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EVALUATION PRELIMINAIRE DE LA DISTRIBUTION DE TEMPERATURE
ASSOCIEE A UNE ENCEINTE DE STOCKAGE DE DECHETS RADIOACTIFS

par

H.Y. Tammemagi

RESUME

La distribution de température dans les modèles simulant des
enceintes de stockage de déchets radioactifs a été déterminée à l'aide
d'un code machine des différences finies afin de résoudre l'équation de
transmission de la chaleur transitoire. Les paramètres d'entrée du code
comprennent les propriétés thermiques de la roche granitique et des don-
nées à propos de la chaleur produite par la décroissance des déchets qui
seraient séparés du combustible CANDU si celui-ci était recyclé. Dû au
caractère préliminaire de l'étude, seuls des modèles simples ont éti
analysés.

Une source en forme de disque a été utilisée pour simuler
approximativement un dépôt à un seul niveau. Divers paramètres ont été
examinés comme par exemple l'épaisseur du disque, les propriétés thermi-
ques de la roche et les effets à long terme. On a démontré que dans le
cas d'enceinte à 500 m de profondeur avec un flux thermique initial de
zone de 31 W/m , il y aura une augmentation maximale de température
d'environ 80 C au niveau de l'enceinte, environ 30 ans après le stockage
des déchets; l'augmentation maximale de température près de la surface
de la terre aura lieu environ 1000 ans après et sera inférieure à 1 C.
La modélisation de l'enceinte utilisant un certain nombre de cylindres
de déchets verticaux à un niveau horizontal au lieu d'un disque mais
avec le même flux thermique zonal brut de 31 W/m2 n'a pas causé d'aug-
mentations locales sérieuses tant que le taux initial de production de
chaleur de chaque enceinte était inférieur à 750 W. On a également dé-
montré qu'en utilisant la dimension verticale disponible dans les plu-
tons granitiques et en faisant des enceintes à niveaux multiples ou des
sondages très profonds, un flux thermique initial de zonal supérieur à
31 W/m^ peut être utilisé sans que l'augmentation maximal de température
de 80°C soit dépassée partout dans l'enceinte.
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ABSTRACT

The temperature distributions of models which simulated radio-
active waste vaults were determined, using a finite difference computer
code to solve the transient heat conduction equation. Input parameters
to the code included thermal properties for granitic rock and heat
generation decay data for wastes that would be separated from CANDU fuel
if it were recycled. Due to the preliminary nature of the study, only
simple models were analysed.

A disc source was utilized to approximate a one-level reposi-
tory. Various parameters were investigated such as depth of disc,
thermal properties of rock, and long-term effects. It was shown that,
for a vault at 500 m depth with an initial areal heat flux of 31 W/m2, a
maximum temperature increase of about 80°C occurs at the vault level
about 30 years after waste emplacement; maximum increases near the
earth's surface occur after about 1000 years and are less than 1°C.
Modelling the vault by a number of vertical waste boreholes on one
horizontal level, instead of by a disc, with the gross areal heat flux
again 31 W/m2, did not cause serious local temperature increases as long
as the initial heat generation rate of each container was less than
about 750 W. It was also shown that, by using the vertical dimension
available in granitic plutons and constructing either multiple-level
vaults or very deep boreholes, initial areal heat fluxes greater than
31 W/m2 can be utilized without exceeding the 80°C maximum temperature
increase anywhere in the vault.
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1. INTRODUCTION

In the coming decades, the Canadian nuclear power program will

expand and, as a by-product, produce increasing quantities of radio-

active wastes. To prevent these wastes from presenting any risk to the

biosphere, it has been proposed that they be buried deep in stable

geological formations whose past age and projected future age are very

large compared with the lifetime of the radioactive nuclides of concern.

It is planned to excavate a cavity in a suitable formation and emplace

the solidified and encapsulated wastes into it

The design and construction of such a subterranean vault is an

essential part of the overall waste disposal program. One factor which

must be considered in the design is the heat generated by the radio-

active decay of the wastes. It is important to determine the tempera-

ture distributions which can arise and their behaviour with time.

Structural instability, rock burst problems or progressive cracking due

to thermal stresses can then be controlled within the vault, so that

temperatures at and near the ground surface will not increase signifi-

cantly.

The objective of this study was to perform a preliminary

investigation of the thermal regimes associated with nuclear waste

vaults, utilizing data which are specifically applicable to the Canadian

nuclear waste disposal program. The study was not intended to be compre-

hensive, but simply to provide a general introduction and data base for

subsequent detailed studies.

Almost all aspects of vault design are related to the thermal

regime, notably waste container size and shape, vault geometry and

depth, emplacement configuration, gross power density and the use of

artificial cooling. Ultimately, all of these aspects must be integrated
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and optimized to yield a design which is stable, safe, and does not

adversely affect the surrounding environment. Moreover, for economic

reasons the design must allow the waste to be packed as densely as

possible.

