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FOREWORD

Increased demands on fuel performance, including transient regimes, higher discharge
burnup and longer fuel cycles, have resulted in an increase of loads on fuel and core internals.
To satisfy these fuel performance demands while ensuring compliance with safety criteria, new
national and international programmes have been launched and advanced modelling codes are
being developed. The need for adequate analysis of all aspects of fuel performance to prevent
a failure, and to predict fuel behaviour in accident conditions, was evidenced by the accident at
the Fukushima Daiichi nuclear power plant.

In response to a recommendation by the Technical Working Group on Fuel Performance
and Technology, the IAEA organized a Technical Meeting on Modelling of Fuel Behaviour in
Design Basis Accidents and Design Extension Conditions. The meeting, hosted by the China
Nuclear Power Technology Research Institute of the China General Nuclear Power Group, in
Shenzhen, China, on 13-16 May 2019, was the tenth in the series of IAEA meetings on the
topic of fuel performance in accident conditions. The previous meetings were held in 1980
(jointly with OECD Nuclear Energy Agency, in Helsinki), 1983 (Riseg, Denmark), 1986
(Vienna), 1988 (Preston, United Kingdom), 1992 (Pembroke, Canada), 1995 (Dimitrovgrad,
Russian Federation), 2001 (Halden, Norway), 2011 (Mito, Japan) and 2013 (Chengdu, China).
The two most recent meetings focused on modelling of fuel behaviour and modelling under
design basis accidents and design extension conditions, reflecting the importance of the subject
and the urgent need to accelerate the development and verification of accident related fuel
behaviour codes.

The current meeting provided a forum for international experts to review the state of the
art of code development for modelling fuel performance of nuclear fuel for water cooled
reactors with regard to steady state and transient conditions, for design basis and early phases
of severe accidents, including experimental support for code validation for traditional and
advanced technology fuels. The meeting was attended by 26 specialists in fuel performance
modelling and experimental support from 14 Member States and the Joint Research Centre.
Twenty papers were presented at five sessions that covered all topics of the meeting subject.
Meeting participants discussed in detail two recently completed coordinated research projects,
one on Fuel Modelling in Accident Conditions (FUMAC), held from 2014 to 2018, and one on
Analysis of Options and Experimental Examination of Fuels for Water Cooled Reactors with
Increased Accident Tolerance (ACTOF), held from 2015 to 2019. A round table discussion on
the information exchange in R&D on advanced technology materials helped to define a scope
and to outline a new CRP entitled Testing and Simulation for Advanced Technology and
Accident Tolerant Fuels (ATF-TS).

The IAEA wishes to thank all participants for their contributions, with special gratitude to
the CNPRI hosts for the excellent organization of the meeting including the technical visit to
the CNPRI testing facilities. The IAEA officer responsible for this publication was
M. Veshchunov of the Division of Nuclear Fuel Cycle and Waste Technology.
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SUMMARY
1. INTRODUCTION

The Technical Meeting (TM) on Modelling of Fuel Behaviour in Design Basis Accidents and Design
Extension Conditions, was held on May 13-16, 2019, in Shenzhen, China. It was organised by the IAEA and
hosted by China Nuclear Power Technology Research Institute (CNPRI), a company of the China General Nuclear
Power Group (CGN).

The objectives were:

—  To review Member States’ capabilities in modelling, predicting and improving their understanding of the
behaviour of nuclear fuel under accident conditions;

—  To report on the main results and outcomes of the coordinated research projects (CRPs) on Fuel Modelling
in Accident Conditions (FUMAC) and Analysis of Options and Experimental Examination of Fuels with
Increased Accident Tolerance (ACTOF);

— To discuss a proposed new CRP on Testing and Simulation of Advanced Technology Fuels (ATF-TS)
(planned for 2020-2023).

Twenty-six (26) participants from 14 Member States and 2 International Organizations (IAEA and EC JRC)
attended the meeting. The TM was divided in 5 technical sessions:

—  Main results of the CRP FUMAC (Chair: Mr. J. Zhang, Belgium);

—  Experiments on fuel behaviour in accidental conditions (Chair: Mr. M. Seveé&ek, Czech Republic);

—  Fuel performance codes applied to Design Basis Accidents (DBA) and to Design Extension Conditions
(DEC) (Chair: Mr. A. Boulore, France);

—  Main results of the CRP ACTOF (Chair: Ms. T. Liu, China);

—  Modelling of traditional UO, and advanced ATF fuels behaviour in integral Severe Accident (SA) codes
(Chair: Mr. J. Stuckert, Germany).

A total of 20 papers were presented and discussed at the meeting. The main conclusions and
recommendations were summarized by the session chairs as follows.

2. SUMMARY OF THE TECHNICAL SESSIONS
2.1. Technical Session 1: Main results of the CRP FUMAC

The first session was chaired by Mr. Jinzhao Zhang, Tractebel (Engie), Belgium.
2.1.1.0verview

This session provided an overview of the recently completed the IAEA Coordinated Research Project on
Fuel Modelling in Accident Conditions (CRP FUMAC). Within the FUMAC project, the following achievements
were made:

— Verified experimental data set on fuel characteristics in accident conditions (in particular LOCA) and design
extension conditions (DEC), supporting fuel rod codes development and validation for potential extension
of the IFPE database;

—  Better predictive capacities of fuel modelling codes: improved models, material properties and codes for the
simulation of nuclear fuel under DBA and severe accident conditions, statistical uncertainty and sensitivity
analysis method;

— Extended collaboration between some Member States organisations (examples: INL-POLIMI-JRC
collaboration agreement; IFE-IBRAE collaboration and joint presentation at the Enlarged Halden
Programme Group Meeting, 2017) beyond the FUMAC project timeframe.

Many participants have acknowledged the IAEA for organising this CRP, which provided an ideal platform
to compare their code results with others and especially with experimental data, to which they otherwise would
not have had access.



All experimental data analysed reveal a relatively large spread of the measured burst strains, which is not
only determined by the local conditions of temperature and pressure, but also by heterogeneities and composition
or micro-structural variations in the materials under investigations. An uncertainty analysis of the experimental
data was therefore recommended, including those data that have been used for the development and validation of
the codes applied.

It has been reiterated that this CRP triggered new collaborations, leading for example to the common
development of improved models (e.g. fission gas release model, large strain deformation model, axial fuel
relocation model), in particular for those that are used by a larger user group (e.g. FRAPTRAN,
TRANSURANUS). It has also enabled to point out differences in the interpretation of some experiments and
therefore in the use of the codes, the so-called “user effect”.

The continuous participation of the organisations providing the experimental data was also very instrumental
in clarifying various questions raised during the project.

2.1.2.Summary of presentations

A total of six papers were presented in this session.

The first presentation on overview of the CRP FUMAC described the organization and structure of the
Project was done by Mr. M. Veshchunov from the IAEA. The CRP was initiated in light of the Fukushima accident
under the umbrella of the IAEA Action Plan on Nuclear Safety, following a recommendation of the 2012 meeting
of the IAEA Technical Working Group on Fuel Performance and Technology (TWG FPT) to launch a new fuel
modelling CRP focusing on accident conditions. The CRP FUMAC was launched in 2014 and ended in 2018. The
objectives of the CRP were:

— Analysis and better understanding of fuel behaviour in accident conditions, with a focus on LOCA (DBA),
in line with the early stage of the scenario of the Fukushima accident (BDBA);

—  Collection of well checked results of accident simulation experiments, and dissemination of experience in
the organizations of Member States;

— Identification of best practices in the application of physical models and computer codes used in different
Member States for modelling of fuel in accident conditions, and enhancement of predictive capacities of
these models and codes.

Twenty-six (26) organizations from 18 Member States participated in the CRP. Selected sets of accident
simulation experimental results were provided by the CRP participants and will be integrated into the International
Fuel Performance Experiments (IFPE) Database (developed in close co-operation and co-ordination between
OECD/NEA, the IAEA and the IFE/OECD/Halden Reactor Project). The codes used for benchmarking ranged
from fuel performance codes (ALCYONE, BISON, DIONISIO, FRAPTRAN, FTPAC, RAPTA,
TRANSURANUS) to system or severe accident codes (ATHLET-CD, MARS, MELCOR, SOCRAT). An
uncertainty and sensitivity analysis was also performed the on Halden LOCA test IFA-650.10. The results were
compiled and compared with the available experimental data.

The second paper on the simulation tools incorporated to DIONISIO was presented by Mr. M. Lemes from
ANEA, Argentina. Several models related to the cladding response in high temperature range: oxidation, hydrogen
uptake and release, ballooning and burst, were incorporated to the DIONISIO code within the frame of the IAEA
CRP FUMAC) to simulate accidental conditions, in particular the so-called LOCA. A specially designed thermal
hydraulic subroutine provides a simplified description of the rod environment in normal or accidental conditions.
The heat transfer coefficients corresponding to the different coolant regimes are activated as the corresponding
conditions are met. Simulation of different experiments has shown that, despite its simplicity this subroutine gives
adequate predictions of the conditions in the channel, not far from those given by specific thermal hydraulic codes.
With its incorporation, the description of the fuel rod atmosphere, which may consist of single (liquid or vapor) or
double phases, provides quite realistic boundary conditions for the simulation of the fuel rod behavior, without
requiring the intervention of external specific thermal hydraulic codes. The calculation scheme divides the rod
length into a user-defined number. The physical and chemical parameters in one representative pellet subjected to
the local conditions of the segment are solved, with the synchronous work of all the subroutines. Then, a
description of the whole rod is obtained by coupling all the segments. This strategy has yielded accurate
simulations of a wide variety of cases, either in normal or LOCA type conditions. Exhaustive comparisons were
carried out with several thermal hydraulic codes (COBRA-IV, RELAP5-Mod3.1, SOCRAT, ATHLET-Mod 1.1)



and with a number of experiments like those of the IFA—650 series (-1,-2,-9,-10, -11), PUZRY, QUENCH-LO/L1
(for which a new working scheme was specially developed in DIONISIO), CORA-15, IAEA-SPE-4, among others.

The third paper on qualification of FRAPCON/FRAPTRAN for LOCA fuel behaviour modelling and safety
evaluation was presented by Mr. J. Zhang, from Tractebel (Engie), Belgium. He presented the model
improvements to FRAPTRAN-TE-1.5 code, such as the Quantum Technologies’ axial relocation model and errors
corrections in the adapted FRAPTRAN-TE-1.5 version. The impacts of the model improvements together with the
improvement in the thermal hydraulic modelling by using the imposed thermal hydraulic boundary conditions
from SOCRAT calculations and in the thermal boundary conditions (axial power profile, plenum temperature) on
the calculation results for the selected Halden LOCA tests IFA-650.9 and 10 were identified and discussed. In
addition, the statistical uncertainty and sensitivity analysis has been performed on the FRAPTRAN-TE-1.5
modelling of the selected Halden LOCA test IFA-650.10, which helped the identification of significant input
parameters for LOCA fuel behaviour modelling. The final objective was to apply the qualified fuel rod transient
analysis codes FRAPCON/FRAPTRAN to develop an efficient methodology for assessing the performance and
quantifying the margins for advanced technology fuel designs under design basis accident conditions (in particular
LOCAs). The perspectives for further model improvements and benchmarks, as well as the LOCA fuel safety
evaluation methodology development and applications were also discussed.

The fourth paper, fuel behaviour modelling in accident condition in ALCYONE fuel performance code, was
presented by Mr. A. Boulore (CEA, France). He presented the CEA development of the ALCYONE fuel
performance code for PWR fuel in the PLETADES software environment. It is dedicated to normal, off-normal
and accident conditions such as RIA and LOCA. CEA’s participation to the IAEA FUMAC CRP led to an
improvement of the fuel modelling in LOCA conditions. Specific developments of the fuel performance code for
the LOCA conditions have been done regarding cladding behaviour modelling, fission gas release and stress
evaluation in the pellet before and during the tests. The improved code has been used to simulate some of the
experiments of interest of the FUMAC project (IFA650.10 and Studsvik 192 LOCA test). For IFA650.10, the
cladding outer temperature profile calculated with the SOCRAT code has been used. The results obtained with
ALCYONE were in a good agreement with the experimental data. In terms of uncertainty quantification, the
uncertainty on the determination of the boundary conditions like cladding outer temperature resulted in a large
uncertainty on the cladding deformation and the burst time.

In the fifth paper on qualification of TRANSURANUS models for mixed core fuel based on the FUMAC
outcome, Mr. M. leremenko (SSTC, Ukraine) presented results of testing of the TRANSURANUS code for
modelling the behaviour of WWER nuclear fuel in the LOCA accident conditions. A simulation of a part of the
experimental data (MTA-EK data, IFA-650.10, IFA 650.11 and Studsvik 192&198) was performed. Also
calculations of some of these data sets and KIT QUENCH-L1 set were carried out by other teams using the
TRANSURANUS code (INRNE, Bulgaria; JRC, Germany). TRANSURANUS code demonstrated good
possibility to predict behaviour of nuclear fuel rod cladding. Predicted geometry of cladding and time of burst for
both general types of cladding (PWR and WWER) showed good correlations with experimental data for such type
of regimes. In addition, the experimental data of the FUMAC project contained the results of post-irradiation
measurements after operational in commercial reactor. This data was used to test the capabilities of the
TRANSURANUS code for modelling of the irradiated fuel rod behaviour in the core.

The last paper on the main results of FUMAC from CNPRI and sensitivity and uncertainty study of
performance of ATF under transient condition was presented by Ms. Q. Ren (CGN, China). With the simulation
of Halden fuel rod LOCA behaviour tests IFA-650.9/10/11 using FRAPCON/FRAPTRAN, evaluation of
integrated performance of fuel rod under LOCA condition was performed. Generally, FRAPCON/FRAPTRAN
predicted well the fuel rod behaviour under LOCA condition. Sensitivity and uncertainty study on IFA-650.10 was
then performed using the DAKOTA code, for both conventional fuel (UO, + Zry-4) and ATF fuel systems (UO»-
BeO + ODS FeCrAl). Based on assumed uncertainty distributions for selected input parameters (5 fuel rod design
data in uniform distribution, 12 physical properties and thermal hydraulic conditions), several global sensitivity
methods have been tested in order to determine the influence on the clad failure time under LOCA condition. It
was found out that the design parameters, especially the pellet diameter have important influence on fuel system’s
performance during LOCA. Proper adjustment of design parameters can optimize the fuel performance for ATF.



2.1.3.General conclusion

— All experimental data analyzed reveal a relatively large spread of the measured burst strains, which is not
only determined by the local conditions of temperature and pressure, but also by heterogeneities and
composition or micro-structural variations in the materials under investigations. An uncertainty analysis of
the experimental data was therefore recommended, including those data that have been used for the
development and validation of the codes applied;

—  The fuel rod codes simulate reasonable agreement in the cladding and fuel thermal behaviours but large
dispersions in the cladding deformation and burst time;

—  Further improvements in the plenum temperature, fuel relocation, cladding deformation and burst models
are needed. The thermal hydraulic boundary conditions are also important;

—  Uncertainty and sensitivity analysis is helpful in improving the modelling of fuel behaviour during LOCA.

2.1.4.Further recommendations

— More analysis and cases for WWER fuel would be needed, especially in view of recent advanced fuel
developments;

— A general interest has been expressed to consider a similar analysis for advanced fuels and cladding materials,
including some of the so-called accident tolerant fuels (ATFs);

—  For a successful CRP that involves so many cases and participants, the duration of the project meetings may
be extended, enabling for instance to analyse better model details and code changes as well as their
comparison with more detailed experimental data;

—  Deeper analysis of failure criteria with advanced tools, and uncertainty analysis on experimental data is
needed;

— Need more quantitative information about fuel fragmentation.

