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RÉSUMÉ

Ce rapport résume la compréhension actuelle du comportement des
éléments combustibles de réacteur CANDU dans des conditions d'accident de
perte de fluide caloporteur (APFC)(LOCA). Il porte sur un essai principal
de vérification en réacteur exécuté au Idaho National Engineering
Laboratory (INEL) (Laboratoire national d'études techniques de 1'Idaho),
trois essais canadiens en réacteur, les résultats d'essais en réacteur et
l'ensemble considérable de renseignements à l'appui obtenus à partir des
essais hors réacteur et il soutient la conclusion générale qu'on comprend
bien le comportement du combustible de réacteur CANDU au cours des
transitoires de conditions d'APFC.

On a éprouvé quatre des 37 éléments d'une grappe de combustible
de réacteur CANDU dans des conditions typiques de dépressurisation dues à
une rupture importante lors d'un accident de perte de fluide caloporteur.
En outre, l'essai fournit des résultats à comparer avec les valeurs
prédites par les programmes de calcul du comportement stationnaire et
transitoire des éléments combustibles, ELESIM et ELOCA. On a incorporé à
l'essai les composantes principales des transitoires typiques de conditions
d'APFC, à savoir: une grande vitesse de dépressurisation du fluide
caloporteur chaud, une augmentation de puissance simultanée avant la
descente à des valeurs de décroissance radioactive (une impulsion/bouffée
de puissance) et un prototype d'élément de combustible dans des conditions
pré-transitoires de puissance et combustion nucléaire. On a exécuté
l'essai avec succès dans le réacteur de l'Installation d'essais de rupture
sous l'effet de transitoires de puissance (Power Burst Facility (PBF)) du
INEL en vertu d'un contrat passé avec Ontario Hydro et EACL.

Lors des trois essais d'APFC du Groupe des Propriétaires de
réacteurs CANDU, lesquels ont été exécutés aux Laboratoires nucléaires de
Chalk River (LNCR), on a mesuré la réaction thermo-mécanique ainsi que la
libération du gaz de fission provenant de l'exposition à un transitoire de
condition d'APFC. Les résultats de ces trois essais ont confirmé davantage
qu'on comprend le comportement du combustible dans des conditions d'APFC.
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ABSTRACT

This report summarizes the current understanding of CANDU fuel-
element behaviour under loss-of-coolant accident (LOCA) conditions. It
focuses on a key in-reactor verification experiment conducted at Idaho
National Engineering Laboratory (INEL) and on three Canadian in-reactor
tests. The in-reactor data, and the considerable body of supporting
information developed from out-reactor tests, support the general
conclusion that CANDU fuel behaviour during LOCA transients is well
understood.

Four elements of 37-element CANDU fuel-bundle design were tested
under conditions typical of a large-break LOCA blowdown in a CANDU reactor.
The purpose of the test was to confirm our current understanding of fuel
behaviour under loss-of-coolant accident blowdown conditions. The test
also provided data for comparison with predictions made with the steady-
state and transient fuel-element performance codes ELESIM and ELOCA. Key
components of typical LOCA transients were incorporated in the test:
namely, a rapid depressurization rate of the hot coolant, a simultaneous
power increase before decreasing to decay values (a power pulse), and
prototype fuel element under pre-transient power and burnup conditions.
The test was successfully completed in the Power Burst Facility (PBF)
reactor at INEL under contract to Ontario Hydro and AECL.

The three CANDU Owners Group LOCA tests performed at Chalk River
Nuclear Laboratories (CRNL) measured both the thermal-mechanical response
and fission-gas release resulting from exposure to a LOCA transient.
Results from these three tests provided further confirmation that the
behaviour of the fuel under LOCA conditions is understood.
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EXECUTIVE SUMMARY

Fuel response to a large-break loss of coolant accident is
characterized by a brief increase in fuel power followed by: a rapid
decrease to decay power, a rapid fuel-sheath heatup due to radial
redistribution of the stored energy in the fuel, and system depressur-
ization which causes the internal fission-gas pressure to stress and expand
the fuel sheath. This fuel-sheath expansion causes a rapid increase in
void volume and a corresponding rapid drop in pressure inside the element,
due to the small initial void volume which is unique to the CANDU* fuel
design. Since the hot fuel-sheath strains only enough to minimize the
difference between element internal pressure and system pressure, the rate
of the sheath strain is controlled by the rate of system-pressure decrease,
whereas the magnitude of sheath strain is controlled by both the volume of
fission gas inside the element and the ultimate system pressure.

The behaviour of CANDU fuel under LOCA conditions has been extensively
researched to develop a complete understanding of the mechanisms involved
in fuel-sheath strain and failure. The research strategy has been to
conduct separate-effects tests, develop models of the behaviour, integrate
the models into a fuel-element computer code to predict the accident
response and, finally, to do all-effects verification tests. This report
summarizes these developments and demonstrates that this process is nearly
complete. A small continuing effort remains in order to provide
improvements to models as required.

There have been several integrated, in-reactor tests conducted at
Chalk River Nuclear Laboratories (CRNL) and Idaho National Engineering
Laboratory (INEL) at sheath temperatures up to 1100°C. The results of
these tests clearly demonstrate a high level of understanding of LOCA fuel
behaviour, in that all mechanisms observed had been accounted for in the
transient fuel-model ELOCA. A major result demonstrated by the INEL test
was that the power pulse associated with the coolant voiding in a CANDU
reactor during a large-break LOCA transient does nut lead to sheath
failure. Moreover, the test demonstrated that even though the strains vary
along the length of an element, ELOCA was able to predict the strain if
local temperature and metallurgical conditions were accounted for. CRNL
single-element blowdown tests have also shown good agreement with ELOCA for
a different range of test conditions. The ability of ELOCA to accurately
predict fuel behaviour under these LOCA conditions is therefore verified.

* CANada deuterium Uranium. Registered in the U.S. Patent and
Trademark Office.



1.0 INTRODUCTION

Ihe fuel bundles for CANDU-PHW** reactors are about 0.5 m in length
and 0.1 m in diameter (Figure la). Each bundle consists of a number of
U02-fuelled elements contained in Zircaloy-4 collapsible sheaths (wall
thickness 0.42 mm). The two main bundle types in use have 28 and 37
elements each and differ mainly in their element arrangement and diameters.
The CANDU fuel design is quite different from that for other reactor types
and hence has several unique response characteristics during postulated
LOCAs.

The fuel bundles are contained within horizontal Zr-2.5% Nb pressure
tubes which are located in a square array inside a large cylindrical
calandria tank. The high-pressure (i.e., about 10 MPa) heavy-water coolant
flows through each pressure tube and removes heat from the fuel. Each
pressure tube is insulated from the cool, low-pressure heavy-water
moderator by a concentric calandria tube with an annular gas space. The
heavy-water moderator operates at low temperature and pressure, and
contains the reactivity devices and the two independent shutdown systems.

The Canadian approach of developing an understanding of fuel
behaviour in accident conditions started with single-effects tests and
moved with increased understanding to more integrated tests. Thus, data
was generated in single-effects tests over a wide range of conditions: high
and low temperatures, steam and inert atmospheres, transient heating, etc.
These tests were used to develop physically based models to describe the
fuel-element behaviour in transients, and these models were then
incorporated into integrated fuel codes such as ELOCA [1,2]. More
integrated out-reactor tests were performed with fuel-element simulators;
however, the nature of these tests could not fully test the integrated
model. Integrated, in-reactor fuel-element blowdown tests were completed
at Chalk River Nuclear Laboratories. However, the CRNL tests could not
simulate the simultaneous power increase and blowdown which is predicted
for CANDU-type LOCAs, and an integrated test was therefore commissioned in
the Power Burst Facility (PBF) Reactor.

This report summarizes the important results of the single-effects
tests and the integrated in-reactor tests. The results clearly demonstrate
a high level of understanding of LOCA fuel behaviour, and also demonstrate
that all mechanisms observed had been accounted for in the transient fuel
code ELOCA.

•A-A.

CANDU: CANada Deuterium Uranium. Registered in the U.S. Patent and
Trademark Office.

PHW: Pressurized Heavy Water.



2.0 CANDU FUEL RESPONSE IN A LARGE-BREAK LOCA

A large break in the heat transport system causes rapid heat-
transport -system depressurization. The resultant coolant voiding in the
fuel channels causes an increased reactivity of the reactor and hence
reactor and fuel power. The fuel power can reach double its initial power
for a brief period (i.e., less than one second) before this increase in
reactor power is terminated by the action of one of the two independent
shutdown systems and the fuel power decreases to decay power levels. In
typical large-break LOCAs, the coolant flow in some of the horizontal fuel
channels can approach zero, and severely degraded cooling conditions result
within the channel. A high-power CANDU fuel element has a large radial
thermal gradient during normal operation (Figure lb). Thus, a considerable
amount of heat is stored within the fuel elements, and the average fuel
temperature for a maximum power element is about 1000°C. When cooling is
lost on the outside of the fuel, this stored heat redistributes rapidly,
which leads to a rapid sheath heatup. At the same time, the U02 fuel may
expand diametrally due. to the thermal redistribution and the power
transient, producing a mechanical stressing of the fuel sheath. Although
this early/pellet sheath interaction is not expected to cause any defect in
the fuel, it is an important phenomenon that could only be tested in an
in-reactor integrated test.

A few seconds after the break, the fuel-element temperatures are
influenced by the balance between the decay heat and heat losses to the
surroundings and to the coolant, as illustrated in Figure 2. The decay
power is only sufficient to cause an adiabatic heatup rate of the fuel of
about 10°C/s. Thus, even in a total absence of cooling, fuel temperatures
will not change rapidly. For a short period, the fuel temperatures can be
considered to have reached a plateau. In the longer term, the emergency
coolant system may terminate the transient before much additional heatup
actually occurs. In this report, we are primarily concerned with the
behaviour up to and during the plateau period.

The behaviour of the fuel element after the initial heatup depends
primarily on:

(1) the integrity of the fuel element,

(2) the initial quantity of gas within the element,

(3) the amount of fission gas released during the transient,

(4) the void volume within the element,

(5) the temperature of the fuel element, and

(6) the external coolant pressure.



