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COMMITTEE ON THE SAFETY OF NUCLEAR INSTALLATIONS

Within the OECD framework, the NEA Committee on the Safety of Nuclear Installations (CSNI) is
an international committee made of senior scientists and engineers, with broad responsibilities for safety
technology and research programmes, as well as representatives from regulatory authorities. It was set up
in 1973 to develop and co-ordinate the activities of the NEA concerning the technical aspects of the design,
construction and operation of nuclear installations insofar as they affect the safety of such installations.
The committee’s purpose is to foster international co-operation in nuclear safety amongst the NEA
member countries. The CSNI’s main tasks are to exchange technical information and to promote
collaboration between research, development, engineering and regulatory organisations; to review
operating experience and the state of knowledge on selected topics of nuclear safety technology and safety
assessment; to initiate and conduct programmes to overcome discrepancies, develop improvements and
research consensus on technical issues; and to promote the co-ordination of work that serves to maintain
competence in nuclear safety matters, including the establishment of joint undertakings.
The clear priority of the committee is on the safety of nuclear installations and the design and
construction of new reactors and installations. For advanced reactor designs the committee provides a
forum for improving safety related knowledge and a vehicle for joint research.
In implementing its programme, the CSNI establishes co-operate mechanisms with the NEA’s
Committee on Nuclear Regulatory Activities (CNRA) which is responsible for the programme of the
Agency concerning the regulation, licensing and inspection of nuclear installations with regard to safety. It
also co-operates with the other NEA’s Standing Committees as well as with key international organisations
(e.g., the IAEA) on matters of common interest.
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FOREWORD

Reactivity-initiated accident (RIA) fuel rod codes have been developed for a significant period of time
and they all have shown their ability to reproduce some experimental results with a certain degree of
adequacy. However, they sometimes rely on different specific modelling assumptions the influence of
which on the final results of the calculations is difficult to evaluate.
The NEA Working Group on Fuel Safety (WGFS) is tasked with advancing the understanding of fuel
safety issues by assessing the technical basis for current safety criteria and their applicability to high
burnup and to new fuel designs and materials. The group aims at facilitating international convergence in
this area, including the review of experimental approaches as well as the interpretation and use of
experimental data relevant for safety.
As a contribution to this task, WGFS conducted a RIA code benchmark based on RIA tests performed
in the Nuclear Safety Research Reactor in Tokai, Japan and tests performed or planned in CABRI reactor
in Cadarache, France. Emphasis was on assessment of different modelling options for RIA fuel rod codes
in terms of reproducing experimental results as well as extrapolating to typical reactor conditions.
This report provides a summary of the results of this task.
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Pressurised water reactor
Reactivity initiated accident
Strålsäkerhetsmyndigheten (Swedish Radiation Safety Authority)
Technical Support Organisation
Technischer überwachungsverein (Germany)
Università di Pisa
Bochvar All-Russian scientific research institute for inorganic
materials
Russian-designed pressurised water reactor (WWER)
Working group on fuel safety (OECD/NEA/CSNI)
Valtion Teknillinen Tutkimuskeskus/Technical Research Centre of
Finland
x-dimensional (where x is for 1.5, 2 and 3)
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EXECUTIVE SUMMARY

Reactivity-initiated accident (RIA) fuel rod codes have been developed for a significant period of time
and they all have shown their ability to reproduce some experimental results with a certain degree of
adequacy. However, they sometimes rely on different specific modelling assumptions the influence of
which on the final results of the calculations is difficult to evaluate.
A conclusion from the 2009 CSNI workshop on RIA was that RIA fuel rod codes are now heavily
used, within the industry as well as the technical support organizations (TSOs), in the process of
setting up and assessing revised safety criteria for the RIA design basis accident.
It is then very important to master the use of such codes for reactor accident studies, particularly those
involving safety analyses. It is essential to identify and understand real accident conditions that deviate
from those of experiments. As a conclusion of the workshop, it was recommended that a benchmark
between these codes be organized in order to give a sound basis for their comparison and assessment.
In order to maximize the benefits from this exercise, it was decided to use a consistent set of four
experiments on very similar highly irradiated fuel rods tested under different experimental conditions:
•

low temperature, low pressure, stagnant water coolant, very short power pulse (NSRR
VA-1),

•

high temperature, medium pressure, stagnant water coolant, very short power pulse
(NSRR VA-3),

•

high temperature, low pressure, flowing sodium coolant, larger power pulse (CABRI
CIP0-1),

•

high temperature, high pressure, flowing water coolant, medium width power pulse
(CABRI CIP3-1).

Each of these four sibling rods are of identical fuel design and cladding material. Each experienced
essentially the same pre-test irradiation history. For most practical purposes, the experiments are
identical except for test conditions. The intent was to examine the so-called “temperature” effect (i.e.
how to transpose results from experiments at low temperature to reactor conditions at high
temperature?) in various RIA test programs.
The participation to the benchmark has been very important: 17 organizations representing 14
countries provided solutions for some or all the cases that were defined. In terms of computer codes
used, the spectrum was also large as solutions were provided with FALCON, FEMAXI coupled to
TRACE, FRAPTRAN, RANNS, RAPTA, SCANAIR, TESPAROD and TRANSURANUS.
The first noticeable fact is that, nearly all the participants used code that rely on simplified geometrical
representation usually referred to as 1.5D codes. Although some 3D calculations may be done (one
example was shown by one participant), it appears that given the conclusions below, the detailed
geometrical description is not a priority. Rather, it looks more important at this stage to put the efforts
and continue working on physical modelling.
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During the benchmark, one source of differences between the results of the participants was identified
to be due to the way input data, in particular the power pulse, are interpreted within the different
codes. It is recommended that the code developers carefully examine the way the input data are used
because this source of difference, that appeared to be significant, should be completely removed.
It was not possible during this benchmark to assess the influence of the initial state (resulting from
base irradiation) of the fuel on the behaviour during RIA. Nevertheless, this would be an important
thing to do in the future in order to evaluate how much it accounts for on the scatter of the results.
With respect to the thermal behaviour, the general conclusion is that the differences in the evaluation
of fuel temperatures remain limited, although significant in some cases. The situation is very different
for the cladding temperatures that exhibited considerable scatter, in particular for the cases when water
boiling occurs. The film boiling heat transfer model was responsible for large differences between the
calculations.
With respect to mechanical behaviour, when compared to the (known) results of an experiment that
involved only PCMI, the predictions of the cladding hoop strain from the different participants
appeared acceptable, even though there was a factor of 2 between the highest and the lowest
calculations. The conclusion is not as favorable for a case for which both the experimental results are
unknown and water boiling is predicted to appear because then a factor of 10 on the hoop strain
between the calculations was exhibited. This is due for a large part to the differences on the cladding
temperatures.
In this benchmark, the fission gas release evaluations were also compared. The ratio of the maximum
to the minimum values appears to be roughly 2, which is estimated to be relatively moderate given the
complexity of fission gas release processes.
Finally, failure predictions that may appear as the ultimate goal of fuel code dedicated to the behaviour
under RIA conditions were compared. When looking at predictions in terms of enthalpy at failure,
which is of interest in practical reactor applications, typical variations between calculations were
found to be within a +/- 50 % range. Although major causes of the differences were identified, it is
recommended to perform more systematic sensitivity and uncertainty analyses in a new phase of the
benchmark to further assess the significance of the results produced.
It has been possible to evaluate the so-called user effect for the FRAPTRAN and SCANAIR codes.
For both of them, it was found to be very limited on the cases of this benchmark, nearly negligible if
compared to the differences between the results of the different codes. To generalize this conclusion
would require more cases to be studied.
The broader objective of the benchmark was to assess the possibility of evaluating the “temperature
effect” that can be stated as: is it realistic to use the RIA fuel codes to transpose results, in particular
enthalpy at failure, from experiments performed at low temperature to typical reactor conditions?
Based on the conclusions formulated above, it appears obvious that it should be done with caution
given the scatter that exists between the predictions of the different codes mainly due to the different
approaches used to assess the rod failure level.
In terms of recommendations for a possible follow-up of this benchmark, the conclusions above show
that:
•

The emphasis should be put on deeper understanding of the differences in modelling of
the different codes; in particular, looking for simpler cases than those used in the present
phase may be of interest; this was attempted during the present exercise but remained
unsuccessful. It may also be of interest to separately compare specific models: physical
phenomena (thermics, mechanics, thermal hydraulics …) are so closely coupled in RIA
16
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transients that it is very difficult to draw conclusions based only on the output of the
codes.
•

The clad to coolant heat transfer in case of water boiling is of particular interest because
on the one hand large uncertainties exist on the models and on the other hand it makes
large differences in the thermal as well as in the mechanical predictions.

•

To identify and to assess the strengths and weaknesses of the physical models in the
codes, the calculated results have to be compared with experimental data wherever it is
possible. Thus, the selected new cases should provide a high amount of reliable
measurements.

