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CANADIEN DE GESTION DES DECHETS DE COMBUSTIBLE NUCLEAIRE

par

D.J. Cameron

ABSTRACT

Ce document a pour but de donner les grandes lignes du pro-
gramme d'isolement du combustible et d'indiquer comment ce programme
s'adapte à la structure générale du Programme canadien de gestion des
déchets de combustible nucléaire.

On décrit des activités semblables dans d'autres pays et on
souligne les différences entre les philosophies sur lesquelles ces acti-
vités et le programme canadien reposent.

Tous les travaux en cours sur l'isolement du combustible irra-
dié visent à créer une enceinte artificielle durable pour les grappes de
combustible intactes et à caractériser la performance du combustible
irradié en tant que forme de déchets. On étudie les durées prévues pos-
sibles de l'enceinte et on décrit les considérations écologiques qu'in-
fluencent les critères d'étude tels que la température, la pression et
la chimie de l'eau.

On présente un plan du programme qui donne les grandes lignes
du développement des programmes de recherches qui contribuent à l'éva-
luation sécuritaire du concept d'évacuation et le développement de la
technologie requise pour le choix de l'optimisation d'un système d'iso-
lement du combustible réalisable. On donne également quelques indica-
tions des travaux qui pourraient être effectués en-delà de l'évaluation
du concept à la fin de la décennie.

On décrit le programme en cours avec quelques détails, en met-
tant l'accent sur les résultats qu'a atteint le programme jusqu'à pré-
sent et ceux qu'on espère réaliser dans l'avenir au cours de la phase
d'évaluation du concept du programme de gestion des déchets.

Finalement, on décrit quelques importantes installations fon-
damentales associées au programme d'isolement du combustible.
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FUEL ISOLATION RESEARCH FOR THE
CANADIAN NUCLEAR FUEL WASTE MANAGEMENT PROGRAM

by

D.J. Cameron

ABSTRACT

This document is intended to give a broad outline of the Fuel
Isolation Program and to indicate how this program fits into the overall
framework of the Canadian Nuclear Fuel Waste Management Program.

Similar activities in other countries are described, and the
differences in philosophy behind these and the Canadian program are
highlighted.

All current work on isolation of irradiated fuel is concerned
with the provision of durable, man-made containment for intact fuel
bundles and with characterizing the performance of irradiated fuel as a
waste form. Potential target lives for the containment are reviewed,
and the environmental considerations that influence design criteria,
such as temperature, pressure and water chemistry, are described.

A program plan is presented that outlines the development of
research programs that contribute to the safety assessment of the dis-
posal concept and the development of technology required for selection
and optimization of a feasible fuel isolation system. Some indication
of the work that might take place beyond concept assessment, at the end
of the decade, is also given.

The current program is described in some detail, with emphasis
on what the program has achieved to date and hopes to achieve in the
future for the concept assessment phase of the waste management program.

Finally, some major capital facilities associated with the
fuel isolation program are described.
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FOREWORD

This program document is one of a series describing in detail

the components of the Canadian Nuclear Fuel Waste Management Program.

Other documents which are in various stages of completion cover the fol-

lowing topics:

/t

Environmental Assessment

Supporting Chemical Research

Vault-Sealing Research

Waste Immobilization

Applied Chemistry and Geochemistry

Supporting Environmental Research

Hydrogeology

Geology, Geophysics and Rock Properties

Underground Research Laboratory

Engineering and Geomechanics



1. INTRODUCTION

The Canadian Nuclear Fuel Waste Management Program was form-

ally established in 1978 by an agreement between the governments of

Canada and Ontario. Under this agreement, Ontario Hydro, the provincial

utility, has the responsibility for development of technologies for the

interim storage and transportation of irradiated fuel. Atomic Energy of

Canada Limited (AECL), a federal crown corporation, has the responsi-

bility for coordination and management of the research and development

program for the immobilization of fuel wastes and their safe disposal.

There are many possible options for disposal of nuclear fuel

wastes but, because of limited resources, Canada has focused the major

fraction of its efforts on deep underground disposal. Work by the

Geological Survey of Canada in the early 1970's led to the conclusion

that an appropriate geological host medium for deep disposal might be

large igneous intrusions of crystalline rock, known as plutons, found in

the Canadian Shield. Research is focused on geological host formations

in the province of Ontario, since Ontario is currently the only user of

nuclear-generated electricity in Canada.

Technical progress to date is described in the initial over-
(1-4)

view and three annual reports on the program . A series of program

documents, listed on the first page, is being issued to outline the

plans for the various technical programs. This particular document

describes work in progress, and planned, on the subject of fuel isola-

tion.

"uel isolation is concerned with the development of packaging

and cont. j.nment technology for irradiated fuel. The objective is to

provide a man-made barrier around the fuel, which will supplement the

natural, geological barrier provided by deep underground disposal.
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Irradiated fuel is only one potential waste form that may

require disposal. Another is the solidified, high-level waste from a

fuel recycle facility. The development of waste immobilization, which

involves the technology required to transform the high-level liquid

wastes from a reprocessing plant into stable, low-solubility solids, is

described in a companion document . No decision has yet been made on

whether fuel will be recycled in Canada; both fuel isolation and waste

immobilization technologies are, therefore, being developed in parallel.

It is important to note that much of the technology being developed for

isolation of irradiated fuel is also applicable to the provision of

additional man-made containment for the products of waste immobilization.

Irradiated fuel is a readily available, waste form. Therefore, the

development of fuel isolation technology will allow an earlier demon-

stration of fuel waste disposal in Canada.

In developing fuel isolation technology, it is important to

recognize that the safety analysis of the disposal scheme will be con-

cerned with the effect of the technology on the present generation (the

pre-vault-closure assessment) as well as on future generations (the

post-closure assessment) . With this in mind, there are two important

factors that have influenced current thinking on fuel isolation. The

first is that the small CANDU fuel bundle lends itself readily to a

number of packaging arrangements. The second is that any immobilization

option that involves the destruction of the fuel bundles would create

complications because of the need to treat the radioactive gases, vola-

tiles and particulates that would be released during processing. This

would lead to the generation of significant quantities of secondary

radioactive wastes. Therefore, the major effort in the fuel isolation

program is concerned with the development of packaging and containment

for intact, irradiated fuel.

Sweden, the United States and the Federal Republic of Germany

also currently have policies requiring the development or evaluation of

fuel disposal technology.

Canada's natural-uranium fuelled, heavy-water-moderated and cooled
reactor (CANada Deuterium Uranium).
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Consideration of fuel disposal in Sweden resulted from the

passage of a law in the Swedish Parliament in April 1977 which required

that, before any new reactor could be charged with fuel, the owner had

to demonstrate that the irradiated fuel, or the wastes resulting from

reprocessing of the fuel, could be disposed of in an "absolutely safe

manner". Accordingly, the Swedish power utilities established a program

(the KBS project) to demonstrate the feasibility of fuel and waste

disposal. A first report on the handling and disposal of high-level

vitrified waste was published in 1978, with the report on fuel disposal

appearing about a year later . Man-made containment featured promi-

nently in both concepts. In the proposed disposal of vitrified repro-

cessing wastes, the glass blocks would be surrounded by a mantle of

lead, 100 mm thick, which in turn would be enclosed by an outer skin of

titanium, 6 mm thick. Irradiated fuel would be placed within a copper

container with a 200-mm wall thickness, and the space between the fuel

elements filled with cast lead. An alternative container, with walls

100 mm thick, of hot-pressed alumina, was suggested for further de-

velopment.

In considering the Swedish studies, one must bear in mind the

very short time scales within which the work was performed and the need

to demonstrate the rather ill-defined requirement of "absolute safety".

As a result, the measures adopted for this conceptual study were very

conservative. Those involved in the Swedish program recognize this, and

it is intended that the research and development will continue with the

objective of optimizing the disposal systems.

American interest in fuel disposal stems from President

Carter's decision in 1977 to declare a moratorium on commercial nuclear

fuel reprocessing in the U.S., thus forcing consideration of nuclear

fuel as a potential waste form. This has been reflected in some aspects

of the U.S. waste management program^9>10\ in particular, there is

some very valuable work being performed at the Sandia Laboratories ^

on the performance of materials in potential disposal environments. It
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(14)
should also be noted that recently suggested criteria for any form

of high-level waste disposal place considerable emphasis on man-made

barriers as a component of the system.

German interest in fuel disposal is more recent and is pri-

marily concerned with the comparative evaluation of fuel versus repro-

cessing waste disposal from both economic and safety analysis view-

points.