It is also recommended to focus the future CRP in fuel modelling on more practical applications to support
the sustainability of nuclear technology, diversification of fuel supply, and innovation in fuel technology
development. The final objective is to apply the qualified fuel rod codes to develop a best estimate plus uncertainty
analysis (BEPU) type LOCA hot rod fuel safety evaluation methodology (FSEM) for assessment of the
performance of the evolutionary Advanced Technology Fuels (eATFs), and verification of the compliance with
the applicable LOCA safety criteria (e.g. the USNRC new LOCA criteria 10CFR50.46¢).

2.2. Technical session 2: Experiments on fuel behaviour in accidental conditions

The second technical session focused mainly on the experimental investigation of new ATF cladding
concepts to support modelling and simulation activities. It was chaired by Mr. Martin Seveéek, Czech Technical
University, Czech Republic.

2.2.1.0Overview

The session provides an overview of the experimental testing of different ATF cladding materials such as
silicon carbide, FeCrAl alloys, and coated cladding. The bundle test with FeCrAl alloy B136Y was supported also
by pre- and post test modelling activities using two severe accident codes. The sessions highlighted the expected
benefits as well as the remaining challenges of ATF cladding development.

2.2.2.Summary of presentations

Both contributions incorporated into this session were given by researches from the Karlsruhe Institute of
Technology (KIT), Germany. The first contribution was focused on the details of the first-ever integral bundle
experiment with ATF cladding material including modelling benchmark that followed. The second talk presented
experimental results from testing of four different ATF cladding candidates:

—  Mr. Juri Stuckert (KIT, Germany) — Experimental modelling results of the QUENCH-19 bundle tests with
FeCrAl claddings;



—  Mr. Chongchong Tang (KIT, Germany) — Oxidation performance and failure behaviour of monolithic and
coated ATF claddings under severe accident conditions.

Mr. Stuckert presented in his talk an overview of the bundle experiment with FeCrAl alloy in the well-known
QUENCH facility at KIT. The B136Y alloy was provided by Oak Ridge National Laboratory and the accident
scenario was chosen to allow direct comparison between older QUENCH experiments such as QUENCH-15 test
with ZIRLO alloy. B136Y alloy is advanced steel from the group of alloys usually titled as FeCrAl. The
composition of B136Y is as follows: Fe-80.85, Cr-12.99, Al-6.14, Y-0,003. It is considered as one of the main
near-term ATF candidates. There were several challenges found related to testing of this ATF material. These
challenges included also a new design of thermocouples that eventually initiated the melting of the bundle.
Additionally, there were steam leakages detected from the bundle that caused the wetting of the insulation and
related radial heat losses.

Substantial benefits of B136Y were confirmed by the test including reduced oxidation kinetics and hydrogen
production. The coping time that can be quantified for this specific design and scenario is on the order of several
thousand seconds. However, new issues related to FeCrAl deployment were identified. One issue is related to the
higher coefficient of thermal expansion of FeCrAl that is approximately 3 times higher than Zr. When reflooding
and quenching, the dimensional changes cause high stresses and failure of the cladding. Additionally, when FeCrAl
melts it is not covered with strong oxide layer such as traditional Zr alloys which allows higher mobility of melts.
It was also found that when locally melted, FeCrAl interacts with ZrO, pellets that were used. This is not observed
for Zr alloys and poses an additional challenge and requires more investigation.

The pre- and post test calculations were performed with ATHLET-CD code by GRS. GRS models showed
good agreement with experiment, but serious challenges remain. The main inconsistency is related to the oxidation
model used. It strongly underpredicts oxidation and hydrogen release. The post test calculation was done also by
IBRAE using the SOCRAT code. The uncertainties revealed by calculation emphasize high needs for more
experimental data and separate effect experiments to support the development of new correlations.

In the second talk the team at KIT studied various types of ATF cladding candidates and mainly their
behaviour in DBA and DEC conditions. The studied materials are — Cr PVD coated Zry-2, Cr cold spray coated
Zry-4, FeCrAl alloys, MAX phase coated Zry-4 and SiC. Mr. C. Tang presented a range of tests with FeCrAl that
show that the oxidation resistance of this material depends on the heating scenario. This is due to the complex
oxide formation. It was shown that with high heating rates the oxidation of FeCrAl can be catastrophic.
Additionally, acceleration of oxidation was observed above 1350°C which is probably linked to AI(OH); melting.

MAX phase coated cladding showed the protective nature of the coating up to 1260°C in the transient test
but then local delamination and cracking were observed. Cr cold spray cladding showed good resistance against
oxidation at a lower temperature but at higher temperatures, local melting and cladding deformation were
observed. Tests with SiC provided by General Atomics and Westinghouse Electric Company were performed up
to 1750°C. It was found that silica bubbles formed above 1713°C and cladding locally failed at 1750°C. The
protective nature of SiC cladding is ensured only if the protective outer CVD SiC stays intact.

2.2.3.General conclusion

This session emphasized the need for more experimental data even for ATF concepts that have been already
inserted into commercial reactors. Both presentations revealed new failure modes and phenomena of ATF cladding
materials that were not known previously. The talks also highlighted the need for more high-quality experimental
data to support modelling and simulation activities.

2.2.4.Further recommendations

The talks both confirmed the safety benefits of ATF cladding materials. Valuable separate effect test data
were presented but the claimed benefits of any ATF candidate should be confirmed by an integral bundle test. It
was also shown that ATF cladding material properties strongly vary based on the fabrication parameters. The
materials produced by fuel vendors and industry have been optimized in order to achieve the best possible
performance. Therefore, the transferability of experimental results between commercial and in-laboratory
produced materials is questionable. This was confirmed for both FeCrAl (B136Y alloy vs. laboratory alloy) as
well as for Cr coated cladding materials (disagreement with data published by fuel vendors). Additionally, new
phenomena such as SiC scale melting and excessive hydrogen release, FeCrAl failure during quenching or bending



of Cr cold-spray coated tubes were identified. This confirms that there is still a high need for experimental testing
of ATF cladding concepts including support for modelling and simulation activities.

2.3. Technical session 3: Fuel performance codes applied to design basis accidents (DBA) and to design
extension conditions (DEC)

The third technical session was chaired by Mr. Antoine Bouloré, CEA, France.
2.3.1.0verview

Whereas the first session was dedicated to the FUMAC CRP, mainly related to fuel behaviour modelling in
Design Basis Accidents, this session was focused on the fuel modelling and simulation in both Design Basis
Accidents (DBA), but also in Design Extension Conditions (DEC), which, according to IAEA standards, could
include conditions without important fuel degradation and conditions with core melting. During the session,
participants have presented their experience and their recent developments in relation with this topic. One objective
of this technical meeting was to prepare a proposal for the next CRP. So, in the general discussion at the end of
the session, some recommendations and general comments have been raised to help prepare this new CRP.

2.3.2.Summary of presentations

Seven presentations were made during this session:

— Assessment of high conductivity ceramic fuel concept under normal and accident conditions (Mr. A. Abe,
Brazil);

—  Modelling of accident scenarios with the FINIX fuel behaviour module (Mr. H. Loukusa, Finland);

—  Safety analysis of fuel behaviour for implementation licensing (Ms. H. Papp, Hungary);

—  Fuel behaviour during DBA and DEC: analytical and experimental studies for development of ATF
(Mr. A. Gaikwad, India);

— An introduction to a multidimensional reactor simulation environment with the capability of advanced
modelling of nuclear fuel under accident conditions (Mr. R. Vadi, Islamic Republic of Iran);

—  Simulation of IFA650.5 experiment using the fully coupled SPACE-FRAPTRAN code system (Mr. H. Kim,
Republic of Korea);

—  Thermo mechanical performance of TRISO coated fuel particle used in high temperature Gas Cooled Reactor
(Mr. S. Liu, China).

Mr. A. Abe showed an example of assessment of an advanced fuel concept. This new fuel is made of UO;
particles surrounded by BeO matrix, in order to enhance the thermal conductivity of the pellet. A simple model
for the equivalent thermal conductivity is presented (mixing law) and considering the standard models in
FRAPCON/FRAPTRAN code, the effect of the lower temperature on the fission gas release is also presented.

Mr. H. Loukusa presented a multiphysics coupling scheme developed at VTT. The fuel behaviour module
FINIX has been coupled to the neutronics code SERPENT2 and to thermal-hydraulics codes TRAB1D, TRAB3D
and HEXTRAN. In the presentation, some elements of validation have been shown (IFA650.5) but also some
comparisons between stand-alone and coupled calculations. At the moment, the main limitations of the FINIX
module is in mechanical modelling, and this will be improved.

The presentation of Ms. H. Papp was an example of safety analysis, and an illustration of a conservative
approach in safety criteria assessment. This conservative approach consists in the selection of the most critical
rods in operation, and their deterministic simulation to make sure they verify the safety criteria.

A large number of examples of analytical and experimental studies made for ATF were given by Mr. A.
Gaikwad. Physical and chemical properties of many types of coated claddings and an evaluation of their effect in
simulations were presented.

The next two presentations were about the development of multiphysics coupling schemes. Mr. R. Vadi
presented a simulation environment consisting of three codes (a CFD based code for thermal-hydraulics, and two
neutronics codes for point kinetics equations and multigroup diffusion equations). Some results were presented
for LOCA conditions. In the presentation of H. Kim, a system analysis code (SPACE) was coupled to the fuel
performance code (FRAPTRAN). An illustration of this coupling scheme for LOCA test IFA650.5 was presented.



This test shows that the surface-to-surface radiation must be modelled precisely to predict the cladding
temperature. So, both presentations contained some elements of validation of the coupling schemes.

The last presentation of the session by Mr. S. Liu was about TRISO coated fuel particles with UN as the
kernel. Taking into account the physical and mechanical properties of the different materials involved in such
particles (kernel, coatings, ...), the performance of this type of fuel in RIA conditions are assessed. The main
conclusion is that the thermal expansion is the dominant factor resulting in the failure of the particle in RIA
conditions.

2.3.3.General conclusions

In this session, several papers about fuel performance code developments and fuel behaviour modelling were
presented. The subjects covered the following: modelling of advanced fuel concepts, safety analysis example, link
between experimental and modelling activities for ATF and multiphysics coupling.

All presentations in this session contained some validation aspects of the codes and coupling schemes
developed (comparison between calculation and experimental data), which is a very good point if the computation
tools are used for safety analysis.

2.3.4.Further recommendations

One objective of the present technical meeting was also to prepare the proposal for the new CRP following
FUMAC and ACTOF. In the discussion of this session, the link between the modelling capabilities of the Member
States and the requirements of this next CRP were listed and discussed.

The first important point was about the validity of the codes for transposition to real reactor cases. Fuel
performance codes presented in this session are all “single pin” codes, and the calibration of those codes is
performed on single pin experimental data. The transposition of the calculated results to real reactor cases raises
some questions. This point should be addressed to the next CRP.

In the second point of the discussion, it was mentioned that each fuel performance code has its own validation
domain, which is the domain where calculated results can be compared to experimental data. If the code is be used
out of its validation domain, extended margins have probably to be considered to take into account the lack of
knowledge of fuel behaviour out of this domain. The question of the validity of the extrapolation of the validation
domain to new concepts and new materials for ATF should be addressed in the next CRP.

In the session, several presentations introduced multiphysics simulation. Up to now, safety analysis is mainly
based on the single fuel pin analysis. But the question of the necessity of multiphysics coupling environment is
raised, which should be addressed in the next CRP. The two approaches presented (single fuel pin and multiphysics
coupling) have their pros and cons.

As mentioned in conclusion of the first session of this meeting, the next CRP will probably be dedicated to
the development of a method to quickly assess the performance of advanced technology fuel using simulation and
testing. In this framework, this raises the question of the material properties to be used for the new materials or the
new concepts tested. If these concepts are new, there will be probably very few data to consider the evolution of
those properties with irradiation. So experimental data are required on the new materials and new concepts to make
sure the proper material properties are considered in the simulation. This is why both testing and simulation have
to be considered in the definition of the next CRP. In the case of complex materials, such as composite or
heterogeneous materials, the modelling of the material properties should also be addressed.

The last point mentioned in the discussion for future work was about the uncertainties. In safety analysis,
margins must be defined, and a key point that should be addressed in the next CRP is how to take into account
epistemic uncertainties, which represent in fact a lack of knowledge of material properties, for example, in the
definition of these margins. The modelling of uncertainties is also a key point, as it was already mentioned in the
conclusions of the FUMAC project.



2.4. Technical session 4: Main results of the CRP ACTOF
The fourth session was chaired by Ms. Tong Liu, CNPRI, China.
2.4.1.0Overview

This session provided an overview of the recently completed IAEA Coordinated Research Project on
Analysis of Options and Experimental Examination of Fuels for Water cooled Reactors with Increased Accident
Tolerance (ACTOF). The CRP dealed with the acquisition of data through experiments on new fuel types and
cladding materials, development of modelling capacity to predict the behaviour of the components and the integral
performance of accident tolerant fuel designs under normal and transient conditions and to demonstrate
improvements under severe accident conditions. The objective was to provide information to Member States to
support decision making on the choices available to improve the safety of Nuclear Power Plants under normal and
severe accident conditions.

Various ATF options were analysed resulting in improved understanding of ATF behaviours and
developments of ATF technologies in Member States. For example, several coated cladding materials were
produced, tested, characterized and analysed. The feedbacks are important for Member States to improve their
ATF concepts and development activities.

Fuel performance codes from participating organizations were significantly extended to the analysis of
several ATF concepts (including FeCrAl and SiC claddings, coated zircaloy claddings, and UsSiy fuel).
Furthermore, a benchmark was organized and finalized where the extended codes were compared for the analysis
of fuel rod behaviour under both normal operation and design-basis accident conditions. Additionally, Monte Carlo
simulations were carried out to investigate the effect of new claddings and fuel on a potential cycle. Integral codes
(ATHLET-CD and SOCRAT) were applied and benchmarked against the severe-accident bundle test QUENCH-
19 with FeCrAl claddings of fuel rods.

2.4.2.Summary of presentations

In this session, four presentations were made:

— Main results of the IJAEA Coordinated Research Project on Analysis of Options and Experimental
Examination of Fuels for Water cooled Reactors with Increased Accident Tolerance (ACTOF)
(Mr. M. Veshchunov, TAEA);

— Reactivity Initiated Accident assessment for ATF cladding materials (Ms. C. Giovedi, Brazil);

—  Round Robin exercise of the candidate ATF cladding materials within the ACTOF Project (Mr. M. Seveéek,
Czech Republic);

— Introduction of ATF development and main results of the CRP on ACTOF of KAERI (Mr. C. Shin, Republic
of Korea).

Mr. M. Veshchunov gave an overview of IAEA CRP ACTOF by introducing the background, objectives,
participants and current status of ACTOF. The joint actions (including Round Robin tests, benchmark exercises,
severe accident experimental and modelling Exercise), the main outputs as well as the perspectives and
recommendations for the new CRP were presented.