It was also identified that a sensitivity study of the results to the input parameter is desirable in order
to assess the impact of the initial state on the results of the transient.
Finally, in light of the large scatter between the calculations that was shown in this benchmark, it
appears that an assessment of the uncertainty of the results should be performed for the different
codes.
The proposed follow-up is considered essential to be able to fully assess the significance of the results
produced during the present phase.
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1. BACKGROUND AND INTRODUCTION

Reactivity-initiated accident (RIA) fuel rod codes have been developed for a significant period of time
and they all have shown their ability to reproduce some experimental results with a certain degree of
adequacy. However, they sometimes rely on different specific modelling assumptions the influence of
which on the final results of the calculations is difficult to evaluate.
An Organisation for Economic Co-operation and Development (OECD)/Nuclear Energy Agency
(NEA)/Committee on the Safety of Nuclear Installations (CSNI) technical workshop on “Nuclear Fuel
Behaviour during Reactivity Initiated Accidents” was held in September 2009. A conclusion from the
session devoted to RIA safety criteria was that RIA fuel rod codes are now heavily used, within the
industry as well as the technical support organizations (TSOs), in the process of setting up and
assessing revised safety criteria for the RIA design basis accident.
It is then very important to master the use of such codes for reactor accident studies, particularly those
involving safety analyses. It is essential to identify and understand real accident conditions that deviate
from those of experiments.
As a conclusion of the workshop, it was recommended that a benchmark between these codes be
organized in order to give a sound basis for their comparison and assessment. This recommendation
was endorsed by the Working Group on Fuel Safety.
In order to maximize the benefits from this exercise, it was decided to use a consistent set of four
experiments on very similar highly irradiated fuel rods tested under different experimental conditions:
•

low temperature, low pressure, stagnant water coolant, very short power pulse (NSRR
VA-1),

•

high temperature, medium pressure, stagnant water coolant, very short power pulse
(NSRR VA-3),

•

high temperature, low pressure, flowing sodium coolant, larger power pulse (CABRI
CIP0-1),

•

high temperature, high pressure, flowing water coolant, medium width power pulse
(CABRI CIP3-1).

It should be noted that each of these four sibling rods are of identical fuel design and cladding
material. Each experienced essentially the same pre-test irradiation history. For most practical
purposes, the experiments are identical except for test conditions. The intent was to examine the socalled “temperature” effect (i.e. how to transpose results from experiments at low temperature to
reactor conditions at high temperature?) in various RIA test programs.
It is also important to note that the CIP3-1 experiment will be performed after the completion of this
benchmark so that this part of the exercise consisted in blind calculations.
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A detailed and complete benchmark specification was prepared in order to assure as much as possible
the comparability of the calculation results submitted.
This report is organized in two volumes. Volume 1, the present document, summarizes the results and
findings of this benchmark and gives recommendations for future activities. The complete set of
solutions provided by all the participants are compiled in Volume 2, published in the form of a CDROM compiles.
Volume 1 is organized as follows:
•

Chapter 2 gives a short description of the experiments used as a support for this
benchmark;

•

Chapter 3 presents the participants and the codes they used;

•

Chapter 4 is a short description of the fuel codes used during this benchmark;

•

Chapter 5 discusses the main findings and is illustrated by selected plots comparing the
solutions provided by the participants; the complete set of comparison plots for all the
cases and all the calculated values can be found in volume 2;

•

Chapter 6 gives the conclusions of the benchmark exercise and provides some
recommendations for follow-up activities.

20
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2. EXPERIMENTS USED IN THE BENCHMARK

The cases to be computed are four experiments that were or will be conducted on nearly identical rods.
These rods, fabricated by ENUSA, are standard PWR 17x17 UO2 rods cladded with ZIRLOTM that
were irradiated in the Vandellos-2 reactor up to a maximum local burn-up close to 75 GWd/t.
The four experiments are CIP0-1, CIP3-1, VA-1 and VA-3:
•

The CIP0-1 experiment was performed in the CABRI sodium loop facility [3], at 280°C
and low pressure (~3 bars); the maximum injected energy at peak power node was equal
to 99 cal/g and the pulse width at half maximum was 32.4 ms; there was no failure of the
fuel rod during this experiment;

•

The CIP3-1 experiment will be performed in the CABRI water loop facility, at 280°C and
155 bars; this will be a blind calculation; the anticipated maximum injected energy at
peak power node is 115 cal/g and the pulse width at half maximum is expected to be
about 8.8 ms;

•

The VA-1 experiment was conducted in the NSRR reactor [1] [2], at room temperature
and pressure; the maximum injected energy at peak power node was 140 cal/g (evaluated
from specification data by integration of injected power between 0 and 0.5 s) and the
pulse width at half maximum was 4.4 ms; the fuel rod failed during this experiment at
injected energy of 66 cal/g (evaluated from specification data by integration of injected
power between 0 and the rupture time);

•

The VA-3 experiment was performed in the NSRR reactor [1] [2], at ~280°C and 70 bars;
the maximum injected energy at peak power node was 115 cal/g (evaluated from
specification data by integration of injected power between 0 and 0.5 s) and the pulse
width at half maximum was 4.4 ms; the fuel rod failed during this experiment at injected
energy of 86 cal/g (evaluated from specification data by integration of injected power
between 0 and the rupture time).

Neither the CABRI facility in France, for experiments performed in the sodium loop, nor the Nuclear
Safety Research Reactor (NSRR) in Japan provide test conditions identical to a commercial light water
reactor during the hypothetical reactivity-initiated accident. It is generally believed that among the
most significant differences is the cladding temperature effect. That is, do the coolant conditions, pulse
width and other experimental parameters in the test reactor prevent the cladding from heating up and
deforming as might be expected in a commercial light water reactor. Thus, the four experiments were
selected as an ultimate benchmark exercise – to resolve the cladding temperature effect.
One of the main difficulties in the calculation of cladding temperature is the possible onset of boiling
in experiments performed with water as the coolant. In order to ease the comparison between the codes
and the determination of areas of agreement/disagreement of the models, it was proposed that an
additional, hypothetical case with boiling inhibited be computed for experiments with water.
It was also proposed to run a calculation in which the cladding outer temperature is prescribed. The
temperature trace to be used is issued from a SCANAIR calculation in which boiling is predicted.
21
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Thus, the cases to be computed are summarized in the Table 1. The results of the original code
calculations (predictions) showed an unexpected degree of scatter (code-to-code variation). In order to
resolve these variations, further discussions were held among participants. Modifications were made to
the benchmark specification to increase clarity, and opportunity to re-perform the calculations was
provided to all participants. Most took advantage of this opportunity but significant scatter persisted
between various codes.
Some efforts were also devoted to compare the modelling of the codes. To do so, a questionnaire was
set up, listing for each code the different models used, and it was filled by all the participants. The
filled questionnaires are reproduced in Volume 2 of this report. However, because physical
phenomena (thermics, mechanics, thermal hydraulics …) are so closely coupled in RIA transients, it
was not possible to assess the sources of differences based only on the information in the
questionnaire. Indeed, to go further would require making comparisons of the models separately.
In addition, there was an attempt to define a simpler case to be used in order to be able to check basic
modelling assumptions in the different codes. The group selected the NH-562-12 experiment
performed on fresh fuel in the NSRR reactor. However, when the predictions for this case were
compared, it appeared that the scatter was even more pronounced for this test than for the previous
ones. The explanation was that because in fresh fuel there is no bounding between the fuel pellet and
the cladding, the assumptions relative to the contact conditions (gap width, friction coefficient) have a
larger impact on the mechanical results than for high burn-up fuel as in the case originally selected. By
lack of time available to sufficiently investigate this case, it was decided not to include it in the final
report. If some follow-up action to this benchmark is performed, the merit of using a fresh fuel case
should be revisited.

Case #

Rod

Specific conditions

1

CIP0-1

Test in sodium, no boiling

2

CIP3-1

Hypothetical - Test in water, but boiling must be inhibited in the models

3

CIP3-1

Hypothetical – Test in water, but prescribe the clad outer temperature and
use a flat axial power profile in CABRI

4

CIP3-1

Test in water, boiling possible

5

VA-1

Hypothetical - Test in water, but boiling must be inhibited in the models

6

VA-1

Test in water, boiling possible

7

VA-3

Hypothetical - Test in water, but boiling must be inhibited in the models

8

VA-3

Test in water, boiling possible
Table 1: Description of benchmark cases
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3. PARTICIPANTS AND CODES USED

The participation to the benchmark has been very important because 17 organizations provided
solutions for some or all the cases that were defined.
The participants originated from 14 countries and are listed below:
•

TRACTEBEL from Belgium,

•

Nuclear Research Institute Rez (NRI) from the Czech Republic,

•

VTT Technical Research Centre of Finland (VTT) from Finland,

•

Institut de Radioprotection et de Sûreté Nucléaire (IRSN) from France,

•

Helmholtz-Zentrum Dresden-Rossendorf (HZDR), TÜV NORD Group (TUV) and
Gesellschaft für Anlagen und Reaktorsicherheit mbH (GRS) from Germany,

•

Centre of Energy Research, Hungarian Academy of Sciences (MTA EK)1 from Hungary,

•

Università di Pisa (UNIPI)2 from Italy,

•

Japan Atomic Energy Agency (JAEA) and Japan Nuclear Energy Safety Organization
(JNES) from Japan,

•

Korea Institute of Nuclear Safety (KINS) from Korea,

•

A.A. Bochvar High-technology Research Institute of Inorganic Materials (BOCHVAR)
from Russia,

•

Centro de Investigaciones Energéticas, Medioambientales y Tecnológicas (CIEMAT) and
Consejo de Seguridad Nuclear (CSN) from Spain,

•

Strålsäkerhetsmyndigheten (Swedish Radiation Safety Authority - SSM) represented by
Quantum Technologies from Sweden,

•

Paul Scherrer Institute (PSI) from Switzerland,

•

Nuclear Regulatory Commission (NRC) from the Unites States and its contractor, Pacific
Northwest National Laboratory.