Although fuel disposal and fuel isolation are relatively new

subjects in the field of high-level radioactive waste management, it

would be a mistake to think, that implementation of these concepts

requires the development of a completely new field of science and tech-

nology. Rather, it seems probable that the objectives can be attained

by applying the principles and practices of materials science and tech-

nology to the development of containment for intact fuel bundles.

However, in common with many other aspects of the waste management

program, we are faced with the necessity of predicting and postulating

processes and events that may occur far into the future. It is here

that the major challenge of the fuel isolation program is found.

2. CONTAINMENT TARGETS

In establishing a fuel isolation program, the first question

that arises is: what should be the target life for man-made containment?

To answer this, one must attempt to identify those features of the fuel

itself or of its potential performance in the fuel disposal vault that

are sufficiently clear-cut to warrant special attention. As the objec-

tive of fuel isolation is to provide a man-made barrier to contain a

potentially hazardous material, the starting point is to quantify the

hazard posed by the irradiated fuel as a function of time. This was

done in a previous publication and is presented again in Figure 1.
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Here the fuel in the disposal vault is equated with uranium ore bodies.

In this example, the fraction of uranium within the boundaries of the

repository is about 0.2% by weight. It is assumed that a sample of the

contents of the disposal vault, comprising irradiated fuel, backfill

materials and the host rock, is diluted with sufficient water to reach

drinking water standards. The volume of vater required to do this is

compared with the volume required to dilute a sample of 0.2% uranium ore

of the same size to meet the same standards. The ratio of the two

volumes is the toxicity index of Figure 1. It is seen that after a

period of 300 years, because of the decay of the high-activity fission

products, the toxicity of the contents of the disposal vault is equiv-

alent to that of a 3% uranium ore. Furthermore, in the interval between

500 years and 10 years> the t<

by more than a factor of five.

500 years and 10 years> the toxicity hazard of the fuel does not vary

Based on these observations, one possible target for the fuel

isolation program is man-made containment throughout this initial high-

toxicity phase, lasting for about 300 to 500 years. Clearly, it is not

possible to identify a specific target beyond this, based solely on the

hazard of the fuel itself. However, another property of the fuel is

that it produces heat. The heat generation of the emplaced fuel results

in an increase in temperature in the disposal vault. The temperature

rise that occurs is influenced by the density of emplacement, the

thermal conductivity of the host geologic medium and the depth of the

vault below the surface . Therefore, the magnitude of the thermal

transient in the disposal vault can be controlled to a significant

extent. A typical plot of thermal response as a function of time is

shown in Figure 2 . The period during which the temperature is

significantly higher than the ambient temperature at depth will last for

a few tens of thousands of years. Because chemical processes, such as

leaching and dissolution, and physical processes, such as diffusion,

tend to become more rapid as the temperature is increased, there may be

some advantage to providing man-made containment for the duration of the

temperature transient.
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Finally, although the toxicity of the fuel does not change

greatly after 500 years, provision of very long lasting containment

could, in theory, have an effect on the safety analysis of the disposal

scheme beyond merely determining when the radionuclides first become

available to the groundwater system. If the time taken for all the

containers to fail is long relative to the time postulated for the

radioactive inventory of the individual containers to dissolve, the

source term employed in the pathways analysis would be determined by the

frequency of container failure, rather than by the dissolution rate or

leaching rate of the fuel.

Based on these arguments, four discrete containment targets

can be identified for fuel isolation. These are given in Table 1. In

terms of what is being currently attempted in the program, the provision

of a simple packaging system for safe emplacement is regarded as techno-

logically trivial, and no effort is being devoted to this. Currently,

the major effort is directed towards developing containment systems to

endure through the high-toxicity phase of the fission products. The

third and fourth objectives have been grouped together and incorporated

into a program to develop very long term containment.

3. THE DISPOSAL VAULT AND ITS ENVIRONMENT

The design of the disposal vault, proposed methods of emplac-

ing the fuel in the vault and the nature of the disposal environment are

all significant factors that influence the design of, and choice of

materials for, fuel isolation systems.

Studies of conceptual vault designs have been performed ,

and two possible emplacement methods have been proposed (see Figure 3).

The first involves placing the waste package within a borehole drilled

in the floor of the excavated rooms. The second requires that the
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immobilized fuel be placed on a prepared bed of buffer material within

the room, followed by compaction of more buffer material around the

container and filling of the remaining volume with a backfill material.

The borehole emplacement method imposes some constraints on design,

particularly the diameter of the package that can be accommodated within

the borehole and the required height of the room to allow the vertical

emplacement of a long package. If it is conceded that relatively long

packages may be laid on their side, there are fewer geometric con-

straints with the in-room emplacement concept. However, a relatively

low-aspect ratio container, such as that shown in Figure 3 for in-room

emplacement, would appear to present fewer problems in handling.

Another factor that must be considered is the heat output of the waste

package. In the vault design studies to date, a reference heat output

of 268 W/container has been used. Figure 4 shows the decay heat of a

Pickering fuel bundle irradiated to 650 GJ/kg U, as a function of time
(181

after removal from the reactor

With these considerations in mind, three reference package

geometries have been defined. All are cylindrical, and based on effi-

cient packaging of arrays of fuel bundles. The geometries are shown

schematically in Figure 5. The BEC-I (Borehole Emplacement Container)

design is based on arrays of seven fuel bundles stacked six high. The

TEC-I (Trench* Emplacement Container) design is based on two tiers of 37

bundles, and the TEC-II design is based on four tiers of 19 bundles.

The BEC-I container would hold 42 bundles, while the TEC-I and the

TEC-II Containers would hold 74 and 76 bundles, respectively. However,

in a number of the initial conceptual designs, it was assumed that the

central bundle would be omitted in the TEC-I and TEC-II designs, for

ease of handling. The contents of each of these designs would then be

72 bundles, and this has been taken as the reference number. The BEC-I

For a discussion of the similarities and differences between the
buffer and backfill materials see Reference (19).

*
At the time this nomenclature was developed the in-room emplacement
option was known as trench emplacement.
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geometry is very definitely intended for borehole emplacement and the

TEC-I geometry for in-room emplacement. The TEC-II container could,

based on the Swedish conceptual study , be placed in a borehole or

laid on its side in the room. It must be recognized that, at this stage

of the program, the emplacement method has not been defined, the heat

output of each canister could be varied, and there has been no attempt

to optimize the overall disposal scheme. In view of this, the container

geometry must remain flexible for the present. Therefore, unless there

are compelling reasons to do otherwise in terms of ease of fabrication,

performance or materials usage, it is intended to concentrate on the

TEC-II type of container. This forces consideration of relatively high

aspect ratio packages and the problem of fabricating large-diameter

containers, the two major disadvantages of the BEC-I and TEC-I geome-

tries, respectively.

To develop a fuel isolation program, the mechanical, thermal

and chemical service environments must be defined. The factors that in-

fluence mechanical design are: the hydrostatic pressure that could

develop if the vault floods; the weight of the backfill resting on the

container in the disposal vault; possible additional stresses, which

might develop from the swelling of backfill materials on contact with

water, or due to thermal expansion; and the potential for the transfer

of lithostatic stress to the container.

That the disposal vault will flood eventually is regarded as

inevitable. However, the length of time required for flooding to take

place is very uncertain . For the purposes of the fuel isolation

program, it is assumed that flooding will take place within the anti-

cipated lifetime of any containment system and that full hydrostatic

pressure will develop. The reference depth for the disposal vault is in

the range 500-1000 m, so present designs assume that the container will

be exposed to a hydrostatic pressure equivalent to that of a 1000-m

column of water, that is, 9.8 MPa. It is also assumed that the con-

tainer must support the weight of backfill above it in the disposal
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chamber. However, there is reason to believe that the excavated cavi-
(21)

ties will remain stable for long periods of time and that, by

appropriate choice and preparation of backfill materials, the swelling

pressure can be maintained at a value less than that of the hydrostatic
(22)

pressure . Accordingly, no account is taken of lithostatic stresses

and swelling pressures in the container designs, and it is anticipated

that the design of the disposal vault will ensure that this assumption

will remain valid for at least the design lifetime of the containment

system.

The thermal environment in the vault can be controlled to a

significant extent. In the short term, the. temperature at the interface

between the container and the buffer will be determined by the heat

output of the package, which can in turn be established by the amount of

fuel in each package and the length of time during which it was stored

prior to disposal. In the longer term, the temperature will be con-

trolled by the areal heat loading of the disposal vault, which depends

on the ratio of excavated to unexcavated area and the density of em-

placement of the immobilized fuel packages within the rooms. In the

case of fuel disposal, because of the rather long duration of the tem-

perature transient, it is the areal heat loading consideration that will

be dominant. The allowable final temperature will be determined by

analysis of a number of factors, including rock mechanics, container

corrosion and fuel dissolution considerations. It is currently assumed

that the maximum temperature at the container/backfill interface will

not be greater than 150°C. The fuel isolation program accepts this as a

guideline, but it is understood that it may be necessary to define a

lower maximum tolerable container temperature from the point of view of

performance of container materials.

