discharge fuel and 

U recycled in the reactor. 
h Reprocessed waste with U and Pu removed from the discharge fuel. 
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Near Surface Cooling Hefore Emplacement 

The power output of all nucLear wastes decays very rapidly Immediately af

ter 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 

U.Ul MTHM/m'- and ID W/m^ on the maximum repository temperatures and epicentral 

thermal gradients have been calculated and are given in Table 4. The effects 

of the period of near-surface cooling on the maximum repository temperatures 

and epicentral thermal gradients as a function of time are also illustrated in 

Figures 19 and 20. With the early rapid changes of the power of wastes, the 

results for U.01 MTHM/m2 and 10 W/m2 are very different. 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 

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 Figures 21 and 22. The maximum temperature is not like

ly to be affected by this range of depths and radii, but 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 below surface to 

its radius as illustrated in Figures 21 and 22. 
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Table 4: Effects of Surface Cooling 

Surface cool (uT)maxa (A(VT) z) m a x
b Powe r densit y at loading 

Waste form ing period °C c °C/km c W/m2 c kW/canister 

Spent fuel 1 year 98 (9) 93 (9) 104. (10) 4.81 
of PWR 2 years 76 (14) 90 (16) 56.4 (10) 2.60 

5 years 67 (33) 86 (43) 20.1 (10) .927 
10 years 60 (50) 83 (70) 11.9 (10) .548 

Reprocessed 1 year 95 (9) 35 (3) 103. (10) 21.5 
waste 2 years 62 (11) 31 (6) 55.0 (10) 11.5 
(no recycle) 5 years 50 (27) 26 (14) 18.7 (10) 3.9 
of PWR 10 years 43 (41) 22 (22) 10.3 (10) 2.16 

a ("T) m a x: maximum value of the average temperature rise at the center 
of the repository. 

b (u(VT) z) m a x: maximum value of the ground surface thermal gradient 
rise at the epicenter above the repository. 

c Values without parentheses correspond to 0.01 MTHM/m2 waste capacity. 
Values with parentheses correspond to 10 W/m2 power density. 
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Rock Properties 

The properties of typical hard rocks were given in Table 1. Using these 

values the maximum repository temperature and the epicentral thermal gradient 

have been calculated for a repository loaded with spent fuel or reprocessed 

waste and the results are as illustrated in Figure 23. From this figure, it 

can be seen that significant changes in these parameters result from the dif

ferent rock properties. 

The maximum repository temperature can be approximated by 

0.3if'(0)v/K t 
aT(0, 0. t ) = -2-22S 

max K 

with t m a x = 57 years for spent fuel and t m a x = 37 years for reprocessed waste. 

The value of »^p/K for granite and basalt are almost equal to each other. The 

temperature rises at a repository in granite and in basalt are almost the same 

at early time and are about six-tenths the value in shale. On the ground sur

face, the time for the epicentral thermal gradient to reach maximum is approx

imately proportional to 1A'T. The heat diffusion in granite with large dif-

fusivity will reach the ground surface earlier than in basalt and in shale. 

The maximum value of epicentral thermal gradient is approximately proportional 
2/3 

to K /K for spent fuel and to ^ /K for reprocessed waste. 
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THERMOHYDROLOGICAL 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 discharge zone and 

intersecting a vertical fracture containing the axis of the repository as is 

illustrated in Figure 24. Flow from the repository to the surface occurs 

through the vertical fracture. If the effective hydraulic aperture of the hor

izontal fracture is b x the permeability k x = b x
2/12 for laminar fracture flow 

(Lamb, 1932; Snow, 1965; Iwai, 1977) is assumed in the calculation. Similarly, 

the aperture and permeability of the vertical fracture are b z and k z = b z^/l2, 

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 penneability (Brace et al., 1968), is largely through 

fractures. Thus, this model approximates the mechanics of groundwater flow 

through hard rock, masses, differing only in its simplicity. 

Before the repository ia loaded and the rock mass subjected to changes in 

temperature, it is assumed that the original groundwater flow is horizontal 
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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 conser

vation of mass is: 

2fc+ V ' q = 0 (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 forces, so 

that by means of Darcy's law the equation of momentum can be written as: 

VP + J q + pg = 0 (5) 

where 

P = pressure; 

v = kinematic viscosity of water; 

k = permeability; and 

g = the gravitational acceleration. 
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In most studies of thermal convection, because of the small compressi

bility of water, it is usual to make use of the Boussinesq approximation 

(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 (A) reduces to: 

V • q = 0. (6) 

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

Appendix A). 