The zone over which the temperature changes are of interest

can, for convenience, be divided into three ranges:

1. Short range - the vicinity of the waste container/rock inter-

face. Aspects of concern are local rock cracking and canister

retriejvability.

2. Intermediate range - the vault and its nearby vicinity. The

concern is structural stability and safety.

i
3. Long rjange - far away from the vault. The areas of concern

are thermal effects on the surface environment and the hydro-

logical1! system.
t

Criteria', need to be developed for the maximum permissible

temperatures in each of these regions. The development of these cri-

teria is an iterative procedure and requires data from a number of

disciplines such as rock mechanics, hydrology, etc. This preliminary

study did not take these other disciplines into account. The results

are primarily applicable for the long range, with less emphasis on the

intermediate range and, very little application to the short range.

Thermal analyses of waste disposal in bedded salt formations

have been performed in the Federal Republic of Germany and in the United

States. The Americans have considered mathematical models of vaults

ranging from simple disc source approximations to complex two-dimensional
(2 3)

geometries which include waste containers, rooms and pillars ' . In

addition, the thermal regions in the vicinity of the container/rock
(A)

interface have been analyzed . Granitic host rocks were considered in
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the present study and, although ideas were borrowed liberally from the

salt investigations, most of those results were not directly applicable

to this study for the following reasons:

1. The thermal and mechanical characteristics of crystalline

plutonic rock differ from those of salt.

2. Plutons generally have considerable depth (many kilometres),

thus permitting the exploitation of the vertical dimension in

vault design. Most U.S. studies have been limited to one-

level repositories by the stratified nature of bedded salt.

2. METHOD

2.1 FINITE DIFFERENCE CODE

The HEATING-3 computer code , which solves the heat con-

duction equation by finite difference methods, was used for this study.

The program solves steady-state or transient problems in one to three

dimensions using Cartesian or cylindrical coordinates. The code was

obtained from the Argonne National Laboratory Code Centre and installed

and tested at WNRE. The code allows the use of time-dependent heat

sources and of convective and radiactive boundary conditions, as well as

normal ones. Mesh spacings can be varied along the axes and a maximum

of 1750 lattice points can be accommodated. For transient calculations

(the only ones of interest in this study), the normal explicit method is

used. In addition, a modified explicit method is incorporated which

allows the use of an arbitrary time increment while maintaining stabil-

ity. Information concerning the mathematical and numerical techniques

is contained in reference (6) while the program itself is described in

reference (5).
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To solve the heat conduction equation, certain information is

required at the outset: thermal properties of granitic rock and their

dependence on temperature, boundary conditions and the heat decay

characteristics of radioactive wastes.

2.1.1 Thermal Properties

To solve the heat conduction equation for temperature distri-

butions, the following properties of the medium must be specified as a

function of temperature: thermal conductivity (K), density (p) and

specific heat capacity (C ). A fourth property, diffusivity (a), is

calculable from the other three properties (a = K/(C *p)). As part of

the Canadian program, the complete range of plutonic rock, from basic to

acidic, is being considered for waste disposal. However, in order to

develop a reference case, this study considered only "granitic" rocks.

This includes such acidic rock types as granite, granodiorite, monzonite,

and quartz monzonite. Table 1 lists the thermal properties of granitic

rock.

It is important to confirm the values listed in Table 1 for

the specific formations in which the vault might be developed. This is

especially important for conductivity since, of the three independent

properties, it has the greatest variability and is also the dominant

factor in heat dissipation. A borehole of 2865 m has been drilled in

the Reynard Lake pluton near Flin Flon, Manitoba, and thermal conductivi-

ties were determined at intervals of about 50 m. The values over the

first 1300 m (the significant depth range for a vault) were relatively

uniform with a value of 3.41 W/(m"°C)^ . Jessop et al "* have recently

compiled a large number of thermal conductivity values for various rock

types in the Superior Province of the Canadian Shield. Their mean value

of 3.07 W/(m*°C) further verifies the conductivity values quoted in

Table 1.
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It should be pointed out that granitic rocks, because of their

high conductivity, are the best of the igneous rocks for dissipating

heat. Intermediate and basic rocks have lower conductivity values,

primarily due to lesser quartz content. A typical value for a gabbro,

for example, is 2.2 W / m ' ° C ^ .

Since the radioactive wastes will be generating heat, they

will raise the temperature of the surrounding environment. It is,

therefore, necessary to know the temperature-dependence of the thermal

properties over the relevant temperature ranges. Figures 1 and 2 illus-

trate the behaviour of thermal conductivity and specific heat, respec-

tively, as a function of temperature. As temperature increases, con-

ductivity decreases while specific heat increases. To develop data for

the ensuing computations, lines were fitted by hand to Figures 1 and 2

so that the trends exhibited by the analyzed samples were paralleled,

with the y-intercepts equal to the values of Table 1. Data for the

linear expansion coefficient for granitic rocks indicate that the

change in density will only be about 0.5% over 200°C, and therefore the

density has been treated as constant.