Ms. Claudia Giovedi presented preliminary results for FeCrAl HbbBO-5 test case by using modified versions
of the FRAPCON-FRAPTRAN codes to simulate the fuel behaviour under steady state and RIA conditions.
According to the steady state study, FeCrAl showed better performance as compared to Zircaloy-4: higher fuel
temperatures, lower internal pressure, gap remained opened, and lower cladding hoop stress. And RIA simulation
results showed a good agreement with the experimental results.

In Mr. Martin Seve&ek’s presentation, main results of Round Robin Test with ATF cladding candidates were
presented, including Cr-coated, MAX phase coated, ZrSi-Cr coated, AISI 348. According the experimental results,
only Cr coated concept seemed to be promising from perspective of both long term corrosion and high temperature
oxidation resistance.

Mr. Changhwan Shin introduced an overview of R&D activities for ATF in Republic of Korea. KAERI
focuses on surface modified Zr cladding with ODS treatments and ceramic or metallic microcell UO; pellets as
the near-term choice. Mechanical Model of FRACAS-CT for multi-layered cladding has been developed and
implemented in FRAPCON. The fuel performance analysis with material properties of ATF developed by KAERI



shows ATF has significant advantage in the reduction of the fuel temperature, cladding oxidation thickness, fission
gas release, etc. Safety analysis was conducted to study the ATF benefits in LOCA and BDBA.

2.4.3.General conclusion and further recommendations

The following comments and conclusions were made via presentations and related discussions in the session:

— Development of standard methods and testing procedures are needed for all ATF products;

—  Further experiments were proposed to carry out to better understand the failure mechanism and establish new
failure criteria for FeCrAl cladding under steady state and transient conditions;

—  Most participants showed interests to carry out further round robin tests to enhance the database for better
understanding and evaluation of ATF behaviour and performance;

— A new CRP on testing and simulation of advanced technology fuels (ATF-TS) (2020-2023) was proposed.

2.5. Technical session 5: Modelling of traditional UO: and advanced ATF fuels behaviour in integral
severe accident (SA) codes

The fifth session was chaired by Mr. Juri Stuckert, KIT, Germany.
2.5.1. Overview

This session provided an overview of the results of the benchmark on post test analyses of the CORA-15
bundle test with the system codes ATHLET-CD and SOCRAT, the status of ATF modelling and application in
ATHLET-CD, and advanced cladding embrittlement criteria, which could be implemented in mechanistic fuel
performance and safety codes and applications.

2.5.2.  Summary of presentations

This session included three presentations.

The first paper presented by Mr. J. Stuckert (KIT) described the results of the benchmark on post test analyses
of the CORA-15 bundle test with the system codes ATHLET-CD and SOCRAT. The CORA-15 test was conducted
under transient conditions typical of many CORA-PWR tests, with bundle containing two (Ag, In, Cd) absorber
rods. In contrast to other CORA bundles, all fuel rod simulators with and without heater (16 + 7) were filled with
helium and were brought to a pressure of 60 bar before the transition. During the transition process, all the rods
were ballooned and burst. Balloons developed over about 100 s. Bursts occurred within 150 s in the temperature
range of 650 to 850°C. The most probable burst elevation is a bundle height of 750 mm (the hottest bundle level
on the onset of burst). At temperatures above 1800°C, molten Zr formed in the gap between UO; and ZrO; was
partially moved downwards with concurrent dissolution of oxides and partially released through the destroyed
zirconium oxide layer. The resulting melt, which mainly contains U, Zr, O, moves downwards in the form of a
slug and hardens between 400 and 550 mm in the form of a large porous structure. Above the Inconel lattice spacer
at 500 mm, a maximum bundle blocking was observed (almost 100%). The absorber melt, which have a much
lower solidus temperature, solidified at a lower bundle level of about 150 mm. Investigations performed after the
test showed only slight oxidation of claddings up to bundle elevation of 350 mm. The cladding tubes were
completely oxidized between 480 and 1000 mm. The maximum value of hydrogen rate (210 mg/s) was measured
at the transient end (4800 s). The total hydrogen mass released during the test was 145 + 15 g.

The latest version of the ATHLET CD code was used to simulate the CORA-15 test, with very similar set of
input data and simulation options as for CORA-13 (pressure free rods; it was subject of the international problem
IS-31). In general, for both tests, a good agreement was obtained between the calculated and measured data
concerning the temperature evolutions, with a slight underestimation at the top of bundle and a slight
overestimation at the bundle bottom. The behavior of pressurized rods in CORA-15 was adequately predicted by
the code. The calculated time of the cladding burst, bundle elevation and temperature of the cladding tubes at the
burst position were within the experimental ranges. Hydrogen release was determined within the uncertainty of
the measured data, overestimating the generation rate during the oxidation acceleration between 4000 and 4500 s.
One discrepancy in the calculated results is due to the lack of model of melt retention at spacer grids, which leads
to a shift in the blockage profile and overestimation of temperatures at bundle levels below grid spacers.



To analyze the CORA-15 test, the current version V3 of the SOCRAT code was used. From a comparison
of the simulation results with the CORA-15 experimental data, it can be concluded that the SOCRAT code
reproduces quite well the temperature history of cladding tubes and tends to easily overestimate the temperature
of the claddings at the upper end of the heated region. The calculated parameters of bursts (time, temperature,
pressure, and bundle elevation), the total mass of hydrogen, and bundle blockage due to relocation and
solidification of melt are in good agreement with the data, taking into account the measurement accuracies.

Following the modeling of the experiment CORA-15, it is therefore established that the experimental data
are fairly good simulated (temperature history, parameters of bursts, total hydrogen release, final bundle
degradation). The results reached during the CORA-15 analysis by both system codes SOCRAT and ATHLET-
CD showed a good agreement with the measurements and with each other.

The materials of this presentation on the results of the CORA-15 test and the corresponding post-test analyses
with ATHLET CD and SOCRAT were recently published: J. Stuckert, H. Austregesilo, Ch. Bals, Th. Hollands,
A. Kiselev, D. Tomashchik, T. Yudina, “Post-test analyses of the CORA-15 bundle test with the system codes
ATHLET-CD and SOCRAT?”, Nuclear Engineering and Design 342 (2019), pp. 320-335, and for this reason are
not included the current TECDOC.

The second paper, presented by Mr. L. Lovasz (GRS), described status of ATF modelling and application
with ATHLET-CD.

The QUENCH-19 bundle test with FeCrAl claddings was accompanied by post test analyses at GRS with
the AC? module ATHLET-CD. The QUENCH-19 test was conducted at KIT similarly to the QUENCH-15 test
for comparing the oxidation behaviour of FeCrAl and ZIRLO claddings at high temperatures. In contrast to the
test QUENCH-15, which showed a sharp escalation after start of quenching resulting in temperatures up to 1900°C,
no escalation occurred during QUENCH-19 and peak cladding temperatures of only about 1450°C were reached.
For the post test simulations an oxidation correlation for the KANTHAL APMT alloy was available. One
simulation used the oxidation kinetic defined by constants given for KANTHAL APMT, the other used the same
constants, but the reaction rate was multiplied by 300. Both approaches were implemented in ATHLET-CD with
the assumption that only AL,Os layer was formed at the outer cladding surface, but no other oxides. Compared to
oxidation of Zr alloys both approaches gave orders of magnitude lower oxidation rates.

In general, the results of the post test simulation show good agreement of the thermal behaviour. While the
maximum temperature well reproduced an underestimation of only about 50°C, the radial temperature profile was
significantly underestimated by 150-200°C compared to the measured data. The comparison of the hydrogen
production of in total 9 g in the test and less than 1 g for both oxidation approaches in the simulation shows that
the oxidation model for FeCrAl in the code must be improved. A sharp increase in the hydrogen release was
observed at approximately 800 s before the quenching; one possible trigger for this event could be the failure and
melting of the steel cladding of thermocouples and following partial dissolution of claddings. This was not
considered in the post test calculations. For a detailed evaluation of the calculated hydrogen generation the post
test examination of the bundle is necessary to know which components contribute to the total value.

The third paper, presented by Mr. M. Veshchunov (IAEA), discusses advanced cladding embrittlement
criteria, which could be implemented in mechanistic fuel performance and safety codes and applications.

The analysis of experiments on direct quenching after isothermal oxidation at high temperatures showed that
the ECR 17% criterion notably underestimates cladding capability to withstand thermal shock during LOCA
reflood. On the other hand, the tests (impact, ring compression and 3-point bend) on the capability of the cladding
to withstand anticipated loads during fuel handling and transport of the assemblies showed that the 17% criterion
notably overestimates ductile-to-brittle transition oxidation level. For this reason, the alternative more advanced
and physically based Chung-Kassner criteria as well as the KAERI criterion for post-quench embrittlement are
considered for practical applications.

The advanced Chung-Kassner criteria are based on a more physical consideration (related to the thickness of
ductile B-Zr phase) and were validated by the authors of the criteria against a very wide set of quenching tests in a
wide temperature range (up to 1500-1900°C) that is far beyond LOCA conditions, and thus can be broadened to
Design Extension Conditions (DEC). For practical applications of these advanced criteria in fuel performance
codes, mechanistic diffusion models of cladding oxidation under high temperature transient conditions should be
applied. It allows modelling oxygen and hydrogen radial distributions in the cladding under normal and transient
conditions with consideration of cladding-fuel interactions. Utilization of the advanced criteria in the mechanistic
SVECHA/QUENCH code allows reasonable predictions not only for LOCA conditions, but also for oxidation and
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quenching under severe accident conditions of KIT (with fresh Zry-4 claddings) and RIAR tests (with irradiated
WWER fuel fragments).

The second Chung-Kassner criterion on capability to withstand fuel handling, transport and storage should
be supplemented with an additional condition related to secondary hydriding, revealed in the KIT QUENCH-
LOCA tests (brittle fracture of claddings with local hydrogen content more than 1500 wppm during tensile tests).

The applicability of the KAERI advanced failure criteria (with some potential modifications) for oxidized Zr
alloy claddings with Cr coatings was confirmed in the recent ring compression tests performed within the IAEA
Coordination Research Project (CRP) ACTOF. On this base it is assumed that extension of the mechanistic
oxidation model to consideration of the coated claddings will allow verifying applicability of the advanced Chung-
Kassner and KAERI criteria (as well as the KIT complementary criterion) on the base of future tests on the coated
cladding quenching (which are foreseen, e.g. in the subsequent CRP on ATF in 2020-2023).

2.5.3.  General conclusions and further recommendations

The development of mechanistic models for traditional and advanced fuel materials should be continued.

It would be very important to use results of conducted and planned bundle experiments with ATF materials
for the organization of benchmarks involving different codes.

A new CRP on ATF materials should include various single effect tests on:

—  Determination of oxidation kinetics for reactor relevant FeCrAl alloys, especially near to the melting point
of these materials;
— Investigation of Cr coating behaviour at high temperatures for coated Zr alloy claddings.

3. CONCLUDING REMARKS AND RECOMMENDATIONS

In this Technical Meeting, participants exchanged their view on national perspectives, R&D progress and
results via paper presentations and discussion forums.
The general remarks were as follows:

—  The IAEA CRPs on FUMAC and ACTOF provided an excellent platform to collect relevant experimental
data and compare the fuel performance and integral code calculation results with others and especially with
experimental data;

—  The participation of the organisations providing the experimental data was very useful in clarifying various
questions raised during the projects;

— Anuncertainty analysis of the experimental data was necessary, including those data that have been used for
the development and validation of the codes applied;

—  Efforts are needed to clarify differences in the interpretation of some experiments and in the use of the same
codes, the so-called “user effect”;

—  Efforts should be made to apply the validated computer codes and uncertainty analysis methods to evaluate
the fuel behaviours and performance of advanced technology fuels (ATFs) in nuclear power plants (NPPs).

It was recommended to focus the new CRP on the testing and simulation of evolutionary Advanced
Technology Fuel (ATF-TS), consisting of Round Robin mechanical tests of coated cladding and other concepts,
integral out-of-pile bundle tests with coated cladding, code adaptation and validation for ATFs, and development
and application of simplified methodology for ATF hot rod LOCA fuel safety evaluation.

Most participants showed interests to participate in this new CRP. It was recommended to hold a Consulting
Meeting to finalize the CRP programme and launch the proposal evaluation process by end 2019 and start this
project in 2020.
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Abstract

Several models were integrated to the DIONISIO code within the framework of the IAEA Research Project “Fuel
Modeling in Accident Conditions (FUMAC)”, to take account of accidental conditions, in particular the loss of coolant
accidents (LOCA). A specially designed thermal-hydraulic subroutine provides a simplified description of the rod environment
in normal or accidental conditions. The heat transfer coefficients that account for the different coolant regimes, in single or
double phases, are activated as the corresponding conditions occur. The simulation of a considerable number of experiments
has shown that, despite its simplicity this subroutine gives adequate predictions of the conditions in a vertical cooling channel,
quite similar to those given by the thermal-hydraulic codes. The description of the fuel rod atmosphere is improved with the
incorporation of this subroutine since it provides fairly realistic boundary conditions for the simulation of the fuel rod behavior,
without requiring the intervention of external specific codes. Models of high temperature oxide growth (ZrO2) and hydrogen
capture and release by the cladding in steam were also included. Moreover, the model of cladding creep predicts the conditions
for ballooning and eventually, those for catastrophic failure (burst) and its localization. The calculation scheme makes a
partition of the rod length into a number of segments defined by the user. In each segment the local conditions are considered
to calculate, with the synchronous work of all the subroutines, the physical and chemical parameters in one representative
pellet. Then, a description of the whole rod is obtained by coupling all the segments. This strategy has yielded accurate
simulations of a wide variety of cases, either in normal or LOCA type conditions. Exhaustive comparisons were carried out
with several thermal-hydraulic codes (COBRA-IV, RELAP5-Mod3.1, SOCRAT, ATHLET-Mod 1.1) and with a number of
experiments like those of the IFA-650 series (-1,-2,-9,-10,-11), PUZRY, QUENCH-LO/L1 (for which a new working scheme
was specially developed in DIONISIO), CORA-15, IAEA-SPE-4, among others.

1. INTRODUCTION

The DIONISIO code simulates the behavior of a typical PWR fuel rod under irradiation. It starts from the
linear power history and environmental temperature profiles to predict temperature, stress and strain (either in the
elastic or plastic regimes) distributions in the rod, creep, densification, swelling, release of fission products (noble
gases, cesium and iodine) to the internal free volume of the rod, gas mixing, pressure increase, cladding irradiation
growth, superficial oxide layer development, hydrogen capture and release, pellet restructuring and grain growth
and pellet-cladding mechanical interaction. The effects cladding corrosion due to the internal or external
atmosphere are also considered.

In its present version, the code is able to simulate a fuel rod in its whole length. To this end, the bar is axially
divided into a quantity of sectors defined by the user. In each one the linear power and external temperature are
assumed uniform. The domain formed by one pellet and the corresponding segments of cladding and gap is
considered. The differential equations describing all the features of the problem are solved in each rod segment
under the local external conditions, using the finite element method in a two-dimensional system, assuming
symmetry around the longitudinal axis and with respect to the pellet mid-plane. At every time step the code
provides the local values of temperature, stress, strain and every other significant parameter, conforming a net of
interconnected and mutually dependent subroutines. The results of the individual segments are then merged to
give the time evolution of the global rod features.

The wide temperature range displayed through the radius of the fuel pellet is responsible for the highly non-
linearity of most of the models employed to describe the diverse phenomena.