As it can be seen, research institutions, utilities, technical support organizations as well as safety
authorities are all represented within the participants.
In terms of computer codes used, the spectrum was also large as solutions were provided with
FALCON, FEMAXI coupled to TRACE, FRAPTRAN, RANNS, RAPTA, SCANAIR, TESPAROD
and TRANSURANUS.
The Table 2 summarizes all the contributions provided by the participants.
1

marked as "EK" in the figures

2

Marked as “PISA” in the figures
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Contributor

Code

Case#1 Case#2

Case#3

Case#4

Case#5

Case#6

Case#7

Case#8

Case#9

CIP0-1 CIP3-1

CIP3-1

CIP3-1

VA-1

VA-1

VA-3

VA-3

NH-562-12

Steady State

Transient

Frapcon3.3

Scanair3.2

X

X

X

X

X

X

X

X

---

Frapcon3.3

Scanair7.1

X

X

X

X

X

X

X

X

---

VTT

Enigma

Scanair6.6

X

X

X

X

X

X

X

X

X

IRSN

Frapcon3.4a

Scanair7.2

X

X

X

X

X

X

X

X

X

Frapcon3.4a

Scanair7.1

X

X

X

X

X

X

X

X

X

Frapcon3.4a

Fraptran1.4

X

X

X

X

---

X

---

X

X

NRC

Frapcon3.4a

Fraptran1.4

X

X

X

X

X

X

X

X

---

KINS

Frapcon3.4

Fraptran1.4/Trace

X

X

X

X

X

X

X

X

X

TRACTEBEL Frapcon3.4a

Fraptran1.4

X

---

X

X

---

X

---

X

X

MTA EK

Furom

Fraptran1.3/Trabco

X

X

X

X

X

X

X

X

X

UNIPI

Transuranus

Transuranus/Relap5

---

X

X

X

X

X

X

X

---

HZDR

Transuranus

Transuranus

X

X

X

---

---

---

---

---

---

TUV

Transuranus

Transuranus

X

X

---

X

---

---

---

---

---

JAEA

Femaxi

Ranns

X

X

X

X

X

X

X

X

X

JNES

Femaxi

Femaxi/Trace

---

X

X

X

X

X

X

X

X

PSI

Falcon-PSI

Falcon-PSI

X

X

X

X

---

X

---

---

---

GRS

Frapcon3.3

Tesparod

X

X

X

X

X

X

X

X

X

BOCHVAR

Rapta5.2

Rapta5.2

X

---

X

---

X

X

X

X

X

Transuranus

Fraptran1.4

---

---

---

---

---

---

---

---

X

Transuranus

Transuranus

---

---

---

---

---

---

---

---

X

SSM

CIEMAT

NRI

Table 2: List of contributions
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4. GENERAL DESCRIPTION OF THE CODES

This chapter gives a short description of the codes used by the participants to the benchmark. The codes
are:
•

FALCON

•

FEMAXI/TRACE

•

FRAPTRAN

•

RANNS

•

RAPTA

•

SCANAIR

•

TESPAROD

•

TRANSURANUS

It is to be noted that all these codes are 1.5 D codes, with the notable exception of FALCON, which uses a
2D representation. Some 3D analyses were presented by NRI, but as they were performed on the NH-56212 case, they are not reported here.
4.1 FALCON
Currently, several versions of the FALCON code exist and are being used for fuel analyses by multiple
users. The FALCON MOD01 code base was originally released in 2004 [4] and the PSI version, including
the GRSW-A model, is derived from a later version of that release.
The solution processor of the FALCON code is based on the Finite Element Method (FEM), which allows
for fully 2-D thermal and mechanical analysis during the base irradiation and power transients.
The cladding behaviour description covers a range of effects, from elastic response to elastic-plastic-creep
strain-rate dependent (viscoplastic) response in the high power and high temperature regimes. The cladding
outer surface temperature, as function of time and axial elevation, can be directly specified through code
input. An alternative technique is to input the heat transfer coefficient along with the bulk temperature
distribution along the cladding outer surface. For a number of standard problems, a built-in coolant
enthalpy model is also provided that only requires specification of inlet conditions for a single channel,
which was the approach used in the present calculations.
The 2-D finite-element analysis of the pellet-cladding contact in the FALCON code utilizes a special type
of gap elements, characterized by a stiffness matrix that allow calculation of the normal and shear stresses
as functions of geometric gap state and intensity of PCMI. The variable stresses just mentioned are used
for calculation of the parameters characterizing the current state of pellet-cladding interface, such as gap
conductance, stick-slip condition, and friction forces. Fuel cracking has been paid particular attention in the
FALCON code, because this is an inherent behaviour of ceramic fuel pellets, which plays an important role
in fuel relocation and fuel-cladding mechanical interaction. An analysis of cracking, included in FALCON,
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considers the tension response curve with the phase of softening for the ceramic fuel material. Specifically,
a smeared-cracking model is used in which the crack is viewed as a mechanism that changes the material
behaviour from isotropic to orthotropic, where the material stiffness normal to the crack surface drops to
zero while full stiffness parallel to the crack is maintained.
The material data utilized in the differential-integral equations of the code are obtained from a variety of
sources including the Materials Property (MATPRO) package developed by the US NRC, models
published in the open literature or developed through industry research activities such as the Nuclear Fuel
Industry Research (NFIR) program.
PSI has been using the FALCON MOD01 code as platform for its own method development (see Figure
1). Specifically, a new model for fission gas release and gaseous swelling of uranium dioxide fuel has been
developed and integrated into the FALCON code at PSI. The GRSW-A model predicts macroscopic
characteristics of fuel state, such as FGR and gaseous swelling, by analyzing meso- and microscopic
processes occurring in the elements of fuel material. Represented in the model are: (1) The group of intragranular processes, including the kinetics of point defects in the lattice and gas mono-atoms diffusion, as
well as nucleation, migration, coalescence, trapping, irradiation-induced resolution and point-defectdiffusion-controlled growth of the gaseous bubbles; (2) The group of processes related to the grain
boundaries of the fuel, viz., formation and growth of the large gaseous pores resulting in grain-boundary
swelling and FGR into the free volume of the fuel rod.

Figure 1: Flowchart for FALCON and GRSW-A mutual feedback effects
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4.2 FEMAXI/TRACE
FEMAXI/TRACE is a coupled code to predict the LWR fuel rod behaviour under Reactivity Initiated
Accident (RIA). FEMAXI is a computer code to predict the LWR fuel rod behaviour during normal
operation and anticipated transient conditions [10]. In order to improve the thermal-hydraulic analysis
capability of RIA condition, the detailed dynamic thermal-hydraulics code TRACE has been coupled with
FEMAXI.
In FEMAXI, the integral behaviour of a whole fuel rod is analysed and the temperature distribution, the
dimensional changes of fuel and cladding, the fission gas release, and the associated inner gas pressure are
determined. In calculation process of temperature distribution, the cladding outer surface temperatures are
transmitted to TRACE where the heat fluxes from cladding outer surface to coolant are calculated using
the transmitted data and results are fed-back to FEMAXI. The schematic of RIA calculation process with
FEMAXI/TRACE is shown in Figure 2. The fuel rod behaviour during base-irradiation is calculated using
FEMAXI and the fuel rod state at EOL is compiled for the initial conditions of the following RIA
calculation with FEMAXI/TRACE code.

Input

Calculation during BaseIrradiation

FEMAXI

Input for RIA
conditions

Re-start file

for RIA calc.
Wall Temp.