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, 

P(t) = 0 , at x = 0, z = 0, (7) 

b q (t) + - b q (t) = 0, at x = 0, z = -D (8) 
•x. x 2 z z ' 

P(t) = P Q = I p^(z)gdz, at x = L, z = -D <9> 
o 

-D 
Equation (8) describes Klrchoff's Law for the junction between vertical and 
horizontal fractures. The hydrostatic pressure at the depth z = -D with a 
water table at z = 0 is P 0. Before loading the repository and heating of 
the rock mass, the temperature, T 0(z), as a function of depth, may be given 
by T 0(z) = (20 - 0.03z)°C, where a surface temperature of 20°C and a normal 
geothermal gradient of 30°C/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 
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recharge and discharge zones far from the repository or with large heat capa

cities. 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 dis

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

an unrealistic representation of the hydrologic condition of a repository (see 

Appendix B ) . 

In accordance with equation (6), the groundwater flows are independent of 

the spatial coordinates along the fractures. With constant flow, equation (5) 

can be integrated from the repository center to the boundary: 

.0 0 
v(Q, z, t)dz - / v(0,z,t)gdz, 0 - P(0,-D,t) 

q (t) z 
- k 

( 

f I (10) 

p - P(0,-D,t) = o 
(t) r L 

T~ J v ( x ' "D' t)dx. (11) 

Kquations (8), (10), and (11) can be solved for the unknowns q z(t), q x(t) and 

P o(0,-D,t). The result for q z(t) is: 

q z(t) = 
k p (0)g z o 

v (0) o 

Ah. (t) 
D 

"o(t) 

2b k /L(t) x x 
2b k /L(t) + b k/D(t) 

X X Z 
(12) 

where 

ah, (t) 
D - / 

p(0,z,t) - P (z) o_ 
P (0) o 

dz; (13) 

L(t) 
/

p(x,~U,t) 
P Q(0) 

dx; (14) 
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0 
j ( t ) = / r > * - ; : ; - " ) dz d 5 > , o(0) 

-D 

The factors tihjj(t) , L(t), and D(t) have the dimension of length and can be 

referred to as effective hydraulic heads. Equation (12) is a product of three 

factors. The first is the hydraulic conductivity of the vertical fracture; 

the second, the gradient hydraulic conductivity of the vertical fracture (re

sulting from Buoyancy) and the last, a correction for the hydraulic 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 hy

draulic gradient, (vh) z. From equation (12), qz(t) can be evaluated by the 

numerical integration of the effective heads, equations (13)-(15). Values for 

density, ,j(x,z,t) and viscosity v(x,z,t) are calculated at the temperature 

TQ(z) + aT(x,z,t). Values for p0(z) and vQ(z) are calculated at T Q(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: 

0 

/ 
M = b / p ( z ) d z . (16) 
o z I o 

-D 

After heat ing the rock mass, q z ( t ) = 0, and the cumulative amount of water 

flow across a given hor izonta l section i s : 

t 
M(t) = b f q ( f )d t ' . (17) ( t) = b /* q ( f ) d t ' z I z 
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Water initially at a level z = -D moves upward to a depth given by 

Z(t) = -D(l - M(t)/M Q), (18) 

for M(t) >. M 0. The vertical displacement Z(t) results from the buoyancy of 

the water in the vertical fracture. 

Equation (12) for q z(t) can be generalized for the case when q 0 1 0, 

L r c <t L cj c where the subscripts re and dc refer, respectively, to recharge and 

discharge zones. If the original groundwater flow is not zero, the hydraulic 

heads at the recharge and discharge zones, h r c and h^ c, must be different. 

The pressure difference between the recharge and discharge zones is: 

h 

' . - / 
VP^ = / p Q(z) gdz = p Q(0)g(h r c - h d c ) . (19) 

hdc 

From equation (5) the flow i-i horizontal fracture at the depth z = -D is: 

k p (0)g 

where 

(vh )o= r V r f ( 2 0 ) 

re dc 

represents the hydraulic gradient between these zones. The use of the density 

of water at surface po(0) and a subsurface viscosity v0(-D) in the equation 

for the flow q 0 is an artifact of this model where water is driven through a 

horizontal fracture by difference in the near-surface water tables. 