2.1.2 Boundary Conditions

Three kinds of boundary conditions are used. The one used

most frequently places the boundary at a sufficient distance from heat

sources that the temperature "front" does not diffuse to the boundary

during the time of concern. This kind of boundary is passive and exerts

no influence on the temperature distribution.

The boundary which represents the surface of the earth has

been modelled by a constant fixed temperature. The rationale for this

is that the natural heat flow from the ground is very small compared

with the solar energy impinging on the surface. Heat in the interior is



dissipated by radiation and convection and has a negligible effect on

the surface temperature, which is controlled by the sun. This is valid

even for geothermally anomalous areas. For example, in Marysvllle,

Montana, a "blind" geothermal area with a heat flow about 10 times the
(12)

regional flux, has been intensively studied . However, there is no

surface manifestation of the anomaly and even infra-red surveys have not

detected any surface temperature increase. A heat-generating radioactive

waste vault would be analogous to such a natural anomaly, and preliminary

results indicate that the maximum heat flow at the surface will be less

than for the Marysville case. Therefore, modelling the surface by a

constant, fixed temperature equal to the mean annual surface temperature
(2)

is justified. Calculations involving a radiation boundary condition

have also shown that a fixed-temperature boundary condition is satisfac-

tory.

The third boundary condition is the insulated boundary. This

does not transmit any htat and thus a heat "wave" is "reflected" from

it. A plane insulated boundary is equivalent tc mirror symmetry and

thus this kind of boundary is useful in modelling the temperature dis-

tribution associated with a single canister situated in a large array of

identical, equally spaced canisters.

2.1.3 Heat Generation

For the purposes of this study, it has been assumed that:

1. The wastes have been separated from CANDU* fuel, with 99.5% of

the U and Pu removed for recycle.

2. The wastes are emplaced in the vault five years after removal

of the fuel from the reactor.

CANada Deuterium Uranium
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3. The wastes can be diluted or concentrated to any desired

initial power density. However, the decay rate will always be

proportional to the rate given in Table 2.

2.2 UNDISTURBED AMBIENT TEMPERATURE

The temperature changes caused by the radioactive decay of

nuclear wastes are discussed in the following sections. However, to

calculate the absolute temperature at some underground location, it is

necessary to add the natural ambient temperature. For the purposes of

this study, the ambient temperatures at depth can be calculated from the

knowledge that the temperature increase with depth in the Canadian

Shield is in the range of 10-15 °C/km(1°' 1 3 " 1 5 ) and that the mean

annual surface temperature is generally near 0°C .

3. THE DISC MODEL

3.1 GENERAL

The first model investigated consisted of a disc of heat-

generating material imbedded in a uniform granite at a depth of 500 m.

This model was intended to simulate a vault consisting of a grid of

tunnels on one level. It provided a first-order approximation to the

real thermal conditions and useful results for a variety of parameters

were obtained. The results for regions distant from the disc/vault

should be quite accurate.

The disc, which has the same thermal properties as the sur-

rounding rock, is 5 m thick and has a radius of 600 m. The initial
2

areal heat flux of the disc was chosen, for lack of data, as 31 W/m , a
(3)

figure recommended for salt-bed disposal . The transient heat decay



- 8 -

was proportional to the data in Table 2. The size of the disc was

chosen so that this "vault" could contain all the nuclear wastes gener-

ated in Canada up to at least the year 2000. The model, which is de-

scribed in Table 3, utilizes cylindrical coordinates and is symmetrical

about the vertical axis.

The temperatures which arise at the midpoint of the disc are

illustrated in Figure 3 as a function of time for the 'average' thermal

properties of granitic rock. Since these temperatures are not strictly

applicable to the intermediate field, they should be treated only as

first-order estimates. In spite of this restriction, a number of con-

clusions can be drawn. The increase in temperature peaks at about 76°C

in about 30 years. Some experience is available from the storage of

heated liquid petroleum (up to 90°C) and heated water (over 200°C) in

rock caverns . By direct comparison it appears that the predicted

maximum vault temperature rise of 76°C should not cause any structural

instability. Indeed, a greater initial heat flux may be possible.

However, more detailed analyses of actual geometries with data from rock

mechanical calculations is necessary before such conclusions can be

drawii.

3.2 ROCK PROPERTY VARIATION

In addition to values derived by using the average thermal

rock properties, it is of interest to calculate the temperature in-

creases for extreme rock properties. Two cases have been considered in

order to yield the maximum possible temperature increases; cases which

yield lower values have not been included.

