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Abstract

New fuel assembly designs and new core loading strategies are foreseen by most utilities, optimising
the use of nuclear fuel in nuclear power plants. Increasing the burn-up to high values above 50
MWd/kg affects the fuel and cladding conditions, which could have safety relevant consequences. It
is the task of the safety authorities to assess the impact of these changes with respect to compliance
with safety regulations. Usually this assessment is based on code analyses which contain models
developed at a time when the burn-up was significantly lower. Because the high burn-up is
accompanied with the development of new phenomena like the rim effect on fuel pellets, the codes'
models need to be revised for the representation of these new phenomena. The objective of this paper
is to present a review of the knowledge base of the fuel phenomena under high-burn-up conditions as
seen from safety aspects. The safety relevant fuel rod phenomena will be discussed. It will further
provide an assessment of the limitations of the methodologies so far applied in the context of LOCA
and RIA transients. The recently started research activities in Germany to improve the methodologies
will be presented.

1. LICENSING PRACTICE IN GERMANY

According to safety codes and guides (RSK guidelines for pressurised water reactors [GRS
81], KTA rules) there is no explicit limitation of the fuel burn-up foreseen in Germany. In
practice the applicant has to demonstrate the compliance with existing requirements by
submitting related documents to the technical inspection agency (TUV) for approval.

With respect to the Loss of Coolant Accident (LOCA) the RSK guidelines are basically
identical with the United States Code of Federal Regulations, Title 10, Section 50 (10 CFR
50) appendix K "ECC evaluation models". That is, under LOCA condition, the maximum fuel
rod cladding temperature allowed is 1200 °C, the local oxidation depth as a fraction of actual
cladding tube wall thickness shall not exceed 17 %, the maximum fraction of zirconium of all
cladding tubes reacting with water shall not exceed 1%, long-term cooling and sub-criticality
of the core shall be maintained. Beyond these acceptance criteria the RSK guidelines require
that the core damage extent during a LOCA shall not exceed 10 % of all rods.

In particular, the latter has to be proven by a core damage analysis. In contrast to the licensing
practise in other countries the applicant is requested to show the compliance with this
requirement for each core loading cycle.

This analysis consists of two parts, the thermal hydraulic analysis and a subsequent fuel rod
failure analysis using the hot channel boundary conditions derived from the thermal hydraulic
part. The subsequent fuel rod failure analysis is very detailed and subdivides the entire number
of fuel rods into two classes: a) power class and b) burn-up class.
Concerning the definition of power classes an extreme power status of the core is supposed
which reflects a distorted power profile of the core before the accident. This power profile is
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bound by a maximum linear rod power rate of e.g. 440 W/cm. This value is called the "LOCA
peak value" of linear power generation rate. It is defined in order to cope with uncertainties in
the core power distribution and their measurement. It depends on the specifics of a reactor
core. The reactor surveillance system assures that this LOCA peak value cannot be exceeded
during normal operation at any location of the core.

For each class the steady state operational parameters like fuel rod internal pressure, the gap
conductivity between pellet and cladding as well as the status of corrosion has to be provided
as input for the fuel rod failure analysis. That is, all fuel rod properties including the effects
caused by burn-up are explicitly taken into account when judging on the acceptance of a core
loading.

The applicant performs for all of these fuel rod classes calculations which even consider
statistical effects in order to demonstrate with high confidence that the compliance with this
10% failure criterion is fulfilled. As an example see also paper 7 of this Technical Committee
Meeting by C. Fenzlein which illustrates the statistical technique applied by the fuel rod
vendor SIEMENS.

The technical inspection agency on the regulatory side uses the fuel rod analysis code TESPA
(Temperature and Strain Probabilistic Analysis code) which has been developed by GRS in
the 80's in order to independently assess the results submitted by the applicant.

2. CONCEPT OF THE FUEL ROD FAILURE ANALYSIS CODE TESPA

The basic concept of the TESPA code [ULL 80, ZER 81] is to determine the temperature
distribution in a cross-section of a fuel rod and to deduce from the resulting cladding
temperatures the strain rate and the related hoop stress. The fuel rod is assessed to be failed
when the hoop stress exceeds the ultimate hoop stress. The ultimate hoop stress is determined
by a correlation which has been developed at KfK Karlsruhe for Zircaloy-4 in the early 80 's
[ERB 80].

The straining due to the thermal creep of the zircaloy cladding is assumed to have an
eccentricity because the cladding material is characterised by a texture with respect to grain
size and orientation. Due to this eccentricity both an azimutal temperature distribution and an
azimutal strain distribution in the cladding is to be calculated.