It is anticipated that corrosion will be by far the most

significant cause of eventual containment failure, so the disposal

environment chemistry is extremely important. In the earlier part of

the program, there were indications that the disposal environment would
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be rather benign , with relatively low concentrations of dissolved

solids, and a reference groundwater composition was, therefore, de-

fined . However, during the research drilling of the Lac du Bonnet

batholith, ou which the Whiteshell Nuclear Research Establishment (WNEE)

is located, saline groundwater, containing 5600 mg/L of chloride ion,
(25)

was encountered at a depth of 430 m . This prompted a re-evaluation

of the question of grouudwater chemistry, with the resulting conclusion

that high-SEilinity water occurrences were not particularly uncommon in
(26—27)

deep hard-rock mines of the Canadian Shield . Saline water has
(3)

also been found at depth at the Atikokan research site . The situa-

tion is further complicated by the fact that, whatever the natural

chemistry of the water within the rock formation, it will be perturbed

on entering the disposal vault by the contents of the vault and the

elevated temperature in this region.

The question of groundwater chemistry is an active research

topic. It is anticipated that there will be a fairly rapid expansion of

our understanding of this subject but, even so, the details of ground-

water chemistry are quite likely to be site specific, implying that the

final disposal environment will only be definable at a fairly late stage

of the waste management program. In view of this, the approach adopted

in the fuel isolation program is to attempt to specify a range of water

chemistry conditions within which various containment materials can be

expected to perform satisfactorily. This will then provide a data base

with which the final site-specific water chemistry may be compared.

In addition to the effect of heat and vault contents on water

chemistry, another effect is particularly important in the vicinity of

the fuel container. This is the effect of radiation on the water and

its dissolved constituents. The products of radiolysis are numerous and

varied, and can be oxidizing or reducing. While it is possible to use

computational techniques to predict the effects of radiation on pure
(28-29)

water , the addition of significant concentrations of several

dissolved solids renders the problem of rigorously predicting radiation
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effects intractable . The influence of water radiolysis on the cor-

rosion of containment materials must, therefore, be studied empirically.

It is worth noting that a major criterion in the Swedish conceptual

studies of vitrified waste and fuel disposal was that the package should

be sufficiently self-shielding to eliminate concern about the effects of
(7 8 31}

radiolysis on the corrosion of the materials used ' ' . This conser-

vative approach was probably necessary in view of the constraints on

that work. We believe that it would be unnecessarily restrictive to

adopt the same philosophy as a starting point in the Canadian fuel

isolation program, which does not have the same constraints. However,

in taking this position, we recognize that the potential effects of

radiation on containment integrity must be studied thoroughly.

4. THE FUEL ISOLATION PROGRAM

The Canadian Nuclear Fuel Waste Management Program is current-

ly in a generic research and development phase. This is expected to

last .itil the end of the decade. During this period, the fuel iso-

lation program is required to provide submodels and data for the post-

closure safety assessment analysis, which will be presented to the

reviewing authorities to demonstrate that the disposal concept will meet

regulatory criteria. This means that research programs must be estab-

lished that will determine the mechanisms of container degradation and

the release of fission products from irradiated U0~ fuel, and predict

the rates of these processes far into the future.

In addition to the scientific research supporting the safety

assessment, it is also necessary to demonstrate that the technology

inherent in the fuel isolation and disposal concept is feasible. This

means that the program must be concerned with the evaluation of specific

container design concepts and the development of the technology used in

their fabrication and inspection. Exactly how far the technological
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aspect of the program is required to go during the generic research and

development phase is debatable. It is currently presumed that this

aspect will include selection of the preferred container design, demon-

stration of its fabricability on a one-off basis and conceptual engin-

eering to indicate the feasibility of mass production. The program will

then be ready to move into the development of large-scale production

equipment if a disposal demonstration is called for immediately follow-

ing the generic research and development pticse.

The program that is being conducted to meet these objectives

is shown in Figure 6. It has three major components: the evaluation of

irradiated fuel as a waste form, the development of containers employing

relatively thin metallic shells to meet the 500 or more years contain-

ment target, and the development of very long term containment based on

ceranic materials or thick-walled metallic containers.

The first line in Figure 6 is concerned with the characteriza-

tion of irradiated fuel as a waste form. This is a relatively self-

contained component of the program. The major components of this work

will be the development of models and the production of supporting data

on the rate of mobilization of radionuclides from the irradiated fuel

when exposed to water in the disposal vault. This contributes directly

to the post-closure safety assessment of the disposal concept. It is

planned that the safety assessment will be revised, updated, and pub-

lished at 18 to 24 month intervals during the course of the generic

research program. The fuel characterization studies will also be

reviewed and published at intervals synchronous with the safety assess-

ment, culminating in a final document on the probable performance of

fuel as a waste form for concept assessment by the regulatory authorities.

The container materials evaluation program is motivated by

similar demands, i.e., the need to contribute to tha post-closure safety

assessment. This program is required to produce a defensible container

failure function that will describe the time-dependent failure of the
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population of containers in the disposal vault. The research work

contributing to this activity is generic in nature, and is currently

concerned with the corrosion of potential container materials under

conditions that might be encountered in a disposal vault. The first

documentation in support of the safety analysis (SYVAC) will be con-

cerned with the degradation of the population of containers by uniform

corrosion mechanisms. Successive iterations will have to consider

premature failure due to undetected manufacturing defects, the potential

impact of localized corrosion mechanisms and, eventually, the need to

make the container failure function design specific. This program,

therefore, needs inputs from the container design and testing and

inspection development activities.

Container design and testing staff are currently evaluating a

number of simple containment concepts, all based on metallic shells.

These will be described subsequently. By milestone \k, a preferred

design must be established and this design refined and optimized. When

the preferred design is astablished, sufficient design engineering must

be performed (milestones 16 and 17) to allow a pre-closure safety

assessment to be conducted for the operations proposed for fuel isola-

tion.

After concept assessment, detailed design and construction of

a fuel isolation plant will be required. It is impossible to say when

this plant will be committed and whether it will be of a size suitable

for demonstration or commercial operation. The timing of a production

plant is very uncertain. Milestones 18 to 20 assume that the design

could be performed at the same time as the concept assessment is taking

place and that construction of the fabrication plant lies on a critical

path for early demonstration of the disposal concept. This assumption

is unlikely to be correct. The requirements for concept assessment

(including regulatory review and public hearings), site selection and

licensing will probably push these activities much further into the

future.
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The work on additional barrier development is concerned with

improving the performance of simple containment systems by using coating

technology outside, ai>d/or filler materials within, the corrosion-

resistant shell.

Finally, there is the work on the development of very long

term containment. This lags the work on simple containment by a sub-

stantial margin. The potential advantages of very long term containment

need to be quantified and the feasibility of achieving it economically

has to be established. If very long term containment ever becomes more

attractive than the simple containment concept, it will be necessary to

redistribute the efforts of the fuel isolation program substantially.

5. REVIEW OF THE CURRENT PROGRAM

Figure 6, described in the previous section, outlines the

anticipated development of the program as a function of time. Figure 7

shows the hierarchical structure of the program. This structure can be

related to the trimonthly progress report, which is part of the AECL

reporting system. Individual projects in the program have not been

described, but Figure 7 does give a good indication of the scope of the

program.

The budget for the fuel isolation program in Fiscal Year

1982/83 is about $1.5 million (direct costs only) and will average about

this amount per year for the remainder of the decade. Nine professional

research staff at WNRE will be employed in the program. Ontario Hydro

also makes a substantial additional contribution to the program, current-

ly valued at about $0.5 million per annum.

The program will now be described in more detail, with parti-

cular emphasis on current status and anticipated future developments to

the concept review stage.
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5.1 SIMPLE CONTAINMENT SYSTEMS

5.1.1 Design Concepts

Work on simple containment systems started by considering a

concept that appeared to represent the most straightforward form of

simple containment from the viewpoint of engineering design. This is

the stressed-shell container, and involves the design of a metallic

shell to contain the fuel, which would not only be sufficiently corro-

sion resistant to isolate the contents for the required duration, but

would also be thick enough to resist collapse from the hydrostatic head

anticipated in the disposal vault.