In the first case, the diffusivity, a, was chosen to be a

minimum. That is, since a = K/p-C , K was chosen to be minimum while

maximum values were taken for p and C . The following extreme values of

the possible ranges of properties and their temperature dependence were

chosen from Table 1 and VLgures 1 and 2.
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The second case maximized temperature by utilizing minimum

values of K, C , and p. Thus, a given volume of rock will have a lower

heat capacity and a given amount of heat will yield a greater temper-

ature increase. The following properties were used:

The results for the disc mid-point are also illustrated in

Figure 3. The low K, low p, low C case, rather than the low-diffu-

sivity case, yields a maximum temperature rise of about 100°C after 30

years. Thus, near the source, temperature increases could in extreme

cases be about 33% higher than those calculated for the average model.

3.3 LONG-TERM EFFECTS

In order to study near-surface, environment-related tempera-

ture increases, considerable computational time is required to allow for

the long periods of time during which heat diffuses from the source to

the ground surface. For this reason, the modified explicit method

of solving the heat conduction equation is useful since it allows the

size of the time step to be increased while retaining the stability of

the solution. However, the time step cannot be increased indiscrimi-

nately, since it must also be small relative to the size of the peaks

within the temperature-time function.

Bearing this in mind, the temperatures associated with the

average model over a 4000 year period were calculated to investigate

near-surface and long-term effects. In Figure 4, the increase in tempera-

ture along the vertical axis of the disc source between the disc and the

ground surface are plotted for various times. Maximum temperatures at

mine level of about 80°C are reached in approximately 30 years. Maximum

temperatures near the surface are not reached until 1000 years have

elapsed and for this case, the near-surface temperature increases at the

10, 20 and 50 m depths are 0.4, 0.9 and 2.2°C, respectively. The surface

heat flux increase at this time, directly over the disc, is about 147
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2 /q\ o
mW/m . For comparison, the world average heat flux is 63 mW/tn . It

is considered unlikely that these temperature and heat flux increases

would have harmful effects on surface or near-surface ecological systems

above a waste vault in the Canadian Shield. The temperature increases

at mine level are very long lived and even after 4000 years will be al-

most 5°C above ambient. Figure 5 shows the horizontal variation of

temperature for various elapsed times and levels. It is apparent that

laterally the temperature effects attenuate very rapidly and at a

distance of 600 m beyond the edge of the disc, all temperature increases

are below 1°C.

The long-term situation was also assessed using the 'extreme'

rock properties listed in Table 5. The resulting temperature increases

(not shown) for both various locations and various times are about 33%

greater for the "worst" case than for the average rock properties case.

3.4 VARIATION OF INITIAL POWER

The temperature distributions for the disc source were re-

computed with average rock properties but with higher initial heat
2 2

fluxes. Two cases were computed using 43.3 W/m and 55.6 W/m areal

heat flux for the disc. The temperature increases which resulted, both

near the source and at greater distances, are directly proportional to

the initial power density. The resultant temperatures are similar to

the curves depicted in Figures 3, 4 and 5, but with the amplitudes

increased by suitable proportionality constants. For example, the
2

maximum temperature rise for the 55.6 W/m source occurs at about 35

years and is about 140°C at disc centre. As shown previously, extreme

rock properties would increase temperatures by about 33% to approxi-

mately 190°C for this case. Temperatures of this magnitude have been

realized in storage caverns for hot water. The temperature rise near

the surface is similarily increased but still appears to be too low to

cause any environmental or ecological concern. A preliminary observation



- 11 -

2
is that an initial areal power density of about 56 W/m may be suitable

for a vault situated in granite. However, it must be stressed that this

is a preliminary observation, and more detailed thermal calculations

with more realistic models as well as supporting rock mechanical and

thermal stress analyses are necessary to confirm it.

3.5 TIME OUT OF REACTOR

The main criterion controlling density of emplacement of

radioactive waste into an underground vault will be the maximum per-

missible temperatures. Thus, the longer the waste has been allowed to

cool in interim surface storage, the greater the quantity which can be

emplaced in a given vault. However, the economy gained in vault size

may be offset by the extra cost of constructing and maintaining surface

storage facilitites. The relationship between interim cooling time

(time out of reactor) of waste and the quantities which can be emplaced

in a fixed-size vault without exceeding a given maximum temperature, has

also been investigated.

Other factors being equal, the maximum temperature increase is

controlled by the total amount of heat emitted during the period re-

quired to reach the maximum temperature. Numerical integrations were

performed of the heat produced by the waste from 1.0 Mg U over a 50 year

period following various initial cooling periods. This length of time

was chosen since the temperature maximum should occur within this time

(for example, see Figure 3). The data of Table 2 were linearly inter-

polated and integrated by Simpson's rule to yield the results in Table 6.

The last two columns in Table 6 show the increased amount of

vaste required to yield the same total heat. It can be seen that 55%

more waste could be emplaced by accepting 5 year instead of 2 year

cooled waste, while only an additional 18% could be emplaced by waiting
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another 5 years. Similarily, doubling the surface cooling time to 20

years only allows an additional 26% waste to be emplaced over 10-year-

old waste. As verification of the preceding calculation, the tempera-

tures arising for the disc model with average thermal properties were

computed using 10-year- and 20-year-cooled waste but with 1.2 and 1.5

times, respectively, the quantity used in the standard 5-year-cooled

case. According to Table 6, the maximum increases in temperature for

the three cases should be the same, and the calculations verified that,

within a few percent, this was indeed the case.