FEMAXI
Calculation during RIA
Results

TRACE
Heat flux
from wall to coolant

Figure 2: Schematic of RIA calculation process with FEMAXI/TRACE code
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4.3 FRAPTRAN
The ability to predict the performance of light-water reactor (LWR) fuel during irradiation, during both
long-term, steady-state operation and during various operational transients and hypothetical accidents, is a
major objective of the reactor safety research program conducted by the U.S. Nuclear Regulatory
Commission (NRC). To achieve this objective, the NRC has sponsored not only extensive analytical
computer code development, but also in-reactor and out-of-reactor experiments to generate the data
necessary for development and verification of the computer codes.
FRAPTRAN (Fuel Rod Analysis Program Transient) is a FORTRAN language computer code developed
to calculate the response of a single fuel rod to operational transients and hypothetical accidents. In
performing this function, FRAPTRAN calculates the temperature and deformation history of a fuel rod as a
function of time-dependent fuel rod power and coolant boundary conditions. The phenomena modeled by
FRAPTRAN include a) heat conduction, b) heat transfer from cladding to coolant, c) elastic-plastic fuel
and cladding deformation, d) cladding oxidation, e) fission gas release, and f) fuel rod gas pressure.
Although FRAPTRAN can be used in “standalone” mode, it is often used in conjunction with, or with
input from, other codes.
The FRAPTRAN code is documented in a two-volume publication. Volume 1 describes the code structure
and limitations, summarizes the fuel performance models, and provides the code input instructions [6].
Volume 2 provides the code assessment based on comparisons of code predictions to fuel rod integral
performance data [7]. The latest version of the code, FRAPTRAN 1.4, is a companion code to the
FRAPCON-3 code [5], developed to calculate the steady-state high burn-up response of a single fuel rod.
A separate material properties handbook [8] documents fuel, cladding, and gas material properties used in
both FRAPCON-3.4 and FRAPTRAN 1.4.
FRAPTRAN is an analytical tool that calculates LWR fuel rod behaviour when power or coolant boundary
conditions (or both) are rapidly changing. This is in contrast to the FRAPCON-3 code, which calculates the
time (burn-up) dependent behaviour when power and coolant boundary condition changes are sufficiently
slow for the term “steady-state” to apply. FRAPTRAN calculates the variation with time, power, and
coolant conditions of fuel rod variables such as fuel and cladding temperatures, cladding elastic and plastic
stress and strain, and fuel rod gas pressure. Variables that are slowly varying with time, such as fuel
densification and swelling, and cladding creep and irradiation growth, are not calculated by FRAPTRAN.
However, the state of the fuel rod at the time of a transient, which is dependent on those variables not
calculated by FRAPTRAN, may be read from a file generated by FRAPCON-3 or manually entered by the
user.
FRAPTRAN is a research tool for 1) analysis of fuel response to postulated design-basis accidents such as
the reactivity-initiated accident (RIA), boiling-water reactor (BWR) power and coolant oscillations without
scram, and the loss-of-coolant accident (LOCA); 2) understanding and interpreting experimental results;
and 3) guiding of planned experimental work. Examples of applications for FRAPTRAN include defining
transient performance limits, identifying data or models needed for understanding transient fuel
performance, and assessing the effect of fuel design changes such as new cladding alloys and mixed-oxide
(MOX) fuel ((U,Pu)O2) on accidents. FRAPTRAN will be used to perform sensitivity analyses of the
effects of parameters such as fuel-cladding gap size, rod internal gas pressure, and cladding ductility and
strength on the response of a fuel rod to a postulated transient. Fuel rod responses of interest include
cladding strain, failure/rupture, location of ballooning, and cladding oxidation.
The LWR fuel rod analysed by FRAPTRAN consists of oxide fuel pellets enclosed in zirconium alloy
cladding. The primary function of the cladding is to contain the fuel column and the radioactive fission
products. If the cladding does not crack, rupture, or melt during a reactor transient, the radioactive fission
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products are contained. During some reactor transients and hypothetical accidents, however, the cladding
may be weakened by a temperature increase, embrittled by oxidation, or overstressed by mechanical
interaction with the fuel. These events alone or in combination can cause cracking or rupture of the
cladding and release of the radioactive products to the coolant. Furthermore, the rupture or melting of the
cladding of one fuel rod can alter the flow of reactor coolant and reduce the cooling of neighboring fuel
rods. This event can lead to the loss of a “coolable” reactor core geometry.
Most reactor operational transients and hypothetical accidents will adversely affect the performance of the
fuel rod cladding. During an operational transient such as a turbine trip without bypass (for BWRs), the
reactor power may temporarily increase and cause an increase in the thermal expansion of the fuel, which
can lead to the mechanical interaction of the fuel and cladding and overstress the cladding. During another
operational transient such as a loss-of-flow event, the coolant flow decreases, which may lead to film
boiling on the cladding surface and an increase in the cladding temperature. During a LOCA, the initial
stored energy from operation and heat generated by the radioactive decay of fission products is not
adequately removed by the coolant and the cladding temperature increases. The temperature increase
weakens the cladding and may also lead to cladding oxidation, which embrittles the cladding.
The FRAPTRAN code can model the phenomena which influence the performance of fuel rods in general
and the temperature, embrittlement, and stress of the cladding in particular. The code has a heat conduction
model to calculate the transfer of heat from the fuel to the cladding and a cooling model to calculate the
transfer of heat from the cladding to the coolant. The code has an oxidation model to calculate the extent of
cladding embrittlement and the amount of heat generated by cladding oxidation. A mechanical response
model is included to calculate the stress applied to the cladding by the mechanical interaction of the fuel
and cladding, by the pressure of the gases inside the rod, and by the pressure of the external coolant.

Figure 3: FRAPTRAN - Locations at which fuel rod variables are evaluated
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The models in FRAPTRAN use finite difference techniques to calculate the variables which influence fuel
rod performance. The variables are calculated at user-specified slices of the fuel rod, as shown in Figure 3.
Each slice is at a different axial elevation and is defined to be an axial node. At each axial node, the
variables are calculated at user-specified radial locations. Each location is at a different radius and is
defined to be a radial node. The variables at any given axial node are assumed to be independent of the
variables at all other axial nodes (stacked one-dimensional solution, also known as a 1-D1/2 solution).
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4.4 RANNS
The RANNS code [9] has been developed to analyse thermal and mechanical behaviours of a single fuel
rod in RIA conditions based on the light water reactor fuel analysis code FEMAXI-7 [10], which has been
developed for normal operation conditions and anticipated transient conditions (see Figure 4).
1980s

RIA analysis code
RANNS

FEMAXI-«..

FEMAXI-V
1999

Burning
analysis code
Release to
NEA Data Bank

Initial conditions

High burnup fuel
performance code

FEMAXI-7

Modelling
experiences,
Basic structure

New models and
modularization, etc.

Figure 4: Development overview of fuel analysis code in JAEA

Figure 5: FEMAXI – RANNS analytical geometry

The same analytical geometry is applied to both the codes: a single rod can be divided into max. 40 axial
segments in a cylindrical coordinate, and thermal analysis and FEM mechanical analysis are performed at
each axial segment in which, in the default calculation mode, pellet stack is divided into 36 iso-volumetric
ring elements and cladding is divided into 8 iso-thickness ring elements in metal part, 1 oxide element in
the inner surface, and 2 oxide elements in the outer surface, as shown in Figure 5. In analysis of high burnup fuels, rod conditions during their base irradiation in commercial reactors are analysed by the FEMAXI31
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7 code along power histories from BOL to EOL. Then the results of FEMAXI-7 calculations are fed to
RANNS code calculation.
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4.5 RAPTA
RAPTA is the Russian language abbreviation of Computational Analysis of Fuel Rod Behaviour in
Accidents. RAPTA-5.2 code is the results of RAPTA-5 code developing. RAPTA-5.2 code is designed as a
standalone code.
Program destination - calculation of fuel rod thermomechanical and corrosion behaviour for LWR reactor
of WWER type under accident conditions accompanied by cladding temperature and/or fuel temperature
rise as a result of stationary thermal balance disorder on an external cladding surface (LOCA, RIA).
Definition of parameters of possible fuel rod (cladding) depressurization.
Design modelling object is a fuel rod with zirconium alloy cladding and fuel pellets of sintered uranium
dioxide including uranium dioxide with integrated absorber (Gd2O3).
The program simulates the following interrelated processes:
Heat distribution from sources in the fuel to the clad outer surface with regard to:
•

non-stationary volume power sources in fuel (input data) taking into account its radial
distribution depending on burn-up,

•

superficial thermal effect of zirconium-steam oxidation,

•

non-stationary boundary condition on a cladding surface (input data for 1-st type or special
model for 3-rd type of boundary condition),

•

changes of cross-sections fuel rod geometry,

•

dependences of material properties from temperature and burn-up taking into account radial
distribution,

•

changes of gas composition under a fuel rod cladding as a result of additional (in comparison
with the initial moment of accident) gas evolutions from fuel owing to an overheat concerning
an initial steady state.

Changes of fuel rod geometry with regard to:
•

geometry at the initial moment of accident taking into account the reached burn-up (input
data),

•

thermo-elastic deformations of fuel and cladding,

•

additional (in comparison with the initial moment of accident) fuel swelling and gas release
owing to an overheat concerning an initial steady state,

•

plastic cladding deformations under the influence of non-stationary difference of internal and
external pressure (change of coolant pressure - the input data) taking into account contact
interaction of fuel and cladding (PCMI),

•

depressurizations (failure) of cladding as a result of plastic deformations accumulation,

•

growth of zirconia layers on external and internal (after depressurization) cladding surfaces.

Cladding oxidation under non-isothermal conditions, accompanied by heat generation and hydrogen
formation.
33

NEA/CSNI/R(2013)7
RAPTA-5.2 code is the result of RAPTA-5 code developing and has the following basic characteristic
features:
•

It is written in a more modern programming language FORTRAN-90 that makes the code
more convenient (algorithm optimization, text reduction, prevention of errors during data
exchange between sub-routines, etc.);

•

Radial division in a fuel pellet is performed on condition the areas of respective concentric
circles are equal;

•

The code contains an improved model of the clad deformation behaviour based on the use of
zirconium alloy flow stress dependence on the value and rate of ductile deformation,
temperature, fast neutron fluence, time and oxygen concentration, which also takes into
account the impact of allotropic transition, accumulation and annealing of irradiation defects,
deformation hardening and dynamic strain ageing;

•

The code contains a phenomenological model of additional swelling and gas release
depending on the fuel temperature during accident;

•

Material property models take into consideration the impact of high-temperature burn-up
based on the modern study data;

•

Cladding oxidation and deformation models are developed taking into account the spongy
E110 behaviour study results;

•

The code contains a model of bilateral oxidation of the cladding in case of failure;

•

The code contains a model of using the boundary condition of kind 3 on the clad surface for
the thermal problem.

The main restrictions of application field are the following:
•

The phenomena of melting of fuel rod components, fuel and cladding fragmentations are not
considered. Fuel rod keeps the rod geometry, geometrical changes have only quantitative
character;

•

The radial structure of all axial sections is identical.

