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Abstract

The basis for the Halden Reactor Project Programme is presented together with an overview of
the content of the programme for the time period 1997-1999. The concept of using both separate effects
studies, to determine particular fuel properties, and integral rod behaviour studies of commercial fuel is
explained. Each of the items in the programme relevant for BWRs are introduced, with most being
discussed in further detail.

1. Introduction

The Halden Reactor Project Programme is based on advice and guidance given by the Project
participants and the overall aim of the proposed programme is to provide information and experience
which will assist in enhancing safety and reliability of today's reactors.

The 1997-1999 programme includes both fuel and cladding studies and makes extensive use of
the inventory of in-core instrumentation and irradiation rigs available for use in the Halden Boiling
Water Reactor (HBWR). These, together with installed loop systems make it possible to perform in-
reactor testing under a wide variety of thermohydraulic, neutronic and water chemistry conditions.

The Project uses a two-fold approach to obtaining fuel properties data. On the one hand separate
effects studies are conducted using specially designed fuel rods in tests devised for investigating specific
performance parameters and on the other hand integral rod behaviour studies are carried out using
commercial fuel rods supplied by the Project participants. Data from these latter tests are used to verify
the performance sub-models derived from separate effects data.

The separate effects tests focus mainly on determinations of thermal properties, fission gas
release (FGR) and fuel dimensional stability in the high burn-up range, which together with pellect-clad
interaction (PCI) are also the subjects being investigated in the integral rod behaviour studies. Included
under the umbrella of the integral rod behaviour studies are also tests related to the issue of rod internal
over-pressure and the clad lift-off criterion and tests simulating dry-out. It has further been proposed that
the Project produce data in support of RIA evaluations and there is also a proposal to identify a test
method to elucidate the processes occurring in a failed fuel rod wherein a secondary failure site forms.

The investigation of cladding properties is also an important feature of the Halden Reactor
Project Programme, with not only normal reactor operation conditions, especially to high bum-up, being
of interest but also the behaviour of clad during post transient conditions. There is an on-going project
to investigate clad creep behaviour in-pile and in the area of clad corrosion, investigations on separate
effects are being proposed, for instance related to cold spots, hydrogen migration and concentration in
cladding, heat rating dependence and local radiation conditions. The effects of crud deposits on corrosion
will also be investigated at as well as water chemistry studies and throughout all the tests there is an
emphasis to use modern materials.

2. Separate Effects Studies

Fuel performance is dependent on a variety of phenomena which need to be correctly quantified
in order to obtain adequate fuel behaviour predictions. This requires that tests be suitably designed in
order to extract the desired information in a direct manner. As an example, fuel thermal conductivity
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determinations are better performed with fuel rods having very small gaps and with fast bum-up
accumulation.

Basically, the programme is designed to determine the thermal properties, FGR and swelling of
standard UO2 fuel, gadolinia fuel and MOX fuel in the burn-up range, 50 to 120 MWd/kgUO 2 Such high
burn-ups are being considered with the behaviour of the rim structure in mind.

A graph illustrating the type of results that are derived from the separate effects programme is
shown in Figure 1. The Halden correlation for thermal conductivity as a function of temperature is based
on experimental data that have been collected from various tests already carried out in the HBWR, and
this compares well with the measurements made on Halden fuel at JAERI.

3. Integral Rod Behaviour, Tests on Commercial Fuels

Whilst separate effects tests provide efficient methods for assessing specific phenomena, by
implication the fuel design differs from that of standard fuel and it is important that verification be made
by integral rod behaviour studies conducted with commercial fuel. The Project has developed and applied
a variety of refabrication and re-instrumentation techniques in order to monitor the behaviour in the
reactor of short lengths of commercial fuel supplied by the Project participants. A schematic of a re-
instrumented fuel rod is shown in Figure 2, which illustrates how a re-instrumented rod can be fitted with
a centre-line fuel thermocouple to monitor fuel temperature and a bellows pressure transducer to monitor
fission gas release. Cladding elongation can also be measured for PCI studies.

The key parameters to be studied in these tests are fission gas release and swelling/PCI behaviour
as related to fuel temperature and the proposed tests will involve subjecting rods to stepwise power
bumps by means of local power control executed in rigs fitted with a He-3 coil. A schematic drawing of
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Figure 1. Thermal diffusivity measurements at JAERI on HBWR fuel at 63 MWd/kg. These
data agree well with the conductivity degradation curve. Measured changes in different runs

reflect annealing phenomena due to fuel heat-up.

132



the type of rig to be utilised is shown in Figure 3. In particular the comparative behaviour of UO2 and
MOX fuel will be determined and the bum-up range of the fuel to be investigated is 52 - 60 MWd/kg U,
which is relevant to levels currently reached in commercial power plants. In one series of tests it is
planned to address the effect of fuel microstructure.

In addition to these tests, integral rod behaviour studies with commercial fuel are to be
performed in relation to other programme items, such as rod over-pressure and dry-out investigations
and these are described below.

In-core Connector

Upper End Plug

Fuel Thermocouple

MOX Fuel Column

Lower End Plug
Bellows (Pressure Transducer)

Magnetic Core

Figure 2. Schematic of a re-instrumented fuel rod for use in integral rod behaviour studies.
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TEST RIG FOR POWER BUMPS OF HIGH BURN-UP
COMMERCIAL FUEL, REINSTRUMENTED SEGMENTS

In-core Connector

Shroud (073/7lmmj

He-3 coil

Neutron Detectors(V-type)

— Fuel Rod Ramp Position

Differential Transformer (LVDT)

Inlet Coolant Thermocouples

Turbine Flowmeter

Calibration Valve

Figure 3. Schematic of the type of rig to be used in integral rod behaviour studies.

