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Comportement du combustible Candu dans des

conditions transitoires

par

A.W.L. Segel

On décrit le programme canadien de R&D mis en oeuvre pour comprendre
le comportement du combustible CANDU dans des conditions transitoires. Les
différences existant entre les concepts des réacteurs CANDU-PHW*et LWR**
expliquent certaines des différences existant dans le contenu et les priorités
du programme canadien et du programme LWR. Les objectifs sont: (i) développer
des modèles vérifiés pour les prédictions et (ii) définir les conditions limites
de contrSle pour le comportement du combustible.

Les études relatives au comportement de la gaine du combustible ont
conduit au développement d'un modèle de contraintes plastiques transitoires
dans un gaz inerte qui intègre la déformation due à plusieurs mécanismes. Des
essais de vérification ont montré qu'en moyenne le modèle prédit les contraintes
avec une exagération de 20%. Des expériences sont actuellement en cours en ce
qui concerne la déformation de la gaine dans une atmosphère de vapeur. On a
développé un critère de fragilisation de rupture de gaine fondé sur la répartition
de l'oxygène à partir d'études faites sur la cinétique de l'oxydation concomitante.
Nous avons également établi une équation pour la formation des fissures â haute
température et sous des contraintes dues à la fragilisation de la gaine par le
béryllium.

...Il



On se sert d'un élément combustible électrique simulé pour effectuer

des essais de laboratoire afin de caractériser le comportement du combustible

S l'horizontale. Des essais en réacteur post-assèchement ont été affectuës

durant plusieurs années et des essais de purge commenceront bientBt. Pour

compléter le programme expérimental on a mis en place un modèle d'élément

combustible axi-symétrique et axialement segmenté et un code entièrement

bidimensionnel est en voie de développement. La mise â l'essai en laboratoire

des grappes, à son stade initial, concerne les effets de la distortion

géométrique et de l'interaction d'une gaine â l'autre, Des essais en réacteur

post-assèchement de grappes de combustible CANDU ayant une importante fusion

centrale de l'UOg n'ont pas eu pour résultat la fragmentation du combustible

ni 1'endommagement du tube de force.

* CANDU-PHW. panada JDeuterium ^Jranium - Pressurized Heavy Water
(Eau lourde pressurisée employée comme caloporteur)

** JJtfR - J.ight jtater Jteactor (Réacteur employant de l'eau légère et de l'uranium

enrichi)

Rapport présenté à la sixième réunion d'information sur la recherche de la sûreté
des réacteurs à eau, tenue S Gaithersburg, Maryland, du 6 au 9 novembre 1978.
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ABSTRACT

The Canadian R and D program to understand CANDU fuel
behaviour under transient conditions is described. Differences
between the CANDU-PHW* and LWR** reactor designs account for some
differences in content and priorities between the Canadian and LWR
programs. The objectives are: (i) to develop verified models for
prediction, and (ii) to define the controlling boundary conditions
for fuel behaviour.

The fuel sheath behaviour studies have led to the development
of a model of transient plastic strain in inert gas, which inte-
grates the deformation due to several mechanisms. Verification
tests demonstrated that on average the model overpredicts strain
by 20%. Experiments on sheath deformation in a steam atmosphere
are underway. From the concomitant oxidation kinetics studies a
sheath failure embrittlement criterion based on oxygen distribution
has been developed. We have also established a rate equation for
high temperature, stress-dependent crack formation due to embrittle-
ment of the sheath by beryllium.

An electric, simulated fuel element is being used in
laboratory tests to characterize the behaviour of fuel in the
horizontal. In-reactor, post-dryout tests have been done for
several years, and blowdown tests will begin soon. To complement
the experimental program there is an axially-segmented, axi-
symmetric fuel element model in place and a fully two-dimensional
code is under development. Laboratory testing of bundles, in its
early stages, deals with the effects of geometric distortion and
sheath-to-sheath interaction. In-reactor, post-dryout tests of
CANDU fuel bundles with extensive central UO2 melting did not
result in fuel fragmentation nor damage to the pressure tube.