Preliminary conceptual design of such a container was per-

formed, based on the three potential geometries described in Section 3

(TEC-I, TEC-II and BEC-I) and three potential construction materials,

namely, Type 316L stainless steel, Inconel 625 and Grade-2 titanium. It

was rapidly apparent that, with the possible exception of the BEC-I

design, the containers would require domed ends to resist the hydro-

static pressure, if the thickness of the end plates was to be kept

within reasonable bounds. Based on a design criterion that the con-

tainer should resist a hydrostatic pressure of twice that at the vault

depth, the required thicknesses of material shown in Table 2 were cal-

culated. It was assumed that, for the purposes of this design exercise,

the vault depth would be 1000 m. The three designs were reviewed to see

whether one had any major advantages over the others, primarily from the

viewpoints of ease of fabrication and material cost. Some general

conclusions of this analysis were that difficulties in controlling

tolerances for the individual parts of the container would increase as

the container diameter increased, welding difficulties would be in-

creased by increasing thickness, but the same closure weld design could

be applied to any of the containers and, finally, that material usage

calculated on a per bundle basis did not vary significantly between the

three basic designs.
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A decision was made to construct a full-size prototype of the

stressed-shell TEC-II design. The object of this was twofold. It would

provide experience of the potential difficulties involved in fabricating

this type of container and, if the container were subsequently to be

collapsed under hydrostatic pressure, the results could be compared with

the design criteria and with the ability to predict the collapse mode

and deformation behaviour using stress-strain analysis.

The material chosen for this prototype was Type-316L stainless

steel. This choice was based on availability of the material and the

fact that the closure welding could be performed on site. Most of the

experience from this experiment is directly transferable to other

materials. The design specifications for this prototype are shown in

Figure 8(32>.

The container was fabricated without major difficulty, using

multiple-pass tungsten-inert-gas (TIG) welding, and inspection failed to

reveal any defects. The container, complete with a painted grid to

enhance visibility during subsequent testing, is shown in Figure 9. The

off-set appendages at the top of the container are associated with the

hydrostatic testing, and would not be present otherwise. The skirt at

the bottom hides the setnielliptical domed end, which has the same

geometry as the top of the container.

The container was tested to collapse at the U.S. Navy Ship

Research Laboratory in a large hydrostatically pressurized chamber. The

container failed by the formation of two lobes on opposite sides, which

then dimpled inwards until collapse was complete (see Figure 10).

Although the container was substantially deformed, no leakage occurred.

The collapse pressure was within 3% of twice the hydrostatic head at

1000 m depth. The results of the test have been analyzed in detail and

will be published, together with a description of the container design
(12}

and fabricationv
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It is not expected that there will be further substantial work

on container design before a choice of a preferred simple containment

system is made (milestone 14, Figure 6). At that time, the information

developed to date on the stressed-shell container will be reviewed.

The major disadvantages of the stressed-shell design are

easily identifiable. The closure welding of such relatively thick

materials presents some problems, particularly from the viewpoint of

remote operation. Also, if the container materials are subject only to

general (rather than localized) corrosion, the thickness of material

employed to resist the hydrostatic pressure is far in excess of that

required for corrosion protection during the time scales considered

in the simple containment program . Therefore, the design program

includes a number of options in the general category of supported-shell

systems, in which the corrosion-resisting function is retained by the

outer shell, but the need to resist hydrostatic pressure is met in other

ways.

If the container can be made essentially solid (i.e., free of

voids), it becomes incompressible in a hydrostatic stress field. The

first supported-shell system considered in the fuel isolation program

that attempts to meet this objective is referred to as the metal-matrixed

supported-shell concept. In this option, the fuel bundles are placed in

a corrosion-resistant outer shell whose thickness is determined pri-

marily by anticipated corrosion performance and handling considerations.

The head would then be welded onto the container. This would have

filling and vent ports to allow the metal matrix to be cast in place.

After solidification of the matrix, the final closure would then involve

boring out the filling and vent ports, followed by the welding of

closure plugs.

It should be noted, however, that if the eventual depth of the
vault is significantly less than 1000 m and the factor of two
conservatism in the design can be relaxed somewhat, irhe thickness
required to resist the hydrostatic pressure would be considerably
reduced and ease of fabrication might favour this design.
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Work on this concept has been in progress for some time,

primarily directed at determining the ability of the fuel to withstand

the thermal transient imposed upon it in this process, and the develop-

ment of casting technology. It would appear that typical fuel pins can

withstand the transient that would be imposed by matrixing with any

metal or alloy with a melting point up to that of pure aluminum. Cast-

ing development has mainly concentrated on the use of lead. This has

been shown to fill small crevices very well and both clusters of fuel
(33)

pins and complete bundles have been successfully matrixed (see

Figure 11). More recent experiments have investigated a composite

matrix produced by the vacuum impregnation by a liquid metal of an inert

particulate packed around the fuel bundles. The phenomena of wetting

and bonding between matrixing metals, the fuel sheaths and container

materials have been studied, as have potential problems involving reac-
(34)

tions between the liquid metal and the other components of the system

The main barrier in this system is the corrosion-resistant

outer shell, and its performance will be demonstrated in the corrosion

performance program. However, it is anticipated that the mechanical

performance of the system will require verification, particularly in

terms of the effect of the worst-case situation of incomplete matrixing,

and the program has been expanded in several areas. These include the

detailed design of the outer shell, provision of hydrostatic testing

facilities and associated instrumentation, development of inspection

technology, and further evaluation of casting technology and deformation

behaviour of various candidate matrixing materials. The program outline

is shown in Figure 12. This diagram is intended to show the logic of

the program. The end result of this phase will be information on the

ability of the metal-matrixed system to withstand a limited amount of

deformation, and on the ability to cast high-integrity matrices and to

detect defects in the metal matrix that might cause concern. This,

together with the verification of the corrosion performance of the

candidate shell materials, would constitute demonstration of the feasi-

bility of this type of system. It should be noted that much of the
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demonstration work at this stage of the program will be performed on

scale models. The first half-scale model has been produced and will be

hydrostatically tested in the near future. If this concept becomes the

preferred option, additional effort will be required to develop full-

scale fabrication technology.

A proposed alternative to metal matrixing is the use of an

inert particulate material instead of a cast metal to fill the voids

within the container. Ontario Hydro has volunteered to assist the fuel

isolation program and has accepted major responsibility for investig-

ating concepts based on this approach. A prototype has been designed

and experiments have been performed on the packing of various particu-

lates. Glass beads about 1 mm in diameter have been selected for use

in the prototype to demonstrate the concept. Clearly, systems based on

packed particulates will probably not be as incompressible as those with

a complete metal matrix. Testing to imposed hydrostatic pressure will

likely be a necessity in this program also. The main advantages of

packed particulates over metal matrixing would appear to be the use of

lower-temperature technology and potentially cheaper materials. A

potential disadvantage is the possibility of the fuel bundles being

damaged using processes such as vibratory compaction. This might not

prejudice the performance of the eventual disposal system, but could

present major problems in recovering fuel from a reject container in

order to refabricate the system.

A third method being considered for suppoiting the outer shell

is the use of an internal structure. In any design, baskets will be

required to handle the fuel bundle arrays and to place them in ti\e

containers. They will be made from inexpensive materials, and consider-

ation is being given to basket designs that might be sufficiently robust

to support the shell against the external hydrostatic pressure. The

concept being considered most actively is a hybrid between a structural

support system and a packed-particulate system. It is shown schemati-

cally in Figure 13. The bundles would be placed in an array of carbon-
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steel tubes, closed at one end and tacked-welded together to form a

basket. The other end of the tubes would then be fitted with lids. The

basket would be placed within the outer shell and the voids between the

tubes and the space between the basket and shell would be filled with a

packed particulate. The head would be pressed into place and the main

closure weld made. The function of the packed particulate is to trans-

fer the hydrostatic pressure from the outer shell to the inner rigid

array of tubes in a uniform manner, and to avoid the problem of very

close tolerances that would be necessary if the basket were to support

the shell directly. Bristol Aerospace Limited is developing this option

under contract and soon will start construction of the first prototype,

with a shell of titanium.

This system will respond mechanically to hydrostatic pressure,

and testing will be required to investigate the deformation behaviour

and the stresses that are developed in the outer shell. It is possible

that testing of any of the supported-shell systems may reveal design

defects, which will require modifications and further development to

arrive at the best designs. However, it is expected that the experience

gained in fabricating and testing the first prototype of each system

will give a major indication of the flexibility of the various concepts.

Additional prototypes will be constructed as required to contribute to

the selection of the preferred option.

5.1.2 Generic Program

In the work on simple containment systems, there is a sub-

stantial amount of research and development required that is, to a large

extent, independent of the details of the design of the individual

systems. Work in these areas is, therefore, proceeding in a manner that

provides information of a general nature at this stage of the program.