The greatest decrease in waste heat output occurs in the first

five years of the waste's lifetime, with less thereafter. For this

reason it may be beneficial for the vault to receive wastes of this age,

but such a decision is also dependent on a number of other factors,

including the economics of interim surface storage and the availability

of waste, which will not be discussed in this report.

3.6 DEPTH VARIATION

Below about 100 m, variations in the depth of the repository

do not affect the temperatures at or near the mine level; however, sur-

face and near-surface temperature changes are influenced. Since the

500 m deep disc model yielded surface temperature increases whi-h at

this preliminary stage are felt to be satisfactory, two similar but

shallower models have been considered to study the constraint of depth.

The disc model with average rock properties and five-year-cooled waste

was located at depths of 300 and 150 m and the resultant increases in

temperature as a function of vertical depth are plotted in Figures 6 and

7 respectively for various times. Figure 8 shows the behaviour of poak

temperature and heat 'low near the surface as well as the time of occur-

rence of the maximum, all as functions of source depth. For the shal-

lower discs, the fixed-temperature, surface boundary condition acts as a

heat sink, causing higher heat fluxes, and the near-surface temperature
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peaks occur earlier than for deeper sources. For a source depth of
2

150 m, the maximum near-surface heat flow of 1.13 W/m becomes quite

large and the conditions for maintaining a constant surface temperature

(as has been assumed) may be invalid. Appropriate radiation and con-

vection surface boundary conditions instead of a fixed temperature are

recommended for models at depths of 150 m and shallower. Assuming the

temperatures shown in Figure 7 are representative, it should be noted

that the temperature increase of 3.5°C at 10 m depth is very near the

5°C increase which was felt to be harmful to the environment. At this

time, the near-surface criteria are not well quantified; however, when

more thermal criteria are available, Figure 8 can be utilized to assist

in choosing the appropriate depth. For the moment, it is recommended

that because of near-surface thermal constraints, a vault in granitic

terrain with the thermal characteristics described by this model should

be situated deeper than 150 m.

4. DISCRETE CONTAINER MODEL

The disc source model provided reasonably accurate estimates

for far-field temperature changes. However, since the- heat-producing

elements were disseminated uniformly throughout the disc, the model

yielded only a poor approximation of actual vault near-field tempera-

tures, which will undoubtedly be higher locally since the heat-producing

wastes will be concentrated into containers. In a radioactive waste

vault, it would be better to store more concentrated wastes (rather than

dilute wastes), as this would mean fewer emplacement holes to be drilled

and fewer containers to be handled and transported.

The basic model consisted of a single cylindrical container

(0.3 m O.D. x 2.0 m) of heat-producing material embedded in granitic

rock. Vertical insulating boundaries provided planes of symmetry while
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the upper horizontal boundary was kept at a sufficient distance that the

temperature "front" did not diffuse to it during the lengths of time

under consideration. The lower horizontal boundary formed a plane of

symmetry through the center of the vertical cylinder. This model

approximates the thermal regions near one container of a single-layered

repository of identical, equally-spaced vertical containers, for those

regions away from the edges. The model is still an approximation of the

real case since it does not include rooms, pillars or their influence;

furthermore, the thermal properties of the waste container are the same

as those of the surrounding rock with an initial temperature of 0°C.

The temperature changes associated with containers of 250 W,

1.0 kW and 2.5 kW initial heat generation were investigated. For each

of these cases, the gross initial areal heat flux was the same as for
2

the average disc model, 31 W/m , and the average rock properties of

Table 1 were used. An additional case was studied with an initial gross
2

areal heat flux of 56 W/m , utilizing the "worst" case rock thermal

properties of Table 3.

To decrease computing time, the number of lattice points in

these models was reduced by using cylindrical co-ordinates with symmetry

about the Z-axis. This is an approximation; the differences in various

possible vertical boundary condition0 are illustrated in Figure 9.

Model (a) represents the 'real' situation and model (c) is the actual

model.

Intuitively, it is expected that the temperature increases for

the two models would be virtually the same since the heat outputs of the

containers and the volumes of rock and of their heat capacities and

thermal conductivities are identical; only the shapes of the outer

insulating boundaries are different. To provide some verification,

model (a) was approximated by model (b) and then compared to model (c).

Results were comparable within a few percent and it was concluded that,
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for practical purposes, the temperature increases are similar and the

cylindrical coordinate model can provide useful results.

Detailed descriptions of three cases (250, 1000, 2500 W

initial heat) are presented in Table 7. Figure 10 shows the temperature

increases at the mid-container wall and rock interface as a function of

time for the three cases; the disc model mid-point temperature is plotted

as a reference. In Figure 11 the temperature increases for the three

cases are plotted as a function of radial distance along the mid-con-

tainer plane for various elapsed times.