* CANDU-PHW - Canada Deuterium U_ranium - pressurized Heavy Water
** LWR - Light Water Reactor

Presented at the Sixth Water Reactor Safety Research Information
Meeting, Gaithersburg, Maryland, November 6-9, 1978.

Chalk River Nuclear Laboratories
Chalk River, Ontario, KOJ 1J0

1979 April
AECL-60P9



CANDU FUEL BEHAVIOUR UNDER TRANSIENT CONDITIONS

1. INTRODUCTION

This paper describes the Canadian Research and Development
program to understand the behaviour of CANDU* fuel under transient
conditions. The work is sponsored by AECL** and OHt, and is done
in the laboratories of AECL, OH, the Canadian fuel vendors and
several Canadian universities. The incentive for the program is
to generate the experimental data and develop the predictive models
necessary to analyze the effects of transients in CANDU power
reactors. The assessment and analysis of reactor safety is not a
part of this program.

The Canadian program is in many ways similar to the programs
for the LWRfstt, but there is some difference in content and
priorities because of the difference in reactor and fuel design
and because of the particular approach to reactor safety analysis
that has evolved in Canada(l).

2. CANDU DESIGN

The CANDU-PHW is a horizontal pressure-tube reactor, heavy
water moderated and cooled, and fuelled with natural UO2. The
major reactor and fuel design features that differ significantly
from other reactor systems, and the known or anticipated effects
of those features on fuel performance and behaviour, are:

(1) Natural U02

The discharge burnup for the CANDU natural U0 2 fuel is rela-
tively low, about 200 MW.h/kg U. The amount of fission gas
released to the voidage in the fuel is less than for higher
burnup, enriched fuel if all other conditions are equal. The
gas storage requirements are therefore correspondingly less.

All fuel elements in the CANDU bundle have the same natural
enrichment. As self-shielding depresses the neutron flux in
the inner regions of the bundle, the power of the inner
elements, and burnup at any time during irradiation, are
significantly less than those for the outer elements.

* CANDU - Canada D_euterium Uranium

** AECL - Atomic Energy of Canada Limited

t OH - 0_ntario Hydro

ft LWR - Light Water Reactor
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(2) Short Fuel Bundle

Twelve* of the short, 500 mm long, CANDU fuel bundles are
placed end to end to fill the fuel channel. This compart-
mentalization limits the amount of fission gas that is
available to act on the hot fuel element sheath in a
transient. A relatively small amount of sheath strain should
substantially relieve the gas pressure which is assumed to be
the same throughout the element.

(3) Thin Sheath

The critical pressure for collapse of the CANDU fuel element
sheath onto the fuel pellets is about half the normal
operating coolant pressure. Therefore, unless the internal
fission gas pressure rises substantially above the coolant
pressure, which is unlikely in normal operation, the sheath
remains in firm contact with the fuel pellets and the heat
transfer coefficient is relatively high at all power levels.

(4) Appendages

CANDU fuel elements have small pads brazed to the sheath to
preserve inter-element and element-to-pressure tube spacing.
The braze heat cycle and Zr-Be brazing alloy alter the
properties of the sheath near these appendages. Generally
it is strengthened in the vicinity of the appendages, which
in combination with the geometric constraint of the appendages
limits sheath strain there. The beryllium, at high temper-
ature and under stress, diffuses into the sheath and reduces
its ductility.

(5) Close Element Spacing

The CANDU bundle has a high fuel-to-coolant cross section
area ratio and small element-to-element gaps, about 1 mm.
Element-to-element interaction would occur at a lower strain
level than in more open bundle designs. However, the effect
of interaction depends on many factors such as the bundle
radial power depression associated with natural UO2 fuel.

(6) Pressure Tube

The pressure tube, which is part of the primary heat trans-
port system, acts as a fuel containment boundary. The
potential for fuel-to-pressure tube interaction requires an
understanding of fuel distortion at high temperature.