When the design details of some of the containment systems become more

firmly established, it will be necessary to review these generic programs

and perhaps adapt some of them to account for the peculiarities of

individual designs.
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The first activity undertaken was a review of potential
(35)

container-shell materials . This work essentially evaluates potential

engineering metals and alloys from the viewpoints of their potential

corrosion performance (based on early information on the vault environ-

ment) , ease of fabrication and mechanical properties, including their

resistance to fracture. As a result of this study, three main reference

materials have been recommended for the fuel isolation program: Type 316L

stainless steel, Inconel 525 and Grade-2 titanium. With the subsequent

introduction of the supported-shell system concept, it became clear that

copper must be added to the list, although its weakness renders it

unsuitable for stressed-shell designs.

It is recognized that the stainless steel would only be a

candidate in a very benign environment. However, it has been retained

in the program because it provides a base against which the corrosion

performance of other materials may be compared, and much of the system

development and testing work is not particularly sensitive to choice of

material. The stainless steel tends to be more readily available and

more easily fabricated, thus facilitating work in such areas as the

development and testing of the stressed-shell prototype. The choice of

the other two metals was based primarily on their corrosion resistance

in a high-chloride environment since, even though the groundwater was

thought initially to contain relatively low amounts of dissolved solids,

consideration was given to the prospect of physiochemical processes

resulting in concentration of the dissolved material. Of the two,

titanium has the better corrosion resistance in most environments.

However, offsetting this is the fact that titanium forms hydrides, and
(36)

hydrides are known to cause failure in some titanium and zirconium

alloys . It must be emphasized that these materials have been

selected for reference purposes and as such are representative of their

classes of alloy. A range of high-nickel alloys and at least one other

titanium alloy, Ticode-12, are also being actively studied.
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The corrosion-testing program is at the centre of the generic

research work required to demonstrate probable containment system per-

formance. The length of time over which the corrosion of the chosen

shell material must be predicted is far beyond the engineering experi-

ence of any of the alloys under consideration, with the exception of

copper, which has been used by man for thousands of years and has

existed in the metallic form in the geosphere for millions of years.

Some indication that this task can be credibly attempted is given by the

Swedish studies, which considered the corrosion performance of titanium,
, , .(38-42)

copper and lead

Most potential containment materials are passivated metals,

whose rates of general corrosion are very low. It can be argued convin-

cingly, on sound fundamental grounds, that, without any major change in

the chemistry of the aqueous environment or temperature, the general

corrosion rate will remain low indefinitely. However, these alloys can

undergo localized corrosion, which may occur at rates much faster than

that of general corrosion. The principal mechanisms are pitting corrosion,

crevice corrosion and stress-corrosion cracking. All involve the dis-

ruption of the protective oxide film on the metal surface and subsequent

failure to re-establish passivation.

The corrosion performance of copper is based on a different

principle. Copper is a near-noble metal and will not normally decompose

in water. Thus, the corrosion of copper in the anticipated disposal

environment is controlled by the supply of oxidants from the water. A

KBS report reviews in detail the principles of using copper as a

container material. However, it must be recognized that, in suggesting

the use of copper, the KBS study of fuel disposal applied one very

important limitation. The container was designed so that the lead

matrix around the fuel and the walls of the copper container provided

full radiation shielding. Thus, it could be shown that the small radi-

ation field at the surface would cause the formation of only negligible

amounts of oxidizing species by radiolysis. In the Canadian program, a
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self-shielding package is not currently a design requirement, so the

performance of copper under radiolytic conditions must be carefully

investigated. The Swedish studies also assumed relatively low salinity

groundwater. In view of the apparent potential for high-salinity ground-

water in the Canadian Shield, the implications of this for the antici-

pated corrosion performance of copper are being reviewed.

There are several aspects of the experimental corrosion

research program. Large numbers of corrosion coupons will be proof-

tested in the laboratory under conditions that simulate as closely as

possible the anticipated disposal environment and possible worst-case

conditions. Visual examination and weighing will be the principal tools

used to assess the results of these experiments. Electrochemistry will

be used extensively, particularly in the evaluation of the passivated

metals and alloys. At the very least, this will allow the screening of

materials in a large variety of chemical environments. However, we also

hope to derive a greater understanding of the corrosion of these mater-

ials using this technique, and perhaps use it ultimately as a major

foundation in justifying our expectations of the long-term performance

of the container shell. The electrochemical testing has started and is

expected to be a continuing aspect of the program. The need to perform

experiments in a radiolytic environment has been highlighted previously,

and is particularly important in the corrosion research program. Although

the majority of experiments will be performed inactively, they must be

backed up by a significant number investigating the effects of radia-

tion. A start has been made on such experiments with a large-scale

experiment that commenced in mid-1981. Individual irradiated fuel pins

were sealed within tubes of potential container materials, thus making

the tubes into corrosion samples. These were embedded in a simulated

vault buffer of bentonite and sand saturated with synthetic groundwater,

all contained within an autoclave type of vessel. Each autoclave

contains three fuel pins and corrosion samples. Separate autoclaves

contain various types of other corrosion samples, again embedded in

saturated buffer material. All of the autoclaves, six containing the
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fuel pin radiation sources and six with corrosion coupons only, were

placed in a larger, sealed, steel vessel. This was loaded into a con-

crete canister, which provides biological shielding. Heaters in the

canisrer maintain the experiment at the required temperature. The

experiment is periodically returned to the hot cells for removal of

samples for examination. It is hoped that, subsequently, smaller exper-

iments can be constructed, which will be instrumented; this will allow

us to perform experiments such as in situ polarization measurements in a

radiation field. These experiments currently are being designed.

Results to date from the inactive proof-testing of corrosion

coupons have tended to confirm the anticipated performance of materials

in the environments so far covered in the tests. The electrochemical

equipment has been commissioned and is producing results. These indi-

cate that crevice corrosion is probably a far more serious problem than

pitting.

Stress-corrosion cracking, together with hydrogen- and hydride-

induced cracking effects, is considered in the fuel isolation program,

under the general heading of delayed fracture. An experimental program

has been started to carry out a preliminary screening of the suscepti-

bility of candidate materials to stress-corrosion cracking. Initial

tests used the static-load technique; the program was expanded with the
(43)

introduction of some slow-strain-rate testing rigs .

A fairly substantial amount of work has been performed on the

evaluation of the susceptibility of a-titanium to delayed fracture

caused by hydrides. There is substantial literature that shows that

many titanium- and zirconium-based alloys can be susceptible to this

mode of failure . However, there is only one report of the
(if*}

phenomenon in an a-titanium alloy and no evidence of its occurrence

in Grade-2 titanium, which is the reference titanium alloy. Neverthe-

less, since there are few if any comprehensive studies specifically on

commercial-purity titanium, it is necessary to pursue a thorough exper-
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imental program on this topic, particularly as this was the one major

reservation noted in the Swedish studies on the predicted performance of

titanium. Tests performed in our program have so far failed to produce

any evidence of hydride-induced cracking, even under fairly severe

conditions of high stress intensity and thermal cycling. This work is

continuing.

Another area of generic research and development is the

development of fabrication techniques for the outer shell and inspection

methods to verify the integrity of the system before disposal. The most

important aspect of fabrication development is the container closure

technique and, correspondingly, the greatest challenge in the inspection

program is confirmation of the quality of this closure. All work done

on these topics must recognize that eventual closure and inspection must

be performed remotely. Major responsibility in these areas is being

taken by Ontario Hydro Research Division staff. At present most of the

work has consisted of interaction with the design engineers in trying to
(44)

develop closure designs that can be fabricated and inspected readily .

Several welding or bonding techniques are being considered including

TIG, plasma-arc, electron-beam and resistance welding. For the thinner,

supported-shell containers, resistance-welding and diffusion-bonding

techniques appear to have a number of attractive features. The non-

destructive evaluation of the outer shell will probably employ ultra-

sonic inspection and helium leak testing.

Some container designs require specific fabrication develop-

ment. The lead-matrixing work was referred to previously; casting

development work is on a fairly small scale, using lead matrices, but

does indicate the feasibility of the concept. The only significant

problem identified to date is the well-known casting phenomenon of the

formation of a shrinkage defect, which occurs because the solid metal

has a lower volume than the liquid metal, resulting in a void at the top

and centre of the casting. This must be considered in deciding the

details of container design. However, the problem is well understood
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and can be corrected by promoting effective directional solidification,

by creating the correct heat-flow conditions, or by a process known as

hot-topping, which causes the defect to occur in a region outside the

main casting, from which it can be separated. Therefore, for the

remainder of the concept assessment phase, the work will probably be

kept on a fairly small scale, and will only be expanded to larger-scale

casting development if, after the review of options, the metal-matrix

system is deemed worthy of further development. Meanwhile, it is likely

that the evaluation of the casting behaviour of other matrix metals and

alloys will be the next major activity in casting development.