The most important factor during the LOCA is the strain behaviour of
the fuel sheath and the timing and extent of fuel-sheath failure. It is
the differential pressure between the inside of the fuel element and the
outside which provides the driving force to strain the fuel sheath. As an
example, the coolant pressure and temperature transients predicted for a
high-power fuel element during a large-break LOCA are shown in Figure 2.
Figure 3 shows that the predicted internal element pressure is initially
large at 8 MPa and decreases rapidly during the transient. However, the
differential pressure is predicted to be negative initially and increases
to relatively small positive values.

It is important to understand that the small differential pressure is
a result of the sheath-strain behaviour. The predicted response occurs
because the depressurization of the heat transport system is controlling
the rate of loading on the fuel sheath. When the fuel sheath is hot, it
deforms by creep relatively easily. This, in combination with the small
void volume, results in a rapid reduction of fuel-element internal
pressure. (The total free-gas void within the fuel element, at power, is
less than 1 cm3.) Only a small amount of sheath strain is required to
reduce the pressure significantly. The volume increase due to a 1%
diametral sheath strain over the length of the fuel element is 2.2 cm3 (for
a 37-element, standard CANDU fuel bundle with an outer radius of the sheath
of 13.08 mm). This considerable volume increase rapidly reduces the
pressure in proportion to the volume. Figure 4 shows the fuel-sheath
strain transient corresponding to Figures 2 and 3.

The above fuel-sheath response behaviour is very different to the
predicted behaviour in light-water reactors (LWR). This is a result of the
fuel-element design. Although both have Zircaloy cladding, the LWR fuel
rods have a much greater length, a larger plenum volume, free-standing,
thicker cladding, and are prepressurized to prevent collapse during normal
operation. During a large-break LOCA in an LWR, the sheath heatup is
slower and is localized to the high-power region of the core while the
coolant depressurizes relatively quickly. The entire gas volume and
pressure inside the element is thus available to strain the cladding
locally at the hottest zone. Hence, the element pressure decrease during
strain is small compared to CANDU fuel elements, and local burst failures
are predicted to occur in the hot region of the LWR fuel rods with a
relatively large (30-70%) ballooning strain.

3.0 SEPARATE-EFFECTS TEST RESULTS

There are many physical phenomena that contribute to the overall fuel
behaviour under normal operating conditions and under accident conditions.
Fundamental physical properties, such as specific heat, conductivity, power
distribution, emissivity, etc., are coded according to the physical process
and do not need further verification for modelling the fuel behaviour
during accidents. Other phenomena which are important to the fuel-element
response are mostly related to the sheath integrity. This is because the



sheath is the barrier to fission-product release into the heat transport
coolant after th^ fission products escape from the U02 fuel matrix. One of
these important parameters is the release of fission-product gas in the gap
between the fuel and the sheath during the early part of the LOCA transient
and its impact on sheath strain and consequent failure. However, tests
have been completed at CRNL confirming that both gas release and fission-
product releases during the transient are small [3-6]. This is particularly
relevant for transients of concern to LOCAs where the U02 fuel temperature
is less than 1500°C and the time of interest is limited to about a minute.
Transient gas releases may become significant above 1500°C but are still
expected to be insignificant up to fuel temperatures of 1800°C for short
transients. Thus the early response of fuel elements in a LOCA is mainly
governed by the sheath behaviour, and a review of the current understanding
is presented below.

3.1 Sheath Mechanical Properties

The response of Zircaloy fuel cladding has been investigated
extensively in the world-wide nuclear program. Generally, the LWR
investigations have concentrated on the fuel-sheath behaviour for conditions
up to 900°C, although some studies have considered temperatures above
1000°C. This body of information will not be reviewed here since the reader
can refer to other recent reviews [7-9].

For CANDU fuel cladding, an extensive set of data has also been
generated beginning with Hardy's temperature ramp tests in 1973 [10].
Extensive work was completed by Clendening at Westinghouse [11] and Canadian
General Electric [12], Sagat at CRNL [13], and Rosinger at Whiteshell
Nuclear Research Establishment [14]. The essence of all this work has been
formulated into a microstructural model for creep deformation of fuel
cladding [2,15]. Creep deformation can be very rapid at high temperatures
and depends strongly on the transient conditions. Thus, the model has been
developed to have a wide range of applicability.

Very high stress, low-temperature deformation can be predicted for
conditions early in a LOCA where the expanding fuel pellet may interact with
the cladding to produce these conditions. At intermediate temperatures, 300
to 600°C for Zircaloy, an imposed increase in strain rate does not increase
the stress very much. This is known as an athermal stress plateau. A
result of this athermal deformation is that necking can occur at ""ach
reduced strains and failure could result for this mechanism (0.4% strain is
used in ELOCA as a failure criterion). Physical tests on fuel cladding
under these rapid load/temperature conditions are difficult to perform, but
some testing has been completed.

At higher temperatures, about 700°C, the original cold work is
annealed rapidly. Since the annealing of cold work and of defects created
by fast neutron irradiation is by the same atomic diffusion process, it is
believed that no residual effects of either will remain after the Zircaloy



has been fully annealed [16] . The time taken to fully anneal a Zircaloy-4
specimen decreases rapidly with increasing temperature.

In the higher temperature region of the alpha phase of Zircaloy, up to
820°C, the deformation is mainly a result of creep processes. Creep has
been studied for a wide range of stress and temperature conditions. This is
the temperature where Zircaloy exhibits a maximum in the amount of strain
before failure. Very large deformations can occur, more than 100% if the
pressure is maintained. Sagat's tests [7] have shown very large localized
balloons. In general, the length of the ballooned region increased with
decreasing stress. However, in this high alpha-phase temperature range, the
deformation did remain fairly localized.

At temperatures between 820°C and 950°C, Zircaloy-4 is in the two-
phase transition region where the Zircaloy is partly alpha phase and partly
beta phase. The creep behaviour is considerably modified in the two-phase
region; the stress dependence is much lower, while the tempera-
ture dependence is quite small for some conditions and large for others
[17]. This makes the prediction of the creep behaviour in this temperature
range the most uncertain of all the Zircaloy phases. About 900 to 950°C is
the temperature range where a minimum in ductility occurs. Nevertheless,
the behaviour is reasonably accounted for by the Sills and Holt model [15].

In the beta phase region, above 950°C, the Zircaloy-4 creep behaviour
shows less stress and temperature dependence than in the two-phase region
and can be reasonably predicted. However, the creep behaviour of Zircaloy
is somewhat unusual compared with most materials. As creep strain occurs,
the material deforms at a faster rate. Sills and Holt [15] interpret this
behaviour to be due to a transient annealing of internal stress created by
the transformation from the alpha phase to the beta phase. This phenomenon
is not critical to the overall behaviour of fuel elements.

Since CANDU fuel elements have brazed Zircaloy-4 spacer and bearing
pads, the sheath in these zones is annealed in the beta phase. This heat-
affected zone (HAZ) therefore has different creep behaviour [7,18] than the
as-received material along the remainder of the sheath. It is a different
material, having its own set of creep relations. At low temperatures and
high stresses, this HAZ deforms faster than the as-received zone. However,
at low stresses the creep strength is actually stronger than the as-received
sheath material. In the two-phase a+/3 range, the above effect persists.
In the beta temperature range, the as-received material is also in the beta
phase and hence the materials become very nearly equal in their creep
response.

At the ends of the HAZ there is material which is also heat treated
but not into the beta phase. This is often referred to as the transition
zone, and the material within it is annealed. The response of this
material can result in slight ballooning in this local zone if the sheai.li
stresses are high. This zone is typically very short, such that the
effects do not dominate in the overall element behaviour.



In summary, the creep behaviour of Zircaloy-4 fuel cladding is well
understood and predictable if the temperature distribution is known.

3.2 Sheath Oxidation Behaviour

Zircaloy-4 fuel cladding has excellent corrosion resistance during
normal operation. At higher temperatures the rate of the exothermic
oxidation reaction increases, resulting in heat production as well as a
modification of the fuel-sheath mechanical properties. Tests [19]
demonstrated that little mechanical effect was observable if the sheath
oxide was less than 5 pm thick. At greater oxide thicknesses, the oxide
and the oxygen-strengthened alpha zirconium layer (aZr(O)) have a greater
load-carrying capacity than the base material, and hence modify the total
sheath behaviour. The results reported [7] demonstrated that if the sheath
temperatures remained below 1025°C in 5°C/s temperature ramp tests, there
was no mechanical effect because the oxidation layers were too thin. At
higher temperatures, the oxidation layers rapidly become thicker and will
modify the sheath behaviour. At 1100cC, the rate of oxidation is about 0.2
to 0.4 (xm/s, so only about 20 s is required before the sheath behaviour is
modified. At 1200°C, the behaviour is modified in less than 10 s.

The behaviour is also influenced by the relative timing of sheath
strain and oxidation during the transient. If the transient results in
sheath oxide and aZr(O) layers which are thick before any strain occurs, a
large load can be sustained without failure. If, later in such a
transient, the stress causes enough strain to crack and fail the layers at
only a few points, the remaining strain occurs at those cracks. Hence,
failure results at a relatively low strain level, a few percent, even
though the strain under the crack can be of the order of 15 to 20%.

Sheath transients which result in strain during the oxidation process
develop many cracks in the oxide layer. These cracks can accommodate a
larger total or average sheath-strain level because the strain from each of
the many cracks contributes to the total strain before any result in a
through-wall sheath failure.

The derivation of the Sills & Sagat model for the oxidation effect on
sheath deformation [19] is based on a series of constant pressure/
temperature ramp tests. A LOCA scenario follows a somewhat different
pressure/temperature with a corresponding difference in the relative timing
of strain and oxidation. The uncertainty resulting from this difference
increases with increasing temperature as the oxidation effects become more
important.

3.3 Beryllium Braze Penetration

CANDU fuel elements have Zircaloy-4 spacer and bearing pads brazed
onto the Zircaloy-4 fuel sheath by a zirconium-beryllium braze alloy. This
joint has proven to be reliable and corrosion resistant with no service
problems in about 100 million manufactured joints to date.



In high-temperature transients, the braze alloy can accelerate the
failure of the fuel sheath by a localized crack-penetration mechanism.
Below the braze alloy melting temperature of 970°C, the cracks which form
in the sheath tend to be located at stress concentrations at the root of
the joint between the sheath and the pads. Above the braze melting
temperature, the liquid alloy does not hold a stress and the cracks form
uniformly beneath the pads. These cracks are filled by the braze alloy.