Finally, with regard to this benchmark exercise, an element should be highlighted: for determining the
cladding rupture, RAPTA code has deformation criteria and stress criteria that were developed for E110
clad alloy under high temperature accident condition. Unfortunately the model for Zirlo cladding rupture is
still under development and is not yet approved, especially in case of high corrosion and high hydrogen
concentration.
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4.6 SCANAIR
SCANAIR is a so-called “1.5D code” designed to model a single rod surrounded by a coolant channel and
possibly limited by an external shroud. It is also possible to simulate a capsule geometry. SCANAIR is a
set of three main modules dealing with thermal dynamics (including thermal-hydraulics in the coolant
channel), structural mechanics and gas behaviour [11]. These modules communicate with each other
through a database.
The initial rod state is an input data of the calculation given by an irradiation code. The power transient is
an input data computed by neutron kinetics codes or measured from experimental tests.
Structural mechanics
Fuel and clad are assumed to be concentric tubes. The geometry is assumed axisymmetric. The rod
can be considered as long cylinders justifying that the crossed derivatives of the displacements are
zero. Axial strains tend to be constant over an axial slice. Thanks to these assumptions, strain and
stress tensors are diagonal. The equilibrium balance can be separated into radial and axial
equilibrium equations.
Total deformation is assumed to be the linear superposition of deformation induced by elementary
phenomena. For the fuel material, the total deformation is the sum of elastic, plastic, cracking,
thermal, swelling and possibly dishing strains. For the cladding material, the total deformation is
the sum of elastic, plastic, viscoplastic and thermal strains. In the brittle oxide layer, an additional
cracking strain is considered. The cracking strain is defined as an additional non-elastic strain
introduced for relaxing a possible tensile stress to zero.
The contact between the pellet and the clad assumes a perfect sticking.
Several failure criteria are available to predict a possible clad failure based on the fracture
mechanics approach, on the Critical Strain Energy Density or the cumulative-strain-damage
approach.
Thermal analysis and thermal-hydraulics
Thermal modelling takes into account the rod, the channel and the shroud. Only radial exchanges
are computed through the rod and the shroud. Axial coupling is made by the coolant.
Thermal conduction is computed inside the fuel, the clad and the shroud. The fuel-clad gap is
modeled by a heat exchange coefficient with contributions of conduction, radiation, and solid-solid
contact heat exchanges. Heat exchanges due to free convection in the gap are neglected.
Conduction through the gas depends on the nature of the gaseous species mixture, the contact
roughness and the gas pressure. Solid-solid heat exchanges depend on the thermal conductance of
the material in contact, the contact roughness and the contact pressure.
The thermal-hydraulics module models a one-phase coolant with two conservations equations
(mass and energy). Temperatures and flow rates are computed in 1D in the channel. The pressure
is assumed constant. The channel width is updated with the clad deformation during the transient.
Heat exchanges between the clad and the fluid are modeled thanks to exchange coefficients
modelling the different regimes: pre-saturation, nucleate boiling, transition boiling, film boiling
and the rewetting stage. A specific modelling takes into account the kinetics effects on the
magnitude of the critical heat flux. The boiling curves in PWR conditions or in stagnant water
conditions are validated on experimental data from the PATRICIA facility and tests in NSRR.
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Gas behaviour
An increase of temperature induces an increase of the volumes occupied by the gas. Thus, the
swelling of the pellet can intensify the mechanical loading on the clad during the PCMI stage.
Then, the release of fission gases into the free volumes induces an over-pressurization of the rod
which may cause clad ballooning if clad temperatures are sufficiently hot.
The gas behaviour models can take into account the gas species inside the fuel and the free
volumes (lower and upper plenum, gap, and central hole if any). The fuel is composed of grains
bounded by other grains or by voids. Fission gas atoms produced during irradiation beside the
lattice are not taken into account. Before the transient, they are assumed to have already coalesced
into bubbles located inside the grains or at the grains boundary.
Due to thermal gradient and to Brownian motion, the intra-granular bubbles coalesce and migrate
to the boundaries to become inter-granular bubbles. Then, the gases inside the inter-granular
bubbles may be released into the porosities network. When the stress reaches the grain boundary
rupture stress or when the grain boundaries are saturated by inter-granular bubbles, opened
porosities allow the communication toward the free volumes. The swelling of the pellet caused by
gas expansion in each population of cavities (bubbles and porosities) is modeled.
Coupling between the modules
The coupling between the different modules is strong. During a time step, a first convergence is
reached between thermal and thermal-hydraulics solving. Then, using the calculated temperatures,
a second iterative loop occurs between the gas behaviour module and the mechanical solving.
When the convergence of this second resolution is reached, temperatures are re-calculated and so
on until full convergence of the different modules. The time step is automatically reduced in case
of non-convergence.
Physical properties
The cladding mechanical properties such as yield stress and ultimate tensile strength are mainly
provided by the PROMETRA experimental program. Several viscoplastic laws are available for
the cladding. The fuel mechanical behaviour is assumed elastic or elasto-plastic. Thermal physical
properties such as conductivity depend on temperature, stoichiometry, burn-up and porosity.
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4.7 TESPAROD
The fuel rod code TESPAROD represents the fuel rod behaviour in a 1-½-dimensional spatial resolution. It
provides the transient radial temperature distribution in a cross-sectional area of a fuel rod while the axial
temperature distribution is approximated from an axial power factor which is user input. Characteristic fuel
rod volumes like fuel rod plena or gap volume are described with designated volumes. Perfect fission gas
communication among these volumes is assumed.
Hoop Stress and Hoop Strain in the Cladding
TESPAROD code’s viscous-plastic hoop stress/strain model provides no radial stress resolution
within the cladding. The effect of radially localized yielding in the cladding is considered in
TESPAROD with the ratio of yield stress to burst stress. This ratio is deduced from the analytical
solution of the 3-dimensional viscous-plastic stress/strain relation for thick-walled cylinders.
According to this analysis the location of the elastic-plastic transition occurs at the inner cladding
surface first, which is associated with yield stress. Finally, the location of the elastic-plastic
transition reaches the outer surface, which is associated with both the plastic collapse of the
cladding and the burst stress. For ductile cladding behaviour the stress ratio depends on cladding
inner diameter and outer diameter. For brittle cladding behaviour the stress ratio is close to unity
with 0.985.
In the TESPAROD code the cladding is considered either brittle or ductile depending on the
average hydrogen pick-up in the cladding. If cladding behaves partially brittle and partially ductile
as observed in the test cases NSRR VA-1 (60% ductile) and NSRR VA-3 (88% ductile), the stress
ratio has to be provided by user input as an interpolation between ductile mode and brittle mode.
Cladding deformation
A pressure difference across the cladding as well as the expansion of a pellet may provoke tensile
hoop stresses in the cladding. These stresses may provoke cladding creep and/or cladding plastic
deformation. Both effects on the cladding deformation are modeled in TESPAROD code. While
plastic deformation affects evenly the circumferential hoop strain, the creep strain can be
circumferentially localized depending on the eccentricity parameter provided by user input. All
hoop strains result in cladding thinning according to plastic flow rule. Each irreversible
deformation contributes to an additional heat-up of the cladding.
If the hoop stress exceeds the hoop burst stress, burst of cladding is assumed. The burst stress in
TESPAROD is determined based on the correlation developed at KfK Karlsruhe for Zircaloy-4 in
the early 80’s. Recent EDGAR tests showed that this approach is still valid with some
modification.
Cladding creep models of the Norton type are available for Zry-4, Zry-2, Duplex, Zirlo, E110 and
M5. These high temperature creep models also take into account both the hydrogen content and
the oxygen content. While increased hydrogen content increases the creep strain rate, the oxygen
content reduces the creep strain rate. Furthermore, the creep rate strongly depends on the α/βphase transformation.
Cladding High Temperature Oxidation
The high temperature oxidation of the cladding within steam atmosphere leads to both an uptake
of oxygen within the cladding metal layer and a formation of an outer oxide layer. The
TESPAROD code applies the weight gain correlations for oxygen uptake and oxide layer
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formation according to the models of Leistikov. Alternative models like the Baker/Just model or
Cathcart/Pawel model are optionally available.
Gap Conductance
The gap between the pellet outer surface and the cladding inner surface contains helium and to
some extend fission gas. The gap conductance model in TESPAROD predicts the thermal
resistance for heat flow depending on the fission gas composition, fission gas pressure and gap
size. This model is similar to that model used in the fuel rod code SCANAIR.
Fission Gas Release
TESPAROD code provides an empirical fission gas release model for the operational fission gas
release. This empirical model predicts the fission gas release depending on the fuel rod average
burn-up level only. If complex power histories need to be considered, a coupled code version
TESPAROD/FRAPCON can be applied optionally.
The transitional fission gas release in TESPAROD is modeled based on both a gas diffusion
model for long term transients (in the time range of minutes) and power density model for short
term transients (in the time range of milliseconds). The short term transient model considers the
transitional fission gas release from inter-granular pellet location. This fission gas release rate is
proportional to both the fission gas content at grain boundary. The fission gas release rate is
validated with rod internal pressure data of NSRR test LS1.
Pellet Expansion at High Power Densities
In high power transients like RIA transients the pellet expansion is controlled by both the thermal
expansion of the pellet and the power density related expansion. The second contribution is a
result of a partial amorphous state of the fuel due to the large atomic displacement rate at high
power densities. Although the UO2 crystal cannot reach a permanent amorphous state, a
transitional amorphous state can be achieved. Under normal operation the damage accumulation
in UO2 crystals becomes saturated at 10 dpa without reaching a permanent amorphous state, but
transitional amorphous state is achievable beyond that 10 dpa with a displacement rate of about
10 dpa/s, e.g. during peak power of RIA transients. The additional fuel expansion associated with
the transitional amorphous state is predicted in TESPAROD. Fresh fuel (fuel with less than 10
dpa) has no damage accumulation in the crystal lattice and therefore, the power density related
expansion vanishes.
Fission gas bubble expansion in the fuel is not considered in the TESPAROD code because of an
almost complete loss of fission gas at inter-granular locations during the early period of RIA
transients predicted by TESPAROD.
Pellet Conductivity
Increasing burn-up reduces the pellet conductivity. The TESPAROD model for fuel thermal
conductivity relies on the HALDEN model which provides distinctions for fuel types of UO2,
MOX and Gadolinium.
Radial Power Distribution in Pellet
Because Pu accumulates continuously in the peripheral region of the pellet, the heat release
continuously shifts toward the pellet periphery. TESPAROD approximates this power density
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shift as simple function of burn-up. The heat release at the inner pellet radius (90% of the total
radius) is reduced in power density while the outer radius (remaining 10% of total radius)
receives the difference thus the average power density across the entire pellet is kept constant.
The power density at inner radius is reduced by the factor reduction<1.
Heat Transfer to Coolant
Heat transfer between cladding and coolant can be provided as user input to the code. For RIA
transients an extra heat transfer model is optionally available. This heat transfer model predicts
DNB if the cladding surface temperature exceeds the DNB temperature deduced from the
thermal-mechanical non-equilibrium. The film boiling heat transfer is modeled as a multiple of
radiation heat transfer. The multiplier (~9.0) reflects the enhanced heat transfer due to the wavy
steam/water interface.
The cladding surface temperature has to fall below the Leidenfrost temperature in order to reestablish both nucleate boiling heat transfer and a cladding surface which is wetted by liquid
coolant. Before wetting occurs a pre-cooling effect takes place which is modeled by a quadratic
interpolation between film boiling heat transfer and nucleate boiling heat transfer. This
interpolation starts if the cladding surface temperature approaches 25% of the Leidenfrost
temperature after passing the peak cladding surface temperature.
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4.8 TRANSURANUS
TRANSURANUS is a computer program written in FORTRAN95 for the thermal and mechanical analysis
of fuel rods in nuclear reactors that is owned by the Joint Research Centre of the European Commission
and used by research centers, nuclear safety authorities, universities and industrial partners [12]. The
program is generally referred to as a fuel performance code meaning that it solves the equations for the
radial heat transfer, the radial displacement along with the stress distribution in both the fuel and the
surrounding cladding, and describes the fission product behaviour as a function of time. The equations
embody the following phenomena:
•