To derive qz(t) for q 0 t 0 and L r c t L^, 2b xq x in equation (8) must 

be replaced by b x(q r c(t) - q(jc(t)). The pressure boundary condition in equa

tion (9) is replaced by two equations with the upper limit of the integral 
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set as h r c or h tj c instead of zero, and Darcy's equation is integrated over 

both horizontal lengths x > 0 and x < 0. The expression qz(t) is: 

"b k k p (0)g" 
v (-D) U U 

riih.(t)(l/L" (t) + 1/L, (t)) + (Vh) (L /L\ (t) - L, /L, (t))~ b re dc o re re dc dc 
b k + b k D"(t)(l/U (t) + 1/L, (t)) z z x x re dc J 

Note that equation (21) reduces to Equation (12) for L r c = Ljj,, even when 

(Vh) 0 # 0 or q 0 * 0, That is, the buoyant flow in the vertical fracture is 

independent of the ambient 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, b 2 = b x = 1 um, with a repository radius of 1500 m and a 

length to the recharge and discarge 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 from two 

repositories at depths of 500 m and 1000 m are plotted in Figure 25. The 

buoyancy and the movement of the groundwater is proportional to the change in 

temperature of the rock mass as can be seen by comparison with Figure 4. The 

vertical flow in the case of spent fuel is substantially greater than 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 

temperature of the groundwater throughout the length of the vertical fracture. 

qzU) = 
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Figure 25. Water movement along vertical fracture from the 
repository. 
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In addition to the buoyancy of the heated water in the vertical fracture, 

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 fracture for a given buoyancy. As examples, 

the velocities have been calculated for distances between the repository and 

recharge zone at L = 2000 m, 5000 m, 10,000 m and the results are as illustra

ted in Figures 26 and 27 for repository depths of 500 m and 1000 m. (L = 0 

is an unrealistic limiting case, see Appendix B.) The more 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 fracture were infinite (b x = 0 or L = »), buoyant flow in the ver

tical fracture could not occur. For the general realistic case with finite 

constant values of b x (b x # 0, b x # B) and L (L t 0, L * B), q(t) does not 

become infinite as b z increases. On the contrary, q z(t) approaches zero as 

b z corresponds to »; that is, a large vertical fracture with storage capacity 

reduces buoyant flow. It can be shown that qz(t) is a maximum value with 

1/3 4D(t) 

and 
L(t) 

qz(t) < ± vQ(0) 
Ah b(t) 
D(t) 

4D(t) 
I(t) 

2/3 
(22) 
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Buoyant groundwater flow in the vertical fracture has an upper bound 

which is determined by the permeabilty of the horizontal fracture rather than 

the permeability of a vertical fracture. In Figure 28 results with a constant 

aperture b x = 1 um and with a range of apertures b z = 10 um, 1 \im, and 0.1 um 

are illustrated. The movement of the groundwater in the vertical fracture is 

significantly slower both for the case of b z = 10bx and b z = 0.1bx than with 

bz = b x. The finite recharge capacity through the horizontal fracture re

stricts the vertical buoyant flow. 

All the preceding results have been calculated for the symmetrical sit

uation. In Figure 29 the effects on the buoyant flow of groundwater in the 

vertical fracture of the position of the repository between the recharge and 

discharge zones are illustrated. The vertical buoyant flow is only weakly 

coupled to the horizontal ambient regional flow from water table differences. 

Finally, the effect of different original geothermal gradients on buoyant 

groundwater flow in the vertical fracture has been analyzed as shown in Fig

ure 30 for spent fuel and reprocessed waste. The buoyant flow of groundwater 

in the vertical fracture decreases slightly as the original geothermal grad

ient increases. 
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DISCUSSION 

Although the thermohydrologic model used for the analysis presented in 

this paper is very simple, it should possess the same physical behavior as 

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

bility 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 more 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 cir

cumstances, thermally-induced buoyant groundwater flow may be 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 differ

ences 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 



55 

is of much less significance. Cooling of the wastes near surface can be used 

to compensate for these differences and reduce substantially the total amount 

of heat put ini_o the rock mass. The heat capacity of different kinds of rocks 

has a significant effect on buoyant groundwater flow also. Finally, the buoy

ant groundwater flow depends upon the ratio of the hydraulic tran6missivities 

of the vertical and horizontal fractures, the maximum flow being determined by 

the transmissivity of the horizontal fracture. 
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Append ix A 