Tests have been performed to describe the crack formation and
penetration behaviour through the fuel sheath in a quantitative way
[20,21]. Braze penetration was defined as a three-step process; first
there was an incubation time before any penetration process was evident;
following this there was a constant rate penetration period where the crack
grew slowly with time; and, finally, rapid tensile failure occurred as a
result of stress concentration at the largest crack.

At temperatures below about 750°C, the incubation time is relatively
long, such that braze penetration is generally not a relevant sheath-
failure mechanism. As the temperature increases, particularly beyond the
braze alloy melting temperature of 97O°C, braze penetration may become
relatively rapid, and it can be considered as a potential sheath-failure
mechanism.

This behaviour is modelled in the fuel code ELOCA [1], such that
failure is predicted in a probabilistic fashion from 0 to 100%. The 100%
failure prediction refers to the centreline of the failure correlation.
Since the correlation actually defines the mean behaviour, i.e. 50%
probability of failure, the ELOCA formulation is conservative in predicting
failure.

Another test series was conducted in a steam atmosphere to assess
what effects the oxidation process had on this failure mechanism [22]. It
was shown that below the braze alloy melting temperature, the behaviour was
essentially unmodified since sheath oxidation was small. However, at
higher temperatures, oxidation significantly delayed failure. The delay
was considered to be due to the extra load-carrying ability of the oxidized
sheath. This led Sagat [23] to the development of a modified version of
the beryllium braze penetration model based on the effect of sheath
oxidation and stress modification in the sheath. The appearance of this
type of failure is characterized by cracks in the oxide emanating from the
end of the pads. The general strain to failure was found to be small when
oxidation effects were significant.

3.4 Oxygen Smbrittlement

Sawatzky [24] proposed an oxygen embrittlement criteria for CANDU
fuel sheaths. The criteria is based on diffusion of oxygen into the fuel
cladding and states that when the oxygen concentration exceeds 0.7 wt% for
half the wall thickness, the fuel sheath will fail on cooldown. This
criterion is supported by subsequent work by Sawatzky shown in Figure 5.



Other researchers [25,26] have also supported this type of criteria.
Figure 5 shows that oxygen embrittlement failure of the sheath is not very
likely for the LOCA temperature transients up to about 1350°C, where the
time is limited to less than about one minute.

3.5 Summary of Separate Effects

The mechanical properties and failure mechanisms of CANDU fuel
sheaths are well understood. The failure mechanisms of the fuel sheath
during LOCA transients are:

(1) tensile overstrain,

(2) athernsal strain localization,

(3) beryllium braze penetration failure,

(4) cracking of the oxide and localization of failure, and

(5) oxygen embrittlement.

Other effects have little importance to LOCA transients. One example
is stress-corrosion cracking [27,28] where cladding stresses must be very
high and temperatures below 800°C for an extended period of time. Since
these conditions occur only for a short time in CANDU LOCA transients, the
stress-corrosion cracking mechanism is unlikely to reduce the strain to
failure.

4.0 CRNL CANDU FUEL-ELEMENT TESTS

4.1 Background

An in-reactor test program to determine the performance of CANDU fuel
under LOCA conditions began at Chalk River Nuclear Laboratories about 1979
[29], Since that time, three single-element LOCA tests have been performed
to provide a data base against which transient fuel-performance codes can
be assessed. The results are summarized here. Two of these tests
(FIO-130, F10-131) were to provide thermal-mechanical response data [30]
and one (FIO-138) was to measure transient fission-gas release during LOCA
transients [3,4]. This section provides a brief summary of earlier data,
together with the more recent post-irradiation examination information, in
terms of sheath behaviour, fuel behaviour, and transient fission-gas
release.

The in-reactor LOCA tests were performed in the X-2 loop of the NRX
reactor. The LOCA conditions were produced by blowing down the test-
section coolant from 10 MPa to atmospheric pressure through a controlled
orifice at rates similar to those expected from a large pipe break in a
CANDU reactor. The fission power was controlled after blowdown to provide



the sheath temperatures required. Maximum sheath temperatures ranged from
800 to 1000°C in these tests.

4.2 Fuel Design and Test Parameters

The NRX LOCA tests FIO-130, -131, and -138 were performed with UO2
fuel clad In 20 nun diameter by 0.8 mm thick sheaths. Details of the
experimental fuel-element design and test parameters are given in Tables 1
and 2. In order to demonstrate that irradiation has negligible effect on
high-temperature sheath strain, one of the Zircaloy-clad elements (FIO-130)
was pre-irradiated to 40 MWh/kgU, while the other (FIO-131) was
unirradiated. Both elements contained laser-welded appendages, to minimize
the variation in Zircaloy microstructure and mechanical properties along
the fuel sheaths which would occur at braze heat affected zones. The
element used for the LOCA sweep-gas test (FIO-138) was clad in stainless
steel to permit a series of high-temperature transients on the same fuel
element.

The fuel assemblies were instrumented to measure fuel central and
peripheral temperatures, fuel-sheath temperatures, fuel-element internal
pressure, coolant temperature, and coolant pressure. Sheath strain
resulting from the transients was measured during post-irradiation examin-
ation of the 7ircaloy-clad elements. Fuel and sheath microstructures, and
Zircaloy oxide layer thicknesses, were also determined using hot-cell
post-irradiation examination (PIE).

The experimental design parameters were chosen primarily to meet the
objective of providing code verification data rather than to represent
prototype power-reactor fuel. Larger-diameter elements were therefore
selected in order to provide space for the instrumentation required to
record the detailed thermal and pressure transient history. The initial
design of these large-diameter elements resulted in an internal element
volume about 2.5 times larger than CANDU power-reactor fuel. The addi-
tional volume was associated with the larger element size, pressure
transducer and capillary tubing. Since the mechanical response is very
sensitive to the void volume, the larger elements should have different
strain behaviour during a LOCA than the standard 37-element CANDU fuel.
Nevertheless, the fuel performance codes are easily able to account for the
difference.

The fuel centreline and three peripheral fuel thermocouples were
located in the U02 pellet at the axial midplane of the elements. Six
Zircaloy-clad thermocouples were laser welded to the fuel sheaths in pairs
180° apart at the top, bottom, and midplane locations. The sheath thermo-
couples were flattened at the measuring tip in order to minimize fin
effects as much as possible. In FIO-130, four of the sheath thermocouples
failed during the pre-irradiation period and one failed during the
transient. In FIO-131, one of the sheath thermocouples failed prior to,
and one failed during, the transient.
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4.3 Test Conduct

The in-reactor transient tests were performed in the X-2 loop of the
NRX reactor at Chalk River, Figure 6 [31]. The vertical 3 m test section
was 38 mm diameter and contained the 0.5 m long test elements. The LOCA
transients were initiated by isolating the test section from the coolant-
supply system and simultaneously opening fast-acting blowdown valves at the
top and bottom of the test section. The rate of depressurization was set
by an orifice (6.25 mm diameter) in the blowdown line.

The reactor power was maintained for a pre-specified period before
power rundown and shutdown in order to achieve the desired test tempera-
tures. Neutronic calculations indicated that voiding of the test section
during blowdown resulted in a fuel-power increase of 10%. Shortly after
the initiation of blowdown, momentary dryout of the fuel sheath occurred at
all thermocouple locations. Oscillating temperatures indicated that dryout
was not uniform and the sheath temperatures returned to saturation tempera-
tures after a few seconds. The fuel peripheral temperatures increased for
about 10 s and then decreased slightly until rising again about 20 s into
the transient. Thereafter, sheath dryout occurred first at the bottom of
the element and propagated upwards until the entire element was in dryout.

4.4 Fuel Element Response

4.4.1 FIO-130

Figure 7a shows the transient history of the element. The initial
element pressure was established as a result of the as-fabricated gas
volume and by the pre-irradiation power of 55 kW/m. This resulted in an
initial gas pressure of 1.5 MPa during operation just before the LOCA. The
coolant pressure decreased during the transient and the element internal
pressure increased, and the two pressure curves crossed after about 35 s.
A sustained pressure difference of about 1.5 MPa across the element was
then maintained by the continued fall in coolant and element pressures for
about 20 s. During this time, the temperature at the bottom of the element
was falling slightly from its peak temperature of 971°C. The rewet phase
then cooled the element.

The peripheral fuel temperature increased for the first 10 s,
decreased slightly and then increased again (see Figure 7a). The initial
increase in temperature is probably caused by a decrease in the fuel-to-
sheath contact conductance. The decrease in coolant pressure during the
blowdown reduced the pressure force that maintained the fuel and sheath in
close contact, and hence decreased the heat transfer. After 10 s the fuel
peripheral temperature decrease can be explained by an increase in fuel to
sheath interfacial pressures, and hence the contact conductance resulting
from the U02 expansion which had occurred in the first 10 s. This U02

peripheral temperature decrease also coincides with the rapid increase in
fuel-sheath temperature into stable dryout conditions.
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Figure 7b shows the post-test strain profile in the element measured
by post-irradiation profilometry. Distinct ridges at the pellet sheath
interface lc ^tions indicated that strong pellet-sheath mechanical
interaction had occurred. The ridging effect may be partly due to the
irradiation at normal operating conditions but also may be due to the
strong pellet-sheath mechanical interaction which is indicated to have
occurred during the transient part of the text. This transient interaction
is believed to have occurred at the time the sheath temperature increased
rapidly, and while the coolant pressure exceeded the element pressure,
ensuring that the sheath deformed into the shape of the fuel-pellet stack.
This ridging then persisted during the phase of sheath lift-off and strain.
The amount of strain, as shown in Table 3, is small (about 0.6% average).

ELOCA was used to predict the sheath strain using the thermocouple
and coolant history measured for the element (see Table 3). The predicted
strain was 0.7%, which is in agreement with the results of 0.5% strain at
the thermocouple location. Note that the bottom thermocouple failed during
the transient test and just after reaching the peak temp."ature. The
temperature history was estimated based on response from the other sheath
thermocouples.