Thermal performance: heat conduction, radiation and convection;

•

Mechanical performance: creep, densification, thermal expansion, pellet cracking and
relocation, solid and gaseous swelling;

•

Actinide behaviour: depletion and build-up of main U, Np, Pu, Am and Cm nuclides, impact
on the radial power profile;

•

Fuel restructuring: actinide redistribution, grain growth (normal and columnar), central void
formation;

•

Fission product behaviour: creation in the fuel matrix, diffusion to grain boundaries, release to
free rod volume after saturation of grain boundaries, a thermal release, formation of High
Burnup Structure (depletion and porosity).

The axial and radial discretization of both fuel pellets and cladding are flexible. Once the behaviour of the
fuel is computed in each slice, they are coupled in the code via balance equations that regard displacement
and axial friction forces. For this reason standard fuel performance codes are so-called 1.5 D codes, while
2D (3D) codes solve the equations simultaneously in two (three) dimensions.
The TRANSURANUS code consists of a clearly defined mechanical–mathematical framework into which
physical models can easily be incorporated. The code has a comprehensive material data bank for oxide,
mixed oxide, carbide and nitride fuels, Zircaloy and steel claddings and several different coolants. It can be
employed in two different versions: as a deterministic and as a statistical code.
Besides its flexibility for fuel rod design, the TRANSURANUS code can deal with a wide range of
different situations, as given in experiments, under normal, off-normal and accident conditions, although
some models specific for RIA (e.g. plenum temperature) are still under development. Furthermore the code
is used for BWRs, PWRs and VVERs. The time scale of the problems to be treated may range from
milliseconds to years. Thence complex irradiation experiments can be simulated incl. re-fabricated
instrumented fuel rods and changing operating conditions.
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5. DISCUSSION OF THE RESULTS

This chapter provides a general discussion of the results obtained during the benchmark to identify the
main conclusions that can be drawn. Because of the very large amount of data generated during the
exercise, the results are not presented extensively but rather selected comparison plots are used. The
complete results (all variable, all cases) are presented in the Volume 2 of this report.
5.1 Use of input data
The first observations to be made are on input data and the way they are used in the different codes.
There are two groups of input data that are necessary for performing a RIA calculation.
The first one is related to the initial state of the fuel before the transient. It is usually estimated with the use
of a fuel performance code (see Table 2 for code used). For example, very detailed information about the
irradiation conditions was provided for case #1 and the participants were able to make a complete
calculation of the base irradiation phase.
An example of the differences in the irradiation calculation results is seen in Figure 6 that presents the fuel
to cladding gap width as a function of time. The scatter in the initial values is an evidence of the
differences in the base irradiation calculation results. Besides, it can be seen that all codes predict the
closure of the gap at the same moment. In the longer term, the gap evolution is predicted differently by the
different models. This however is expected not to have a large influence on the results of interest when
there is no boiling of the coolant, because maximum values are reached early in the transient. This
conclusion is not obvious for cases where boiling crisis is reached because then the cladding maximum
temperature is predicted to happen after the end of the power pulse.
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Figure 6: Gap Width at PPN versus time for Case #1
In general, the influence of the initial state of the fuel on the behaviour during RIA is difficult to assess.
This would require a specific exercise (for example to use the results of different irradiation codes as input
to a single transient code) that was out of the scope of this benchmark.
The second input data used for the transient calculation is the power pulse definition. It defines the energy
injected in the fuel rod. Although the power pulses were precisely defined, it unexpectedly appeared that
the different codes interpret them differently. This is shown for example in Figure 7 that presents the
injected energy as a function of time for case #1.
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Figure 7: Energy injected versus time for Case #1

In this case, it appears that there is a difference of about 10% between the minimum and the maximum
values in the different codes. In the case of short pulses, it was found that apart from the scatter also the
shape of curve may be different. This is shown in Figure 8.
It is recommended that the code developers carefully examine the way the input data are used because this
source of difference, that appeared to be significant, should be completely removed.
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Figure 8: Energy injected versus time for Case #5
5.2 Thermal behaviour
The thermal behaviour was evaluated by examining different parameters, mainly the enthalpy variation, the
fuel centerline temperature, the fuel maximum temperature and the cladding temperature.
Analysis of overall transient behaviour
The comparison of the enthalpy variation as a function of time for case #6 is shown in Figure 9.
In terms of maximum values, it appears that the differences mostly result from the differences in the input
data (power pulse, see above) rather than from differences in the modelling. On the longer term, the slopes
of the curves may differ, as a result of the different models of heat exchanges. In case #6 above, this is
amplified by the fact that boiling is reached, resulting in specific models with additional uncertainties to be
activated. When boiling was deactivated, as in case #5, the differences are of course less pronounced as
illustrated in Figure 10.

44

NEA/CSNI/R(2013)7

Figure 9: Variation of Enthalpy at PPN versus time for Case #6

Figure 10: Variation of Enthalpy at PPN versus time for Case #5
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A comparison in terms of fuel centerline temperature is shown in Figure 11. Again, the comparison
appears quite satisfactory and the differences are essentially due to the differences in the use of the input
data.

Figure 11: Fuel Central Temperature at PPN versus time for Case #8
For RIA transients on high burn-up fuels, the maximum fuel temperature is not reached in the center of the
pellets but at some distance from the periphery. The comparison of the calculated maximum fuel
temperatures as a function of time for the same case as above is shown in Figure 12. Most of the models
have consistent predictions, but some predict values much higher than the majority. This may be the result
of specific modelling assumptions; in particular in the case of TESPAROD (a description of the codes is
available in chapter 4). This may be very much penalizing if one is interested in verifying that there is no
fuel melting during the transient.
With regard to the cladding temperature predictions, it is interesting to distinguish the cases where coolant
boiling occurs or not. The latter case is illustrated in Figure 13.
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Figure 12: Fuel Maximum Temperature at PPN versus time for Case #8

Figure 13: Clad Temperature at PPN versus time for Case #5
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Apart from two curves, the others show the same trend. However, there is a large scatter in the values
computed, with a maximum ranging from about 350°C to about 900°C. The two other calculations give
consistent results in the beginning of the transient, but the long term behaviour does not seem physical.
Results from the same case but allowing boiling of the coolant (as in the reality of the experiment) are
shown in Figure 14. This figure clearly shows considerable differences in the predicted cladding
temperatures.

Figure 14: Clad Temperature at PPN versus time for Case #6
In Figure 14, one can see that there are in fact two groups of predictions. In the first group, temperatures
remain below 1100°C, they decrease relatively rapidly after 0.6 s and most of them show rewetting;
however, rewetting is predicted at different points in time. In the second group, temperatures above
1100°C are predicted and they show no or only little decrease during the time period studied.
As it was shown in [13] and [14], the second group is typical of codes that assume that the steady state
correlations are applicable to transient. Indeed, boiling under fast transient conditions is nowadays known
to be significantly different than under steady state conditions. The major effect shown here is that of the
heat exchange in film boiling.
For the first group, differences in temperature levels and rewetting time are essentially due to the fact that
boiling under RIA conditions was not much studied up to now. Thus there is a lack in the validation of
corresponding models.
On the one hand, differences in temperatures shown above may seem not of prime importance because in
the particular case studied the failure happened early during PCMI phase, before those differences are
large. But on the other hand, for cladding materials that are more resistant to PCMI loadings, the
subsequent temperature history has a great influence on the mechanical behaviour, i.e. hoop strain and
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possible failure. For this reason, it is considered that the subject of clad to coolant heat transfer during RIA
deserves more attention in the future, in particular in terms of modelling.
Analysis of PCMI phase
An additional and interesting way to look at the results is to plot them as a function of the enthalpy
increase. To some extent, it deconvoluates the effect of small differences in the power pulse input
identified previously. Also, it allows zooming on the initial part of the transient: the PCMI phase.
The fuel central temperature and the fuel maximal temperature are represented for case #1 as function of
enthalpy variation at PPN location in Figure 15 and Figure 16. The drawing is limited to the first stage of
the transient, up to the maximum enthalpy increase, corresponding approximately to the end of the PCMI
phase.
These two figures show that if the difference of fuel central temperature is rather low (except for one
TRANSURANUS calculation), the discrepancy concerning the fuel maximal temperature is significant.
This is probably resulting from the difference in the energy deposit profiles in the different calculations.
The initial differences in the energy deposit and temperature profiles have some impact on the fuel
behaviour during the entire transient.

