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Abstract

The OECD Halden Reactor Project has defined an extensive experimental programme related to MOX

fuels which is being executed with the objective to provide a performance data base similar to that

available for UO2. In addition to utilising fresh MOX fuel and re-instrumented segments from LWR

irradiations to high burnup, the concept of inert matrix fuel is being addressed. The irradiation in the

Halden reactor is performed in rigs allowing steady state, power ramping and cyclic operation. In-pile

data are obtained from instrumentation such as fuel centreline thermocouples, pressure transducers, fuel

and cladding elongation detectors, and movable gauges for measuring the diametral deformation.

Various phenomena can be assessed in this way, e.g. thermal performance, swelling and densification,

PCMI and fission gas release. .The paper describes the objectives of various experiments and provides

examples of temperature, pressure and cladding elongation measurements performed on MOX fuel.

Salient results are related to the threshold for the onset of significant fission gas release and the

relaxation behaviour in a power ramp - PCMI situation.

1. INTRODUCTION

The generation of plutonium is inevitable in present-day reactors which use uranium as basic fuel.

Although the idea of utilising this plutonium as initial fuel in fast breeder reactors has so far not been

implemented as once conceived, most countries with reprocessing of spent fuel regard plutonium as an

asset which for the time being can best be exploited by re-insertion and burning in existing reactors. This

is also a viable way of disposing ex-weapon Pu. Mixed oxide (MOX) fuel has therefore received increas-

ing attention within the experimental programme carried out at the Halden Reactor Project. Participants

to this programme have expressed a need for establishing a data base on MOX fuel performance similar

to that existing for Urania fuel, and the Halden Project has responded by defining an experimental pro-

gramme to be executed in the Joint Programme of the 1997 - 99 programme period as well as the

following 2000 - 2002 period. These programmes address the behaviour of MOX fuel from zero to high

burnup (55 - 65 MWd/kg) in conditions of steady state and changing power. In parallel, Halden Project

participants pursue their own investigations on a bilateral basis. These also encompass control materials

which must be modified as the fraction of MOX in a core increases from the common one third up to

whole MOX cores. Results from bilateral studies are often conveyed after some time to the general pro-

gramme through publications and presentations in Enlarged Halden Programme Group Meetings.

The experimental programme at the Halden Reactor Project is aimed at providing data in support of a

mechanistic understanding of phenomena associated with short and long term in-pile fuel performance
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and property changes. To this end, irradiation techniques arid instrumentation have been developed [1]

and over the years applied to several hundred instrumented fuel rods with numerous fuel types and

variants. A considerable performance data base has been built up - mainly related to Urania fuel but in

more recent years extended to MOX fuel. The data can be used for fuel behaviour model development

and verification as well as in safety analyses and typically encompass fuel temperature, fission gas

release, pellet-clad mechanical interaction (PCMI), fuel densification, swelling and creep.

The selected examples from separate effects and integral behaviour studies should give an impression of

the experimental capabilities and, related to MOX fuel, elucidate thermal performance, aspects of fission

gas release, and PCMI where the data also reflect creep properties. While similarities to Urania fuel

properties are evident, there are also substantial differences which have to be incorporated in fuel

behaviour models and codes.

2. EXPERIMENTAL CAPABILITIES

Investigations of fuel performance parameters, especially at high burnup, have to deal with a number of

experimental problems, i.e. the time required for burnup accumulation, the demand on instrumentation

to function reliably for the long time of in-core service, and the need for a separation of an increasing

number of phenomena. The Halden Project has developed and applied techniques which make it possible

to obtain reliable data for all relevant burnups, from beginning-of-life to ultra high exposure reaching

100 MWd/kgUO2. The re-instrumentation of pre-irradiated fuel segments is of particular importance in

this context [1],

While PIE ascertains the state at the end of irradiation, in-core instrumentation provides a full description

of performance history, cross correlation between performance parameters, on-line monitoring of the

status of the test, and direct comparison between different fuels and materials. Trends developing over

several years, slow changes occurring on a scale of days or weeks, and transients from seconds to some

hours can be captured by the same instrumentation. The availability of reliable instruments and

irradiation rigs is therefore essential for fuel behaviour studies regardless of fuel type.