4.4.2 FI0-131

Figure 8a shows the transient history of this element, in which the
initial element pressure of 8.1 MPa was externally set just prior to the
test. Shortly after the initiation of blowdown, the coolant pressure
decreased below the internal element pressure. The differential pressure
between the element and coolant increased slowly up to the time of rewet.
The differential pressure was about 2 to 3 MPa between the time of sheath
heatup and cooldown. The maximum sheath temperature was 875°C and
decreased by about 100°C at the end of the high-temperature phase of the
test. The time at high temperature was about 25 s, shorter than that in
FI0-130.

Figure 8b shows the post-test strain profile. Again there are
distinct ridges due to the fuel-pellet ridging effect. Even though in this
test the internal pressure exceeded the coolant pressure from the start and
a radial gap probably developed, the fuel temperatures increased signifi-
cantly to result in contact with the sheath. Again, this contact likely
helped to drive the sheath into full sustained dryout and the sheath
reached its maximum temperature shortly thereafter.

The sheath-strain profile shows a significant axial gradient, which
reflects the axial temperature gradient in the element. The maximum strain
of 4.8% was the hotter bottom end of the element.

The strains predicted by ELOCA for the three thermocouple locations
(see Talile 3 [30]) were within about 1% of the measured values.
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Figure 9 shows the ELOCA predictions of internal gas pressure and
sheath strain at the bottom thermocouple location during the FIO-131
transient, and the comparison with measured values. Both the calculations
and measurements show that the internal element pressure decreases rapidly
once the sheath begins to strain. For a pre-transient internal pressure of
8 MPa, the driving force for sheath strain is lost after 4.5% sheath strain
and the rate of strain drops to zero before rewet occurs. This sensitivity
of internal pressure to sheath strain is a consequence of the relatively
small internal volume in these test elements.

CANDU power-reactor fuel elements contain an even smaller internal
volume. Using the ELOCA code to apply the sheath-temperature and coolant-
pressure transients measured during the FIO-131 test, to a regular CANDU
fuel element with the same initial internal gas pressure, therefore
resulted in the smaller calculated sheath strain of about 2%, as shown in
Table 3.

4.4.3 FIO-138

This test was designed with an internal element gas-purge system to
allow the continuous measurement of fission products released from the U02

fuel into the gap, particularly those resulting from a LOCA-type transient.
As such, the element was clad in stainless steel and the differential
pressure between the fuel element and the coolant was maintained to avoid
sheath strain, i.e., a low pressure of the purge gas system. The chief
interest in this test was the thermal transient response of the fuel to a
LOCA type transient and the consequent fission-product release.

The FIO-138 fuel was subjected to a series of six LOCA transients of
different severity [32] after a pre-conditioning period of about 24 days at
60 to 65 ktf/m. About one week of pre-conditioning at full power was given
between transients. Conditions in Table 2 refer to transient #8, which
produced the highest temperatures.

Fuel and sheath temperatures, together with reactor power and coolant
pressure, are shown in Figure 10a and 10b, for transients 3 and 8 of the
FIO-138 test, together with the measured gross gamma activity in the exit
sweep gas. The fuel and sheath temperature response in these tests were
similar to that for FI0-130 and 131, although the maximum temperatures
differed slightly (Table 1).

4.5 Transient Release Behaviour

Figure 10a gives initial release results for FIO-138 Blowdown #3, in
which the maximum sheath temperature of 850°C was reached 21 s after the
blowdown was initiated. Gross gamma activity in the exit sweep-gas stream,
corrected for transport time from the element, is plotted against time.
The transient reactor power, coolant pressure, and fuel peripheral and
sheath temperatures are also shown. The gamma activity is directly
proportional to the short-lived fission-product release. Activity begins
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to increase about 15 s into the transient, corresponding with the increase
in sheath temperature, and continues to a value about 30% above the
pre-transient level. The increased release continues for about one minute,
then falls off as temperatures decrease with the introduction of rewet.

Figure 10b shows transient number 8 together with the measured gross
gamma activity in the sweep gas. The fuel-temperature transient was more
severe in this case, but the release behaviour from the U02 fuel was
similar to test #3.

The release data for short-lived fission products showed that a
prompt increase in release occurred during the initial rise in temperature.
The initial prompt increase in release was followed by a steady enhanced
rate of release during the time at elevated temperature. During the LOCA
transients, R/Y (release rate R normalized for isotopic yield Y) was
proportional to A"1-2 [3], which is close to the A"1-5 dependence expected
for release of stored inventory from isolated sites within the fuel [6].
These release rates were therefore attributed primarily to intersection of
fuel cracks with non-vented fission-gas tunnel networks and the continued
rapid bubble interlinkage and tunnel formation at high temperature [3].

The heatup rate is severe in the blowdown, and fuel cracking in the
cooler U02 periphery permits release during this period. The cracks which
form would remain open during these relatively short transients, and
subsequent release would be due to thermally enhanced diffusion of the
short-lived species to the fresh surfaces. Radial temperature gradients in
the fuel are decreasing during this period but there is insufficient time
for crack healing. There is little additional cracking, and thus release,
during rewet. Also plotted in Figure 10c is the increase in sweep-gas
activity accompanying a reactor tip in which there is no temperature
increase.

The figures show that there is a very significant increase in the
rate of release but the total quantity of release during all the transients
was small. The cumulative release fraction for each of the LOCA transients
and the final shutdown transient was less than 0.1%. Integrated release
for each of the FIO-138 transients correlated with time-at-temperature
above the pre-transient fuel temperature [3], implying that diffusional
release at elevated temperature was the major release mechanism.

The increase in quantity of a gas in the gap is insignificant
compared with the gap inventory which is expected to exist in high-powered
fuel elements prior to the blowdown transient. High-powered fuel elements
typically have about a 10% gas release to the fuel-element gap, which
represents approximately 10 cm3 of gas. Thus the 0.1% additional release
observed for all of the LOCA transients in these tests would not
significantly affect the mechanical strain response of the elements or the
prediction of fuel-sheath failure.
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4.6 Fuel Structural Examination

The fuel structures were examined following several of the LOCA tests
[30]. The fuel pellets have a cracking pattern similar to irradiated fuel
which had not been subjected to a LOCA. The U02 fragment size distribution
after removal from the element is shown in Figure 11. The distribution was
similar for the 20 mm diameter elements (FIO-130, -131), with the major
size fraction between 4 and 5.6 mm. This figure also compares results from
other LOCA tests. The post-LOCA size distribution for 13 mm diameter
elements from CRNL test FIO-140 was the same as for the archive element
BA02 form the PBF test series (next Section) but different from the
FIO-130 and -131 tests which were exposed to similar LOCA transients. The
difference therefore appears to be due to fuel-element diameter (radial
temperature gradient). Also, a LOCA transient does not appear to alter the
fragment size significantly, compared to normal irradiated fuel.

The post-test fuel samples showed structures typical of elements
which had operated at high power [4]. There was evidence of equiaxed grain
growth to approximately the mid-radius of the pellets. FIO-131 experienced
only a short pre-irradiation prior to the transient, and there was no
evidence of fission-gas bubbles at the grain boundaries. However, in
FIO-130 and FIO-138, the fission-gas bubbles were evident at grain bounda-
ries and triple points beginning at a fractional radius of about 0.7, and
increasing in number and size towards the centre.

The tunnel networks were not believed to be developed enough to
conpletely vent to the free space inside the elements. This was supported
by SEM examination of samples from FIO-138, but continuous grain-edge
tunnels were apparent, as shown in Figure 12. Grain-face bubbles were
large, with some evidence of interlinkage with each other and with the
tunnels. Some areas contained a second, smaller bubble size distribution,
which was often associated with adjacent tunnels. This may indicate that
the bubbles closest to the tunnels vent and shrink more often than those
further from the tunnels. Large, solid fission-product spheres were also
associated with the small bubbles, suggesting that the bubbles may once
have been larger. The repeated LOCA-induced thermal cycles in the element
could have induced the venting of the larger bubbles near the grain edge,
and the subsequent steady-power operation which occurred before final
shutdown could have re-established the smaller population of bubbles.

Another observation is the presence of extremely small microcracks,
which are associated with individual gas bubbles and penetrate into the
grain. These fine cracks are expected to heal quickly at power and are
likely formed during the final shutdown/cooldown period.

4.7 Summary of CRNL Tests

(1) The CRNL LOCA tests have demonstrated that a small diametral sheath
strain is effective in rapidly reducing the internal gas pressure.
This is due to the relatively low internal void volumes in these fuel
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elements. CANDU power-reactor fuel elements contain even smaller
internal void volumes than the test elements so that the sheath
strain relief of the fission-gas pressure is expected to be even more
important.

(2) The fuel-element code ELOCA correctly predicted the element internal
gas pressure during the transient and the strain response of the
elements in spite of different element geometries.

(3) The pellet sheath interaction during the early part of a LOCA
transient can cause circumferential ridging of the sheath.

(4) Pre-irradiation had no apparent effect on the mechanical behaviour of
the fuel sheaths during LOCA transients.

(5) The transient fission-gas released during these LOCA transients is a
small (< 0.1%) fraction of the available inventory.

5.0 CANDU FUEL-ELEMENT TEST IN THE POWER BURST FACILITY

5.1 Background

Four vertically oriented fuel elements were tested in a single
blowdown in the Power Burst Facility (PBF) reactor at Idaho National
Engineering Laboratory (INEL) [33]. An important advantage of the PBF
reactor was its capability to provide a brief power pulse to the fuel
typical of large-break LOCA conditions in a CANDU reactor. Each of the
elements was contained in its own shroud assembly so that nearly identical
conditions were imposed on the test elements. In this way, a direct
comparison between the response of the individual elements could be made.
Each element was designed to test different aspects of CANDU fuel-element
behaviour; the effect of braze zones, the effect of prior irradiation, the
effect of fission gas versus fill gas, and the effect of initial fission-
gas pressure and volume.

Eight fuel elements were manufactured for the test [34]. Six of the
elements were irradiated at CRNL in the NRX reactor to provide the fission-
gas release and fuel structures which would be typical of high-power fuel
elements in CANDU reactors. Four of these elements were selected for the
blowdown test in the PBF reactor. The three irradiated elements were
refabricated at INEL to attach instrumentation, and were assembled into the
test shrouds. The blowdown test was completed on 1984 February 1.
Post-irradiation examination of the fuel was performed at INEL and more
recently at CRNL.