Figure 15: Fuel Central Temperature at PPN versus Enthalpy Variation for Case #1
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Figure 16: Fuel Maximum Temperature at PPN versus Enthalpy Variation for Case #1
5.3 Mechanical behaviour
Analysis of rod final state
With respect to the assessment of the mechanical behaviour, case #1 had a special interest because there
were experimental results to compare to. More specifically, Figure 17 shows the comparison between
calculated and measured permanent hoop strain after the test as a function of height in the rodlet.
Given the scatter in the experimental results that is due to the fact that oxide spalling occurred during the
test, all the calculations appear to compare well to the measurements, with one being at the very lower
bound.
The same plot is shown for case #4 in Figure 18. As there is no experimental result in this case (the
experiment not yet being performed), this case can be considered as a blind calculation. The scatter is here
very large because apart from one calculation that predicts virtually no deformation, the maximum value
varies in the proportion from 1 to 10. This is interpreted to be mostly due to the differences in the
calculated cladding temperatures as shown in Figure 14. This would have a considerable impact on failure
predictions for models that rely on a limit strain or on a limit strain energy density. For models based on a
fracture mechanics approach, the influence is difficult to predict because a higher temperature means a
higher toughness which reduces the failure risk but at a same time a higher strain which on the contrary
increases the failure risk.
In addition to the effects of differences in temperature, the use of different models for the mechanical clad
behaviour (i.e. viscoplastic clad law or not) can also lead to very different results.
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Figure 17: Clad Permanent Hoop Strain Profile for Case #1

Figure 18: Clad Permanent Hoop Strain Profile for Case #4
51

NEA/CSNI/R(2013)7
Analysis of overall transient behaviour
The other parameters characterizing the mechanical behaviour examined during the benchmark are the fuel
stack elongation and the cladding elongation.
An example of results concerning the fuel stack elongation is given in Figure 19. Apart from the lowest
and the highest results, other solutions are relatively close to each other.
The cladding axial elongation results appear more scattered as it can be seen in Figure 20. The cladding
elongation is a more difficult parameter to compute because it depends on a number of other values: the
clad temperature, the gap closure instant, the assumptions for describing the contact between fuel and
cladding (sliding, friction, sticking). In Figure 20 calculated values are compared to measurements.
Although calculations generally give the good order of magnitude, it is obvious that the computed values
should be used cautiously and should be associated with a proper uncertainty.

Figure 19: Fuel Stack Total Axial Elongation versus time for Case #1
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Figure 20: Clad Total Axial Elongation versus time for Case #1
Analysis of PCMI phase
The fuel radial deformation is represented for case #1 as function of enthalpy variation at PPN location in
Figure 21. As previously, the curves are limited to the first stage of the transient, up to the maximum
enthalpy increase (corresponding approximately to the end of the PCMI phase).
While the fuel temperature discrepancy is rather low (see paragraph 5.2), the difference on fuel radial
deformation is more significant. This is certainly due to difference in modelling regarding the fuel
behaviour (thermal expansion, cracking, mechanical behaviour). This fuel modelling and the associated
physical laws used in the RIA codes should be checked and compared in more details to understand the
difference.
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Figure 21: Fuel Radial Deformation at PPN versus Enthalpy Variation for Case #1
The gap evolution represented in Figure 22, highlights the importance of initial state of the rod on the
global fuel behaviour. The gap closure occurrence (in terms of enthalpy variation) ranges between 0 to
30 cal/g.
This fact, coupled with the difference in the fuel behaviour, leads to a significant discrepancy on the clad
hoop strain as seen in Figure 23 (up to a ratio of 3 between the upper and the lower value at the end of the
PCMI stage).
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Figure 22: Gap Width versus Enthalpy Variation for Case #1

Figure 23: Clad Mechanical Hoop Strain at PPN versus Enthalpy Variation for Case #1
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Concerning the fuel axial elongation (see Figure 24) the agreement between code results (except for
TRANSURANUS calculations) is better than for the fuel radial deformation. The discrepancy is however
significant for the clad total elongation (cf. Figure 25) especially for the calculations with larger initial
gaps.

Figure 24: Fuel Stack Total Axial Elongation versus Enthalpy Variation for Case #1
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Figure 25: Clad Total Axial Elongation versus Enthalpy Variation for Case #1
5.4 Fission gas release
Typical fission gas release results are illustrated in Figure 26. This graph shows that schematically there
are two groups of results: the lower values are given by RANNS, RAPTA, SCANAIR and
TRANSURANUS and higher values are given by FRAPTRAN and TESPAROD. FALCON appears to
give intermediate results. With respect to the complexity of phenomena that govern the fission gas release
during transients and to the relatively limited number of experimental data, the scatter in the results appears
however not to be very high.
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Figure 26: Fission Gas Volume Release for Case #3
5.5 Failure prediction
The failure (or non-failure) prediction may appear as the ultimate goal of fuel code dedicated to the
behaviour under RIA conditions. For this purpose, three parameters where defined in the benchmark to be
able to compare the predictions of the different codes. Those values are:
•

C, a multiplier to be applied to the power pulse in order to reach failure (when equals 1 then
failure is predicted with the given pulse);

•

TAF, the time at failure (in ms divided by a factor depending on the particular case and
specified in the figures);

•

DHF, the enthalpy variation at failure (in cal/g).

It is worth looking separately to 3 cases: a non-rupture (case #1), a rupture (case #6) and a case with
unknown result (case #4).
The results for the non-rupture case are shown in Figure 27. One can observe that for all the provided
solution, the non-rupture is predicted. The C coefficient is estimated to be between 1.1 and 1.5 and the
enthalpy variation at failure between about 82 and 128 cal/g. All in all, the scatter remains limited in this
case.
The results for the case with failure are illustrated in Figure 28. Again all the predictions are consistent
with the experimental result, i.e. failure happens with the given conditions. There is also a very good
agreement for the predicted time of failure between the codes and with the experimental value. However,
the predicted enthalpy variation at failure is more scattered in this case than in the previous one, ranging
from about 47 to 121 cal/g. This shows that for experiments with narrow pulses, the time of failure is not a
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good indication of the precision of the calculation and should not be used when looking at code
qualification.
To explain the range of the predicted enthalpy variation at failure, one should keep in mind that some of
the most important parameters in PCMI failures during RIA simulating experiment are the concentration
and morphology of hydrides in the cladding. Even for rods that appear to have similar irradiation
conditions, post-irradiation examinations show some variation in the cladding hydrogen content. In this
benchmark, the hydrogen content of the cladding is part of the initial conditions, the influence of which
was not assessed. It is proposed to specifically look at this point in a new phase of the benchmark.
Also, in case of a PCMI failure, the instant of pellet-cladding gap closure is important because it
determines the time at which cladding stresses start to increase. As shown in Figure 22, the difference in
terms of gap closure between the codes is typically about 30 cal/g.
Finally, it should be kept in mind that due to the fact that the considered experiments are very fast
transients, the uncertainty on the experimental determination of the failure enthalpy is relatively important.
In the present case, it was estimated to be in the order of +/- 10 cal/g.
In order to investigate the above aspects and to better assess the significance of the present results, it is
recommended to perform sensitivity and uncertainty analyses in a new phase of the benchmark.

Figure 27: Failure Predictions for Case #1
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Figure 28: Failure Predictions for Case #6
Final case is the one for which the results is not known because the corresponding experiment is not yet
performed. Results presented in Figure 29 show that in this case some predict failure with the given
conditions and some not. However, the C values reported are between 1 and 1.1, showing that if failure is
not achieved, it should be very close to. Again predictions of time of failure do not vary very much. The
enthalpy variation at failure predictions exhibit a scatter consistent with that of the previous case, between
42 and 111 cal/g.
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Figure 29: Failure Predictions for Case #4

As a conclusion to this section, it appears that the failure/no failure predictions are fairly consistent
between the different codes and with experimental results. However, when assessing the code
qualification, one should rather look at predictions in terms of enthalpy at failure because it is a parameter
that may vary significantly between different predictions (and that is also of interest in practical reactor
applications). This is all the more true that the case of interest is characterized by a narrow power pulse.
5.6 User effect
As different users provided solutions with the same code to the benchmark, it is a unique opportunity to
look at the so-called “user effect”, i.e. given the same problem and code, how much different predictions
by different users are because of different assumptions and options used by an individual?
It has been possible to investigate that question for FRAPTRAN and SCANAIR (the number of
calculations with TRANSURANUS for the same case was not enough to make a meaningful comparison).
Results in terms of fuel maximum temperature, cladding temperature, total hoop strain and failure
prediction for FRAPTRAN calculations of case #6 are given in Figure 30 to Figure 33.
It should be noted that MTA EK used a coupling to a thermal hydraulics code. This explains the difference
in Figure 31 with respect to the other predictions. Apart from that, it appears that FRAPTRAN is not very
sensitive to the “user effect” for most of the predictions, with the noticeable exception of the prediction of
the enthalpy at failure. For the other cases studied, the conclusions drawn were similar.
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Comparable plots for SCANAIR predictions of the same values are given in Figure 34 to Figure 37.
For SCANAIR calculations, it should be said that the solution SSM-A was obtained with version 3
whereas the four others were obtained with version 7. One of the major differences is the clad to coolant
heat transfer models. This is clearly seen in Figure 35. If one looks only to SCANAIR version 7 solutions,
the same conclusions as for FRAPTRAN can be drawn regarding the “user effect”.