The channels of some reactors have thirteen bundles.
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(7) Horizontal Orientation

The horizontal fuel channels in the CANDU-PHW reactors are
subject to asymmetrical effects by the gravitational field.
The asymmetries are not significant in normal operating
conditions but might influence behaviour in transients in
which the mass flow decreases and/or temperatures rise.

(8) Moderator

The moderator, at low pressure and cool, is a very large
heat sink. A heat transfer route from fuel to pressure tube
to calandria tube* to moderator is significant under certain
conditions. Although the moderator is relevant to the
overall safety assessment of the CANDU-PHW reactor system,
it has little effect on the fuel R and D activities.

(9) Normal Operating Conditions

The parameter ranges for transient studies are determined
by the normal operating conditions for the fuel. For CANDU
reactors, typical time-averaged values for a central channel
are :

- hottest bundle, outer element linear power 57 kW/m
- hottest bundle, outer element heat flux 1.4 MW/m2

- channel power 6.5 MW
- coolant pressure at inlet 11 MPa
- coolant mass flux 7.4 Mg/(m2.s)
- coolant outlet quality 3.6%
- discharge burnup 250 MW.h/kg U

3. PROGRAM OBJECTIVE

The objective of the R and D program is to establish the
technology that permits an understanding of fuel behaviour under
high temperature conditions. We are then in a position to develop
verified models to predict the response of fuel to a postulated
transient and to define the boundary conditions that control fuel
behaviour.

The general method to achieve this objective is to:

i) do separate-effects tests to produce the data that are used
to establish the equations governing the relationship
between specific parameters and variables, and to define
the controlling boundary conditions,

* A thin wall tube that surrounds the pressure tube; they are
separated by a gas annulus.
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ii) combine the equations to structure computer models,

iii) verify the models by comparing their predictions to the
results of all-effects tests.

Specific hypothetical reactor accidents are not intentionally
simulated, although where possible verification tests are done with
initial conditions and transients within the range of relevance.
Models are emphasized over experimental simulations because a model
based on a valid representation of the physical processes is
amenable to extrapolation; a simulation test, by itself, is not.

4. SHEATH BEHAVIOUR PROGRAM

Many parameters influence sheath behaviour. The program to
develop a model is structured to study the dominant parameters
separately, then sequentially extend the model to include their
effects. Thus sheath mechanical properties in the non-reactive
atmosphere of an inert gas were determined and incorporated into
a model first. Subsequently this basic model was, and continues
to be, modified to include equations representing the additional
effects of oxidation in the steam atmosphere, diffusion of
beryllium from the appendage braze alloy, irradiation effects and
non-uniform initial and boundary conditions.

4.1 Mechanical Model

Most of the data for the basic mechanical model are produced
by uniaxial and biaxial creep tests and ramp (constant temperature
rise rate) tests of electric resistance heated fuel sheaths over
a temperature range from about 700 to 1400°c(?>3). The biaxial
test specimens are stressed by constant internal pressure, and the
uniaxial specimens by static tensile loading. Temperatures are
monitored with 0.13 mm diameter bare wire thermocouples attached
where possible to the inner surface of the specimen. Since strain
rate, as well as total strain, is necessary to model, deformation
is monitored during the tests. This is done by extensometers: in
the uniaxial tests a flagged gauge length is followed by an Optron;
in the biaxial tests an internal extensometer has been developed
to follow the tube diameter. The data from the tests have
established two boundary conditions for sheath deformation
behaviour shown in Figure 1, viz:

i) the onset of ballooning instability), and
ii) the strain at burst.

Currently tests are being done to extend these data below 700°C.
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The basic strain rate tests are supplemented by other work
to reveal both mechanical and structural data. The anisotropic
factors for each batch of Zircaloy tubes are determined by exper-
iment in order to ensure the uniaxial and biaxial test data are
consistent (4) ; they also are used in the model to calculate the
anisotropic strains as a function of effective stress. Material
structural data being generated for the model include measure-
ments of the kinetics of recrystallization, grain growth and
phase trans formation(5).