Several improvements have been carried out on DIONISIO during the recent years, with the intention of
widening its predicting capability. To give account of the high burnup range, several models were incorporated
represent the radial distribution within the pellet of power density, burnup, and concentration of U and Pu nuclides
[1-4].
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Several types of accidents can occur in the core of a nuclear power reactor. One of considerable gravity is
that named Loss of Coolant Accident (LOCA). Fortunately, the safety systems normally act with short delay
interrupting the nuclear reaction, but the heat accumulated in the fuel rods and that still produced by radioactive
decay represent a large amount that has to be removed in possibly defective conditions.

During an excursion of this type, high temperature values can be reached in the rod. The consequent fast
cladding oxidation goes together with the release of a considerable amount of hydrogen, some of which dissolves
in the coolant and the rest in the metallic cladding, usually of Zry. Both situations involve severe risks, either due
to H2 accumulation in the reactor containment or to cladding material embrittlement due to hydrides precipitation
and justify the necessity of accurate predictions in this respect. The consequent coolant temperature increase can
give place to different conditions: turbulent flow of liquid water, birth of water vapor bubbles adjacent to the
cladding wall, breakup of the boundary layer and several more that can develop simultaneously at different places
along the rod and also at a given location during an accidental event until the equilibrium is restored.

Quite recently, a subroutine was developed and included in DIONISIO to analyze and quantify the coolant
behavior in terms of the system pressure and coolant velocity. A vertical channel containing one fuel rod and the
corresponding volume of surrounding coolant is modeled. The purpose is to describe in a simple manner the
conditions in the cooling channel, including single phase, either liquid or vapor, or two phase flow, thus avoiding
the use of specific thermal-hydraulic programs. The comparisons carried out with a considerable number of
experiments and with diverse reactor codes have given stimulating results, despite of the comparatively great
simplicity of the new subroutine.

2.  MODELS AND PARAMETERS INVOLVED

To calculate the temperature distribution in the pellet-gap-cladding system, the heat equation in cylindrical
symmetry is solved. Fissions and radioactive decay in the pellet and oxidation of the external cladding surface are
considered as heat sources [1-5].

Heat is assumed to flow only in the radial direction. Simulation of the oxidation kinetics plays a significant
role since the oxide layer represents a thermal barrier between the rod and the coolant. Models allowing for either
normal (with unlimited oxygen supply) or accidental (with the rod in a steam starved atmosphere) conditions are
considered [5]. On the other hand, the convective cladding-coolant heat transfer coefficient, h,rr [W/(m K)] needs
also to be considered.

The thermal-hydraulic, complex codes describe the wide diversity of flow regimes that can be met during a
power excursion and/or along a vertical channel with water flowing upwards in typical PWR fuels [6-9]. The
objective of DIONISIO is focused on the simulation of the fuel behavior that requires realistic boundary conditions.
For this reason the thermal-hydraulic analysis is restricted to those modes regarded as the more representative [5]
and is condensed in a code subroutine.

—  Forced single-phase convection to subcooled liquid;
—  Saturated nucleate boiling;

—  Post-critical transition boiling;

—  Post-critical film boiling;

—  Forced single-phase convection to superheated vapor.

The dissociation of water molecules caused by oxidation of the cladding, particularly rapid in accident
conditions, results in a considerable increase of dissolved hydrogen in the coolant and in the cladding material.
During a sudden cooling of the bar, a fraction of the hydrogen in solid solution can precipitate and form hydrides,
which can be the cause of serious damage to the material.

The model included in DIONISIO [10] involves two different mechanisms of hydrogen absorption by the
cladding: chemical reaction with H, present in the coolant and rapid diffusion of H+ through the oxide layer and
the consequent discharge into the oxide-metal interface via the capture of an electron released in the oxidation
reaction [11-16].

To estimate the effective cladding creep rate, a temperature dependent empirical correlation [16] was
adopted. In a LOCA type scenario, the temperature, clad ductility and tangential stress can combine in such a way
that the increase of internal rod pressure and depressurization of the primary circuit, can lead to a local strain
sufficiently high as to make the cladding adopt a shape similar to a balloon. This phenomenon can eventually cause
catastrophic clad rupture, which is assumed to occur when the hoop stress exceeds a limit value for which the

16



empirical correlation [16, 17] was adopted. Specific subroutines have been included in the code to predict clad
ballooning and burst occurrence and localization.

The models expressing each phenomenon have been codified in subroutines that were separately tested prior
to their insertion in the code [5, 10].

3. RESULTS

After the introduction of the accident modules in DIONISIO, several complex experiments were simulated,
all of them taken from the IAEA database.

3.1. Simulation of IFA tests

The fuel designs and cladding materials developed in recent years, as well as the tendency to increasing
burnup, determined the need to re-examine and update the traditional safety criteria for LOCA accidents, which
had been developed on the basis of experiments performed in the 70s. This was the objective of the integral
experiments of IFA (Instrumented Fuel Assembly) that were carried out in the Halden Reactor (Norway), designed
to evaluate aspects such as the cladding temperature, the relocation of the fragmented sediment, cladding
ballooning, hydriding and oxidation, under simulation LOCA conditions. They included a sharp pressure drop and
low refrigerant flow [18].

The IFA 650-1 and -2 tests were performed in 2003 and 2004 respectively, with fresh fuel rods that were
electrically heated in a heavy water and high pressure circuit. Unlike these, subsequent experiments of the IFA
650 series used pre-irradiated fuel rods in PWR or BWR type reactor reactors that had reached intermediate or
high burnup levels [19-21].

To simulate the experimental conditions of both tests, the thermal-hydraulic model incorporated to
DIONISIO was applied, taking as input data the power history, the geometric characteristics of the rod (radii of
the pellet and cladding, rod length) and aspects of the coolant (flow, pressure, inlet temperature).
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FIG. 1. IFA 650-1 experiment. a.) linear power (red) and pressure history (dark green); b.) temperature evolution:
experimental results in blue and simulations with DIONISIO in orange.
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In Figure 1(a), the red curve shows the linear power in the IFA 650-1 experiment, which consisted of four
constant power steps. In the same interval, six pressure drops followed by stationary periods occurred, which are
shown in the dark green curve. Thermocouples placed at three axial positions recorded the temperature throughout
the experiment. They are shown in the blue curves in Figure 1(b). In the same figure, the temperature calculated
by DIONISIO at the 20 axial positions selected for the simulations [5] are shown in the orange curves. The very
good agreement between both sets of curves is visible. In particular, the small frame inserted in figure b shows a
magnification of step 2.

In IFA 650-2, the experimental device was a loop filled with heavy water containing a rod segment. It was
instrumented with a pressure sensor and thermocouples to record the external cladding wall temperature.
Accidental conditions were simulated by valves opening, thus leaving the channel almost empty in about 30 s. The
coolant pressure decreased to 3—4 bar and hence the temperature rose. The linear power was kept at an almost
constant value of 23 kW/m until 464 s after valves opening, when scram occurred to end the test. The steep external
pressure drop, that can be appreciated in Fig. 2, corresponds to the accident initiation (t = 0). For the simulations
the rod is divided into 20 axial segments [5]. The curves plotted in Fig. 2 represent the temperature calculated at
the axial segments that better coincide with the thermocouples locations. The figure shows that clad ballooning
and burst occurred during the heat up period. In this respect, a band is plotted to indicate the time interval for
which the code predicts an accumulated creep sufficient to produce tube ballooning. During the experiment, burst
occurrence triggered the injection of a water spray to stabilize the temperature, as evidenced by the change of slope
of the curves. The good coincidence between measured and calculated temperature results can be appreciated.
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FIG. 2. Comparison between the experimental data of IFA 650-2 and the calculations of DIONISIO. Cladding temperature at
three axial positions and pressure evolution, ballooning and burst times as well as the scram are indicated.

Figure 3(a) shows the measured and calculated internal rod pressure in IFA 650-2. The abrupt internal
pressure drop reveals the burst event. According to the experimental report [18], the He pressure should have then
dropped to about 3 bar, which is the rig pressure. The simulation is carried out under this assumption. The
experimental curve shows a different value which is probably due to the sensor design, which is unable to measure
pressures below 56 bar (indicated with the horizontal line in Fig. 3(a). Burst occurrence is predicted at t =110 s
while the experimental report indicates 99 s. The decrease in pressure evidenced in the experimental curve before
the outbreak is attributed to the effect of ballooning [18]. It needs to be mentioned that the mechanical models
included in the code assume that the deformations are small. DIONISIO is not able to reproduce this effect, since
it involves large strains. A model suitable for these cases will be incorporated in the future. Figure 3(b) shows the
experimental and calculated values of the cladding lengthening as functions of the time measured from the pressure
drop. The experimental curve evidences an axial contraction that is associated with agglomeration. The abrupt
interruption of the contraction is attributed to burst occurrence, at 99 s [18]. The images obtained after the
conclusion of the test show an important relocation that is surely responsible for the significant contraction of the
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rod observed in the final part of the experiment. This phenomenon, which implies large deformations and involves
the entire bar, cannot be taken into account in DIONISIO for reasons similar to those mentioned in relation to

Fig. 3(a) This explains the significant deviation between simulation and measurement after 80 s. Before that, the
agreement is quite good.
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FIG. 3. Comparison between the experimental data of IFA 650-2 and the calculations of DIONISIO. a.) internal rod pressure
and b.) clad elongation.

TABLE 1. MAIN CHARACTERISTICS OF THE BASE IRRADIATIONS OF THE RODS IFA 650-9, 10
AND 11.

Experiment Fuel type Base irradiated at Up to a burnup of
(MWd/kgU)

IFA 650-9 PWR Gosgen NPP (Switzerland) 89.9

IFA 650-10 PWR Graveline 5 (France) 61

IFA 650-11 WWER-440 Loviisa NPP (Finland) 56
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For the IFA 650-9, -10 and -11 experiments, short rods cut from commercial fuels that had been previously
irradiated in different reactors were instrumented and further irradiated. The main characteristics of the base
irradiations are listed in Table 1. The three experiments started with forced coolant circulation until the temperature
was stabilized. Then, the cooling was changed to natural circulation.
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To perform the simulations with DIONISIO, input data of these tests like power history and geometric rod
characteristics (pellet and cladding radii, rod length, etc.) are provided. The thermal hydraulic model described in
Section 2 was applied to simulate the experimental conditions in the coolant like flow, pressure and temperature.
The predictions obtained are compared with the experimental results reported in the data basis and with those
calculated with the integral severe accident code SOCRAT, in particular those corresponding to the rod
temperature.
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The cladding temperature evolution predicted by DIONISIO for the IFA 650-9, -10 and -11 tests at different
axial positions is represented in Figs 4(a), 5(a) and 6(a) together with the experimental records of three
thermocouples. The evaluations of the SOCRAT code at similar locations are superimposed for comparison. These

figures also show the times for initiation of blowdown, ballooning, burst and scram, measured and predicted by
DIONISIO.
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Figures 4(b), 5(b), 6(b) show the experimental and calculated internal rod pressures for the three tests. As in
Fig. 3(a), the steep internal pressure drop indicates burst occurrence. Figures 4(c), 5(c) and 6(c) show the
corresponding values of cladding elongation. A good coincidence is in general appreciated. In particular, in
Fig. 4(c) the agreement is good only before ballooning. After that, the calculations predict a slower elongation
rate. The steep contraction experimentally observed is probably due to relocation, as explained in connection with
Fig. 3(b), but this fact is not yet included in the simulation.

With the purpose of testing the quality of the thermal-hydraulic subroutine of DIONISIO, simulations of the
internal rod pressure and clad elongation in IFA 650-10 and -11 were performed in two different conditions: with
the subroutine incorporated and replacing its outputs with those provided by the SOCRAT code, which operated
as boundary conditions (BC) for the fuel behavior simulation with DIONISIO. Figs 5(a) and (b), and Figs 6(a) and
(b) show the comparison between the measurements and both types of calculations for the internal pressure and
axial elongation. The agreement is good in general, although the predictions seem to be better when DIONISIO is
run with the embedded thermal-hydraulic subroutine.

Table 2 shows the time elapsed since accident initiation until ballooning and burst occurrence, measured
[22-24] and predicted by SOCRAT and DIONISIO.

TABLE 2. COMPARISON OF THE PREDICTIONS OF SOCRAT AND DIONISIO WITH
EXPERIMENTAL DATA FOR THE TIME FOR BALLOONING AND BURST

IFA 650-9 IFA 650-10 IFA 650-11

Ballooning (s) Burst (s) Ballooning (s) Burst (s) Ballooning (s) Burst (s)
DIONISIO 79.89 121.2 163.7 256.2 178.4 251.4
SOCRAT — — 109.7 2354 118.2 202.4
Experimental 105 130 199 255 180 210

3.2. Simulations of PMK tests

The PMK experiments were carried out in the mid-1980s on a scale model of the Paks Nuclear Power Plant
(Budapest, Hungary). They had been designed to study the safety margins of WWER reactors and validate the
ATHLET, CATHARE and RELAP 5 thermal-hydraulic simulation codes. The reactor core was simulated by a
bundle of electrically heated bars. In particular, the IAEA-PMK-2 test aimed to investigate processes after small
and medium size breaks (from 1% to 22%) [25]. For this end, a hole was opened in the primary circuit to initiate
the accidental sequence. Approximately 200 s afterward the cooling device acted by steam discharge. The coolant

temperature and pressure recorded during the experiment are shown in Fig. 7 together with the predictions of the
RELAP, ATHLET and DIONISIO codes.
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FIG. 7. Comparison between the experimental data of the PMK tests and the calculations of RELAP, ATHLET and DIONISIO;
a.) Cladding temperature at different axial positions, b.) Coolant temperature and pressure history.

The different heat transfer modes that were described in Section 2 and are included in the DIONISIO thermal-
hydraulic subroutine are activated during the experiment and along the rods axis to provide a realistic simulation
of the conditions met in the transient.

3.3. Simulation of QUENCH experiments

In the QUENCH-LOCA facilities of the Karlsruhe Institute of Technology (KIT), a series of tests are carried
out to investigate the ballooning and burst behavior, as well as oxidation and hydrogen uptake in design basis
accident conditions. Instrumented fuel rods are used, internally heated with tungsten wires connected to DC
generators. In particular, results of the QUENCH-LO and L1 experiments are shown in Figs 7, 9, 10 and compared
with the corresponding simulations performed with DIONISIO. The device consists of 21 rods, the 10 internal
ones alimented with high and the 11 external rods with low electrical power.
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To investigate the influence of the pressure on the involved processes, the fuel rods in QUENCH-LO were
loaded with internal pressures of 35, 40, 45, 50, and 55 bar, respectively [26]. The experimental determinations of
pressure evolution are shown in Fig. 8(a) along with the predictions of DIONISIO. In Fig. 8(b) the measured and
predicted time for burst are compared. It is seen that the rods subjected to high power, i.e., at high temperature,
fail before than those at low power. No significant effect of the initial internal pressure is visible. The experimental

determinations show that burst occurs in the temperature range 1049—1123K while for DIONISIO a similar range
of 1062—-1123K is predicted.
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Figure 9 shows the temperature evolution in different sections of rod 4 of the QUENCH-LO0 experiment. A
partition in 10 segments is used for the simulation with DIONISIO. They are numbered starting from bottom in
such a way that sectors 5—7 fall in the middle of the rod. After burst, the temperature is drastically reduced by
ceasing the power supply and increasing the cooling. However, the residual heat is sufficient to provoke water
evaporation and a further temperature increase. This is counteracted with the injection of vapor with argon, which
is visible in the tail of the curves.