5.2 Test Fuel Elements

Eight fuel elements were fabricated as near as possible to the
standard 37-element fuel design, but with the features necessary to carry
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out the test (Table 4). With the exception of element BA01, which had
laser-welded appendages, all other elements had beryllium-brazed
appendages. Figure 13 shows the important design characteristics for one
of the test elements. The fuel enrichment was 10% while the fuel-stack
length was 480.2 mm. Standard Graphite CANLUB was applied to the inner
surface of the sheaths.

At CRNL, the fuel was irradiated in two trefoil assemblies located
above and below the flux centreline of the NRX reactor [34]. The assem-
blies were rotated 120°C twice during the course of the irradiation in
order to minimize the variation in burnup among the elements in each
trefoil resulting from the radial flux gradient at the loop site in NRX.
The power variation between the elements in the trefoils was significant as
the assembly had to be located close to the periphery of the NRX core due
to the relatively high fuel enrichment required for subsequent irradiation
in the FBF reactor. Rotation of the assembly caused the centreline
temperature difference between two elements (BA04 and BA06) to increase
from 90°C to 215°C. (Figure 14) This is equivalent to a power difference
of about 3 kW/m.

The fuel codes ELESIM and ELESTRES [33] were used to calculate the
fuel conditions at the end of the NRX irradiation. Good agreement between
the measured and predicted centreline fuel temperature was obtained, as
shown in Figure 14. This is another confirmation that, for CANDU fuel,
ELESIM (MOD10) predicts the fuel temperatures well and, consequently, the
stored heat in the element. The gas release plus fill volume predicted for
element BA03 was 8.48 cm3 (Table 5). This element was never opened.
Companion element BA02 was opened at INEL in order to measure the fission
gases. It contained 8.86 cm3 of gas, in good agreement with the ELESIH
predictions.

The elements were refabricated into the test assemblies at INEL.
External thermocouples were added to all the elements and internal pressure
transducers were added to elements BA05 and BA07. Element BA01 was
accidentally opened and had to have the end plug rewelded. The irradiated
elements that were punctured (BA01 and BA05), were backfilled with - 95%
argon and - 5% helium prior to the PBF test to simulate the fission gas in
the gap. BA01 was backfilled to about the same pressure as that predicted
after NRX irradiation. BA05 was backfilled to a pressure about 2.5 times
that predicted, in order to provide an element with a significantly larger
expected deformation than the other elements (and hence a higher probabi-
lity of sheath rupture). In order to closely match the power between all
of the elements, the shrouds were fabricated from Zircaloy for the
previously irradiated elements and from stainless steel for the
unirradiated element.

5.3 PBF Conditioning and Power Calibration

The element configuration in the PBF reactor is shown in Figure 15.
The large outer flow tubes contain the hot pressurized coolant within the



17

PBF driver core. The reactor provides a higher neutron flux in the centre
of the core and test assembly. This results in about 17% more power in the
U02 fuel facing the centre of the inpile tube. Figure 15a also shows the
placement of the thermocouples around the fuel elements.

Figure 15b shows the arrangement of the element inside its shroud
tube up to the point of the check valve at the top and the inlet turbine
flow meter at the bottom. The check valve at the top is a key component in
this test because it prevents reverse flow during the blowdown. Thus only
the coolant within the shroud assembly is available to cool the element
during the transient.

The preconditioning phase of 16 hours at power in the PBF reactor was
designed to build up fission-product decay heat and to make element power
calibrations based on the coolant enthalpy change from the inlet to the
outlet of each shroud assembly. This provided measurement of the power
just before the test. The results are shown in Table 6. These results are
judged to be accurate to + 3.5 kW/m. Physics predictions suggested the
measurements were too low (by 19%). However, the burnup measurements of
element BA07 confirmed to within 1% the power estimated for this element.
(Only element BA07 could be used for this estimate because it was unirradi-
ated at the start of the PBF test.) The centreline thermocouple was
reading 1550"C just before the test and this is close to the temperature
estimated by ELESIM ([33]. Thus the results in Table 5 are confirmed to be
reasonable estimates of the power. An average power of 55 + 3.5 kW/m would
be appropriate for all of the elements.

Table 5 summarizes the measured and estimated internal element void
and gas volumes after the soak irradiation in the NRX reactor and after
LOCA testing. The gas volumes are equivalent to the fission-gas release
expected in high-powered CANDU fuel.

5.4 Blowdown Transient

The PBF loop schematic is shown in Figure 16. The transient was
initiated by opening the fast-actuating cold-leg blowdown valves which
resulted in voiding of the coolant from the test train. Figure 17 shows
the depressurization transient along with a specified transient typical of
a large-break LOCA transient in a CANDU reactor. The rate of depressuri-
zation was controlled by sequencing the two blowdown valves so that flow
goes through the small and/or large blowdown nozzles.

At the start of blowdown, the computer-controlled power transient
provided an increase in fuel-element power up to twice the normal operating
value and then a decrease in power down to decay values. Figure 18 shows
the element-power transient. The power was increased in the last 50 s in
order to raise the fuel-sheath temperature towards the target temperature
of 1050°C. Reflood of the test section was initiated at 100 s.
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5.5 Fuel-Element Response

5.5.1

Table 7 lists the main temperature-response times and temperatures.
Figure 19 shows the sheath temperature at about the mid-length of the
elements (± 36 mm and 200° orientation). There were two temperature maxima
in the transient, the first at about 15 s and the second at 100 s just
before the quench. All elements exceeded 900°C at some point in the
transient. Temperatures in the lower part of element BA01 reached 1032°C
at about 10 s. This was the maximum temperature recorded for any of the
test elements.

The initial period just at the time of blowdown has some temperature
measurement uncertainty. This is because of the thermocouple fin effect.
The thermocouples strapped to the outside of the elements provide a much
larger heat transfer area to the coolant. During the initial period of
blowdown, the tendency is for the thermocouples to remain wet or to rewet.
The sheath response is not necessarily the same. Figure 20 shows the
measured cladding elongation as well as the thermocouple readings. It is
clear that the elongation increased rapidly in the 0.5 to 2 s time range.
This indicates that some parts of the sheath reached dryout early in the
transient and likely remained in dryout.

Transient sheath behaviour is very dependent upon the thermal-
hydraulic conditions, since these have a strong influence on sheath
temperature. However, when sheath temperatures are measured during the
test, strain predictions by fuel performance codes can be verified against
measured values without exact knowledge of the thermalhydraulic conditions.

5.5.1.1 Axial Thermal Gradients - Thermalhydraulic Predictions

Thermalhydraulic predictions were made for PBF test by EG&G staff
with RELAP 5. The test conditions were predicted for the three positions:
top, middle and bottom of the element. The heat transfer is predicted to
severely degrade after about 4 s. The top node (+ 135 mm) has a reduced
heat transfer coefficient but lower coolant temperatures, as would be
expected, in the vertical orientation (Figure 15). On the bottom end the
steam flow has been heated in going past the element and therefore is
predicted to have a relatively higher velocity leading to higher heat
transfer coefficients. It is, therefore, a competitive process as to which
end of the fuel element has more convective heat removal. The results of
the RELAP 5 sheath-temperature predictions indicated that the top of the
element would be the hottest. In fact, the reverse was true, as can be
interpreted from Table 7. It is suspected that the coolant temperatures
are considerably overestimated for the top of the element or underestimated
at the bottom, or that the four sheath thermocouple leads which were
fastened to the top end cap had a significant cooling effect.
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Temperature gradients did develop during the test and a complete
understanding of the element behaviour depends on the thermalhydraulic
conditions and the interrelated effect of strain on the sheath temperature.
However, too much weight cannot be placed on the therm&lhydraulic predic-
tions when they are obviously inaccurate on this scale of test. As far as
the element behaviour is concerned, it is not important to know how the
temperature gradients develop as long as they can be estimated and there
are no local effects.

5.5.1.2 Axial Thermal Gradients - Measured

The axial temperature gradients were quite large during the early
part of the PBF transient, as measured on element BA07 [33] (Figure 21).
At 15 s there was about 240°C temperature gradient between the top and
bottom, the top being cooler. At 50 s the gradient was 110°C with a
maximum temperature of 817"C. After this time the temperatures increased
and the temperature gradient was reduced to about 30°C at the end of the
transient.

The difference in temperature between the two thermocouples at the
36 mm axial location on each element was taken to be representative of the
azimuthal temperature gradient around the fuel elements. These azimuthal
temperature gradients tended to be about 20 to 30°C at the end of the test
and quite a bit larger earlier. The 20*C thermocouple orientation (see
Figure 15), located towards the centre of the in-pile tube and therefore
the greatest fission power, tended to be the hottest. In element PA05, the
temperature gradient was quite large at the start, about 120 K. This is
probably not important to the test since the sheath would not strain until
after about 40 s because of low sheath temperature and delivery pressure.

5.5.2 Failure Indications

Elements BA05 and BA07 contained pressure transducers which indicated
pressure transients, much as expected. However, the absolute pressures
remain uncertain during the blowdown because of the tranducer's sensitivity
to changes in the coolant temperature. Figure 22 and 23 show the results.
The pressures decreased as the coolant pressure decreased and the elements
strained. After reflood, the minor pressure transients in the coolant also
appeared in the element pressure of BA05, indicating that the element had
failed. Sheath failure of BA05 was confirmed in subsequent post-irradiation
examination.

Fission products were detected in the blowdown tank and in the loop
after the transient, which indicated at least one failure of the elements.
The amount of released fission products was about 0.2% of the element
inventory.
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5.6 Post-Irradiation Examination

Table 6 compares the before and after measurements of the internal
element and gas volumes in the elements. Elements BA03 and BA07 had
estimated element internal volume increases of between two and three times
due to the LOCA-induced strain.

The diametral strain measurements are shown in Figure 24. The
average strain for elements BA01, BA03 and BA07 are all about 3 to 4%.
Element BA05 had a maximum strain of 26%. All the elements with heat-
affected zones at brazing locations had a reduced strain section at these
zones. There was no evidence of any enhanced local strains of the sheath
material due to the brazing process under the test conditions. The
thermocouple attachment locations appeared to have slightly reduced the
diametral strain in some locations, e.g., element BA05 middle thermocouple.