In terms of inspection requirements for metal matrices, there

appear to be two problems. The first is the possibility of voids to an

extent that would affect container integrity due to large amounts of

deformation under hydrostatic pressure; perhaps a technique as simple as

weighing would be adequate to meet this inspection requirement. The

other problem is the potential for a smaller defect at or near the

interface between the outer shell and the matrix, which could perhaps

lead to localized deformation and failure. Autoradiography or ultra-

sonics might be employed in this instance. Responsibility for investi-

gating inspection techniques for metallic matrices rests with the Chalk

River Nuclear Laboratories.

The development of fabrication technology for packed-particu-

late systems is still at a very early stage, although there is consider-

able literature on the subject of achieving high packing densities.

Ontario Hydro staff have completed tests on the packing characteristics

of a number of particulates and have suggested 1-mm diameter glass beads

as the reference material. These have been shown to fill the inter-
(45)

stices of fuel bundles efficiently . Any inspection requirements

specific to the packed-particulate system will be handled by Ontario

Hydro as part of their overall responsibility for this aspect of the

program.
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A major consideration for all the possible containment options

is the question of resource usage. It is most unlikely that there will

be any commitment to large-scale fuel disposal until after the year

2000 We are, therefore, faced with the problem of needing to define,

considerably before the event, the volume of fuel that may have to be

immobilized, the rate of immobilization and the resources needed to

accomplish the immobilization. Clearly, the question of potential

future availability of resources is important, even at the concept

assessment stage; it would be pointless to waste time and effort devel-

oping concepts that could be impractical in the long term. Therefore,

the question of resource demands must be considered during the concept

assessment phase. The fuel arisings and immobilization schedule assumed

in an earlier concept design study of the surface facilities for a fuel-

disposal centre were used to evaluate lead requirements for a

metal-matrix system. This showed that between the years 2000 and 2009

the lead demand would be 'v* 5% of all the lead mined in Canada in 1978.

After the year 2009, this amount would double. These figures are

sufficiently high to warrant further investigation. This work is

currently being supplemented by a more comprehensive evaluation of the

demand for alternative matrixes and shell materials for simple contain-

ment systems, employing more recent estimates of fuel arisings.

Another generic program is the description and character-

ization of irradiated fuel as a waste form. Probably the most important

aspect of this work is the study of fuel dissolution and leaching be-

haviour. Work on this topic has been underway for five years and long-
(47)

term data on leaching at room temperature are available . The U0~

matrix is very dissolution resistant. Dissolution and leaching have

been studied at room temperature and at 150°C, and as a function of

water composition under oxidizing conditions . The leaching is

characterized by a very rapid initial release of cesium and a smaller

release of strontium. At 150°C, leac'iing and dissolution rates for all

radionuclides drop quite rapidly and, except for cesium, reach values of

<_ 10 of the total inventory per day. At 25°C, the fractional dissolu-
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-7 (49)
tion rate is approximately 10 per day . The amount of readily

available cesium and iodine can be calculated using computer codes, and

it is currently estimated that only 0.7% of the inventory in irradiated

CANDU fuel is released from the fuel matrix . The initial slug

release of cesium is generally only about half of the calculated readily

available amount. The fact that the leach rate of cesium does not drop

thereafter to the same low values as those of the other radionuclides

suggests that the remainder of the cesium may be present in a separate,

but more dissolution-resistant, phase. If so, when this is all dissolved,

the leach rate of cesium may then be controlled by the dissolution rate

of the UCL matrix, as appears to be the case for the majority of the

fission products and actinides. Surprisingly, the release of iodine is

much slower than that of cesium. Based on the data available to date,

it appears that U0 ? fuel is a quite acceptable waste form and the

current approach to fuel immobilization is valid.

In addition to dissolution and leaching data, other information

is required. For example, the fuel should be characterized in terms of

discrete sources of activity (corrosion deposits, fuel sheathing,

fission-product gases, volatile fission products released from the fuel

matrix, etc.), not only at the time the disposal takes place, but also

as a function of time into the future. We need to know the surface area

of irradiated fuel, grain size, incidence of defects and incipient

defects, and the distribution of fuel arisings in terms of power history.

Much of this data exists as a result of various programs within AECL and

Ontario Hydro. However, it must be correlated and reviewed from the

viewpoint of fuel as a waste form and presented in a coherent manner.

This will highlight any major gaps in the available information and

allow the appropriate programs to be established.
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5.2 ADVANCED CONTAINMENT SYSTEMS

5.2.1 Additional Barrier Development

In the development of simple containment systems, the outer

metallic shell has been assumed to be the only barrier to nuclide

release. It is conceivable that the reliability of the system in

meeting the containment target could be improved significantly by the

incorporation of another independent barrier. The potential to provide

this additional barrier is present in the metal-matrix, supported-shell

system. Lead, given the appropriate water-chemistry conditions, is a

very corrosion-resistant material. The use of lead in the anticipated

disposal environment has been reviewed in the Swedish work , with

encouraging conclusions. Therefore, if the metal-matrix system were to

be designed and fabricated with a high-integrity layer of lead of signi-

ficant thickness around the contained fuel, the potential for claiming

an additional barrier would be present.

This adds a new dimension to the metal matrix, which, in the

simple containment concept, is only viewed in terms of providing effec-

tive support for the outer shell. The question of galvanic corrosion,

resulting from the dissimilar metals of the container and matrix, imme-

diately arises. Based on corrosion considerations, the choice of matrix

material is probably restricted to lead, if any significant additional

credit is to be claimed. However, because lead is a weak metal and

because the temperature will be higher than the ambient for a long

period of time, even relatively slight anisotropies in the stress field

may cause deformation, perhaps resulting in exposure of the fuel bundle.

Therefore, consideration of the lead matrix as an independent barrier

broadens the scope of the work considerably. Accordingly, work is being

performed on the creep properties of matrix materials to assess their

susceptibility to mechanical failure.
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In a different way, the packed-particulate work also has some

potential for further development. Certain fission products can poten-

tially be released from the fuel in an anionic form: most notably,

iodine and technetium. Anions are retarded relatively poorly by sorp-

tion processes for the types of materials being considereo for the bulk

of the buffer and backfill, and by the rock surfaces themselves. Some

research work is in progress in the disposal vault sealing program,

aimed at investigating materials that might selectively react with, or

sorb, the anionic species. There have been some encouraging results

from this work . It is possible that general dispersal of selective

retardants throughout the buffer and backfill may not be the most

effective way of using them. For example, over a long period of time

they may react with some component of the groundwater or even dissolve

and be transported away. It is only speculation at this stage, but it

is conceivable that selective retardants could be much more effective if

they were contained within the outer shell of the fuel isolation con-

tainer, where they would be in close proximity to the source of the

species they are intended to retard and would remain unaffected by the

environment until they were required, i.e., when the containment is

penetrated. Thus, the packed-particulate system also has the potential

for further development to include an additional partial barrier to

nuclide release. Monitoring the developments in selective-retardant

technology will require little effort from the fuel isolation program.

Finally, under this category, there is the topic of coating

technology. The provision of a protective coating on the outer shell

has the potential to create problems; it is a common observation that an

imperfect coating can create conditions that lead to more rapid failure

of the substrate than would have been the case if there had been no

coating. However, this is generally the case when a coating is used to

protect a low-quality substrate. In this program, we are primarily

interested in using the coating as a redundant barrier on a high-quality

substrate. Evaluation of the potential of coating technology has

started.
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5.2.2 Very Long Term Containment

The development of very long term containment was a major

consideration in the Swedish conceptual fuel-disposal study. The

general conclusion was that the use of copper or ceramic materials

offered the best prospect for developing such a containment system.

The fuel containment concept finally proposed in the Swedish

program was a massive copper canister with a wall thickness of 200 mm.

By consideraton of the mass-transport processes for the migration of

dissolved oxidants to the container surface, together with the applica-

tion of conservative estimates for the extent of pitting that might

occur, the life for this container was estimated to be > 10 years.

This certainly falls in the category of very long term containment.

The principles of corrosion science behind the use of copper

as a containment material were reviewed previously and do not require

further elaboration. The current attitude in the Canadian program is

that the copper canister proposed by the Swedes is a credible long-term

containment system. However, such a containment system is expensive,

both in the financial sense and in the use of nonrenewable resources.

Each container employs 1.25 Mg of lead and 7.75 Mg of copper for each Mg

of fuel immobilized.