Measured [26] and calculated hydrogen release in rod 4 are compared in Fig. 10. The sudden liberation
accompanying the fast experimental temperature drop is well accounted for by the simulation. However, a
disagreement between both at the final portion of the curves is visible. It is surely originated by the mismatch in
temperature in that portion of the test. Moreover, while the experimental data correspond to the whole bundle, the
simulation with DIONISIO took into account only rod 4 and then the results were extrapolated to the entire bundle.
This fact can contribute to the observed disagreement, especially in the final stage of the experiment.
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4. CONCLUSIONS

Several subroutines have been introduced in DIONISIO in the recent times to give account of individual
phenomena related to the cladding response in the high temperature range: oxidation, hydrogen uptake and release,
ballooning and burst. They have been all subjected to separate testing plans and then incorporated to the general
code.

Moreover, with the purpose of providing realistic boundary conditions to simulate the fuel behavior, a
subroutine was developed to give account of the different scenarios that can be met in the coolant, particularly
during an accidental excursion. Although this is the specific task of the complex thermal-hydraulic codes, the
strategy was adopted of introducing a simplified calculation scheme that could be embedded within DIONISIO,
thus avoiding the use of external inputs. This challenging task has been adequately fulfilled as evidenced by the
considerable number of experiments simulated, many of which are shown in this report, where a good agreement
is verified with the existent experimental data or with the simulations provided by the specific codes.
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Abstract

As part of the Tractebel contribution to the IAEA FUMAC project, Tractebel has used the updated FRAPTRAN-TE-1.5
code for simulation of selected Halden LOCA tests IFA-650.9 and IFA-650.10, together with the improvement in the thermal
hydraulic modelling by using the imposed thermal hydraulic boundary conditions from SOCRAT calculations and in the
thermal boundary conditions (axial power profile, plenum temperature). In particular, the impacts of the model improvements
such as the Quantum Technologies’ axial relocation model and errors corrections in the adapted FRAPTRAN-TE-1.5 version
on the calculation results were identified and discussed. In addition, the statistical uncertainty and sensitivity analysis has been
performed on the FRAPTRAN-TE-1.5 modelling of the selected Halden LOCA test IFA-650.10, which helped the
identification of significant input parameters for LOCA fuel Behaviour modelling. The final objective is to apply the qualified
fuel rod transient analysis codes FRAPCON/FRAPTRAN to develop an efficient methodology for assessing the performance
and quantifying the margins for advanced technology fuel (ATF) designs under design basis accident conditions (in particular
LOCAs).

1. INTRODUCTION

As the owner’s engineer for the utility (Electrabel) that owns and operates 7 nuclear power plants (NPPs) in
Belgium, Tractebel needs to qualify and apply fuel rod codes for fuel behaviour modelling and safety evaluation
during normal and off normal conditions. For this purpose, Tractebel has been working on the qualification of the
FRAPCON and FRAPTRAN codes since 2010 [1]. This has been achieved partly by participation in international
benchmarks (such as the IAEA’s FUMEX-III and FUMAC coordinated research projects and the OECD/NEA’s
fuel rod codes RIA benchmarks), performing selected benchmark exercises using FRAPCON and FRAPTRAN
codes and sharing experience and information with other participants [1, 2].

The FUMAC (Fuel Modelling in Accident Conditions) project has been launched by IAEA as a new Co-
ordinated Research Project (CRP) in 20142017 [3]. It is a continuation of the previous FUMEX-III project with
the focus on the modelling of fuel behaviours in design basis and severe accidents, in particular, Loss-Of-Coolant
Accidents (LOCAs), which are of particular interests after the Fukushima accidents.

Tractebel participation in the FUMAC project consists partly in simulation of the integral single rod LOCA
tests IFA-650.9 [4] and IFA-650.10 [5] performed at the Halden reactor, using the USNRC fuel performance
codes, FRAPCON-3.5 [6, 7] and FRAPTRAN-1.5 [8, 9]. In particular, following the scoping studies [10], the
Quantum Technologies’ axial fuel relocation model [11] and errors corrections [12] were implemented in the
adapted FRAPTRAN-TE-1.5 version [13, 14], and the impacts of the model improvements on the calculation
results were identified and discussed. In addition, the statistical uncertainty and sensitivity analysis has been
performed on the FRAPTRAN-TE-1.5 modelling of the selected Halden LOCA test IFA-650.10.

The final objective is to qualify FRAPTRAN for simulating relevant behaviours of high burnup fuel under
LOCAs, in order to use the code for assessment of margins regarding to the new USNRC acceptance criteria for
LOCA (10CFR50.46c), for Belgian operating nuclear power plants (NPPs). For this purpose, an efficient
methodology will be developed in the future project for assessing the performance and quantifying the margins
for advanced technology fuel designs under design basis accident conditions (in particular LOCAs).

This paper will summarize the contribution of Tractebel to the IAEA’s FUMAC project and present the
proposal for future development.
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2. MODEL IMPROVEMENTS IN FRAPTRAN-TE-1.5

The FRAPCON-3.5 [6] and FRAPTRAN-1.5 [8] fuel rod performance and transient analysis codes have
been developed in the framework of reactor safety research programme conducted for the U.S. Nuclear Regulatory
Commission (NRC) by Pacific Northwest National Laboratory (PNNL). FRAPCON-3.5 analyses the thermal
mechanical behaviour of LWR fuel rods under steady state and power ramp operating conditions, while
FRAPTRAN-1.5 code analyses the thermal mechanical behaviour of LWR fuel rods under transient and accident
conditions including LOCA and RIA. Experimental data are used for assessing the FRAPCON-3.5 and
FRAPTRAN-1.5 capabilities [7, 9]. The worldwide community also contributes to the development, testing and
assessment of models.

In the FUMAC project, Tractebel intends to improve and use the FRAPTRAN-1.5 code for better simulation
of the fuel behaviours during LOCA, including the axial relocation. TE has reviewed the capability of
FRAPTRAN-1.5 and made the preliminary assessment for LOCA simulation. The preliminary scoping parametric
analyses recommended improving certain models in FRAPTRAN-1.5, in particular the axial relocation model and
the thermal hydraulic boundary conditions [10].

Therefore, Tractebel requested Quantum Technologies to implement their axial fuel relocation model [11]
and error corrections [12] in the Tractebel version of FRAPTRAN-TE-1.5 [13, 14], in order to perform further
model validation.

3. SIMULATION OF THE HALDEN LOCA TESTS IFA-650.9 AND IFA650.10
3.1. Input models and assumptions

Detailed specifications on the Halden LOCA tests IFA-650.9 and IFA650.10 can be found in [4, 5]. In both
FRAPCON and FRAPTRAN input models, most of the data are set according to the specifications of IFA-650
tests (design data, initial data and measured test data) or the code manual recommended values.

In order to simulate the fuel rod conditions before the LOCA tests, FRAPCON input models are built to
generate initial conditions for FRAPTRAN analysis. The refabricated rodlet FRAPCON-3.5 input model was
validated by comparing with available measured data. The refabricated rodlet FRAPTRAN-1.5 initialization file
was the output of FRAPCON-3.5 input model which contained gas data from the initial father rod and subsequent
Fission Gas Release (FGR) history data. The number of moles of new gas mixture and the relative amount of each
gas species in the refabricated rodlet was adapted to match the calculated and measured initial rod internal pressure.

The measured rod power is imposed. The rod axial power profile in the rodlet is nearly symmetric, with an
axial peak to average power factor of 1.04—1.05. The heater is not simulated.

The most important and difficult is the modelling of the test rod thermal hydraulic boundary conditions [10].
As there exist too large uncertainties in the measured inlet coolant temperature and flowrate, and a lack of
validation of the FRAPTRAN built-in heat transfer models, it was recommended to use system thermal hydraulic
codes (such as RELAPS, TRACE) to calculate the realistic T/H boundary conditions for FRAPTRAN.

Within framework of the FUMAC project, IBRAE has used the integral system thermal hydraulic code
SOCRAT (System Of Codes for Realistic AssessmenT of severe accidents) to simulate the IFA-650 Halden
experiments, in order to provide the FUMAC project participants with the thermal hydraulic boundary conditions
for fuel rod code benchmarking [15]. In the current study, the calculated coolant temperatures and coolant-cladding
heat transfer coefficients form SOCRAT are imposed by using the “Heat” option, and FRAPTRAN will calculate
the cladding temperatures. The clad to coolant heat transfer coefficients are determined from the SOCRAT
calculated total heat flux (radiative + convective), namely HTC = Q.ot / (Teiaa— Teoor), for each axial node. For
simplicity, only 3 pairs of the SOCRAT calculated thermal hydraulic conditions are imposed at bottom, mid and
top of the test rod, consistent with the cladding temperature measurements as in the tests.

The rodlet plenum gas temperature as imposed in the external volume (T ey ) are taken directly from the
measurement, or from the SOCRAT calculated coolant temperature at the pleneum level.

The father fuel rod and the re-fabricated rodlet have the same number of nodalization: 45 radial nodes and
40 axial nodes both in FRAPCON and FRAPTRAN.

A steady state period of at least 100 s is imposed for the simulations: the LOCA transient is assumed to occur
at 100 s and to end at the scram time (600 s). The maximum time step is 0.1 s during the steady state and 0.001 s
during the transient.
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3.2. Parametric studies on the FRAPTRAN-TE-1.5 model options

The reference case (P0) considers the default properties and models in FRAPTRAN-TE-1.5, namely:

— The FRACAS-I rigid pellet and cladding deformation models (finite difference model) for fuel rod
mechanical response;

—  The BALON2 high temperature clad failure model based on empirical strain and stress limits for the burst;

—  The fuel thermal conductivity, thermal expansion, specific heat models;

—  The cladding thermal conductivity, thermal expansion, specific heat models;

—  The fuel initial radial deformation and relocation due to densification, solid swelling and gas swelling (from
FRAPCON);

—  The cladding initial radial deformation (from FRAPCON);

—  The Massih model for fission gas release (FGR);

—  The gap conductance model due to gap gas conductivity, fuel/cladding emissivity and cladding hardness;

—  The Cathcart-Pawel (C-P) model for high temperature oxidation;

—  The non-protective initial oxide layer option.

In order to test the model improvements in FRAPTRAN-TE-1.5, the following parametric studies are
performed on the model options:

TABLE 1. PARAMETRIC STUDIES ON FRAPTRAN-TE-1.5 MODEL OPTIONS

Case Clad mechanical Clad burst failure Axial fuel relocation
PO FRAGAS-I BALON2 (empirical strain and stress limits) Off
P1 FRAGAS-I noball (Instability strain) Off
P2 FRAGAS-I noball (Instability strain) On
P3 FEA (finite element analysis) noball (Instability strain) On

For the cases with the new “axial relocation” model, the following calibrated parameters are used in order to
obtain correct clad ballooning and burst behaviour and fuel packing fraction:

TABLE 2. SUMMARY OF THE AXTIAL RELOCATION MODEL CALIBRATED PARAMETERS

Parameters IFA650.9 IFA650.10
Sigburststrain 1 0.45
Sigcladanneal 0.15 0.1
Sigcladyieldstress 1.05 1.30
Packing fraction 0.72 0.72

3.3. Parametric studies results and discussions

The calculated results of the parametric studies with FRAPTRAN-TE-1.5 (P0-P3) are compared with the
available experimental data (Measurement) in Fig. 1 for IFA-650.9, which indicated significant axial fuel
relocation. Fig.1 (a) and (b) show cladding temperatures, (c) and (d) coolant temperatures, (e) plenum temperature,
(f) rod internal pressure, (g) cladding elongation and (h) rod radius.
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FIG.1. The parametric study results for [FA-650.9.
It can be observed that:

The measured cladding temperatures at bottom (Fig. 1(a)) and top (b) are well predicted only by using the
FRAPTRAN-TE-1.5 axial relocation model (P2 and P3), the SOCRAT calculated coolant temperatures (Fig.
1(c) and (d)) and heat transfer coefficients. However, without the axial relocation model (PO and P1),
FRAPTRAN-TE-1.5 fails to predict the decreased cladding temperature at top (b), even though the SOCRAT
calculated coolant temperatures are correct (d).

The SOCRAT calculated coolant temperatures are quite close to the measured heater temperature at heater
top (d) and the rod plenum temperature (e), but significantly higher than the measured heater temperature at
bottom after 210 s (c¢). This can be attributed to the mechanistic relocation model used in the SOCRAT
calculation [15].

The default BALON2 ballooning (with high temperature clad failure criterion based on empirical strain and
stress limits for the burst) (P0) predicts earlier burst than the default deformation model (with burst criterion



based on the cladding effective plastic strain) (P1) as shown in the rod internal pressure (f), lower
deformation as shown in the cladding elongation (g) and radius (h).

—  The finite element analysis (FEA) model (P3) enables FRAPTRAN-TE-1.5 to better predict the cladding
deformation (g and h).

—  The evolution of the rod internal pressure (f) during the cooldown and heatup period and following the burst
is poorly predicted in all cases. Since the plenum temperature is well imposed (e), on can attribute this to the
poorly predicted deformation (g, h) and the possible axial gas transportation from the plenum to the ballooned
and burst region (not simulated in FRAPTRAN-TE-1.5).

— FRAPTRAN-TE-1.5 fails to predict the “double balloons” as observed in the test (h). This may be attributed
to the coarse mesh for the thermal hydraulic boundary conditions. Indeed, with much refined axial meshes
in the test rod, SOCRAT is able to predict the “double balloons™ [15].

Similar observations are made for IFA650.10, except that no differences are observed between the calculated
cases cladding temperature at top as there is almost no axial fuel relocation in this case.
It can be concluded that:

—  The default mechanical model (FRACAS-I) with ballooning model under predicts the ballooning but predicts
better the rupture behaviour.

—  The default mechanical model (FRACAS-I) without ballooning model over predicts the ballooning but
predicts later rupture behaviour.

—  The default mechanical model (FRACAS-I) without ballooning but with relocation model predicts better the
cladding temperatures (in particular for IFA-650.9), the ballooning and rupture behaviour (in particular IFA-
650.10).

—  Only the FEA model without ballooning but with relocation model predicts better the cladding elongation.

4.  STATISTICAL UNCERTAINTY AND SENSITIVITY ANALYSIS ON IFA-650.10
4.1. Specifications

A detailed specification has been made for the uncertainty and sensitivity analysis on IFA-650.10, where
uncertain input parameters in fuel rod manufacturing data, operation and test boundary conditions, physical
properties and key physical models were identified, with their ranges and distributions defined [16].

The probabilistic input uncertainty propagation method is selected due to its simplicity, robustness and
transparency. A total of 200 FRAPTRAN code runs are made, and the input parameters are obtained following a
Simple Random Sampling (SRS) of the defined PDFs uncertainty ranges and distributions and assuming
independence between input parameters. A lower and upper uncertainty bound of the 5% and 95% percentiles at
confidence level higher than 95% are estimated by the 196th and 5th rank, respectively, by using the order statistics
method [16].

Besides statistical uncertainty analysis, a global sensitivity analysis is also performed to get qualitative
insights on the most influential input parameters, using the previously obtained 200 code runs. The identification
is based on selected sensitivity indices and significance thresholds [17].