The product of these data is a microstructure-dependent,
mechanistic model to calculate sheath deformation under transient
conditions (6). The model is not just a correlation of the strain
rate data as a function of the experimental parameters, stress,
temperature and rate of change of temperature, but is an expression
of the physical processes involved. Deformation is associated with
three distinct creep mechanisms, viz: diffusional creep (grain
boundary sliding), dislocation creep and athermal strain, each
dependent on the microstructure of the material as well as on
temperature and stress (Figure 2); there is also a component of
deformation caused directly by the phase change, which is inde-
pendent of time. The inicrostructural parameters such as grain
size, dislocation density (represented by internal stress) and
phase fraction, are affected by processes such as recrystallization,
grain growth and phase transformation which in turn are a function
of the history of the specimen both before and during the transient.
Thus the model is composed of a set of submodels which compute the
transient deformation and rcicrostructural changes as a function of
stress, temperature and time. The fit of the model predictions to
strain data(2) is shown in Figure 3. The model is operational,
and is continually updated as data from additional experiments on
low a-phase strain, grain growth kinetics and phase transformation
kinetics become available.

An advantage of the mechanistic approach to modelling is
that the type of experiment to improve the model can be readily
identified, and the new data incorporated without refitting the
entire model. This is illustrated in Figures 4 and 5. The
original code did not predict the transient inverted primary creep
in the S-phase (Figure 4). It was recognized that a mechanism was
needed to regenerate the internal stress which the recovery
mechanics already in the model would then reduce and thus account
for the inverted creep. Phase change hardening was identified as
the missing mechanism, and when added to the model greatly improved
the fit of prediction to experiment (Figure 5).

Verification tests using indirect, internal heating have
substantiated the validity of the microstructural model; current
data show it overpredicts strain rate, on average, about 20%(7).
However these same tests have revealed that there is a large
probable error in any single prediction, which is attributed to
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the uncertainty in the test parameters associated with normal
instrument errors (Figure 6) and to the range of structure in the
tubes allowed by production specifications. For the latter reason
model predictions of high temperature fuel shesth behaviour should
be interpreted on a probabilistic, rather than a deterministic,
basis.

4. 2 Oxidation

There are three major facets to the CANDU sheath oxidation-
effects program, viz:

i) oxidation kinetics,
ii) deformation in an oxidizing environment, and
iii) mechanical properties following oxidation.

4.2.1 Oxidation Kinetics

Oxidation kinetics data in the low temperature a-phase and
in the high temperature 0-phase have been available for some
timefS'SJ)^ Recently further experiments linking the two over the
temperature range 650°C to 950°C have been completedCIO), (Figure 7);
thus oxidation kinetics over the full temperature range relevant
to transient analysis are available for the model.

4.2.2 Deformation

There are two parallel programs to generate experimental
data for a model to predict ueformation in a steam atmosphere. In
one, as-received fuel sheathing is subjected to high temperature
mechanical testing in a steam atmosphere. Typical data are shown
in Figure 8(11). The data can be applied directly to assess the
effects of similar hypothetical transients.

In the second program, the specimens are pre-oxidized and
the oxygen content homogenized, then mechanically tested in an
inert atmosphereC12,13)_ Data from these tests are being incor-
porated into an extension of the mechanistic strain rate model by
treating oxygen as an alloying element. The strain rate equation
is being combined with the oxidation diffusion kinetics equations
in a multi-layer model for predictions of sheath deformation in a
steam atmosphere. We have also formulated the concept for an
additional module in this sheath deformation model to deal with
cracking of the oxide and underlying oxygen stabilized a-Zr
layers. Experiments to understand and quantify the physics of
crack initiation, distribution and growth are underway.