Copper undoubtedly has potential as a fuel container material,

but perhaps not in the thickness suggested in the Swedish concept. It

is our intention to review the use of copper as a massive metallic

barrier within the context of the Canadian program in the hope that some

of the conservatism in the Swedish design may be relaxed. As a starting

point for this work, the potential effect of high-salinity water on the
(52)

predicted long-term corrosion performance is being assessed . Also,

copper has been included in the radiation-field corrosion experiments.
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Further consideration of copper is dependent on other accivi-

ties. Because the corrosion rate will be controlled by the rate of

supply of oxidants (unless radiolysis has a major effect), evaluation of

the performance of a copper container demands knowledge of the oxidant

content of the groundwater, the rate of flow of the water in the vicinity

of the cor.tainer, and the transport properties of the buffer and back-

fill materials around the container. This information is not currently

available, although it is anticipated that the groundwater will have a

low oxygen potential and a low volumetric flow rate.

The Swedes have also developed a hot-isostatically pressed

alumina container for fuel disposal. This is a very impressive feat of

ceramic engineering and is a good indication of the potential of ceramic

materials for fuel isolation. However, it would be premature to infer

that the use of ceramics represented a panacea to the problem of fuel

isolation. The use of ceramic material does, in general, remove concern

about the oxidation-reduction mechanisms that are responsible for

corrosion in metallic systems. Many ceramics are quite insoluble in

water, thereby minimizing concern about dissolution leading to failure.

On the other hand, many ceramics would not necessarily be thermodynami-

cally stable in the groundwater environment (for example, alumina should
(53)

become hydrated ) , and because they are brittle, mechanical consider-

ations become very important. Alumina is typical of many ceramic

materials in that, under conditions of tensile stress in an aqueous
(54)

environment, small cracks will slowly propagate until they reach a

critical dimension; failure then becomes instantaneous. While it is

possible, in principle, to isolate the container from localized stresses,

resulting from minor rock movements, by the use of plastic buffer

materials around it, quite high residual stresses may remain in the

ceramic as a result of fabrication. In the case of the fabrication of

the Swedish alumina container, the lid-joining technique results in a

fairly complex residual stress field in the container . These con-

siderations certainly do not eliminate ceramic materials from conten-
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tion, but do serve to indicate that more research is required to evalu-

ate both their potential and possible problem areas.

In our program, we are reviewing the field of ceramic materi-

als to assess their advantages and disadvantages before we investigate

concepts for applying them to the problem of fuel isolation. We would

like, in particular, to evaluate the potential of carbons, graphites and

the glass ceramics, as well as alumina, as it must be recognized that

the pressures on the Swedish program tended to force the foreclosure of

options at a relatively early stage of their conceptual studies. This

situation does not apply to the Canadian program and, therefore, it is

prudent to perform a broad review before any commitment is made to any

particular material or concept.

5.2.3 Alternative Waste Forms

To this point, everything proposed in this document for con-

tainment concepts has assumed that the waste form being handled will be

intact fuel bundles. In principle, this does not have to be the case.

The fuel bundles could be destroyed as a prelude to the production of an

alternative waste form. For example, a number of glass formulations can

contain significant amounts of U0~ . Therefore, vitreous waste forms

that might incorporate the fuel homogeneously into their structures

are, in principle, possible. Chopped fuel could also be incorporated

heterogeneously into matrices of glass, ceramic, or metal.

There are several disadvantages to concepts involving the

destruction of the fuel bundles. Irradiated fuel is already a very

dilute waste form, compared to most formulations that have been proposed

for the solidified fission-product wastes from a reprocessing plant, and

further dilution in alternative homogeneous or heterogeneous forms

increases the volume to be handled even more. More importantly, destruc-

tion of the fuel bundle will immediately release the fission-product

gases liberated from the fuel matrix during irradiation and, because



technologies that might be employed in fabricating the new form involve

high temperatures, the problem of off-gas treatment would be further

exacerbated by the liberation of some of the more volatile fission

products from the fuel during the immobilization process. The collected

gases and volatiles would require immobilization and disposal. Of

course, this technology is being developed as part of the waste immobili-

zation option , where it is absolutely necessary. However, in terms

of the fuel isolation program, there is no incentive to incur these

disadvantages unless it can be clearly shown that the objective of fuel

isolation cannot be met by containment of intact fuel bundles or that,

after penetration of the containment, the remaining fission products are

released at an unacceptably high rate. Since this does not appear to be

the case, no effort is being devoted to the fabrication of alternative

homogeneous or heterogeneous waste forms at this time.

6. CAPITAL FACILITIES

The need for a number of major capital facilities has been

identified in the fuel isolation program. A capital facility being

constructed as part of the fuel isolation program, but which will also

be used by other groups in the waste management program, is the Immo-

bilized Fuel Test Facility, which will be used for radioactive experi-

ments. It is recognized that any early demonstration of fuel-waste

disposal in Canada must be based on fuel as the waste form. Accordingly,

a conceptual design has been prepared of a fuel immobilization plant that

might be used to produce packages of immobilized fuel for the demonstra-

tion. In the earliest stages of the program, a conceptual design study

of the surface facilities required for a fuel disposal centre was

undertaken. This gives some idea of the likely size, cost and com-

plexity of a production plant for immobilizing fuel. Brief descriptions

of these capital facilities follow.
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6.1 IMMOBILIZED FUEL TEST FACILITY

The verification of the waste disposal concept requires that a

considerable amount of experimentation with active materials be per-

formed. In terms of fuel disposal, information is required on the

leaching and dissolution characteristics of irradiated fuel. Corrosion

phenomena and radiation stability of the buffer material around the

containers must be investigated. Studies of the interaction of radio-

nuclides with the buffer, backfill and host rock are also required.

Some work is being done to study many of these effects. However, there

are insufficient facilities currently for the amount of radioactive

experimentation that will be required, and many of the facilities being

used were not designed for the type of work now being performed in them.

Therefore, a major active-experiment facility, known as the Immobilized

Fuel Test Facility, has been designed and is being constructed to

support the program and will allow high-, medium-, low- and a-activity

experiments to be performed.

Briefly, high-level experiments will be put together in an

experiment module form in the existing hot cells. Each experiment will

be transferred to a module-loading bay, where it will be placed in a

concrete shielding container, probably fitted with heating elements, and

the container sealed. The entire assembly will be taken from the

loading bay and placed in a storage area where the experiments will be

performed. Some experiments will simply be left at temperature for a

predetermined period and then returned to the hot cells where they will

be stripped down and analyzed. Others will involve instrumentation of

the experiments and perhaps environmental perturbations inside the

module, i.e., experiments where results are obtained in situ. A good

example would be performance of polarization testing of container

materials that are experiencing a high y-radiation field.

Medium-level activity experiments will be performed in a

serviced bench area. Here a platform, complete with built-in active
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services, will be prepared and individual warm cells, probably made from

lead bricks and designed for each experiment, will be constructed on the

bench. One experimental program that will use this part of the facility

is the fuel leaching and dissolution studies.

Large, low-level activity experiments, such as long-column

radionuclide migration experiments, will be performed in a high-ceiling

area, while a low-level examination laboratory will be provided to study

the high-level activity experiments once the major source of activity

has been removed in the hot cells.

The facility is completed by provision of an a-activity

laboratory, an analytical chemistry laboratory and necessary services.

The facility is expected to be in operation in 1982 September.

6.2 FUEL IMMOBILIZATION DEMONSTRATION PLANT (FIDP)

At the time this conceptual study was started, the dis-

posal vault demonstration program assumed that 500 containers of immo-

bilized fuel would be required for the demonstration in 1989. At an

assumed production rate of 100 containers per annum from a demonstration

plant, production would have been required to start in 1984. This

required that the plant be built at WNRE and imposed a very short time

for fabrication development. The simplest product, a stressed-shell,

TEC-II design container fabricated from titanium was, therefore, speci-

fied as the product of the plant, although space was also provided for

fabrication development and demonstration of alternative design concepts.

Towards the end of the study, the vault demonstration was

redefined so that it would start with an emplacement of 50 containers in

1989, and the scale of the demonstration was to be expanded by produc-

tion and emplacement of additional containers at a rate of 100 per

annum. This would allow the FIDP to be located at the demonstration

vault site, and this possibility was covered in the report. The

additional time made available before the plant would have to be committed
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allowed the possibility of deciding the product that the plant would

produce on the basis of the analysis of competitive systems in the

development program. In spite of these changes, the conceptual study

does give a good indication of what would be required for a demonstra-

tion program.

Figures 14 and 15 show the proposed layout of the facility.

The major elements are: fuel receiving, container filling, closure

welding, inspection, decontamination and container storage. Sufficient

space is provided in the inspection cell to allow one other step, such

as metal matrixing or particulate packing, to be included in the fabri-

cation sequence. However, no provision is made in the estimates for

equipment to do this.