The thermal hydraulic condition of coolant surrounding the cross-section of the fuel rod is
provided by a thermal hydraulic code analysis for a so-called hot channel condition. This hot
channel is simulating the coolant channel of a fuel element with the highest rod power among
the others.

Both the initial value of the internal pressure and the initial value of the gap conductivity
between pellet and cladding are provided as input values to this fuel rod code TESPA.

3. PRESENT LIMITATIONS OF THE TESPA CODE REGARDING THE HIGH BURN-UP
REGIME

However, the fuel rod failure analyses are reliable to that extent which is still supported by the
related experimental data base underlying the analysis code. The international discussion on
fuel rod failure limits under LOCA and RIA (Reactivity Initiated Accident) conditions
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motivated us to reconsider the methods applied so far. This reconsideration led to the
conclusion that the TESPA code applied in the licensing process has to be updated in order to
account also for the recent developments in fuel rod fabrication and bum-up levels.

Therefore a developmental project has been started this year at GRS which will provide at the
end of the project a renewed analysis tool for future safety assessments. Particular emphasis in
this developmental work will be given to the effects which correspond to the high burn-up
regime.

With respect to the failure analysis under LOCA condition the detrimental effects of the high
bum-up increase on the pellet material properties and their consequences for the modelling of
the TESPA code will be discussed next.

3.1. Findings from experiments related to LOCA analysis

The fuel rod tests under reactivity initiated accident (RIA) condition performed in France,
Japan and Russia demonstrated that the failure threshold might be lowered when the burn-up
level of the fuel rod is increased. Further experimental investigations have been undertaken in
order to isolate certain phenomena which may provoke this bum-up effect. The investigations
concentrated on the fission gas release from the fuel matrix as well as on the embrittlement of
the fuel rod cladding. For both phenomena detrimental effects to the failure threshold have
been identified and partly quantified.

The investigations in Halden e.g. have shown [TUR 99] that the fission gas temperature
threshold continuously decreases with increasing bum-up. This threshold is responsible for an
immediate fission gas release from the fuel matrix (Vitanza threshold). The experiments
identifying this threshold have reached burn-up values of about 80 MWd/kg UO2.

Measurements confirm that an averaged fuel rod bum-up of 30 MWd/kg leads to a release of
6% fraction of the generated fission gas while a bum-up of 70 MWd/kg even leads to a release
of a 10% fraction. That is, the decrease of power with burn-up due to a loss of reactivity does
not necessarily compensate the effect of a progressive fission gas release.

Due to the permanent reactor operation and consequently due to the burn-up increase, there
exists a more and more extending central part of the pellet, which is affected by lowering
fission gas temperature threshold. Simultaneously this fission gas release is additionally
supported by the continuously lowering thermal conductivity which increases the central
temperature of the pellet.

As a consequence from these bum-up developments the internal fuel rod pressure
progressively increases. Therefore, it cannot be excluded that the rod internal gas pressure of
high bum-up rods might even reach values close to or above the environmental pressure under
reactor operation. Thus we are faced with high bum-up fuel rods having relative high fuel rod
internal gas pressures as initial condition in our fuel rod failure analyses.

However these investigations do not quantify the effect of fission gas release during a rapid
temperature transient like that one of a LOCA transient. Fig. 1 illustrates the rapid temperature
rise in a rim near to the pellet periphery within the first ten seconds of a LOCA transient.
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Fuel Rod Burst Analysis with TESPA for LOCA
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Fig. 1: Temperature development of the pellet during the LOCA transient.
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Although the rim temperature still stays below the Vitanza threshold, it cannot be excluded
that this rim region will release the stored fission gas and therefore additionally support the
fission gas pressure development during the LOCA transient.

Up to now the behaviour of the rim region concerning gas release during accidental conditions
is not well understood. Therefore an uncertainty margin on the rod internal pressure needs to
be taken into account until a better estimation of this transient fission gas release is available.

From experimental investigations at the ITU Karlsruhe (Germany) [LAS 95] it became
evident that a pellet rim region develops when the burn-up value exceeds 40 MWd/kg. This
region is characterised by a new structure of the fuel matrix and has a different fission gas
storage behaviour. The porosity of this rim region is drastically increased. The grain size is
decreased to about 0.2 um.

The experimental data suggest that an inter-granular storage of fission gas still exist. This
region is further characterised by an increased power density and an increased burn-up. It also
shows a larger content of Plutonium.
We conclude from these experimental findings that the TESPA prediction of the radial pellet
temperature distribution requires an enhanced spatial resolution in order to account also for
the pellet rim characteristics.