Visual examination revealed that a laser-welded spacer pad on element
BA01 was missing. Subsequent leak testing showed that there was a small
failure at this point. Metallographic examination showed that the likely
cause of the defect was crevice corrosion under the spacer pad during the
NRX irradfation and a final failure caused by strain during the transient
or in post-test handling. Fission products were leaking from the test
assembly during the post-test handling in the trench. It is possible that
the element could have been damaged slightly in handling. This failure is
therefore an artifact of this test element due to the defective laser weld.

Element BA05 did not appear to have any defect until an in-cell leak
test located a small longitudinal crack or "pinhole" type failure. The loca-
tion was at the maximum-strain location. The other elements remained intact.

Figure 25 shows cross sections of the archive element BA02. Figures
26-29 show cross sections of each element at thermocouple and appendage
locations. The figures show metallurgical orientation indicators which
refer to the original orientation in the PBF reactor (Figure 15); the
V-notch is at 0° and the bar notch is at 90°.

The thermal behaviour of the elements was confirmed by examining the
fuel-sheath microstructures. Above 965°C, the Zircaloy changes to /} phase
and the structures become quite different. Figure 30 shovs typical
structures examined. Table 8 shows estimated maximum temperatures from the
metallographic examinations for each thermocouple location.

Figure 31 shows the metallographic examination of the defect in
element BA05 and demonstrates a very small ductile failure. The sheath
metallurgical examination confirmed temperatures were in the high a+/J/y3
phase range of about 96O°C. Some variations could also be observed around
the circumference of some elements. The U02 fuel structures did not appear
abnormal (Figure 28) when compared to the CRNL blowdown test specimens.
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The oxide thickness measurements also provide an independent check of
the temperatures. The oxidation algorithm FROM [36] was used to predict
the oxide thickness for a 100 s constant temperature transient at tempera-
tures from 700 to 1000°C. The results show that the oxide thickness would
range from 2 to 12 /*m.

The temperatures estimated from measured oxide thickness are in good
agreement with those measured and confirm that the thermocouple measure-
ments were reliable, Table 8. Likewise, it shows that the oxide thickness
measurements and sheath microstruetures can be used to make approximate
local assessments of the maximum temperatures.

Element BA01 appears to have been the hottest throughout the
transient. The temperature transient would result in a prior beta grain
formation very early. Elements BA01 and BA03 both went through very
similar temperature transients, which makes the elements reasonably
comparable. The sheath temperatures on element BA05 appear to have been
slightly cooler than BA01 and BA03. BA07 appears to be the coolest.

Figure 30 shows the sheath structures at the thermocouple location
near the failure. Cracks have developed in the oxide layer. There were
cracks every 50 pm or so along the outside of the sheath of element BA05
near the failure location. For this cross-section, there were a total of
about 100 cracks on the surface around the circumference of the sheath.
With this large number of cracks, a large overall strain will result prior
to localized strain failure at the cracks. The sheath structures indicate
that part of the sheath had reached the fi-phase temperature and part had
reached the oc+£-phase temperature.

The behaviour of the sheath due to the oxide is consistent with the
previous test results of Sagat [7]. The oxide is sufficiently thick that
it can modify the sheath behaviour, but the strain certainly began well
before thf oxide reached the "critical" thickness.

The braze pads were examined to check for any evidence of beryllium
braze penetration failure. Figure 32 shows that cracks (up to 115 ftm deep)
were developing beneath the pads. This failure mechanism was operating in
the transient and would have resulted in failure if the transient had
continued.

5.7 Summary of PBF Test

During a transient where the sheath temperatures are about 1000°C, a
sheath strain of about 26% before failure was reached by element BA05. It
is also signifi' ~>.t that the size of the failure is very small. The strain
occurred in the presence of temperature gradients developed during the
blowdown. The effect of the braze zones was observed to reduce the local
diametral strain around the heat-affected zones. Three of the elements
easily achieved strains of 3 to 4% without failure. The failure of element
BA01 was an experimental artifact or laser-welded spacer pads. There



22

appeared to be no major effect of prior Irradiation on the sheath-strain
behaviour. Fission products apparently had no observable effect.

The effect of braze zones was observed to reduce the local strain
around the heat-affected zones. This behaviour has been observed by Sagat
[7]. Another important point is that if the sheath is generally heated
above 970°C, the structures become uniform in properties. This indicates
that the strain took place, at least in part, before the material reached
this temperature.

The effect of irradiated sheath and fuel versus non-irradiated
properties should be apparent by comparing elements BA07 with the other
three elements and, particularly, BA03. Although the two elements
contained differing gas and void volumes, element BA01 contained only
slightly less gas than BA07 but also had a slightly smaller internal
volume. Thus their strains are expected to be similar, other conditions
being equal. The lower temperatures achieved for element BA07 probably
account for the slightly lower strains observed.

Walsworth [3] considered the prediction with ELOCA using the tempera-
ture input from thermocouple measurements, coolant pressure and fuel-
element power. Pre-transient conditions were calculated with the power
burnup histories recorded for the pre-irradiation in NRX. Table 9 shows
the resultant strain prediction for each thermocouple temperature-
measurement location. The calculated diametral strains were generally
slightly less than the average measured strain based on the volume increase
in the elements. This is considered good agreement between ELOCA and the
experiment, since the code is one-dimensional and cannot take the whole
element with variations in temperature and sheath properties into account.
Thus, the code predicts the average strain reasonably well.

Fission products apparently had no direct effect on sheath failure,
as no evidence of cracking of the inside surface of the sheath was found in
the metallographic cross sections.

This test contained a typical power pulse for large-break LOCAs in a
CANDU reactor. This transient causes a slight increase in fuel-temperature
test prior to sheath dryout and heatup occurs. This had been predicted to
cause a large transient sheath stress increase during the first few seconds
following blowdown. No indication of sheath failure due to this transient
loading was found. Similar but higher power transients also did not cause
failure in the OPTRAN tests [37,38]. Thus, this failure mechanism is not
relevant for LOCA transients postulated for a CANDU reactor.

Examinations of the U02 fuel revealed that many small cracks were
present in the pellet after the transient. Figure 32 shows these cracks
along with a micrograph from the archive element BA02. Careful examination
of the crack patterns does not reveal any difference. Thus, we conclude
that the crackirg pattern is not significantly affected by the LOCA
transient. This is significant in that it indicates there would be little
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additional gas and fission-product release due to unexpected fuel cracking.
Hence, LOCA transients may cause some release from U02 cracking but the
release is similar to that of a shutdown.

6. CONCLUSIONS

The current understanding of CANDU fuel-element behaviour under
typical LOCA conditions was presented in this report. This understanding
is based on results of separate-effects tests as well as several in-reactor
element blowdown tests. Several of the important observations follow:

[1] CANDU fuel elements can tolerate moderate sheath-strain levels
without failure under typical LOCA conditions. High strains (about
26%) were required to cause failure, which was characterized as a
small (pinhole) crack.

[2] Resultant sheath strain is non-uniform along the element. The sheath
was shown to be stronger in the heat-affected zone than the as-
received regions.

[3] No significant effect of irradiation on the sheath or pellets or of
fission products on the sheath was identified.

[4] The absence of failures due to the CANDU-PBF test power pulse shows
that this is not a relevant sheath-failure mechanism during a CANDU-
LOCA.

[5] ELOCA is an excellent tool to predict fuel-element behaviour.
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TABLE 1. Fuel-Element Details.

TEST OBJECTIVE

U02 FUEL

Pellet Diameter (mm)
Stack Length (mm)

Enrichment (wt% U-235)

FUEL SHEATH

Material
Diameter (mm)
Thickness (mm)

APPENDAGES

Internal Element
Volume (ml)

Initial internal element
Operating pressure (MPa)

SHEATH STRAIN

FIO-130,131

18
462
1.38

Zircaloy
20
0.8

Laser-welded

5-8

1.5, 8.1

FISSION-PRODUCT
RELEASE

FIO-138

18
477
1.38

3041 S. Steel
20
0.8

Laser-welded

-

0.1

CANDU FUEL

12
480
0.7

Zircaloy
13
0.4

Brazed

2

up to 10
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TABLE 2. Major test parameters.

TEST DESIGNATION

Pre-Transient Conditions

Coolant Type
Temperature (° C)
Pressure (MPa)
Flow (kg/s)

Fuel
Power (kW/m)
Burnup (MW.h/kgU)
Central Temperature (°C)
Peripheral Temperature (°C)
Sheath Temperature (°C)
Internal Pressure (HPa)

Transient Conditions

Transient Number
Max. Central Temperature (°C)
Max. Peripheral Temperature (°C)
Max. Sheath Temperature

Time Above Initial
Peripheral Temperature (s)

Sheath Heatup Rate °C/s

FIO-130

Pressurized

Water
260-288
9.7
0.8

65
40
1975**
860

300-320
1.5

2
2275**
1450

Top 704
Mid
Bottom 971

76

81

FIO-131

Pressurized

Water
260-285
9.8
0.8

65
3

1900
785

288-325
8.1

2
2200
1398
689
860
875

60

77

FI0-138

Pressurized

Water
260-290
9.8
0.8

55*
44
1800**
699

380-320
-

8
2100**
1163

1000**

81

*Time average value. ••Calculated Values.
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TABLE 3. Post-LOCA sheath strain. Measurements and ELOCA predictions.

TEST

FIO-130

FIO-131

CANDU Fuel

LOCATION

Top
Bottom

Top
Mid

Bottom

TEMP. (°C)

704
971

690
860
875

875

SHEATH STRAIN (%)

MAXIMUM

0.75
0.80

1.0
2.5
4.1

-

MINIMUM

0.30
0.30

0.7
1.8
3.3

-

AT
THERMOCOUPLE

LOCATIONS

0 . 5
0 . 5

0 . 8
2 . 1
3 . 7

ELOCA
PREDICTED

U

0 .7

0 .2
3 .2
4 . 0

2 . 0

TABLE 4. Design and irradiation of fuel elements for NRX and PBF.