From Figure 10 it can be seen that the maximum temperature

rise for the 250 W container is comparable to that of the disc model

(below 90°C), and the temperature gradients near the container (Figure

ll(a)) are not very great, ranging from 5 to 10°C/m. In contrast, the

2.5 kW container gives far higher maximum temperature increases (about

130°C) and gradients ranging from 30 to 80°C/m. It is obvious that,

without further refinements and without supporting rock-mechanical

thermal stress calculations, quantitative conclusions cann >>. je reached

for the high-heat container. However, for the given areal heat flux and

rock properties, it appears that the high temperature increases and high

gradients associated with the 2.5 kW ccontainer would have adverse

effects on vault stability. The temperature concentrations associated

with the 250 W container are much smaller, and it may be possible that

waste concentrations resulting in 250-750 W of initial heat per container

will be acceptable.

The preceding discussion applies to temperatures in the near

proximity of the waste containers (1.5 to 5.0 m). Further away, the

thermal response should be similar to the disc case since the gross

areal heat densities are the same. A comparison of data for the various

models showed that this is the case.
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For comparison, a fourth case was assessed using a greater
2

initial power density (56 W/m ) and the "worst case" rock properties of

Table 5. A description of the model is given in (d) of Table 7 and some

results are illustrated in Figures 10 and 11. A maximum temperature

increase of 140°C is reached with relatively small temperature gradients

in the range 5 to 10°C/m. It appears that even for extreme rock prop-
2

erties some modest increase in initial heat flux over 31 W/m may be

possible.

5. UTILIZATION OF THE VERTICAL DIMENSION

The thermal response of a vault which utilizes the vertical

dimension was also studied. Most of the available literature concerning

nuclear waste vaults considers single-level layouts. The reason for

this apparent limitation is that bedded-salt has been the prime medium

considered internationally for disposal, and thus a repository of this

nature is confined to this relatively thin structure. However, plutonic

rocks generally extend several kilometres or more in depth, and a multi-

level vault in this formation should incorporate any advantages that the

vertical dimension may offer. In particular, a saving in surface land

area may be realized if a greater areal heat flux can be achieved than

for a single-level vault. In addition, smaller plutons could be utilized

and the amounts of geological and geophysical exploration and drilling

might be decreased. Once the vault is completed, there would also be

less average travel distance per waste container emplaced.

For this case, a cylindrical model was considered. To achieve

a more realistic representation, the cylinder was subsequently approxi-

mated by multiple layers and then by a number of deep boreholes. This

is illustrated in Figure 12.
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Three cylindrical models of different sizes were investigated.

Their heat production densities were adjusted so that the maximum mid-

cylinder temperature increases were about 80°C, the same as for the disc

model. The details of the models are given in Table 8, the temperature

behaviour with time for the intermediate case is illustrated in Figure

13, while the spatial distribution of temperature is shown in Figure 14.

It is felt that a maximum temperature rise of 80°C at the cylinder

center will not cause structural instability, especially since the

increase is slow, with the maximum not being reached for approximately

100 years. The vault may even be back-filled and sealed by that time.

It is important to note that for the very large cylinder, the areal heat

flux is about four times that for the disc while for the smaller cylin-

ders it is about twice that for the disc model.

As the next step in achieving a more realistic model, the

cylinder was approximated by a number of discs as illustrated schemat-

ically in Figure 12. This model is equivalent in overall size and total

initial heat production to the intermediate cylinder case and consists

of five discs, each of 12 m thickness separated by 35 m of rock.

The position of the layers relative to depth is shown in
2

Figure 14. The gross initial heat flux is 65 W/m , about double that in

the disc case. The thermal behaviour of this model is depicted in

Figures 13 and 14 where it is seen that the rises in temperature,

especially at longer times, are virtually identical to those of the

cylinder case. For this concentration of the waste, no serious local

concentrations of temperature occur. By analogy to the discrete con-

tainer study in Section 4, it appears that no further serious tempera-

ture concentrations would arise by approximating each layer with dis-

crete waste containers of about 250 W initial heat. It was concluded

from this preliminary study that there is, therefore, potential for an

increase in the overall areal heat flux using a multiple-layer vault

instead of a single-layer one.
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A different way of utilizing the vertical dimension is by

filling a number of deep, vertical boreholes with waste containers as

shown conceptually in Figure 12. The model studied in this section

consists of 0.304 m diameter waste containers filling a 200 m length of

borehole in uniform granitic rock. The gross areal hept flux is the

same as for the intermediate cylinder (65 W/m ) and the boundary con-

ditions are as discussed for the discrete container model in Section 4

with a 2.5 m radius to the insulating boundary of the model. The average

rock properties of Table 1 have been used. The increases in temperature

at the mid-container/rock interface are plotted as a function of time in

Figure 13 and the spatial distribution of temperature at 12 and 100

years after emplacement are depicted in Figure 14. It is seen that the

thermal response of the three cases (cylinder, multiple-levels, long

borehole) is essentially the same. In other words, concentrating the

radioactive wastes from the cylindrical form to a long string of vertical

containers does not lead to any serious temperature concentrations. The

maximum temperature increase of about 80°C does not appear excessive for

repository design.