Data on fuel performance are typically obtained from:

. fuel thermocouples or expansion thermometers, which measure the fuel centre temperature from

which also long-term changes such as conductivity degradation of the fuel can be deduced;

• bellows pressure transducers, which provide data on rod inner pressure and fission gas release;

. fuel stack elongation detectors, with which densification and swelling behaviour can be assessed;

• cladding elongation detectors, which provide data on the onset and amount of pellet - cladding

interaction, permanent deformation, relaxation capabilities of fuel and cladding as a function of

power and burnup, and even swelling of the fuel;

• cladding diameter gauge to determine radial deformations as a function of power, holding time

after ramping, and burnup.

Fuel thermocouples, pressure transducers and cladding elongation detectors can be utilised for re-

instrumentation of fuel segments irradiated in other reactors, often commercial LWRs. This technique

has been applied in a number of tests and become more and more important for the investigation of high
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burnup fuel performance. Three experiments currently being executed within the Halden Reactor Project

experimental programme contain pre-irradiated, re-instrumented commercial MOX fuel.

The irradiation of instrumented fuel rods is carried out in specialised rigs according to test objectives,

e.g. long term base irradiation, diameter measurements, ramp and overpower testing, load follow and

automatic frequency control, and others. The MOX fuel testing at the Halden Project employs most of

the above mentioned instrumentation and rig types. Steady state data are supplemented by information

obtained from noise analyses of fuel thermocouples and cladding elongation signals. In addition, gas

flow and hydraulic diameter measurements have recently been carried out on high burnup MOX fuel in

a specialised rig designed for studying rod overpressure / clad lift-off under PWR conditions.

3. EXPERIMENTAL PROGRAMMES RELATED TO MOX FUEL

MOX fuel differs from Urania fuel on several counts related to nuclear and physical properties. Fuel

temperatures are influenced by a somewhat lower conductivity, a more peripheral power generation due

to more pronounced nuclear self shielding and, via gap conductance, a higher thermal expansion. The

latter also influences PCMI behaviour as do better creep properties compared to Urania fuel. Fission gas

release is inherently more complex in MOX fuels and may appear to be larger due to higher reactivity

(higher power) at end-of-life for the same burnup as urania fuel.

These differences require attention and must be studied in experimental programmes. MOX fuel has

therefore been tested in the Halden reactor on a bilateral basis for many years, and a series of MOX-

related experiments is also being executed in the present joint programme. The synergism of the joint

and bilateral programmes, also involving information exchange in Enlarged Halden Programme Group

Meetings, contributes to an amplification of the benefits that members obtain from participation in the

Halden Reactor Project.

In addition to participants' bilateral activities, an extensive experimental programme related to MOX

fuel has been defined and is currently being executed as part of the joint programme of the Halden

Project. It responds to the need expressed by participants that a database on MOX fuel performance be

built up, similar to that accumulated over the years for Urania fuel. This programme draws on the general

Halden Project testing and instrumentation experience and in particular on the re-instrumentation

techniques which have been developed and applied to numerous rods of bilateral and joint tests.

The scope of the overall joint programme MOX testing includes:

• obtain data on basic thermal performance from low to high burnup, including assessments of

changes of conductivity;

• assess fission gas release and release kinetics;

derive information on fuel swelling and densification through evaluation of temperature data and

pressure changes as a function of burnup;

• obtain data on PCMI behaviour and fuel relaxation capabilities;

• explore the rod over-pressure / clad lift-off effect for high burnup fuel

• produce high burnup (> 65 MWd/kg) MOX fuel through continued irradiation in the Halden

reactor under PWR conditions and provide performance data (temperature, fission gas release,

PCMI) for this high burnup;
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• assess the in-core behaviour of fuel where plutonium 'is carried in an inert matrix thus avoiding

the generation of new Pu and allowing a more complete burning.

The following examples of experimental results elucidate some of the phenomena listed above.

Although they are grouped under separate headings (thermal behaviour, fission gas release, PCMI), it

must be kept in mind that the different phenomena are interlinked. Experiments with more than one type

of instrumentation which allow the simultaneous measurement of e.g., temperature and rod pressure, are

therefore of increased value. Most of the experiments presented below are of this type.