The fission gas flow within the fuel rod also plays an important role in the same context. Up
to now the TESPA code simulates the behaviour of a fuel rod cross-section only. The code
ignores the rod internal gas flow coming from or going to the fuel rod gas plena. Because it
can be expected that these gas flows have a relevant impact on the fission gas pressure
development during the LOCA transient, it is planned to extend the TESPA code to a fuel rod
code describing the entire fuel rod.
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4. FINDINGS FROM EXPERIMENTS RELATED TO RIA TRANSIENTS

The findings above have also relevance for the fuel rod behaviour under RIA conditions, but it
appears that the loading of the fuel rod under RIA condition challenges the fuel rod cladding
in a different way as under LOCA condition.

Concerning the corrosion behaviour of the fuel rod cladding there is a permanent activity on
the fabrication side to improve the corrosion performance. The amounts of niobium and tin
have been varied to improve this performance. Up to now it is not clear whether these
modified alloys will provide the same yield strength as the elder Zirkaloy-4 which has been
extensively investigated in LOCA burst tests.

Under LOCA condition the thermal creep of the cladding finally leads to the rod failure.
When looking on the RIA transients which may have a duration of less than one second, the
cladding will be strained by the thermal expansion of the pellet and additionally by a rapid
fission gas release resulting in a rapid internal pressure increase. This straining process may
reach the limits of the plasticity of the cladding before the thermal creep of the cladding is
significantly active.

Fuel Rod Burst Analysis with TESPA for RIA Transient
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Fig. 2: Possible strain development of the cladding during a fast RIA power pulse.

Figure 2 illustrates the strain prediction for a RIA transient with a pulse half-width of 10 ms.
The example shown is related to a high burn-up fuel rod with almost complete radiation
hardening. The plastic deformation occurs rather late. Due to continues temperature increase
of the cladding, thermal creep starts almost simultaneously with a progressive plastic strain
which ultimately leads to the rod failure.

The failure mode in this case is not attributed to the Pellet Cladding Mechanical Interaction
(PCMT). It is attributed to the rising fission gas pressure.

Depending on the transient duration of the RIA transient the creep of the cladding more or less
superposes the plastic straining but it may not dominate the failure mode. Therefore the
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interpretation of experimental results from RIA tests is more difficult than for LOCA related
fuel rod tests.

Therefore RIA tests require accurate post test examinations of the cladding in order to identify
the failure modes. These tests furthermore require a thorough pre-test qualification of the fuel
rods in order to determine the corrosion status of the cladding.

The pre-test information about the burn-up value is only an indirect measure of the status of
the cladding. Radiation hardening occurs relative early and a continuation of the burn-up
provokes no further hardening. The determination of the cladding parameters like the hydride
content, the oxide layer thickness and stress-strain curves from relevant cladding materials are
decisive for a successful failure analysis.

We believe that the high burn-up RIA tests in the CABRI test facility and associated tests in
France will provide the necessary quality of the experimental data. Therefore, Germany
including the German utilities are taking part in the international CABRI test series.

5. SUMMARY AND OUTLOOK

The growing economic competition leads to cost optimisation on the fuel cycle costs. Both
burn-up increase and an upgrade of the thermal power of the reactor core is a consequence of
this optimisation process. It is the obligation of the safety authorities to accompany and assess
the optimisation steps taken by the utilities in order to keep the safety standards.

Because the burn-up increase provokes new fuel rod phenomena, the inspection tools applied
for the safety assessment require an adequate modelling. TESPA is the code which is applied
for the fuel rod failure analysis by the technical inspection agencies in Germany. The
international discussion on high burn-up primarily related to RIA transients motivated us to
reconsider the code's applicability to the high burn-up regime.

This reconsideration identified several high burn-up related phenomena which are not well or
not at all represented in this code. In particular it is found that the fission gas release during a
LOCA transient and the resulting fuel rod internal pressure have to be modelled in this code
adequately.
According to the German safety codes and guidelines the compliance with safety standards
has to be demonstrated for each core loading. This safety assessment is focused on the fuel rod
damage which might occur under a loss of coolant accident (LOCA).

The fuel rod failure assessment under RIA transients is only performed for representative core
loadings using various conservative assumptions (inserted reactivity by control rod ejection,
kinetic parameters and power density distribution). For each fuel cycle the applicability of the
generic RIA analysis is assured, but no stress and strain analysis is performed.

A developmental project has been initiated this year to determine the failure threshold and the
phenomena for high burn-up fuel rods from planned international CABRI tests. In addition,
these RIA related investigations will also help to quantify the transient fission gas release
which might be of relevance for the fuel rod failure assessment of LOCA transients. This
project will improve the TESPA code's performance. It is expected that after this
developmental work the TESPA code is available for assessments of RIA and LOCA
transients.
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