4.2. Implementation on FRAPTRAN-TE-1.5 using DAKOTA

The DAKOTA (Design Analysis Kit for Optimization and Terascale Applications) tool [18], which is
developed by the Sandia National Laboratory and has been used by Tractebel for uncertainty analysis in multi
physics modelling [10], is used for performing the uncertainty and sensitivity analysis on the FRAPTRAN-TE-1.5
simulation of IFA-650.10. The above specifications were implemented except for some minor adaptations. In
particular, the relocation model related parameters based on the previously calibration for IFA-650.9 (see Table 2)
are kept for IFA-650.10, in order to have single calibrated model parameters for the future applications.

For each uncertain input parameter, the information includes a mean value, a standard deviation and a type
of distribution. In order to avoid unphysical numerical values, a range of variation (lower and upper bounds) is
also provided. The sampling is performed between the upper and lower bounds, i.e. the distributions are truncated.
In order to simplify the current benchmark application, a normal distribution is assigned to all the considered input
parameters. Their standard deviation is taken as the half of the maximum of the absolute value of the difference
between their nominal value and their upper or lower bound for all input parameters.
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The DAKOTA tool has been used to sample these input parameters and generate corresponding 200 input
models for FRAPTRAN-TE-1.5. After running these 200 cases, the relevant output parameters were collected, the
lower and upper bounds were determined by using the order statistics, and the important input uncertainty
parameters were identified through the partial rank correlation coefficients (PRCC) obtained by the global
sensitivity analysis.

4.3. Uncertainty analysis results and discussion

The FRAPTRAN-TE-1.5 calculation results of the first 200 successful runs are collected, and the 5th and
196™ ranks are chosen to estimate the upper/lower (95% / 5%) uncertainty bounds (LB, UB) of the output
parameter of interest. The reference case results (Best-Estimate or BE) are also presented, using all input
parameters at their mean (or nominal) values. The calculated reference, upper and lower bounds are compared
with the available measured data (Experimental) in Fig 2(a) for rod internal pressure, (b) cladding outer surface
temperature, (c) for cladding axial elongation, and (e) for rod diameter.
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FIG.2. Uncertainty analysis results for IFA-650.10 with relocation model.

It can be observed that:

—  The BE rod internal pressure agrees remarkably well with the experimental data, which is well bounded by
the uncertainty bands. The pressure is a little underestimated just after the blowdown, but both burst instant
and peak pressure are well predicted. This confirms that the fuel thermal aspects are well modelled by
FRAPTRAN. Since the fuel axial relocation and deformation are known to be much weaker in this test, the
weaknesses in the mechanical deformation models have no impact on the rod internal pressure.

— In the heatup phase, the calculated cladding outer surface temperatures (BE, LB and UB) are above the
experimental data, even when the uncertainties are accounted, due to probably the consideration of axial
relocation in the calculation. Indeed, it is suspected that some small axial relocations occurred during the test
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but were not detected in the 3 cladding temperature measurements. More precise measurements are
recommended in the future LOCA tests.

—  The predicted clad elongation has large initial uncertainty, which nearly disappears with blowdown. The
difference could be due to that the definition of the starting points are different in the calculations and in the
experiment. The measurements are overestimated by far and this confirms the need to work on the
mechanical deformation models. Use of FEA may also improve the prediction.

—  The uncertainties on the cladding diameter are rather weak, except for in the bottom part. This means that
there are more phenomena of interest occurring in that bottom part, leading to larger uncertainties. The fact
that the uncertainty analysis does not cover the experimental data confirms that the models used are not
adequate for all phenomena. There is a balloon of the appropriate radial size, but of exaggerated axial size.
This confirms the results on the oversized elongation, but also the choice of the axial relocation model.

4.4. Sensitivity analysis results and discussion

The partial rank correlation coefficients (PRCC) measures the monotonic relation between the output
parameter and the input parameter, while adjusting for the effects of the other input parameters. As the
FRAPTRAN code have very complex models, and there are certain interactions between input parameters, these
coefficients can only be considered as qualitative and relative index for screening the important input parameters.

The PRCC values change during the transient. Based on the PRCCs at their maximum absolute values, the
important input parameters are identified for each output as shown in Table 3, where “H” (green) cell means that
the input parameter has a significant impact on at least one of the related output parameters (PRCC > 0.5), “M”
(orange) cell means a medium effect (0.25 > PRCC <0.5), and “L” (white) cell means a low effect (PRCC < 0.25).
Note that the significance thresholds of 0.25 and 0.5 are chosen arbitrarily for simplicity, as specific guidance and
interpretation of the significance depends on the number of samples, number of variables, and analysis tolerance.

The following observations can be made:

—  The fuel thermal behaviour (TFC, TFO) and rod internal pressure (RIP) are significantly impacted by the rod
gap geometry (fuel diameter and cladding inner diameter), gap gas conductivity, filling gas pressure, plenum
gas temperature, fuel thermal conductivity, heat capacity and axial relocation related parameters (clad yield
stress, fuel fragment packing ratio and clad annealing), test conditions (relative transient power, coolant
temperature, coolant to clad HTC).

— The cladding thermal behaviour (TCI, TCO) and cladding equivalent reacted (ECR) are significantly
impacted by clad thickness, steady state corrosion and high temperature oxidation, fuel heat capacity and
axial relocation related parameters, test conditions (relative transient power, axial power profile, coolant
temperature, coolant to clad HTC).

—  The cladding and fuel mechanical behaviour (DCO, CES, ECT and EFT) are significantly impacted by rod
gap geometry, fill gas pressure, gap gas conductivity, fuel/clad related properties and models (fuel thermal
conductivity, densification, swelling, fuel/clad thermal expansion), steady state corrosion and high
temperature oxidation, axial relocation related parameters, test conditions (relative transient power, axial
power profile, coolant temperature, coolant to clad HTC).

It is clear that the clad, gap and fuel geometry, initial states, test conditions (relative transient power, axial
power profile, coolant temperatures and clad-to-coolant heat transfer coefficients) and axial fuel relocation related
parameters (clad yield stress, fuel fragment packing fraction and clad annealing) are important for nearly all output
parameters. This means that a good simulation of the fuel behaviours in Halden LOCA tests need a better
characterisation of the test rods, better measurements or calculations of the thermal hydraulic boundary conditions,
and a realistic axial relocation model.
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TABLE 3. IMPORTANCE RANKING OF EACH PARAMETER FOR IFA-650.10

Input uncertainty parameter

Fuel Thermal
Behaviour +
RIP

Clad Thermal
Behaviour +
ECR

Mechanical
Behaviour

Overall

Cladding outside diameter (mm)
Cladding inside diameter (mm)

Pellet outside diameter

Fuel theoretical density (kg/m3 at 20°C)
U235 enrichment (%)

Filling gas pressure (MPa)

Relative power during base irradiation
Relative power during test

Test rod power profile

Cladding temperature (°C)

Coolant temperature (°C)
Clad-to-Coolant heat transfer coefficient
Fuel thermal conductivity model

Clad thermal conductivity model

Fuel thermal expansion model

Clad thermal expansion model

Fuel densification model

Fuel solid swelling model

Fuel gaseous swelling model

Clad Yield stress

Fuel heat capacity

Cladding heat capacity

Cladding elastic modulus

Cladding corrosion model during steady state

operation

Cladding hydrogen pickup fraction during steady

state operation

Cladding oxidation model at high temperature

Thermal conductivity of the oxide layer
Fission gas release

Gap gas conductivity

Fuel/cladding emissivity

Fuel radial relocation

Fuel fragment packing fraction
Cladding strain threshold for fuel mobility
Cladding Meyer hardness

Cladding annealing

Cladding burst criteria

Cladding burst strain criteria

Plenum gas temperature [°C]
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5. PROPOSAL FOR DEVELOPMENT OF A METHODOLOGY FOR SAFETY EVALUATION OF
ADVANCED TECHNOLOGY FUEL DESIGNS UNDER LOCAS

The final objective is to apply the qualified fuel rod codes FRAPCON/FRAPTRAN to develop a best
estimate plus uncertainty analysis (BEPU) type hot rod LOCA fuel safety evaluation methodology (FSEM), in
order to verify the compliance with the applicable LOCA safety criteria (e.g. the USNRC new LOCA criteria
10CFR50.46¢).

In this FSEM methodology, the important phenomena or input parameters that affect the LOCA fuel
behaviour modelling will be first identified by means of the PIRT (phenomena identification and ranking table)
technique, and the FRAPTRAN simulation model will be developed for a Pressurized Water Reactor (PWR) fuel
rod based on the thermal hydraulic boundary conditions (e.g. local coolant temperatures and cladding to coolant
heat transfer coefficients) from the qualified system thermal hydraulic codes (such as RELAP5 or TRACE,
CATHARE, MARS or SPACE)), as obtained from the most limiting cases for the final safety analysis report (FSAR)
the design basis LOCA safety analysis.

The uncertainties related to the FRAPTRAN fuel rod simulation model input parameters and the thermal
hydraulic boundary conditions will be identified and defined. Their importance will be confirmed by using the
GSA (global sensitivity analysis) technique. The uncertainties on the important input parameters will be combined
statistically in the FRAPTRAN calculated upper bound values of peak cladding temperature (PCT) and maximum
local oxidation (MLO) or equivalent cladding reacted (ECR), by using the input uncertainty propagation and order
statistics methods (such as the method used in the FUMAC project).

This methodology will be used to quickly assess the LOCA performance and the margins of the advanced
technology fuel (ATF) rod, without the need to perform complex LOCA safety analyses.

6. CONCLUSIONS

As part of the Tractebel’s contribution to the IAEA FUMAC project, two selected Halden LOCA tests IFA-
650.9 and IFA-650.10 have been simulated using the updated FRAPTRAN-TE-1.5, in order to qualify the
FRAPTRAN-1.5 code for LOCA fuel behaviour modelling. In addition, uncertainty and sensitivity analysis has
been performed on the FRAPTRAN-TE-1.5 simulation of the [FA-650.10 test.

It was concluded that:

—  The updated FRAPTRAN-TE-1.5 can well simulate the LOCA fuel thermal behaviours as observed in the
Halden LOCA tests IFA-650.9 and IFA-650.10, using adequate thermal hydraulic boundary conditions and
the axial relocation model.

—  The updated FRAPTRAN-TE-1.5 does not well simulate the LOCA fuel mechanical deformation as
observed in the Halden LOCA tests IFA-650.9 and IFA-650.10, using the default FRACAS-I model.

— The uncertainty analysis on FRAPTRAN-TE-1.5 simulation of the IFA-650.10 test confirms that the
FRAPTRAN-TE-1.5 thermal models, axial relocation model, the heat transfer boundary conditions and gas
temperature model are adequate for simulating the thermal behaviour of the Halden LOCA tests, and their
impacts can be well considered by statistical uncertainty analysis. However, the mechanical models for the
cladding deformation still need to be improved for simulating the Halden LOCA tests, and the coverage of
the experimental data.

—  The sensitivity analysis on the FRAPTRAN-TE-1.5 simulation of the IFA-650.10 test helps to identify the
most influential input fuel rod data, test conditions, physical properties or models. The parameters related to
the axial relocation model (when applied) are also important. However, the situation of strain threshold for
fuel mobility and burst criteria is more dubious, as they have low correlation coefficients, but should be of
importance according to the physics and the modelling. More detailed analysis is needed to examine this,
e.g. by considering the scatter plots or using other sensitivity indices (such as Sobol’s).

In conclusion, substantial progress has been made in achieving the FUMAC project objectives and the agreed
work plan for Tractebel. The following recommendations can be made:

—  Further improvements or validation should be made to FRAPTRAN code for LOCA fuel mechanical
behaviour modelling: the ballooning and burst models, the finite element analysis model for cladding, and if
possible the axial gas transportation model.
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—  Further improvements could be made to FRAPTRAN code for LOCA fuel rod to coolant heat transfer
modelling: this may be overcome by coupling with a system thermal hydraulic code, using a refined nodding
scheme.

— The QT’s axial fuel relocation model could be improved by obtaining a unique set of model related
parameters based on all available Halden LOCA tests with significant fuel relocation.

— More detailed uncertainty and sensitivity analysis should be performed after the code improvements.

It is recommended to apply the validated FRAPTRAN code and the statistical uncertainty and sensitivity
analysis method to development of an efficient BEPU type LOCA fuel performance and safety evaluation
methodology for new or advanced technology fuel design assessment and licensing. This would enhance the
sustainability of nuclear technology and ensure the diversification of fuel supply. This development will be
proposed for the new IAEA CRP as a continuation of the FUMAC and ACTOF projects.
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Abstract

CEA is developing the ALCYONE fuel performance code for PWR fuel in the PLEIADES software environment. It is
dedicated to normal, off-normal and accident conditions such as RIA and LOCA. CEA’s participation to the IAEA FUMAC
CRP led to an improvement of the fuel modelling in LOCA conditions. Specific developments of the fuel performance code
for the LOCA conditions have been done regarding cladding behaviour modelling, fission gas release and stress evaluation in
the pellet before and during the tests. The improved code has been used to simulate some of the experiments of interest of the
FUMAC project (IFA650.10 and Studsvik 192 LOCA test), the paper summarizes the results. For IFA650.10, the cladding
outer temperature profile calculated with the SOCRAT code and provided to the participants of the FUMAC CRP has been
used. The results obtained with ALCYONE are in a good agreement with the experimental data. In terms of uncertainty
quantification, it seems that the uncertainty on the determination of the boundary conditions like cladding outer temperature
results in a large uncertainty on the cladding deformation and the burst time. Recent developments have also been done in
ALCYONE to improve the modelling of fuel behaviour in RIA conditions, in particular about fuel mechanical behaviour and
the consequences on fission gas release.

1. INTRODUCTION

"ALCYONE [1] is a multi dimensional fuel performance code co-developed in the PLETADES [2] platform
by the CEA, EDF and FRAMATOME. It is dedicated to the modelling of the in-reactor Behaviour of PWR fuel
rods during normal (base irradiation) and off-normal (power ramps and accidental situations) operating conditions
and incorporates three calculation schemes. A one dimensional reference scheme, based on a one dimensional axi-
symmetric description of the fuel element associated to a discrete axial decomposition of the fuel rod in stacked
independent fuel slices, is used to study the Behaviour of the complete fuel rod [3]. A two-dimensional scheme,
which describes Pellet cladding Interaction (PCI) at the mid-pellet plane of a pellet fragment, is available to assess
precisely stress concentration in the cladding near a pellet crack tip [4]. A three dimensional model of the complete
pellet fragment and overlying cladding is also of interest when detailed studies of PCI at pellet—pellet interfaces
are required [5]. The different schemes use the Finite Element (FE) code Cast3M to solve the thermo mechanical
problem and share the same physical material models at each node or integration points of the FE mesh” [22]
Figure 1 presents the flows chart of ALCYONE 1 D. On the figure the different tests of convergence loops are
identified in blue, the models in the thermo physical loop are in beige and the other models are in green if they are
calculated before the thermo physical loop or in grey pink if after.

Base irradiation code result has been extensively validated on PWR rods (UO, and MOX fuel up to 80
GWj/tm, cladding Zry-4 or M5) irradiated in the frame of the French survey programme. Power ramp tests
performed in MTR are used to validate the Behaviour of the fuel rod in case of power transient regime. Calculated
results are confronted to experimental values at different scales, from overall measurements on the whole rod such
as overall fission gas release or geometrical changes to the local measurements on the fuel pellet by SIMS and
EPMA. Moreover, fuel temperature calculations are validated specifically on MTR experiments which present a
thermocouple in the fuel centre [3].