4.2.3 Embrittlement

The studies of the effects of oxidation on fuel sheath
mechanical properties have led to the following embrittlement
criterion for the amount, of oxygen a sheath can tolerate so that
it will not fail when subjected to the thermal stresses due to
rewetting: the time at temperature in steam should be limited
so that at least half the sheath thickness has less than 0.7 wt%
oxygenf14) (Figure 9).

4 . 3 Beryllium

At elevated temperature and under stress the beryllium from
the Zr-Be alloy for brazing the appendages to the sheath diffuses
into the underlying Zircaloy and embrittles it, thereby enhancing
any propensity to crack (Figure 10) (15). An equation of crack
propagation rate as a function of temperature, stress and time
has been developed from experimental data; conditions for failure
of the sheath by beryllium embrittlement have been established and
are included in the model.

5. FUEL ELEMENT PROGRAM

Studies of fuel element behaviour include laboratory tests
using simulated elements and in-reactor tests of nuclear fuel.

There is no separate-effects study of UO2 behaviour. We
believe that the high temperature properties of UO2 known from
normal operating conditions studies can be applied to predictions
of behaviour in transients.

5.1 Laboratory Tests

The laboratory tests with simulated fuel elements serve
several purposes, viz:

i) to determine the effects of gravity,

ii) to determine the thermal and mechanical interaction between
the pellets and the sheath,

iii) to verify the model of fuel element behaviour,

iv, as a mock-up of in-reactor tests and a precursor to assist
in anticipating in-reactor test behaviour.

The simulated fuel element consists of an electric heater
inserted in a 5 mm diameter hole in the U02 fuel pellets of an
otherwise normal 15 mm diameter fuel element (Figure 11). It can
be operated in an inert gas or steam atmosphere at a linear power
of 15 kW/m. With it we have raised the sheath temperature in



inert gas at about 15°C/s, to about 1100°C where it has been held
and also thermal cycled several times for up to 20 minutes, a
duty cycle that exceeds our requirements. The effective density
of the element is about 90% of real fuel density, adequate for
current purposes. Development of higher power electric elements
with much reduced void volume is proceeding.

As developed, the electric element is being used in the
separate-effects study of the sag of the horizontal element
(Figures 12 and 13); particular attention is being paid to the UO2
pellet/sheath interaction. The results indicate there is a sub-
stantial stiffening of the element when the pellet stack is in
firm contact with the sheath(16). It was also noted that after
a gap formed between the pellet stack and sheath, the bottom of
the sheath remained at the control temperature of 1000cC while
the top cooled to about SOO°C; this indicated the pellets were
lying on the bottom.

In tests with the sheath heated at 10°C/s to about 1000°C
where it was held under constant internal pressure, the sheath
strained between 20 and 30% along the full 0.4 m heated length of
the specimens. The sheath had no appendages or heat treated zones.
Gross, uniform strain for an extended length (long balloon) has
been observed in experiments with directly heated tubes for a
limited range of test conditions(2,17). Over the full range of
conditions tested, uniform strain typically is limited as indicated
in Figure 1.

5.2 In-Reactor Tests

There are two vertical loops in the NRX reactor at CRNL for
transient tests of fuel elements. They have 38 mm bore pressure
tubes in which either single elements or trefoil arrays can be
tested. The useful flux length is about 2.5 m. One of the loops,
X-4, is for dryout (PCM) tests and has been in use since the early
1960's; the other, X-2, is for blowdown tests and has just been
commissioned.

5.2.1 X-4 Loop

This loop is designed for testing fuel elements with coolant
conditions ranging from sub-cooled water to superheated steam.
Many of the early experiments were to generate data for superheat
reactor concepts; zirconium alloy clad fuel has been operated in
X-4 with dry steam cooling at sheath temperatures of about 500°C
for as long as half a year. From the X-4 tests, and other in-
reactor data on fuel operation in dryout as well as superheated
steam, it has been possible to define approximately the time that
fuel can operate at elevated sheath temperatures without defecting
(Figure 14)(18). it was the X-4 steady state dryout tests that
revealed the consequences of severe fuel element bowing(19):
dryout sheath temperatures could rise several hundred degrees
centigrade because of the re-distribution of the sub-channel flow
caused by bowing. The data from these tests contributed to the
development and verification of the models of element bowing(20,21).
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The current series of tests in the X-4 loop is designed to
study the behaviour of fuel in dryout as a function of burnup and
with sheath temperatures and/or powers high enough to cause
central melting of the UO2.