6. CONCLUSIONS

This study has investigated thermal regimes associated with

various vault concepts and layouts from a Canadian viewpoint. The study

was a preliminary one and modest in scope; therefore, it is important

that the reader be aware of its assumptions and limitations so that the

conclusions are not drawn out of context. Some of the more important

limitations are:

1. Rooms, tunnels etc. or their effects have not been considered.

2. The waste was assumed to have the same thermal properties as

those of the rock.
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3. The waste containers were assumed to be in perfect contact

with the rock.

4. Most of the models considered waste concentrations which v;ere

more diffuse than would occur in reality.

5. It was assumed that all the waste was emplaced simultaneously

at 0°C.

In spite of the preceding qualifications, the study has shed

some light on the thermal behaviour expected from various configurations

and conditions of geological waste disposal.

1. The most important conclusion is that, for a one-level vault

containing waste containers of 250-750 W (initial heat pro-

duction rate) with an overall areal initial heat flux of atc-t
2

31 W/m , the near-vault as well as the environmental tempera-

ture increases appear acceptable.

2. Should a maximum temperature increase of more than 80°C be

acceptable for granitic rock, the heat flux could be increased.

3. The temperature maximum near the one-level vault is reached in

approximately 30 years.

4. The vault should be situated at a depth of greater than 150 m.

5. The overall initial areal heat flux could be increased by

utilizing the vertical dimension available in plutons, either

by having multiple levels or very deep boreholes.

7. RECOMMENDATIONS FOR FURTHER WORK

A major area for further study is the development of maximum

permissible temperature and temperature gradient criteria. Different
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criteria are required for each of the three regions outlined in Sec-

tion 1. This is an iterative task requiring data from the conceptual

design, rock mechanics, hydrology and environmental studies. The main

i area for further work, of course, is the analysis of more realistic, and

j hence more complex, models. This work must be coordinated with the con-

ceptual design so that meaningful room/pillar layouts, container sizes,

etc. are used in the model. Up to now, only heat removed by conduction

has been considered. If artificial cooling either by air or water is

Introduced, the thermal regimes and repository concepts might be radi-

cally altered. For this reason, it is recommended that artificial

cooling studies be initiated at an early stage.
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TABLE 1

THERMAL PROPERTIES OF GRANITIC ROCK

Property

K (W/m-°C)

P Mg/m3

Cp (J/°C-g)

a (nnn /s)

Range

2.5-3.8

2.52-2.81

0.788-1.13

Average

3.3

2.67

1.03

1.183

No. Samples

90

166

35

References

(7)
(7)

(8,9)

TABLE 2

HEAT GENERATED BY RADIOACTIVE WASTE AS A FUNCTION

OF TIME. (DATA FROM CANIGEN CODE)

Heat generation
(mW/kg initial U)

1647.0

358.0

199.9

72.72

23.31

0.701

0.353

0.059

Time out of reactor
(a)

2

5

10

50

100

500

1000

5000
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TABLE 3

DESCRIPTION OF THE BASIC DISC MODEL

Radius:

Thickness:

Depth:

Thermal Properties:

a) disc

b) surroundings

Initial Temperature:

Initial Heat Flux:

Boundary Conditions:

Grid: R(metres):

Z(metres):

600 m

5 m

500 m

"granite", see Table 1 and Figures 1 and 2.

same as disc.

0°C everywhere

31 W/m2

ground surface at constant 0°C, all others
insulated but at a great distance from disc.

0, 100, 200, 300, 400, 500, 600, 650, 700,
800, 900, 1000, 1100, 1200, 1300, 1400,
1450, 1500.

0, 10, 20, 50, 100, 200, 300, 400, 450, 480,
497.5, 502.5, 520, 550, 600, 700, 800, 900,
1000, 1100, 1300, 1500, 1700, 1800, 1900,
1950, 2000.