More recently, specific developments, summarized in this paper, have been done in the code in order to
simulate accident conditions such as LOCA and RIA transients. This improved version of the code has been used
in the FUMAC CRP benchmark to simulate two experiments. The paper summarizes the results of these
simulations.
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FIG. 1. ALCYONE flow chart.
2. ALCYONE MODELLING FOR ACCIDENT CONDITIONS
2.1. Specific developments for LOCA conditions

Up to now, LOCA studies have been performed using 1.5 D scheme. For LOCA transient analysis,
ALCYONE is not able to calculate the cladding temperature evolution with time, so this information has to be
provided as input data. Nevertheless, the coupling of ALCYONE [6] with the system code CATHARE will be
available in a near future. For the LOCA studies point of view, the evaluation of the rod internal pressure is crucial.
To do so, it is necessary to have a good description of the fuel at the end of base irradiation. Then, it is essential to
have a correct evolution of the different components of the free volume (plenum, gap, ...) and of the fission gas
Behaviour. On the other hand, the evaluation of the quantity of fuel which could be fractured in fine pieces during
the accident phase (i.e. at least the fuel zone which are restructured (HBS) or in restructuration) is also important.
This description is done by two fission gas models CARACAS [7] or MARGARET [8] (more phenomenological).
Both models describe the fission gas production, release and swelling and also the HBS formation. In the grain,
dissolved gas, nanometric bubbles, precipitated bubbles (up to 0.1um) are considered; the gas atom diffusion and
bubbles diffusion are modelled. Trapping of gas atom by bubbles is taken into account. On the grain boundary gas
is considered to be precipitated into bubbles and the release could happen by inter-connection of bubbles or fracture
by overpressure on a weakened grain boundary. In each point of the pellet, the fraction of HBS is calculated by
the balance between defaults accumulation due to fission spike and thermal recovery. These entire phenomena are
very sensitive to fuel temperature, fission rate and local stresses.

2.1.1.  Cladding behaviour modelling

The EDGAR model [9] describes the viscoplastic behaviour of a zirconium alloy tube under a pressure
imposed loading and at high temperature (more than 950 K). This model also gives the phase fractions evolution
(2 phases are considered: alpha and beta and a mixed transition domain, alpha + beta).

For its introduction into ALCYONE, the EDGAR model has been turned into a constitutive law suitable for
a mechanical analysis: basically, the EDGAR model appears as a modified Norton viscoplastic behaviour with the
total strain being split into an elastic and a viscoplastic part. The viscoplastic strain is then traceless which, for
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small strains, guarantees that the cladding deformation is isochoric (no volume change), as it is classically assumed,
based on experimental facts, in metal plasticity and viscoplasticty.

The mechanical behaviour is expressed in the logarithmic strain framework proposed by Miche et al [11].
Integration of this formalism in ALCYONE is discussed in a dedicated paper [10]. Once those changes were made,
the EDGAR experiments were simulated using ALCYONE to validate this implementation.

2.1.2.  Stress distribution in the pellet

The 1D code generally considers that for a solid pellet, the radial displacement of the central point is not
authorised. This hypothesis has no impact in hot conditions during base irradiation or power ramp regime. Indeed,
the radial stress is in a compressive state in the whole pellet, due to the thermal gradient and that is all the truer
when the fuel to cladding gap is closed.

In case of LOCA, the thermal gradient is significantly lower, and the gap is calculated open (even if at very
high burnup, the gap, strictly speaking, is closed between cladding and fuel due to internal zirconia layer, but a
reopening occurs inside the pellet at about hundred microns from the edge). Then the calculated radial stress tends
to be in a tensile state in the central part of the pellet if the hypothesis of the central node blockage is done. This
induces wrong input data for fission gas behaviour modelling. We have then decided to consider that the central
point of the pellet is able to move radially.

Figure 2 presents stress distribution in the pellet when the gap is open in the cold conditions at the end of a
base irradiation with the two hypotheses. During a LOCA, stresses distribution is likely to be in the same shape,
as the thermal gradient remains low in the fuel pellet. Nevertheless, the actual value of the stress level depends on
the fission gas swelling contribution and then on the base irradiation power history.
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FIG. 2 : Hydrostatic stresses distribution in the pellet at room temperature.
2.1.3.  Fission gas release

The fission gas model used in the ALCYONE calculations is CARACAS [7], which considers the following
fission gas populations:

— Nanometric intragranular bubbles;

—  Precipitated intragranular bubbles;

—  Intergranular bubbles;

— Rim structure formation and rim bubbles evolution.

This model is validated in base irradiation conditions and power ramp conditions for UO, up to 70 GWd/tM.
During the first part of the LOCA transient, fuel temperature remains low enough to affect only the
intergranular gas. A specific criterion for intergranular fracturation initiation has been developed. It is based on
the evaluation of stress applied to grain boundary resulting from macroscopic hydrostatic stress and from stress
induced by over pressurized intergranular bubbles (tensile stress). If the tensile stress on the grain boundary
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induced by intergranular bubbles is higher than the grain boundary yield stress, partial or total fracturation of the
grain boundaries is supposed to be possible. This allows fission gas release.

We also assume that grain boundary yield stress is reduced by irradiation (fission gas atoms dissolved on the
grain boundary).

This criterion depends primarily on the amount of fission gas precipitated into bubbles after base irradiation
(thus before transient), and thus on the initial fuel state and the fission gas distribution between the different
populations.

It must be mentioned that this model has been developed to make most of the intergranular gas available for
release in transient conditions. Even if the model results in a fraction of opened grain boundaries, it must not be
used for now to evaluate a fuel fragment average size. The total fraction of opened grain boundaries being between
10 and 50%, it would result in very fine fragmentation (a few grains) which is not always observed, and particularly
has not been observed in the IFA650-10 experiment.

2.2. Specific developments for RIA conditions

ALCYONE pulse-irradiation simulation capability is based on [12]:

— the solving of the thermal heat balance equation and mechanical equilibrium for the pellet-gap cladding
system in non-steady state conditions;

—  the solving of the thermal and mass balance equations for sodium or water coolant in non-steady state
conditions;

— material laws describing the nonlinear mechanical behaviour of irradiated claddings (Zry-4, M5) submitted
to RIA loading conditions;

— the addition, to fuel pellet creep and cracking modelling, of grain boundary cracking modelling;

— the use of a specific hypothesis as regards the release of fission gases of the high burnup structure (HBS)
zone.

Some of these features are summarized in the following sections.
2.2.1.  Non-steady water heat and mass transport

"Solving the heat and mass balance equations requires the estimation of the linear heat rate received by the
water coolant from the fuel rod, based on the heat exchange between the cladding outer surface and the water,
which involves the clad-to-water coolant heat transfer coefficient (HTC) in particular. The HTC is either given
together with the coolant bulk temperature or calculated using ALCYONE's built-in thermal-hydraulics models”.
The model is detailed in [12].

2.2.2.  Suitable constitutive law for claddings

Loading conditions during a RIA are quite peculiar, especially in terms of clad temperature and strain rates.
Constitutive laws for Zry-4 [15] and M5 [14] cladding types and applicable to fast transient conditions and high
temperatures representative of RIA spectrum, have been incorporated in ALCYONE [12].

“"The models can account precisely for the impact of temperature, strain rate, and irradiation damage on the
ultimate stress, on the strain hardening exponent (up to uniform elongation) and on the plastic anisotropy of the
material. They are suitable for simulations of unfailed rods. The assumed isotropic elastic deformation is described
by Hooke’s law assuming a temperature-dependent Young’s modulus.”[12]

2.2.3.  Suitable constitutive law for UO: fuel

The model proposed by Salvo [16, 17] to describe the Behaviour of uranium dioxide within a range of
temperatures (1100—1700°C) and strain rates (10*-107!/s) representative of RIA loading conditions is used in
ALCYONE. This model consists of a hyperbolic sine model for the creep strain rate, completed by a Drucker —
Prager yield criterion with associated plastic flow to account for the porosity increase induced by grain boundary
cracking. The yield criterion is a temperature dependent function identified from the compression tests performed
on fresh UO; at high strain rates and high temperatures that showed significant development of grain boundary
cracking. In this case, the samples’ porosity and diameter were found to increase significantly showing that grain
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boundary cracking proceeds with pore volume increase. The latter is described in the model by the so-called
“plastic” porosity.

"The creep and grain boundary cracking models are completed by a smeared crack model to describe pellet
cracking in tension. The resulting constitutive law is particularly relevant for RIA loading conditions where biaxial
compression and tensile stress states are commonly encountered.”[12]

2.2.4.  Modelling of fission gas release

The fission gas model CARACAS [7] is so far not able to reproduce the FGR under RIA conditions. As this
phenomenon has been evidenced as able, especially for high burnup fuels [18], to contribute to clad straining
during RIAs, in particular through rod internal pressure increase potentially leading to clad ballooning, ALCYONE
related improvement has been done. It aims at relating the FGR to grain boundary cracking and thus to the local
mechanical damage of the oxide fuel generated by excessive compressive stresses. This coupling is based upon
the following assumptions:

—  The cracking of the grain boundaries generated by excessive compressive stresses and described by the
plastic porosity (cf. Section 2.2.3) is used by the CARACAS model as the (mechanical) main criterion for
the instantaneous release of intergranular gas (i.e. at the grain boundaries) contained in the fuel pellet rings
where the criterion is met.

— In case of high burnup fuel where a HBS (characterized by an extremely fine grained structure and an
increased quantity of gases at the grain boundaries) has developed during base irradiation in the peripheral
regions of the pellet, a temperature criterion is adopted to be consistent with annealing tests which showed
FGR from the HBS at temperatures as low as 900 K [19]. In case the temperature threshold is reached, all
the fission gas content of the HBS (inter- and intragranular gas) is released instantaneously. The Intragranular
gas of the HBS is assumed to be released instantaneously because the grain size is too small for diffusion to
be rate-limiting.

—  The plastic porosity which models the deformation induced by grain boundary cracking is added to the strains
in the thermo mechanical computation scheme of ALCYONE and contributes therefore to the clad loading.

3. SUMMARY OF THE RESULTS OBTAINED IN THE FUMAC CRP
3.1. TFA650.10

This experiment presented in the HWR report [20] has been performed in the IFA650 device. The whole
instrumentation of the experiment gives a large amount of valuable data which are used to build the input data for
calculation. Nevertheless, it remains difficult to evaluate the temperature axial profile of the cladding, even with
the use of fine thermohydraulic modelling.

About the cladding outer temperature profile during the experiment, two different sets of assumptions have
been made:

—  The temperature difference between the coolant and the cladding is proportional to the fissile power. Then,
available measurements at two levels of the fissile rod (TCC1 (95 mm/bfc), TCC2 & TCC3 (360 mm/bfc))
allow the cladding temperature calculation for the whole rod and it is exact at the two TC levels. This set is
mentioned as “ALCYONE boundary conditions” in the following;

—  The cladding temperature profile provided by SOCRAT calculations.

The considered creep behaviour and phase transformation laws are the ones for “fresh” material. For the
determination of the uniform strain limit at failure, we consider the value recommended for irradiated material.

The calculation is performed considering transient condition to evaluate the thermal exchanges. Cladding
burst is not calculated directly by ALCYONE but determined by post processing the calculated internal pressure,
cladding radius and cladding temperature.

The possibility of the grain boundary fracturation due to the gas bubble action is tested.

Figs 3 and 4 present the evolution of axial cladding elongation and pressure. Up to burst time, the agreement
between the experiment results and calculation is rather good, but both boundary conditions sets slightly delay the
burst time compared to the experiment. This result validates the hypothesis of perfect communication of the gases
between the plenum and the free volumes of the rod for this case (fast plenum depressurization).

44



1,5 i

——Measured elongation
——Calculated cladding elongation

——Socrat cladding elongation

0,5

Time, s

300

0,5

FIG. 3. Cladding elongation evolution.

75 12

Lo 10
65 -
LI 8
= £
% 60 ' b
g II’ é
§ * Post processing calculated burst occurance socrat, 274 s / i le g
E 55 % Post processing calculated burst occurance, 257 s :
=1
)
4
50
Onset of ballooning 180-190s 2
45 -
I’_// Til'l'le, 5
40
0 50 100 150 200 250 300
——Mesured Plenum Pressure ——Calculated Pressure
——Calculated pressure socrat conditions ——Gap Volume

——Socrat Gap Volume

FIG. 4. Rod pressure evolution.

Figure 5 presents the cladding diameter calculated at burst time. Two times are considered: the experimental
burst time and the calculated one. It appears that the tendency is correct (calculated diameter is slightly
underestimated compared to the two measured diameters). With the SOCRAT thermal hydraulics boundary
conditions, the rod diameter is underestimated at experimental burst time. Also, a little depletion of the rod profile
is calculated at 2502 mm, and this result has to be related to the provided boundary conditions where this little
depletion exists.
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Fuel fragmentation due to the over pressurized intergranular bubbles occurs in the simulation in the HBS
zones (outer parts of the pellet) and in some central parts. Fuel fragmentation also occurs after the cladding burst
which leads to a fast decrease of the inner pressure of the rod.

The amount of gas released during the test is about 8 cm?, and it has a negligible effect on the evolution of
the pressure during the test.

The parameters of the fragmentation model still have to be calibrated, to better assess the quantification of
fuel fragmentation after burst. Results of this fragmentation model will provide inputs for a proper fuel fragment
relocation model.

3.2. Studsvik 192 test

Same as for IFA650.10 experiment, the outer cladding axial temperature profile is imposed (given in the data
sheet) in the data file. So is the initial inner pressure in the rodlet.

The plenum temperature is imposed during the experiment. All the different components of the free volume
of the rodlet are assumed connected (plenum, gap, open porosity) so that the pressure in the rod is uniform during
all the experiment.

Figure 6 presents the calculated evolution of the pressure in the rodlet and the cladding temperature evolution
during the test. The calculated burst time is slightly delayed compared to the experiment (about 20 seconds later).
In the calculation, burst occurs for a cladding temperature higher of 100°C than the temperature at experimental
burst. This can be explained by the fact that the real cladding of the experiment is irradiated ZIRLO, whereas we
use the mechanical Behaviour law of the fresh Zry-4.
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But the cladding profile calculated just before burst is in good agreement with the measured cladding profiles
after the test (Fig. 7).
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Fuel fragmentation before burst occurs only in high burnup structure zones (edge of the pellet). But after
burst, because of the fast decrease of the pressure in the rod, intergranular fragmentation occurs in HBS zones and
central zones of the pellet as shown on Fig. 8.

The fragmentation criterion is based on the calculation of the stress applied on the grain boundary due to the
overpressurized intergranular bubbles. So, it is closely related to the amount of gas on the grain boundary (in
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bubbles in the CARACAS model) at the end of the steady state irradiation and to the fraction of bubbles
interconnected to the free volume of the rod.

But as the fission gas model is based on the description of an average grain of the microstructure with
spherical shape, the fractured grain boundary ratio cannot be used to quantify a fuel fragment size. In its current
development state, the “fragmentation model” can only be used as a fission gas release mechanism.
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FIG. 8. Fuel fragmentation and fission gas distribution (Studsvik 192 test).

4. CONCLUSION

Some improvements have been done in the ALCYONE fuel performance code to better assess the fuel
Behaviour in LOCA conditions. Specific developments have also been done to better assess the behaviour of fuel
rod in RIA conditions.