5.2.2 X-2 Loop

This loop has just been commissioned for coolant de-
pressurization (blowdown) fuel tests to verify the model of fuel
element behaviour in transients. The first test with a single
element is scheduled for March 1979. The fuel is to be extensively
instrumented: thermocouples in the U02 and on the sheath, internal
gas pressure sensor, fuel length and diameter monitoring, and
dryout detectors. Loop coolant parameters are also to be monitored.

5.3 Fuel Element Models

There have been a series of fuel element models which sequen-
tially reflect the continuing improvement in understanding and
detailed representation of fuel behaviour.

The one-dimensional axi-symmetric models, the ELOCA
series(22)> which were developed first can be confidently applied
for survey calculations and trend identification. Generally these
models are tuned to predict pessimistically to compensate for any
missing phenomena and the limited dimensional representation.

The version currently under development has these main
features :

i) a steady state fuel element model defines the initial con-
ditions for the transient so the initial void distribution,
amount of fission gas released and UO2 swelling and
structure are correlated to experimental data.

ii) the code accounts for the changes in thermal and mechanical
response of the pellet and the interaction between the
pellet and the sheath during the transient.

iii) the effect of sheath strain on gas pressure and heat
transfer between pellet and sheath is taken into account.

iv) the element is axially segmented so sheath zones with
differing histories can be handled separately.

v) the microstructural strain rate equation described above is
used to calculate sheath strain history until the sheath
balloons.
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( 231There is also a multi-dimensional model, FAXMOD , under
development to deal with asymmetric and local phenomena such as
pellet bottoming and appendages. It will be operable in either
the (r,G) or (r,z) planes.

6. FUEL BUNDLE PROGRAM

( 241
The fuel bundle studies^ •* include the experiments and

modelling activities relevant to:

i) changes in bundle geometry due to;

- ballooning of the fuel element sheaths,
- gravitational distortion of the fuel elements and bundle

end plates
- fuel element bowing due to temperature gradients.

ii) any resulting interaction between bundle components and
between the fuel and the pressure tube.

iii) the effects of fuel distortion on coolant flow and heat
removal.

6.1 Laboratory Tests

There are three major groups of laboratory tests to
investigate :

i) sheath strain interaction,
ii) gravitational distortion, and
iii) combined effects.

Currently, there is no program on bowing due to temperature
gradients since the phenomenon appears to be well enough under-
stood for our present purposes(21).

6.1.1 Sheath Interaction

The sheath interaction studies are to investigate:

i) the effects of the physical constraints imposed by:

(a) appendages; these might cause local stresses and strain
of the adjacent sheath before the uniform strain of the
sheath reaches 1%.

(b) neighbouring components; sheath strains, away from the
appendages, of about 15% can lead to contact with
neighbouring components.
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ii) the effect of circumferential temperature gradients caused
by the radial asymmetry of heat sources and sinks about
each fuel element.

iii) the alteration of the bundle geometry due to sheath strain.

The tests to assess these phenomena are done with a verti-
cally mounted seven-element cluster of internally, indirectly
heated fuel element sheaths. The heaters are composed of a
segmented ceramic core with a large number of parallel heating
wires set in longitudinal grooves equispaced about the circum-
ference (Figure 15). The sheàth can be heated at up to about
100°C/s* to temperatures in excess of 1100°C. Heater performance
has been well demonstrated in single tube experiments to verify
the sheath strain model. The cluster rig (Figure 16) has been
commissioned and tests have begun.