TABLE 4

ROCK PROPERTIES FOR LOW DIFFUSIVITY CASE

Temperature (°C)

K (W/m-°C)

p (Mg/m )

Cp [J/°C-g]

2

2

1

0

.51

.81

.13

40

2.41

2.81

1.16

2

2

1

80

.33

.81

.18

2

2

1

120

.27

.81

.21

2

2

1

160

.20

.81

.24

2

2

1

200

.i9

.81

.27
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TABLE 5

ROCK PROPERTIES FOR "WORST" CASE

Temperature (°C)

K (W/m-°C)

P (Mg/m3)

cp (J/°c-g)

2

2

0

0

.51

.52

.789

2

2

0

40

.41

.52

.813

2

2

0

80

.33

.52

.842

2

2

0

120

.27

.52

.871

2

2

0

160

.20

.52

.905

2

2

0

200

.19

.52

.938

TABLE 6

TOTAL HEAT EMITTED NUCLEAR WASTE DURING DIFFERENT TIME PERIODS

Year out of
reactor

2

5

10

20

Total heat emitted
during 50—a period
starting at year
in first column

(J/kg U)

11.2

7.21

6.13

4.87

Increased dis-
posal potential
over previous

case
%

_

55

18

26

Increase over
case 2

%

_

-

18

48
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TABLE 7

DATA FOR DISCRETE CONTAINER MODELS

Case

initial container
heat (W)

initial gross areal
heat flux (W/m2)

container height (m)

container radius (cm)

radius to insulating
boundary (m)

rock properties

radial grid (cm)

vertical grid (m)

(a)

250

31

2

15.24

1.58

average case
Table 1

0,15,40,75,
110,158

0,1,6,11,21,
41,61,101,141,
181,241

(b)

1000

31

2

15.24

3.162

average case
Table 1

0,15,40,75,
125,175,225,
318

as in (a)

(c)

2500

31

2

15.24

5.00

average case
Table 1

0,15,50,100,
200,300,400,
500

as in (a)

(d)

250

56

2

15.24

1.42

"worst" case
Table 5

0,15,40,75,
110,142

as in (a)

TABLE 8

DATA FOR CYLINDRICAL MODELS

Case

Depth of cylinder
nidpoint (m)

Height of cylinder (m)

Radius of cylinder (m)

(a)

512.5

125

100

Gross areal heat flux (W/m ) 68

Radius of equivalent
disc (m)

Power density (rel-
ative to disc)

150

0.089

Rock properties average (Table 1)

1

(b)

600

200

400

65

580

0.052

as in (a)

(c)

750

500

1130

124

2300

0.04

as in (a)
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FIGURE 1. THERMAL CONDUCTIVITY OF GRANITIC ROCKS AS A FUNCTION OF TEMPERATURE.
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FIGURE 2. HEAT CAPACITY OF GRASI'i'IC ROCKS AS A FUNCTION OF TEMPERATURE
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FIGURE 3. TEMPERATURE CHANGES AT THE CENTRE OF THE DISC AS A FUNCTION OF TIME AFTER EMPLACEMENT.



- 30 -

100

200

a

TEMPERATURE INCREASE (°C)

75 a 30 a after
200 a waste

emplacement

FIGURE 4. TEMPERATURE CHANGES ALONG A VERTICAL PROFILE
THROUGH THE CENTER OF DISC SOURCE LOCATED AT
500 m DEPTH
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FIGURE 5. TEMPERATURE CHANGES ALONG VARIOUS HORIZONTAL PROFILES FOR THE
AVERAGE DISC MODEL.
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FIGURE 6. THE TEMPERATURE CHANGES ALONG A VERTICAL PROFILE
THROUGH THE CENTER OF A 300 m DEEP DISC SOURCE.
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50

200 a AFTER EMPLACEMENT

FIGURE 7. TEMPERATURE CHANGES ALONG A VERTICAL PROFILE THROUGH THE CENTER
OF A 150 ill DEEP DISC SOURCE.
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(a) MAXIMUM TEMPERATURE CHANGE ( C)
AT 10 m BELOW SURFACE
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FIGURE 8. VARIOUS PARAMETERS PLOTTED AS A FUNCTION OF THE
DISC SOURCE DEPTH.
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FIGURE 9. SCHEMATIC PLAN VIEW OF VARIOUS BOUNDARY AND
WASTE CONTAINER CONFIGURATIONS.
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250 W (CASE d)

2.5 kW (CASE c)

FIGURE 10.

TIME (a)

TEMPERATURE CHANGES AT THE MID-CONTAINER/ROCK
INTERFACE AS A FUNCTION OF TIME.
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FIGURE 11. TEMPERATURE CHANGES AS A FUNCTION OF RADIAL DISTANCE ALONG THE
MID-CONTAINER PLANE, FOR FOUR CASES.
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CYLINDER LAYERS OF DISCS CLUSTER OF DEEP BOREHOLES

FIGURE 12. SCHEMATIC CROSS-SECTIONS OF VAULT CONCEPTS
WHICH HAVE SOME VERTICAL EXTENT.



INTERMEDIATE CYLINDER CASE

DEEP BOREHOLE CASE

MULTI-LEVEL CASE

TIME (a)

FIGURE 13. TEMPERATURE CHANGES AS A FUNCTION OF TIME FOR THE CENTRE POINTS
OF MODELS OF SECTION 5.
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FIGURE 14. TEMPERATURE CHANGES PLOTTED AS A FUNCTION OF DEPTH FOR
VARIOUS MODELS DISCUSSED IN SECTION 5.
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