Thermal behaviour of MOXfuel

A good knowledge of the temperature distribution in a fuel pellet is essential for the prediction of fuel

behaviour since most phenomena depend on temperature. The experience gained with standard urania

fuel can to a certain extent be applied to MOX fuel as well. For example, it can be assumed that factors

with a secondary influence on temperatures such as the slightly larger thermal expansion or the more

peripheral power generation of MOX fuel are covered sufficiently through standard modelling. The

more important thermal conductivity and in particular the change with burnup, however, need to be

addressed with in-pile experiments. The inhomogeneous distribution of fissions may produce

conductivity changes which differ from the development seen in Urania fuel. For the time being, the

burnup dependent correlation derived for urania [2] is used at the Halden Project for MOX fuel as well,

modified1 witn a factor which reduces the conductivity by 8% as a recommended value. However,

reductions of up to 20% have been seen in some experiments.
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Fig. 1 Comparison of MOX and UO2 fuel
temperatures

The MOX fuel centreline temperatures shown in

Fig. 1 originate from experiments (1FA-514 and

IFA-529) originally conducted on a bilateral

basis but also presented to joint programme

participants. Extensive instrumentation (fuel

thermocouples, fuel stack elongation detectors,

cladding elongation detectors, rod pressure

sensor) were employed and provided detailed

data on fuel behaviour [3]. For burnups of 0 and

6.7 MWd/kg, the comparison with Urania fuel of

similar design indicates somewhat higher

temperatures in the MOX fuel.

Fission gas release

Fission gas release from MOX fuel with Pu

agglomerates can be expected to differ from

urania fuel because of two effects: the

concentration of fissions (or burnup) in the

agglomerates and the potential for higher end-of-

life power and thus temperature of MOX fuel. In

the experimental programme of the Halden

Project, the temperature of onset of significant
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fission gas release (> 1%) as a function of exposure and theirelease kinetics are being addressed. As an

example, the in-pile pressure measurements performed in IFA-514 and DFA-529 showed that the

empirical threshold of significant fission gas release (> 1%) derived fromUO2 fuel applies well to MOX

fuel [4]. At around 20 MWd/kg, the fuel in these experiments was subjected to power cycling tests to

simulate load following. During this time, measurements of rod internal pressure indicated that the

release of fission gas was controlled by a diffusion mechanism and that there was no apparent increase

in the release rate.

In a joint programme experiment which started with fresh MOX fuel, temperature and rod pressure are

measured in two rodlets, one with hollow and one with solid pellet fuel. The objectives of this

experiment are primarily to obtain temperature data as a function of burnup (up to 60 MWd/kg), and to

establish the fission gas release threshold at various exposures. The latter is effected by temporary power

increases and monitoring of the pressure response and the fuel temperatures. The result of an uprating at

about 10 MWd/kgMOX is shown in Fig. 2. A definite pressure increase (gas release) is observed during

the period at highest power.

The temperature of release onset related to the data of Fig. 2 is very similar to the threshold temperature

of urania fuel. This is depicted in Fig. 3 together with the results of two other experiments. There is, how-

ever, an important difference to urania fuel. As can be seen from Fig. 2, the release seems to stop after

returning to lower power, but the long-term development not presented here showed that the release,

once triggered, continued even when temperatures were kept well below the onset level. This behaviour

differs from experience with urania fuel where a re-sintering and discontinuation of fission gas release

has been observed when temperature is kept below the release threshold for extended periods [5].
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Fig. 3 UO2 release threshold as a function of burnup and comparison with release onset of MOX fuel

Mechanical response, PCMI

An excellent example of how experimental techniques and the cross-correlation of phenomena through

instrumentation combine to yield a more complete assessment of phenomena, is given with a test series

that PNC (Power Reactor and Nuclear Development Corporation, Japan) has conducted in the HBWR.

The objective of the tests was to study the Advanced Thermal Reactor (ATR) MOX fuel behaviour

during transient operation and to determine the failure threshold [6], To this end, fuel segments

previously irradiated in the Fugen reactor were ramped in the HBWR using a ramp rig with He-3 power

control. The instrumentation consisted of either cladding elongation detectors or rod pressure

transducers.