ELEMENT

NUMBER

BA01
BA02
BA03
BA04
BA05
BA06
BA07
BA08

BRAZED
APPEND-

AGES

no
y«
yss
y«»
y««
yes
y»»
y»»

CENTRAL
PELLET

HOLE
(1/2

ELEMENT
LENGTH)

no
no
no
y«»
yes
yes
y«s
y»»

AS FABRICATED AT CRNL

CENTRAL
THERMO-
COUPLE

no
no
no
yes
no
yes
yes
y«»

PRESSURE
STUB

no
no
no
yes
yes
y«»
y»s
yes

PRESSURE
TRANS-
DUCER

no
no
no
yes
no
no
no
no

IRRADIA-
TION IN
NRX LOOP

yes
yes
yes
yes
yes
yes
no
no

PRIOR TO
IRRADIATION IN iBF*

CENTRAL
THERMO-
COUPLE

no
no
no
yes
no
yes
yes
yes

SHEATH
TRANS-
COUPLES

yes
yes
yes
yes
yes
yes
yes
yes

PRESSURE
TRANS-
DUCER

no
no
no
yes
yes
yes
yes
yes

IRRADIA-
TION IN

PBF

yes
no
yes
no
yes
no
yes
no

*Power Burst Facility Reactor at Idaho National Engineering Laboratory.
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TABLE 5. PBF test fuel conditions after pre-irradiation in NRX after LOCA
testing in the PBF reactor.

After Soak Irradiation in NRX Reactor (CRNL)

FUEL
ELEMENT

BA01
BA02
BA03
BA05
BA07

INTERNAL
FREE

VOLUME

(cm3)

N/M*
2.45
N/M
N/M

GAS VOL. IN FREE
VOIDAGE AT STP

Gas
(cm3)

5.88b

6.41
6.12b

5.04b

Total"
(cm3)

8.38b

8.86
8.48b

-

GAS PRESSURE
AT 298 K
(MPa)

0.3b

0.4
0.13b

0.2b

Not irradiated in the NRX reactor

BURNUP

(MW.hAgU)

120
120**
120
120

After the LOCA Transient in the PBF

FUEL
ELEMENT

BA01

BA03
BAO5

BAO7

INTERNAL
VOLUME
(cm3)

N/M

7.00
20.10°

5.6d

GAS VOL.
AT STPa

(cm3)

N/A

7.90
N/A

13.4

BURNUP IN
PBF

(MW.hAgU)

C
M

 
C

M
 

C
M

 
C

M

SHEATH FAILURE

Yes/No

yes

no
yes

no

Probable Cause

Corrosion under
an appendage

Localized over-
strain

"sum of filling gas and fission gas in open voidage at STP (273 K,
0.101 MPa)

bcalculation by ELESIM

cincludes volume of internal-element gas transducer estimated at 0.52 cm3

*not measured
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TABLE 6. Initial fuel conditions at start of CANDU PBF LOCA transient.

DESIGNA-

TION

BA01

BA03

BA05

BA07

DESCRIPTION

element with laser-

welded spacers (i.e.,

no heat-affected zones

due to brazing)

pre-irradiated

•lament with brazed

bearing pads and

spacers

pre-irradiated

unopened

element with brazed

bearing pads and

spacers

pre-irradiated

central hole

element with brazed

bearing pads and

spacers

unirradiated

INSTRUMENTATION

sheath thermocouples

sheath thermocouples

sheath thermocouples,

pressure transducer

shetith and fuel central

thermocouples, pressure

transducer

COLD ELEMENT

Pressure

(MPa)

0.44

0.40

(calculated)

1.09

0.52

Gas Volume

(cm3)

12.1

8.9

37.2

15.4

IHITIAL*

POWER

(kW/m)

56.0

52. S

57.4

•Measured by the coolant enthalpy change across the test section.
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TABLE 7. Time to CHF as measured by the cladding thermocouples and LVDTs.

ELEMENT
NUMBER

BA01

BA03

BA05

BA07

THERMOCOUPLE*
AZIMUTHAL

POSITION AND
ELEVATION

290°
20°

200°
110°

290°
20°
200°
110°

290°
20°

200°
110"

290°
20°
200°
110"

188 mm
36 mm
36 mm

-187 mm

188 mm
36 mm
36 mm

-187 mm

188 mm
36 mm
36 mm

-187 mm

188 mm
36 mm
36 mm

-187 mm

TIME TO

LVDT

0.43

0.48

0.58

CHF

T C b

6

1
0

4
0
1

4
0
2.

4.
0.
1.
0.

.59

.72

.70

35
55
80

80
47
03

60
55
56
70

TCe

6.

3.
4.

4.
3.
3.
-

4.
3.
4.
-

4.
3.
4.
3.

59

76
21

35
97
97

80
97
37

60
85
27
73

MAXIMUM

After
CHF

807
.

999
1032

915
988
967
-

807
935
901
-

695
825
835
935

TEMP. (°C)

At 100 s

859
-

961
962

917
977
965
-

942
969
961
-

877
907
882
877

aAzimuthal orientation is as shown in Figure 15 and elevation is fron
the axial centre of the element.

bTime to first indication of temperature rise, but followed by rewet.

cTime to temperature rise to maximum.
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TABLE 8. Estimated temperatures of the fuel sheath based on sheath micro-
structures and oxide thickness.

ELEMENT AND
LOCATION

BAOl (MOl at -187 mm
lower TC junction)
1032°C at start and
962°C at the end.

BAO3 (M07 at 36 mm at
mid-plane TC junctions)
988°C and 967°C at
start of transient -
slightly cooler at the
end of transient.

BA05 (M13 at 36 mm at
mid-plane TC junctions)
969°C and 961°C at the
end of the transient -
about 34 to 64°C cooler
at the stare of the
transient.

M14 at 188 mm at upper
TC junction 942°C and
cooler earlier in the
transient.

MIO (at -80 mm) no TCs
but at high-strain
region.

BA07 (M15 at -188 mm)
reached 935°C in
initial part of
transient and later
reached 877°C.

M17 (at 36 mm) TC
junctions. Reached
907°C at the end of the
transient but was 50 to
80° cooler in the
initial part of the
transient.

SHEATH MICROSTRUCTURE
AND MAXIMUM ESTIMATED

TEMPERATURE (°C)

Prior /3-phase > 950°C

Prior /3-phase > 950°C

a-phase + prior fi < 950
to 960°C

a-phase < 950, maximum
about 900°C

a-phase with some prior
0-phase, about 950°C

a-phase, maximum 900°C

SHEATH OUTSIDE OXIDE*
THICKNESS AND MAXIMUM
ESTIMATED TEMPERATURE

10 pm (9-11 A»m)
960-990°C

7.0 fim (6.5-8.0 pm)
910-940°C

7.5 AMI (6.5-9.0 fim)
910-960°C

3.5 AMI (3.0-4.0 fim)
780-810°C

9.0 Jim (8.0-10.0 fim)
940-975°C

_

2.25 fim (2.0-3.0 pirn)
^3G-780°C

•Average value (range of values observed - see [33]).
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TABLE 9. Comparison between measured and ELOCA-calculated sheath strains.

TEST

DESIGNATION/

ELEMENT

CANDU/PBF

BA01

BA03

BAOS

BA07

FIO-130

FIO-131

PRE-LOCA

BURNUP

(MW.h/kgU)

120

120

120

0

40

0

APPENDAGES

welded

brazed

brazed

brazed

welded

welded

ELEMENT

AXIAL

LOCATION

top

middle

bottom

top

middle

bottom

top

middle

bottom

top

middle

bottom

top

middle

bottom

top

middle

bottom

MAXIMUM

SHEATH

TEMPERATURE*

<°C)

860

1000

1030

917

988

T/C failed

942

959

T/C failed

874

905

931

704

T/C failed

971

690

860

875

ELOCA-

CALCULATED

STRAIN

(X)

1.4

2.4

2.3

1.5

2.0

-

9.1

10.7

-

2.2

2.4

2.9

0

-

0.7

0.2

3.2

4.0

POST-LOCA PROFILOMETRY

Average

Sheath

Strain at

Sheath T/C

Location

(X)

1.8

4.0

2.7

2.5

4.0

2.4

3.5

18.5

11.0

1.6

2.0

1.8

0.5

0.8

0.5

0.8

2.1

3.7

Average

Sheath

Strain

(I)

4.0**

4.0**

15.0**

2.5**

0.6

2.2

Maximum

Sheath

Strain

(X)

4.4

4.6

26.0

3.8

1.2

5.3

* Measured by externally mounted sheath thermocouples.

** Based on difference between post- and pre-internal element volume measurements.

T/C thermocouple
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4 ZI IMMI.OVEN01UFroi lTn.ATE
5 URANIUM DIOXIDE FELLETS
f CANUMGMFHITEMITCftLAVEII
7 INTER ELEMENT SPACERS
• PRESSURE TUBE

FIGURE la 37-ELEMENT FUEL BUNDLE
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FIGURE 1b ELEMENT RADIAL TEMPERATURE DISTRIBUTIONS FOR CANDU FUEL
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1300

20

TIME AFTER BREAK (t)

30 40

FIGURE 2 SHEATH TEMPERATURE AND COOLANT PRESSURE TRANSIENTS FOR
A TYPICAL LARGE STAGNATION BREAK LOCA FOR HIGH-POWER FUEL

ELEMENT INTERNAL PRESSURE

10 20 30

TIME AFTER BREAK (I)

FIGURE 3 ELEMENT INTERNAL PRESSURE AND DIFFERENTIAL PRESSURE TRANSIENTS
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0 10 20 30 40

TIME AFTER BREAK (»)

FIGURE 4 TYPICAL SHEATH STRAIN TRANSIENTS FOR A LARGE STAGNATION BREAK LOCA
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FIGURE 5 SHEATH EMBRITTLEMENT CRITERION
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ISOLATION
VALVE TOP

SLOWDOWN
VALVE

RECIRCULATING
LOOP SYSTEM

. REWET
' CIRCUIT

BLOWDOWN
CIRCUIT

•OTTOM
BLOWDOWN

VALVE

ION
ISOLATION JLEXCHANGE

VALVE

FIGURE 6a BLOWDOWN CIRCUIT FOR X-2 LOOP
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COOLANT FLOW

INLET COOLANT
THERMOCOUPLE

ELEMENT PRESSURE
TRANSDUCER

GAS LINE TO
INTERNAL ELEMENT

VOLUME

SHEATH
THERMOCOUPLE

FUEL /
THERMOCOUPLE

JUNCTION BOXES

FUEL
THERMOCOUPLES

^ SHEATH
THERMOCOUPLES

- UO, PELLET

BOTTOM
' END PLUG

EDDY CURRENT
DISPLACEMENT
TRANSDUCER

(DRVOUT DETECTOR)