With the redefinition of the schedule, certain changes could

be made to the layout. Most obvious is the reduction of the size of the

container storage cell, as only a small amount of storage capacity would

be required if the plant were located at the vault site. Also, the

research and development cell could, perhaps, be eliminated since the

later date of construction would reduce the value of this feature.

However, the cost of this cell is not high. The influence of these and

other possible design changes on the cost of the facility are covered in

the report.

The facility as shown in Figures 14 and 15 has an estimated

total capital cost of $25.3 million*. The annual operating cost, for

a production rate of 100 containers per annum, would be $6.2 million, of

which $1.5 million would be the cost of transporting the fuel to WNRE.

This would be reduced to $1.0 million if the plant were located at the

demonstration vault site, assumed for purposes of this study to be

located in north-central Ontario. Co-location would eliminate the

operating cost of $1 million per annum for transportation of the immo-

bilized fuel from WNRE to the disposal vault, which was included in the

All costs in this section are in 1979 January Canadian dollars.
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$6.2 million. Although co-location would not affect the largest component

of the operating cost, $3 million for the containers, it would result in

a saving of $1.2 million on the surface facilities at the disposal site.

Since the completion of this study, the timing of any demon-

stration has become even more uncertain and will not take place before

the end of the current 10-year research and development phase of the

program.

6.3 SURFACE FACILITIES AT A FUEL DISPOSAL CENTRE (FDC)

To answer many questions about the potential cost, scale of

operations, etc. of a possible future commitment to a policy of fuel

disposal, a conceptual design of the surface facilities required for an

industrial-scale FDC was undertaken . A major component of this

study was the conceptual design engineering and cost estimate for the

fuel immobilization facilities.

Again, a reference fuel isolation system had to be proposed

for the purposes of the design study. In this case, a TEC-I container

design, employing a 25-mm thick shell of stainless steel, was specified.

The contents of the container were assumed to be matrixed in lead and

the design allowed for a continuous 50-mm thick layer of lead surround-

ing the outer fuel bundles. As in the previous study, it should be

recognized that this design was only proposed as an example of what

level of material usage and process complexity might be experienced in

fuel isolation, not because it is the system of choice for the Canadian

program.

The study assumed the production of 4050 containers per annum

starting in the year 2000, with production being doubled in 2009. The

emplacement would end in 2034, having disposed of all projected Canadian

fuel arisings to 2015. In the light of more recent forecasts of in-

stalled nuclear capacity, these throughput figures are probably rather
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high. However, the study showed that the initial production rate esti-

mated is reasonable for a single production line and that greater

production would be accomplished by installing a parallel line at the

appropriate time. Therefore, although the timing scenario may be

changed depending on the rate of fuel arisings, the information derived

from the study, particularly in terms of the eventual costs, labour

requirements, services, etc., is still very valuable.

The manpower requirements for the surface facilities were esti-

mated to be 253 during the first phase of operation and 321 when the

production rate is doubled. Of these, 83 and 137, respectively, would

be directly employed in the fuel isolation activities; the remainder

would be involved in maintenance and services for all aspects of the

FDC. The capital cost of the facility in full production would be $237

million, including all direct costs and a 20% contingency. At full

capacity, the annual operating costs would be $185 million per annum,

including a contingency of 22.5%. An important observation was that

the cost of the container shells, at $12 000 each, would account for 64%

of the lifetime operating cost and the lead, at $4 240 per container, an

additional 23%. The total capital, operating, decommissioning and

surveillance costs of all surface facilities translated to a cost of

$17.82/kg U; including the disposal operation would raise the total cost

to $22.48/kg U. This would result in an increase of only 0.47 mill/kW-h

in the cost of nuclear-generated electricity. Although this represents

only 2-3% of the cost of the electricity, the operating costs of the

fuel isolation facilities at the maximum assumed production would be

close to $200 million per annum. As the cost of fuel isolation materials

is the major component of the total cost, it can be seen that there is

great incentive to produce an economically optimized system.

The study also shows that, when optimization of the total

system is considered, we can afford to put considerable effort into

maximizing the performance of other components of the disposal system if

this reduces the cost of the immobilization process. Conversely, any
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attempt to minimize handling and emplacement costs underground, for

example, must consider the effect that this would have on material usage

in the fuel immobilization process.

7. SUMMARY

The fuel isolation program is concerned with the development

of high-integrity, durable, man-made packaging and containment for the

disposal of irradiated fuel. It also involves significant research to

substantiate the claims of materials performance that will be made to

support the concepts being developed. In addition, the characterization

of the performance of irradiated fuel as a waste product following con-

tainer failure is included in the program.

Currently, all activity is concentrated on the provision of a

shell of durable material around arrays of intact, irradiated fuel

bundles. This derives from the results of the fuel-characterization

program, which strongly suggest that irradiated fuel is a durable waste

product, and that any attempt to improve upon it would likely be counter-

productive because of the production of secondary wastes.

Two containment targets have been identified and are the

objects of separate programs. The first is containment for the period

when the fission-product hazard is very high, a period of about 500

years. The approach to this containment objective is to develop systems

based on a corrosion-resistant metallic shell; a number of design

options are under investigation. The second is containment for much

longer periods. This program is not far advanced and is currently con-

cerned with a review of the properties of ceramic materials relevant to

this application.



- 41 -

The principal metallic materials of interest are titanium, a

dilute alloy of titanium, nickel-based alloys and copper. The most

significant degradation mechanism for these materials is expected to be

corrosion, and a variety of corrosion studies are in progress, including

investigation of the effect on corrosion performance of radiolysis in

the aqueous environment that will exist under disposal conditions.

Effects associated with the formation of hydrides in titanium are also

being studied as potential defect mechanisms. Results to date suggest

that they are not important.

Programs have been established to develop fabrication and

inspection techniques for the various container designs. Most important

is the development of the closure weld for the metallic containers, which

must be performed remotely, with a high reliability, and which uses a

geometry and technique that can be inspected readily.

The long-term program plan is shown in Figure 6 of this

report. This plan has been devised to ensure that the generic research

involved in the fuel isolation program will be sufficiently well docu-

mented to contribute to the safety analysis presented for concept

assessment, and to develop the technology required for fuel isolation to

a stage where demonstration or commercial implementation could then be

undertaken with further development limited to production equipment

design and commissioning.

Currently the work on simple containment is concerned with

evaluating competitive simple design concepts. One will be chosen for

further development and optimization. At that time, work on fabrication

and inspection will become more design specific than it is at present.

The possibility of improving the reliability of simple containment

systems by the use of additional barriers is also being explored.

The development of very long term containment is currently at

the materials evaluation stage. If promising materials are identified
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and feasible fabrication schedules can be proposed, further effort will

be devoted to this work. Should very long term containment become more

attractive in terms of performance and economics than the simple con-

tainment system, it will be necessary to revise the program plan sub-

stantially.
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TABLE 1

SOME POTENTIAL CONTAINMENT TARGETS FOR FUEL ISOLATION SYSTEMS

Containment Target

A simple packaging system for safe handling only;
no claim for containment

Containment for the period during which most
high-activity fission products decay and the
toxicity of the fuel is greatly reduced

Containment until the temperature in the
disposal vault approaches the ambient
temperature

Indefinite very long term containment

Time (years)

^ 10

^ 300 - 500

^ 20 000 - 50 0OC

> 100 000

TABLE 2

REQUIRED THICKNESSES OF MATERIAL FOR STRESSED-SHELL

CONTAINERS OF DIFFERENT DESIGNS

Material

Type 316L Stainless Steel

Inconel-625

Grade-2 Titanium

Container Design

TEC-1

60.2 mm

25.4 mm

46.0 mm

TEC-II

49.8 mm

19.1 mm

35.8 mm

BEC-I

28.6 mm

11.7 mm

21.6 mm
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FIGURE 1: Relative Toxicity of Fuel Waste and Natural Ores(1)
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the temperature transient. The details depend on the design parameters for the vault
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FIGURE 5: Basic Geometries of Fuel Isolation Container Designs. The
TEC-I design is based on arrays of 37 bundles stacked 2 high;
the TEC-II on 19 bundle arrays, 4 high; and the BEC-I on
7 bundle arrays, 6 high. All dimensions are approximate and
will vary somewhat depending on the design concept.
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FIGURE 9: The Prototype Stressed-Shell Container
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FIGURE 10: The Prototype Stressed-Shell Container in the Hydrostatic
Chamber after Testing
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FIGURE 11: A Section Through a Complete Fuel Bundle in a Cast-Lead
Matrix
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