The ramp rig allows various modes of power increases: continuous and gradual, staircase, and ramping

with maximum speed. Ramps can be accurately repeated since the coil depressurisation/pressurisation

is supported by a PLS control. Fig. 4 and 5 show the cladding elongation and rod pressure response to a

staircase power increase [6]. The excellent relaxation behaviour of the MOX fuel during the 1 hour

holding periods is evident. From the rod pressure measurements, the onset of fission gas release can be

determined. An interesting point to note is an additional pressure increase during the final power

decrease at about 9 hours into the transient. At the same time into the transient, the sibling segment

equipped with a cladding elongation detector reveals a transition from fuel-cladding contact to free

thermal expansion (contraction) of the cladding. The open gap then provides a pathway for released

fission gas to the plenum. This phenomenon is often observed in conjunction with high burnup fuel

where the gap is closed already at much lower powers than reached during the ATR ramp test.
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Re-instrumented MOX fuel segments are utilised in another*experiment starting with a burnup of about

27 MWd/kg. This fuel had negligible fission gas release during irradiation in the commercial PWR and

the objective of the experiment is to explore the release onset together with obtaining temperature and

PCMI data. To this end, the power has been uprated with intermediate reductions to a base level as

shown in Fig. 6. The upper part of Fig. 6 shows the cladding elongation response to the power changes

and during the holding periods. Although the relaxation is not as pronounced as for the ATR fuel shown

previously, it is still stronger than that of urania fuel. The comparison with other Halden Project

experimental data indicates a MOX creep rate that is a factor of about 8 larger than that of UO2 [7],

An interesting detail can be seen in association with the power cycle performed at about 4.5 days. The

cladding elongation at the maximum of the cycle is slightly larger than at the end of the preceding

holding period, indicating a PCMI racheting effect which, however, did not produce any discernible

permanent strain. The 20% power change (30 - 24 - 30) is similar to the load follow range of a

commercial reactor and it will be of interest to study the combination of relaxation/racheting during

repeated cycles.

Miscellaneous tests

The rod overpressure / clad lift-off'test is an ongoing experiment utilising re-instrumented MOX fuel

pre-irradiated in a commercial PWR to an exposure of 55 MWd/kg. The objective of the test is to

establish the overpressure that would lead to an opening of the fuel-clad gap, i.e. more cladding creep-

out than fuel swelling and thus increasing fuel temperatures. The overpressure in this type of experiment

is applied through an external pressurisation system which can produce overpressures of up to 450 bar

above the PWR loop pressure of 160 bar. A similar experiment was successfully executed from July
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Fig. 6 Cladding elongation response to staircase power increase
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1997 to May 1998 using U02 fuel. The onset of clad lift-off was determined by monitoring the change

of the fuel centre temperature at constant power over several periods (500 - 1000 hours each) with

varying levels of overpressure. It seems that the currently investigated MOX fuel can endure a higher

overpressure than UO2 fuel in agreement with the superior creep properties of MOX fuel.

Halden Project Participants have expressed the need for studying MOX fuel behaviour at burnups

currently not being reached in commercial nuclear power stations, but for which license applications are

envisaged in the future. In order to extend the burnup of the four-cycle MOX fuel to at least 65 MWd/

kg, a burnup extension rig has been designed that provides the required nuclear and thermal-hydraulic

(PWR) conditions. The design includes in-core connectors for attaching the signal cables of re-

instrumented fuel thermocouples and LVDTs for cladding elongation and rod pressure measurements.

In this way, fuel performance data are already being obtained during the burnup extension period.

After burnup extension, a power uprating test of the fuel - conducted in the same manner as for the

medium burnup MOX - will provide the basis for the following comparisons and assessments:

Fuel thermal performance at -27, -55 and 65 MWd/kg, giving the basis for MOX fuel

conductivity degradation at increasing burnup.

Fission gas release onset at the burnup levels 27 and 65 MWd/kg.

PCMI behaviour at the two burnup levels.

Finally, an experiment related to the burning of plutonium in an inert carrier matrix is being prepared in

collaboration with organisations participating in the Halden Project. This experiment will also contain

standard MOX for comparison. The foreseen instrumentation will allow measuring of temperature,

pressure and dimensional changes of the fuel stack. A more detailed description is given elsewhere in

this meeting [8].

The experiments described above together with parallel investigations of UO2 fuel constitute an

extensive experimental programme with the objective to establish a database of qualified high burnup

data for fuel behaviour model development and validation as well as for application in safety

assessments. The related work will be carried out not only in the present 3-years programme period from

1997 - 99, but also in the next period from 2000 - 2002 which is currently being defined in discussions

with participants.
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