-OUTLET COOLANT
THERMOCOUPLE

THERMAL
BUFFER

• EDDY CURRENT
PRESSURE

TRANSDUCER

COOLANT FLOW

FIGURE 6b FUEL ELEMENT AND FLOW-TUBE ASSEMBLY FOR COOLANT TRANSIENT TESTS
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REACTOR 3C

NEUTRON
POWER 2C
(MW)

PRESSURE
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r

COLD WATER
INJECTION 13:3054

REACTOR SHUTDOWN
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PRESSURECOOLANT
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TOP SHEATH
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BOTTOM SHEATH
(TSF8)
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FIGURE 7a SELECTED TEST PARAMETERS VERSUS TIME DURING THE BLOWDOWN
TRANSIENTS FROM IN-REACTOR TESTS F10-130
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FIGURE 7b POST-TRANSIENT DIAMETRAL ELEMENT PROFILES FOR TESTS F10-130



REACTOR SHUTDOWN
13 4841

L—COLD WATER INJECTION
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TEST SECTldN ISOLATION
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FIGURE 8a SELECTED TEST PARAMETERS VERSUS TIME DURING THE BLOWDOWN
TRANSIENT FROM IN-REACTOR TEST FIO-131
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FIGURE 8b POST-TRANSIENT DIAMETRAL ELEMENT PROFILES FOR TESTS FIO-131
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3.0

FIGURE 9 COMPARISON OF MEASURED INTERNAL PRESSURE DURING TRANSIENT AND
POST-TEf T SHEATH STRAIN AT THE BOTTOM THERMOCOUPLE LOCATION
(875"C) FOR F10-131 WITH VALUES PREDICTED BY ELOCA
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REACTOR TRIP t REWET
(NO TEMPERATURE RISE)

1 2

MINUTES FROM START TIME

FIGURE 10a REACTOR POWER, COOLANT PRESSURE, AND FUEL AND SHEATH
TEMPERATURES, TOGETHER WITH GROSS GAMMA ACTIVITY OF THE
SWEEP GAS FOR THE THIRD BLOWDOWN TRANSIENT IN THE F10-138 TEST.
THE SWEEP-GAS ACTIVITY MEASURED DURING A BLOWDOWN CYCLE
PERFORMED WITHOUT A FUEL OR SHEATH TEMPERATURE INCREASE
IS SHOWN FOR COMPARISON; THE TIMING OF THE RELEASE CURVE IS
CORRECTED FOR THE MEASURED DELAY TIME AT THE SPECTROMETER
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FIGURE 10b & c AVERAGE FUEL PERIPHERY AND FUELrSHEATH TEMPERATURE TOGETHER
WITH ON-LINE SWEEP-GAS ACTIVITY OR Xe-133 RELEASE RATE FOR:
b) F10-138 TRANSIENT #8 (MAXIMUM SHEATH TEMPERATURE 1OOO*C)
c) F10-138 FINAL REACTOR SHUTDOWN TRANSIENT
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U02 FRAGMENT SIZE DISTRIBUTION

EXPERIMENT

FIO-130
FIO-131
FIO-140
CANDU-PBF

A - BA02

A - 8A03
(EG & G)

BURNUP PEAK LINEAR MAX SHEATH
(MW h/kgU] POWER Ikl.'/m) TEMP. PC)
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FIGURE 11 COMPARISONIOFFUEL FRAGMENT SIZES FROM SIEVE MEASUREMENTS
FOR LOCA TEST ELEMENTS F10-130, F10-131 WITH 18 mm
DIA. PELLETS AND F10-140, BA02, AND BA03, WITH 12.1
mm DIA. PELLETS



( a ) r / a 0 . 9 ( b ) r / a 0 . 5

1 (Jim

C c ) r / a 0 , 0 7 ( d ) r / a 0 . 0 7

GURE 12 POST-IRRADIATION EXAMINATION OF FUEL FROM F10-138. ALL FIGURES SHOW SOME
DEGREE OF FINE CRACKING OF THE UO2 GRAINS. FISSION-GAS PORES ON THE GRAIN
BOUNDARIES SHOW THAT BUBBLES ARE FINER NEAR THIz GRAIN EDGE TUNNELS
INDICATING VENTING (FIGURE C). SOLID FISSION PRODUCTS CAN BE SEEN
IN THE BUBBLES.



FUEL SHEATH
7IRCALOY-4

BA-05 has a central hole in the UO2 pellets but no centerline
thermocouple. Elements BA-02 and BA-03 are similar but
contain solid UO2 pellets. BA-05 and BA-07 have small lines
which conned to internal pressure transducers. BA-07 contains
a centerline thermocouple. BA-01 had welded spacers in order
to avoid the braze heat-affected zone.

FIGURE 13 CANDU PBF TEST FUEL ELEMENTS
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FIGURE 14 ELEMENT BA04-COMPARISON BETWEEN MEASURED AND CALCULATED (BY ELESIM
AND ELESTRES) CENTRAL TEMPERATURES CONSIDERING THE 10% ADDITIONAL
LINEAR POWER AFTER THE SECOND ROTATION OF THE STRING.
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FIGURE 15 SCHEMATIC OF TEST FUEL-ELEMENT ARRANGEMENT IN THE PBF REACTOR
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FIGURE 16 PBF-LOCA BLOWDOWN SYSTEM ILLUSTRATED
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FIGURE 17 DEPRESSURIZATION TRANSIENT
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FIGURE 18 MEASURED AND SPECIFIED FUEL-ELEMENT POWER TRANSIENT DURING
THE FIRST 100 s OF THE TRANSIENT
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FIGURE 19 MEASURED CLADDING TEMPERATURES AT 36-mm AXIAL ELEVATION AND
200° AZIMUTHAL ORIENTATION
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FIGURE 20 MEASURED CLADDING ELONGATION AND CLADDING SURFACE
TEMPERATURE, INDICATING TIME OF CHF FOR FUEL ELEMENT BA-07
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FIGURE 21 ELEMENT BA-05 PBF/ELOCA-A SHEATH STRAIN COMPARISON
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FIGURE 22 MEASURED SYSTEM PRESSURE, FUEL-ELEMENT INTERNAL PRESSURE,
CLADDING TEMPERATURE, AND ELEMENT ELONGATION
FOR FUEL ELEMENT BA-07
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FIGURE 23 MEASURED SYSTEM PRESSURE, FUEL-ELEMENT INTERNAL PRESSURE,
CLADDING TEMPERATURE, AND ELONGATION FOR FUEL ELEMENT BA-05.



• ) CANOU-PBF POST-LOCA DIAMETER PROFILE
ELEMENT BA01
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FIGURE 24 CANOU FUEL-ELEMENT DIAMETRAL STRAIN PROFILES AFTER LOCA TESTING
IN THE POWER BURST FACILITY REACTOR



FIGURE 25 CROSS SECTIONS OF THE ARCHIVE ELEMENT BA02 WHICH DID NOT
EXPERIENCE A LOCA TRANSIENT BUT HAD A RADIATION HISTORY SIMILAR
TO LOCA-TESTED ELEMENTS BA01, BA03 AND BA05
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Element BA01

B33R1 (M2«) B33F1

FIGURE 26 LOCA-TESTED ELEMENT BA01 WHICH WAS PRE-IRRADIATED TO 120 MWh/kg U.
A GAS VOLUME OF 12.1 cm3 WAS ADDED FOR TESTING. THE SPACER PADS
WERE LASER-WELDED TO THE SHEATH IN ORDER TO AVOID A BRAZE
HEAT-AFFECTED ZONE TYPICAL OF CANDU PRODUCTION FUEL. THE SPACER-
PLANE CROSS SECTION SHOWS THAT CORROSION HAD OCCURRED BENEATH
THE SPACER PAD.
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Element BA03

•8801 (M5>

FIGURE 27 LOCA-TESTED ELEMENT BA03 WHICH WAS PRE-IRRADIATED TO 120 MWh/kg U
AND TYPICAL OF A PRODUCTION CANDU FUEL ELEMENT AFTER HIGH
POWER OPERATION. IT WAS UNOPENED BEFORE LOCA TESTING AND IT
CONTAINED AN ESTIMATED 8.9 cm3 OF FISSION GAS
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Element BA05

FIGURE 28 LOCA-TESTED ELEMENT BA05 WHICH HAD BEEN PRE-IRRADIATED TO
120 MWh/kg U AT HIGH POWER. IT WAS OPENED BEFORE LOCA TESTING
TO ADD INSTRUMENTATION AND TO ADD A FILL GAS TYPICAL OF
A VERY HIGH POWER/BURNUP FUEL ELEMENT- 37 cm3
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Element BA07

(M18) B38E1 <M17>

FIGURE 29 LOCA-TESTED ELEMENT BA07 WHICH WAS NOT PRE-IRRAOIATED BEFORE
LOCA TESTING. THE ELEMENT CONTAINED ABOUT 15 cm3 OF GAS



Element BA05 (M9) T/C

onO.D. B33K3 ZrQ,»t 270"

O

280*
(witartwwit of *33K 10)

FIGURE 30 BA05 AT T/C LOCATION SHOWING OXIDE CRACKS AND SHEATH
MICROSTRUCTURE SHOWING a PHASE AND 3 PHASE STRUCTURES



Element BA05 (M 10)

B33M1 Fuel Sheath Rupture

84M-7 54

84M-750

FIGURE 31 OVERSTRAIN RUPTURE AREA IN ELEMENT BA05. THE RUPTURE WAS
DIFFICULT TO DETECT AND WAS ESTIMATED TO BE
LESS THAN 1 mm IN LENGTH



BA03 BA05 BA07

B33Q30 84M-720

CANDU/PBF LOCA TEST

FIGURE 32 SHEATH LOCATIONS CONTACTED BY BRAZE MATERIALS IN THE THREE
LOCA-TESTED ELEMENTS. BERYLLIUM BRAZE PENETRATION IS EVIDENT IN
ALL CASES BUT WAS NOT YET SUFFICIENT TO CAUSE FAILURE