Figure 30: FRATRAN - Fuel Maximum Temperature at PPN versus time for Case #6
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Figure 31: FRATRAN - Clad Temperature at PPN versus time for Case #6

Figure 32: FRATRAN – Clad Mechanical Hoop Strain at PPN versus time for Case #6
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Figure 33: FRATRAN – Failure Predictions for Case #6

Figure 34: SCANAIR - Fuel Maximum Temperature at PPN versus time for Case #6
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Figure 35: SCANAIR - Clad Temperature at PPN versus time for Case #6

Figure 36: SCANAIR - Clad Mechanical Hoop Strain at PPN versus time for Case #6
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Figure 37: SCANAIR - Failure Predictions for Case #6

5.7 Temperature effect evaluation
An objective of the benchmark was to assess the possibility of evaluating the “temperature effect”. The
question to be assessed is the ability of the RIA fuel codes to transpose results, in particular enthalpy at
failure, from experiments performed at low temperature to experiments at high temperature or even to
typical reactor conditions.
The present benchmark offers the opportunity to investigate this question because it relies on the results of
experiments performed on similar rods but at different temperatures. In particular, the cases #6 and 8 can
be used to assess the “temperature effect” on the failure enthalpy because the two resulted in rod failure.
Given the scatter on predicted failure levels discussed in paragraph 5.5, it appears interesting to
“normalize” the code predictions and to look at the way the codes predict failure in case #8 relative to the
prediction of case #6. This is the purpose of Figure 38. In this figure, one can see that whereas in the
experiment the enthalpy variation increases by 30%, the codes predict variations between -13 and +50%.
The main reason of the differences here is the failure criterion used and its input parameters. Indeed,
different approaches are used to evaluate failure: a limit strain approach, elastic plastic fracture mechanics,
a limit strain energy density … It is obvious that all those approaches do not capture the effect of
temperature the same way. Moreover, even using the same code and the same approach, it appears that
different users have different predictions because the failure criterion is used with different parameters.
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Figure 38: Relative change of the enthalpy variation at failure between VA-1 and VA-3
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6. CONCLUSIONS

The first conclusion that can be drawn from this benchmark exercise is that it was not possible to resolve
the so-called “temperature effect”. That is, to resolve differences between test reactor and commercial
reactor conditions. However, the exercise was a success with regard to the number of organizations and
countries involved. This is all the more satisfactory that from the point of view of the participants the
exercise was unanimously found very challenging because of the number of cases to be calculated and the
number of output variables to produce. From the point of view of the organizers, this benchmark was also
found challenging because of the number of contributions to be handled for presenting the results. There
was a significant effort made to produce benchmark specifications as precise as possible and it appears that
it was very helpful in order not to have contributions that deviate substantially from the expected
computations. However, what could have been done is to also be more prescriptive in terms of computed
values format. For example, providing a template for the participants to submit their results would certainly
have eased the construction of comparative plots that in the end required a lot of efforts.
The first noticeable fact is that, nearly all the participants used code that rely on simplified geometrical
representation usually referred to as 1.5D codes. Although some 3D calculations may be done (one
example was shown by one participant), it appears that given the conclusions below, the detailed
geometrical description is not a priority. Rather, it looks more important at this stage to put the efforts and
continue working on physical modelling.
During the benchmark, one source of differences between the results of the participants was identified to
be due to the way input data, in particular the power pulse, are interpreted within the different codes. It is
recommended that the code developers carefully examine the way the input data are used because this
source of difference, that appeared to be significant, should be completely removed.
It was not possible during this benchmark to assess the influence of the initial state (resulting from base
irradiation) of the fuel on the behaviour during RIA. Indeed it was not in the initial objectives of the action.
Nevertheless, this would be an important thing to do in order to evaluate how much it accounts for on the
scatter of the results. It appears not practical for any participant to be able to use the results of different
irradiation codes as input to a single transient code and thus make this assessment rigorously. An
approximate way to do it would be to perform sensitivity analysis to input parameters and this is
recommended for a possible follow-up action.
With respect to the thermal behaviour, the general conclusion is that the differences in the evaluation of
fuel temperatures remain limited, although significant in some cases. The situation is very different for the
cladding temperatures that exhibited considerable scatter, in particular for the cases when water boiling
occurs. This is easily understood because the thermal inertia of the cladding is very low compared to that
of the fuel. Thus, even limited differences in the heat transfer conditions have a large impact on the
cladding temperatures whereas they are hardly noticeable on the fuel temperatures. In particular, the film
boiling heat transfer model was responsible for large differences between the calculations.
With respect to mechanical behaviour, the parameter of largest interest is the cladding hoop strain because
failure during RIA transient is resulting from the formation of longitudinal cracks. When compared to the
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(known) results of an experiment that involved only PCMI, the predictions from the different participants
appeared acceptable even though there was a factor of 2 between the highest and the lowest calculations. In
fact, due to the scatter in the experimental results, it is not possible to conclude that one of the calculations
or one of the codes is much better than the others.
The conclusion is not as favorable for a case for which both the experimental results are unknown and
water boiling is predicted to appear. In this case, a factor of 10 on the hoop strain between the calculations
was exhibited. This is of course due for a large part to the differences on the cladding temperatures
discussed above.
Other mechanical results compared during the benchmark were fuel stack and cladding elongations. The
scatter remains limited for the fuel stack elongation, but the cladding elongation was found much more
difficult to evaluate. This is more or less a result that was anticipated because the cladding elongation is the
result of the complex conditions of the contact between the fuel pellet and the cladding.
In this benchmark, the fission gas release evaluations were also compared. The ratio of the maximum to the
minimum values appears to be roughly 2, which is estimated to be relatively moderate given the
complexity of fission gas release processes.
Finally, failure predictions that may appear as the ultimate goal of fuel code dedicated to the behaviour
under RIA conditions were compared. As a conclusion, it appears that the failure/no failure predictions are
fairly consistent between the different codes and with experimental results. However, when assessing the
code qualification, one should rather look at predictions in terms of enthalpy at failure because it is a
parameter that may vary significantly between different predictions (and that is also of interest in practical
reactor applications). In the frame of this benchmark the failure prediction levels among the different codes
were within a +/- 50% range. Although major causes of the differences were identified, it is recommended
to perform more systematic sensitivity and uncertainty analyses in a new phase of the benchmark to further
assess the significance of the results produced.
Thanks to the fact that for this benchmark different user provided computations with the same code, it was
a unique opportunity to assess the so-called user effect. It has been possible to do so for the FRAPTRAN
and SCANAIR codes. For both of them, the user effect was found to be very limited on the cases of this
benchmark, nearly negligible if compared to the differences between the results of the different codes. To
generalize this conclusion would require more cases to be studied, but this was out of the scope of the
present exercise.
A broader objective of the benchmark was to assess the possibility of evaluating the “temperature effect”
that can be stated as: is it realistic to use the RIA fuel codes to transpose results, in particular enthalpy at
failure, from experiments performed at low temperature to typical reactor conditions? Based on the
conclusions formulated above, it appears obvious that it should be done with caution given the scatter that
exists between the predictions of the different codes mainly due to the different approaches used to assess
the rod failure level. In other words, if one makes such a transposition with two different codes, one may
end up with two results that differ significantly.
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7. RECOMMENDATIONS

In terms of recommendations for a possible follow-up of this activity (RIA benchmark phase 2), the
conclusions above show that:
•

The emphasis should be put on deeper understanding of the differences in modelling of the
different codes; in particular, looking for simpler cases than those used in the present phase
may be of interest; this was attempted during the present exercise but remained unsuccessful.
It may also be of interest to separately compare specific models: physical phenomena
(thermics, mechanics, thermal hydraulics …) are so closely coupled in RIA transients that it is
very difficult to draw conclusions based only on the output of the codes.

•

The clad to coolant heat transfer in case of water boiling under RIA conditions, and more
specifically during the film boiling regime, is of particular interest because on the one hand
large uncertainties exist on the models and on the other hand it makes large differences in the
thermal as well as in the mechanical predictions.

•

To identify and to assess the strengths and weaknesses of the physical models in the codes, the
calculated results have to be compared with experimental data wherever it is possible. Thus,
the selected new cases should provide a high amount of reliable measurements.

It was also identified that a sensitivity study of the results to the input parameter is desirable in order to
assess the impact of the initial state on the results of the transient.
Finally, in light of the large scatter between the calculations that was shown in this benchmark, it appears
that an assessment of the uncertainty of the results should be performed for the different codes. This should
be based on a well-established and shared methodology.
The proposed phase 2 of the benchmark is considered essential to be able to fully assess the significance of
the results produced during the present phase.
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