4. Rod Over-Pressure/Cladding Lift-Off

The objective of this test is to verify that rod over-pressure does not cause cladding lift-off. This
is a safety related issue of great importance for high burn-up fuel: if the fuel-clad gap re-opens, fuel
temperature and thus the overall performance of the fuel could be affected. The competing phenomena
involved are fission gas release, which determines the extent of rod over-pressure and hence any clad
creep-out and fuel swelling which tends to close the gap.
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Commercial MOX fuel will be utilised in the tests, since in LWR cores MOX fuel operates at
higher power than UO, fuel towards the end of service, The fuel rods will be re-instrumented with a fuel
thermocouple and a pressure transducer.

5. Dry-Out Effects

Light water reactor cores may be subjected to thermal-hydraulic transients resulting in
inadequate core cooling for short periods of time. The objective of the dry-out experiments is to provide
information on the consequences of such an event for the fuel, by inducing short term dry-outs
characteristic of those anticipated to occur from pump trips in BWRs. Coolant transients aim to bring
the cladding temperature into the range 550 - 750°C for typically 20 seconds. The post dry-out fuel
performance is to be assessed by monitoring fuel behaviour in service after the test and by carrying out
extensive post irradiation examination (PEE) of the cladding to determine if there have been any material
property changes.

Two dry-out tests have been completed already, the temperature-time histories are shown in
Figures 4 and 5, and it is planned to continue with a third series of tests.

6. Activities in Support of RIA

It is not intended that the HBWR be used for RIA tests as such, considering that the energy
deposition rates in RIA are orders of magnitude greater than those that could be achieved in the Halden
reactor. Instead studies in support of understanding the mechanisms involved in RIA are being
contemplated. The first priority being to understand the role of the pellet rim, where the highest inventory
of fission gas is present and where the highest temperature is experienced during the transient. The
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Figure 4. Temperature-time history achieved in the first dry-out test.
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Figure 5. Temperature-time history achieved in the second dry-out test.

Project intends to evaluate the possibility of imposing rapid temperature transients on small UO, fuel
specimens of high burn-up.

7. Fuel Failure Degradation

The Project intends focusing on the mechanistic interpretation of the processes involved in failed
fuel degradation and is thus proposing to carry out a test to determine the rate of fuel and cladding
oxidation due to steam ingress and the rate of subsequent hydrogen uptake in the cladding. This can be
realised by inserting a know amount of water in an as-fabricated rod and by measuring the rod pressure
during operation with a bellows pressure transducer. A schematic illustration of the design of such a rod
is shown in Figure 6. It is expected that the rod pressure will rise to saturation pressure and then achieve
a level dependent on the balance between the rate of hydrogen production and hydrogen pick-up in the
clad. A graph of the expected results are shown in Figure 6 where it can be seen that if the rate of
oxidation, which liberates the H2, is initially faster than the H, absorption rate, the pressure would be
expected to increase above saturation. Subsequently as H, pick-up increases, the rod pressure would
decrease.

At a later stage, the Project may look to investigating remedies related to failed fuel degradation,
for which it is proposed that the gap chemistry at the secondary site be simulated in a segment of rod by
way of a gas line. In this way different clad materials and designs could be tested.

8. Cladding Creep Behaviour

The Project has an on-going Zircaloy creep programme which is aimed at characterising the in-
pile creep behaviour of irradiated cladding. Creep-down (compressive creep), recovery effects, stress
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Figure 6. Schematic illustrations for the proposed tests related to failed fuel degradation.
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reversals and tensile creep are all considered in the experimental programme which utilises both sealed
rod segments, which experience effectively constant stress throughout the experiment and segments with
gas lines attached, whereby the internal rod pressure can be varied in relation to the outer, system
pressure. A study of pre-irradiated Zr-2 cladding has been carried out under BWR conditions, the results
of which are shown in Figure 7, where it can be seen that several stress increments and reversals were
imposed on the test rod. It is planned to use pre-irradiated modern cladding materials in future studies,
which will include both constant stress and variable stress testing, with the variable stress testing to
follow a similar pattern to that used in the previous Zr-2 test.

9. Corrosion Studies for BWR Fuel

Several experiments are under-way or in the planning stage for the investigation of issues related
to cladding corrosion and hydriding, cladding corrosion and crud deposition and the effects of water
chemistry on the corrosion process. In particular the separate effects of rod design, material and
operational parameters are being explored.

Figure 8 shows the general rig design that is employed for these experiments, illustrating that
both fuel rods and materials samples can be tested with the placement of booster rods around the test
pieces to provide the fast flux conditions representative of LWRs.

It is also the intension within this programme to investigate the effect of variations in local
conditions, and in a recent experiment (Figure 9) it was shown that by increasing the local radiation field
by inserting discrete P-sources in the coolant region surrounding a test rod, an appreciable enhancement
of the corrosion was observed.
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Figure 7. Results of the creep study on pre-irradiated Zr-2 subjected to varying stress conditions.
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Figure 8. Schematic of test rig used for corrosion studies of both fuel and materials specimens.
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Figure 9. Interim oxide thickness measurements on a BWR rod; It can be seen that the
presence of a local 3-source in the coolant region surrounding the cladding produced

appreciable corrosion enhancement.
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