INCOMPRESSIBLE FLOW APPROXIMATION 

The B o u s s i n e s q a p p r o x i m a t i o n of n e g l e c t i n g t h e t i m e d e r i v a t i v e i n t h e 

c o n t i n u i t y e q u a t i o n 

- ^ + V • q = 0 (4 ) 
d t 

and approximating it by 

V • q = 0 (6) 

can be justified by the following argument: Ir the usual pressure transient 

analysis (e.g., Wang et al., 1977), the continuity equation (4) is combined 

with Darcy's equation without the gravity term, 

q = - -VP (A1) 

to yield 

* -1 £ 
If one further uses the isothermal equation of state: 

p = p exp[p(P - P )] (A3) 
o o 

dp dP —- = 0p — - A4) dt dt 

for slightly compressible water, a diffusion equation for the pressure field 

is obtained: 

2 1 dP 
V P = - - (A5) 

o 

where K = pressure diffusivity k/pp and U = dynamic viscosity P v. 
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With 1 m aperture fracture permeability, k = (10~6)2/12 = 8.3 x 10" 1 4 m2,and 

standard values for water properties 

-14 2 k 8.3 x 10 m n „ 2 < = — = — = 0.2 m /sec. (A6) 
p ^ M (5 x 10 P )(0.01 poise) 

a 

The temperature field by heat conduction is also governed by a diffusion 

equation: 

- 2 m 1 3T n\ 
V T = ( 1) 

* T at 
The temperature diffusivity < T = K/p RC R is typically of order of 10~ 6 m'/sec 

(see Table 1). Thus the pressure diffusivity < p is much larger than the tem

perature diffusivity < T. 

A rough estimate of the transit time for any perturbation to diffuse over 

a distance D is: 

2 
nt = ~ (A7) 

4K 

This is shown by comparing the temperature transit time At T = D 2 / 4 K T
 = 1700 

years with the time of maximum epicentral thermal gradient from a D = 500 m 

repository (see Figure 7). Therefore, a pressure perturbation will take only 

at_ = D 2 / 4 K P = 4 days to reach the surface and is much shorter than the temper

ature transit time At T = 1700 years. As the temperature field slowly changes 

the density and viscosity of water, the induced pressure perturbation will 

very quickly equilibrate. We may then assume an instantaneous response of the 

pressure field to the changes in the temperature field. This is equivalent to 

the approximation of neglecting the transient response and assuming incompres

sible flow in the convective calculations. 
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Appendix B 

SINGLE FRACTURE MODELS 

The two-fracture model considered in this study consists of one horizon

tal fracture from the recharge zone, through the repository, to the discharge 

zone; and one vertical fracture from the repository to the ground surface 

(Figure 24). An even simpler model would have only the vertical fracture as 

the flow path from the repository to the surface (Maini and Hocking, 1977). 

The single-fracture model is the limiting case of the two-fracture model with 

the recharge distance L = 0. 

If L = 0, (or equivalently b x = °°), the open end of the vertical frac

ture in the repository would be maintained at the hydrostatic pressure P 0 of 

equation (9). Then the vertical fracture could be supplied instantaneously 

with the cold water for the buoyant flow. This is not a realistic representa

tion of the hydrologic condition of a repository. A repository will be loca

ted in a low-permeability formation with a limited supply of groundwater. The 

horizontal fracture representing the recharge flow path from the ambient water 

supply must have nonzero length and finite permeability. The inclusion of the 

horizontal fracture to represent the recharge flow path from charge zones is 

essential for the simulation of buoyant through flow. 

A physically meaningful single vertical fracture is one with a closed end 

at the repository. If the horizontal fracture of the two-fracture model is 

completely closed (b x = 0), qE(t) = 0 in equation (12) or equation (21), 

no buoyant through-flow considered in this study can be developed. Without 
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recharge, the only possible way for the hot water to flow upward is by devel

oping circulating convective cells within the fracture plane. With small 

permeability of the fracture and modest heating effect from the repository, 

vertical convective contribution will be minimal. Only at early time near the 

perimeter of the repository will cells occur. After a long time, the regional 

thermal gradient is of the order of the normal geothermal gradient; fast con

vective motions are unlikely. These possibilities will be discussed in a 

future report. 