6.1.2 Gravitational Distortion and Combined Effects

We plan to do a series of laboratory tests over the next two
years with a simulated fuel bundle consisting of an assembly of
the electric elements (section 5.1) developed for laboratory
studies of fuel element behaviour. The tests are intended to
investigate:

- the separate effect of gravitational distortion in inert gas
without internal gas pressure in the elements,

- the combined effect of gravitational distortion and sheath
ballooning in inert gas, and then in steam,

- the behaviour with transient cooling.

6. 2 In-Reactor Tests

CANDU fuel bundles have been tested under post-dryout
operating conditions in the vertical U-l loop of the NRU reactor
at CRNL. There have been a few such tests; the one most pertinent
to current fuel bundle design was the U-lll test(25) which demon-
strated that nuclear fuel could be operated in dryout for
a few hours under conditions that also caused central fuel
melting and severe sheath corrosion. When one of the fuel elements
finally defected during operation under wet sheath conditions, the
failure was benign. The dryout operation did not damage the
pressure tube.

* Since the heat source is close to the sheath the system has a
fast thermal response. In the electric element (section 5.1)
the thick annulus of UO2 between the heat source and sheath
imposes a longer thermal time constant on the system.
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Other than the few dryout tests in the li-1 loop there have
been no in-reactor transient tests of CANDU fuel bundles. A
horizontal test facility is currently being designed(24)t hut
there is no commitment to construct it. It is expected that the
laboratory test program will be adequate for data to model bundle
effects.

6.3 Bundle Models

For bundle modelling we plan to compute separately the
deformation due to gravity, bowing and sheath strain; the effects
will then be integrated, with due regard for inter-phenomena
perturbations, to predict the distorted bundle geometry. This
will be input to an appropriate thermal-hydraulic sub-channel
code to assess the effect of the distortion on heat removal.
Some iteration between the thermal-hydraulic and bundle distortion
computations might be necessary.

The basic models to deal with each distortion mechanism are
available, but development of those aspects of the models that
deal with component contact and with interaction between distortion
mechanisms must await generation of the appropriate data.

7. SUMMARY

The objective of the program of studies of CANDU fuel
behaviour in transients is to develop verified models for prediction
and define the boundary conditions controlling performance. The
status of the major facets of the program to achieve this objective
are :

- a mechanistic model to predict sheath strain rate as a function
of temperature, stress and microstructure in inert gas has been
developed and verified. Extension of the model to behaviour in
steam is underway.

- the boundary conditions for onset of ballooning (instability)
and ductile burst failure of Zircaloyr4 fuel sheathing in inert
gas are established.

- the boundary conditions for oxidation embrittlement of Zircaloy-4
sheathing are defined and an oxygen distribution criterion for
behaviour analysis proposed.

- the phenomenon of Be-assisted crack penetration has been modelled
and boundary conditions defined.
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- an electric element, which appears to be a close simulant of
real fuel, has been developed for laboratory studies of high
temperature fuel behaviour.

- there is an on-going program of in-reactor tests of fuel element
behaviour in post-dryout conditions.

- a new in-reactor loop to test fuel elements in blowdown has been
commissioned.

- both uniform and axially segmented axi-symmetric fuel element
models are in place; a two-dimensional model for (r,6) or
(r,z) planes is being developed.

- the bundle behaviour test program is planned and tests have
begun.

- in-reactor post-dryout tests of CANDU fuel bundles with central
UO2 melting have not resulted in fragmentation of the fuel nor
damage to the pressure tube.
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FIGURE 10 Microstructure of the appendaged sheath tested under
temperature ramp conditions:

(a) braze penetration under the braze alloy, 75X
(b) microstructure of a penetration finger, 750X
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FIGURE 11
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FIGURE 12

(a) Electric Element in Test. Note sheath ridges at pellet
interfaces.

(b) Electric Element Sag Test Arrangement.
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FIGURE 15 Internal Heater (Components) for Sheath Properties Studies
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