In the framework of the FUMAC CRP, the simulation of IFA650.10 and Studsvik 192 test have been done
successfully until the cladding burst with ALCYONE. The calculated results are in relative good agreement with
the experimental data, especially if we consider the uncertainties on boundary conditions. Uncertainty
quantification and sensitivity analysis, performed using the URANIE software [21], not reported in this paper,
showed that for example burst time cannot be estimated more precisely than + 10—15 seconds. Improvement in
the determination of the boundary conditions of such experiments is strongly required.

For future work, it would be interesting to integrate a fuel fragmentation/relocation model in ALCYONE in
order to be able to perform the simulation until the end of the experiment. Cladding oxidation during the
experiment has also to be represented.
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QUALIFICATION OF TRANSURANUS MODELS FOR MIXED CORE FUEL
BASED ON THE FUMAC OUTCOME

M. IEREMENKO, I. OVDIIENKO
State Scientific and Technical Centre for Nuclear and Radiation Safety,
Kyiv, Ukraine

Abstract

This paper presents the results of TRANSURANUS [1-2] code testing for modelling the Behaviour of WWER nuclear
fuel in LOCA accident conditions. The code was tested using data of the IAEA Coordinated Research Project Fuel Modelling
in Accident Conditions (FUMAC, [4]). Fuel pins of Westinghouse and TVEL design are currently relevant for Ukrainian NPPs.
Fuel from both vendors is presented in the FUMAC project. A part of the experimental data (MTA-EK data, IFA 650.10,
IFA 650.11 and Studsvik 192&198) was simulated at SSTC NRS. Some of these data sets and KIT QUENCH-L1 set were
calculated by other teams using the TRANSURANUS code (INRNE, Bulgaria; JRC, Germany). TRANSURANUS code
demonstrated good capabilities for predicting the Behaviour of nuclear fuel rod cladding. The predicted cladding geometry and
time of burst for both general types of cladding (Westinghouse and TVEL) show good correlations with the experimental data
for such regimes. In addition, experimental data of the FUMAC project contained the results of post irradiation measurements
after operation in a commercial reactor. These data were used to test TRANSURANUS code capabilities for modelling the fuel
rod Behaviour in the core under burnup.

1. INTRODUCTION

The diversification of nuclear fuel is currently ongoing at Ukrainian operating NPPs in accordance with the
European Energy Security Strategy. Nuclear power supplies almost half of Ukraine’s electricity. Therefore, the
diversification of fuel supplies is a strategic area for ensuring the uninterrupted operation of nuclear facilities and
is one of the main aspects of energy security in Ukraine. As of today (May 2019), six of the 13 WWER-1000 units
have Westinghouse FAs (WFAs) in the core (the core of one unit is fully loaded with WFA and 2/4-3/4 of the
core is loaded by WFAs at other five units). Moreover, the operator of Ukrainian NPPs plans to extend
Westinghouse FA supplies also to Rivne NPP unit 3. The potential use of Westinghouse fuel for the WWER-440
reactor is also under consideration (outcome of the ESSANUF project [3]).

Significant efforts have been made to license alternative fuel designs for WWER NPPs in Ukraine. SSTC
NRS as the technical support organization of the Ukrainian regulatory authority takes part in the licensing process
for the implementation of new FA types. The TRANSURANUS code is used for independent confirmatory
calculations of fuel pin behaviour characteristics. Considering this fact, the adaptation and qualification of
TRANSURANUS models to new fuel types are a necessary part of up-to-date calculations, including fuel pin
modelling in LOCA. FUMAC project results were used to achieve this goal.

FUMAC — Fuel Modelling in Accident Conditions — IAEA’s Coordinated Research Activities (CRP),
Code T12028. The main objective of this project is to support the Member States in their efforts to analyze and
better understand the Behaviour of water cooled power reactor fuel in LOCA conditions by sharing experimental
data and best practices in the application of fuel modelling computer codes. FUMAC covers a wide range of fuel
characteristics and vendors. Fuel pins of Westinghouse and TVEL designs are relevant now for Ukrainian NPPs.
Fuel from both vendors is included into the FUMAC project.

According to the FUMAC project results, the TRANSURANUS code demonstrated a good capability to
predict the behaviour of nuclear fuel rod cladding. The predicted cladding geometry and time of burst for both
general cladding types (PWR and WWER) show good correlation with experimental data for such regimes.

SSTC NRS improved the capabilities for modelling nuclear fuel rods in LOCA conditions for both types of
cladding: typical WWER cladding and cladding for Westinghouse fuel design.

2. MODELLED CASES

An objective of the FUMAC project is to collect well checked results of accident simulation experiments
and distribute them among the participants. The following data were selected for this purpose:

— Ballooning and burst tests performed at MTA EK predecessor including 31 experiments [4], [5—8];
— Halden Reactor test series IFA-650 with fresh PWR rod, IFA-650.1 [9] and IFA-650.2 [10];
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and IFA-650.11 [13];

the U.S. Nuclear Regulatory Commission (U.S. NRC), NRC-192&198, [14-20];

Halden Reactor test series IFA-650 with irradiated PWR and WWER rod, IFA-650.9 [11], IFA-650.10 [12]
Two out-of-reactor LOCA simulation tests performed by Studsvik Nuclear AB, Sweden, under contract with

QUENCH-LOCA-1 test (QUENCH-LI1, [21]) with electrically heated bundle (tantalum (Ta) heaters inside

each of the 21 rods) performed by KIT in accordance with a temperature/time scenario typical for LOCA.

This data list provided in the FUMAC project is incomplete. This list is formed in terms of the ability to test
the TRANSURANUS code. Additionally, the FUMAC project contains experimental data simulating fuel rod melt
(CORA-15). However, this is beyond the TRANSURANUS code capabilities and is not covered in this paper.

Table 1 presents common experimental data available in the FUMAC project and suitable for
TRANSURANUS code validation. The calculation results obtained by other codes are available (code-to-code
comparisons, see Table 2) in addition to the experimental data for TRANSURANUS validation.

TABLE 1. COMMON CHARACTERISTICS OF EXPERIMENTAL SETS

MTA  IFA-  IFA- IFA- IFA- IFA- NRC NRC QUENCH-

EK 650.1  650.2 650.9 650.10 650.11 192 198 L1
Cladding Zry-4  Zry-4  Zry-4 (ﬁg{;{ Zry-4 E110 ZIRLO  ZIRLO Zry-4
Burnup, MWd/kgU 0 0 0 89.9 61 56 68.2 55 0

Westing
Vendor — . AREVA EDF  TVEL esting  house, —
house IFBA
rod
T, °C 1738(_) ?(1)86 1050 1100 850 935 1185 1185 1100
Clad elongation Y Y Y Y Y Y Y Y Y
Ballooning size Y Y Y Y Y Y Y Y Y
Pressure Y Y Y Y Y Y Y Y Y
Time of burst Y N Y Y Y Y Y Y Y
Position of burst — N Y Y Y Y Y Y Y
?ﬁiﬂgﬁ&l\ws SJSI;FCC’ — — — SJE{TCC,’ SJ?{TCC,’ SSTC SSTC JRC
INRNE INRNE
TABLE 2. AVAILABLE DATA FOR CODE-TO-CODE COMPARISONS
IFA-650.9 IFA-650.10 IFA-650.11 NRC 192 QUENCH-LI

Integral fission gas release Y Y Y Y —
Cladding oxide thickness Y Y Y Y Y
Equivalent cladding reacted Y Y Y Y Y
Diametral gap Y Y Y Y —
Fuel fragmentation volume Y Y N Y —
Hydrogen content in cladding N N N N Y

51



The following experiments were selected for modelling by FUMAC participants:

— Six cases of MTA EK (PUZRY-8, 10, 12, 18, 26 and 30);
— IFA-650.9, IFA-650.10 and IFA-650.11;

— NRC-192;

—  KIT QUENCH-LI.

Considering the complexity of IFA-650.9 (very high burnup and complicated T/H conditions, an axial
relocation model is also required), the participants agreed to use IFA-650.10 as the case for the uncertainty and
sensitivity analysis (UASA), see Annex I [4].

All 31 experiments of MTA EK sets and NRC-198 were modeled at SSTC NRS by the TRANSURANUS
code [5].

In addition to the FUMAC data obtained with LOCA experimental sets IFA-650.9, .10, and .11, NRC-192
and 198 contain data obtained by fuel rod re-fabrication: rod geometry, cladding oxide thickness, hydrogen
content.

3. MODELLING RESULTS
3.1. Separate Effect Tests (MTA-EK Burst tests)

The analyses of MTA-EK series tests using the TRANSURANUS (vIm1j11-SSTC NRS and vIim2j17—
JRC) code are presented in this section. The calculation results are compared with the measured data for the
following parameters:

—  Time to burst failure;
—  Pressure of cladding rupture.

SSTC NRS modelled all experimental data sets (31 experiments). JRC team modeled six experiments.

The results in terms of time to burst for the MTA EK cases are reported in Figure 1. The results in terms of
cladding inner pressure at the time of burst failure are presented in Figure 2. Experimental data are also included
in both figures. Predicted time and pressure of cladding burst show good correlation with the experimental data
for such regimes. Additional results of hoop strain at the axial peak position (burst location) on the cladding outer
surface at the time of burst failure are available in the FUMAC final report [4] and the participant final reports
(Annex II [4]).
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FIG.1. Calculation result. Time to burst failure.
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FIG.2. Calculation result. Pressure of cladding burst failure.
3.2. Halden LOCA tests IFA-650.10

The computer analyses of the considered Halden IFA 650.10 tests were carried out in two steps. Pre-
irradiation of a full (or father) fuel rod that was later re-fabricated into a test rodlet was modelled in the first step
using TRANSURANUS (v1m1j17). The results calculated by TRANSURANUS defining pre-test conditions for
the test fuel rodlet were used as input to the second analysis step [5]. Spent fuel storage in a water pool hardly
influences the characteristics of cladding and fuel pellets.

The input data for the test rodlet were developed using full (father) rod pre-irradiation history. The following
parameters for the father rod are used: linear power, in-cladding pressure, cooling temperature. Using the restart
option of the TRANSURANUS code, change of in-cladding gas composition before LOCA experiment was
simulated (not for all calculations, a part of tasks was performed with in-cladding gas pressure as boundary
conditions [5]).

It should be noted that no computer programme was used to calculate transient thermal hydraulic boundary
conditions required for fuel rod analyses with TRANSURANUS. These boundary conditions were derived from
measured temperatures or from pre-calculated data distributed by FUMAC participants (calculated by the
SOCRAT code).

Figure 3(a) shows the calculated and measured evolution of rod plenum gas pressure during Halden IFA-
650.10 test and diameter profiles at the end of the LOCA test. The calculated gas pressure is a little higher than
measurements for results of all teams. The calculated diameter profiles are close to measurements. Additional
results of the pre-irradiation history and LOCA transient (total fission gas release, clad axial elongation, cladding
oxide thickness, equivalent cladding reacted, etc.) are available in the FUMAC final report [4] and the participant
final reports (Annex II [4]).
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FIG.3. Calculated evolution of rod plenum gas pressure (a) and diameter profiles (b) in comparison with measurements for
IFA4-650.10 test rodlet.
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3.3. Halden LOCA tests IFA-650.11

As for IFA 650.10, the computer analyses of the considered Halden IFA 650.11 tests were carried out in two
steps: pre-irradiation of a full (or father) fuel rod and test rodlet simulations at LOCA.

Figure 4(a) shows the calculated and measured evolution of rod plenum gas pressure during Halden IFA-
650.11 test and diameter profiles at the end of LOCA test. The calculated gas pressure is a little lower than
measurements for results of all teams. The calculated diameter profiles are close to measurements. Additional
results of the pre-irradiation history and LOCA transient (total fission gas release, clad axial elongation, cladding
oxide thickness, equivalent cladding reacted, etc.) are available in the FUMAC final report [4] and the participant
final reports (Annex II [4]).
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FIG.4. Calculated evolution of rod plenum gas pressure (a) and diameter profiles (b) in comparison with measurements for
IFA-650.11 test rodlet.

3.4. Studsvik LOCA test NRC-192

As for IFA 650.10 and 11, the computer analyses of the considered NRC-192 tests were carried out in two
steps: pre-irradiation of a full (or father) fuel rod and test rodlet simulations during LOCA. Details and features of
pre-irradiation modelling by SSTC NRS are presented in [5].

Figure 5(a) shows the calculated and measured evolution of rod plenum gas pressure during NRC-192 test
and diameter profiles at the end of LOCA test. The calculated gas pressure is a little higher than measurements.
The calculated diameter profiles are smaller than measurements. Additional results of the pre-irradiation history
and LOCA transient (total fission gas release, clad axial elongation, cladding oxide thickness, equivalent cladding

reacted, etc.) are available in the FUMAC final report [4] and the participant final reports (Annex II [4]).
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FIG.5. Calculated evolution of rod plenum gas pressure (a) and diameter profiles (b) in comparison with measurements for
NRC-192 test rodlet.
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3.5. Studsvik LOCA test NRC-198

As for the above cases, the computer analyses of the considered NRC-198 tests were carried out in two steps:
pre-irradiation of a full (or father) fuel rod and test rodlet simulations during LOCA. The details and features of
pre-irradiation modelling by SSTC NRS are presented in [5].

It should be noted that Westinghouse IFBA fuel rod was used for NRC-Studsvik 198 test. Fuel pellets of this
rod were coated by burnable absorber: zirconium diboride ZrB,. However, the characteristics of this burnable
absorber were not present in 198 test specifications [20]. This burnable absorber in the form of a thin layer works
through the (n, o) reaction; e.g. helium is produced and considered in the gas composition of free volume of fuel
rod. As a result, the in-cladding pressure depends on the characteristics of the zirconium diboride layer (thickness
or mass per fuel length), and so is cladding geometry for test rodlet. Figure 13(b) in [5] shows the influence of
Z1B; thickness under in-cladding pressure during full rod pre-irradiation history. The thickness of ZrB, multiplied
or divided by 2 results in the in-cladding pressure change of 20%.

Figure 6(a) shows the calculated and measured evolution of rod plenum gas pressure during NRC-198 test
and diameter profiles at the end of LOCA test. The calculated gas pressure is a little higher than measurements.
The calculated diameter profiles are close to measurements.
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FIG.6. Calculated evolution of rod plenum gas pressure (a) and diameter profiles (b) in comparison with measurements for
NRC-198 test rodlet.

3.6. KIT QUENCH-L1 bundle test

Analyses of QUENCH-LI1 test using the TRANSURANUS (vIm2j17-JRC) code are presented in this
section. The calculation results are compared with measured data for the following parameters:

—  Time to burst failure;
—  Pressure of cladding rupture.

JRC modelled QUENCH-LI test.

Figure 7(a) shows the calculated and measured evolution of rod plenum gas pressure during QUENCH-L1
test and diameter profiles at the end of LOCA test. The calculated gas pressure is a little higher than measurements.
The calculated diameter profiles are close to measurements. Additional results of LOCA transient (cladding hoop

stress, cladding oxide thickness, equivalent cladding reacted, hydrogen content in cladding etc.) are available in
the FUMAC final report [4].
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FIG.7. Calculated evolution of rod plenum gas pressure (a) and diameter profiles (b) in comparison with measurements for
QUENCH-LI test rodlet.

3.7. Common remarks on results

Table 3 presents the predicted failure time differences among the participants with the TRANSURANUS
code (JRC, INRNE and SSTC NRS). TRANSURANUS-predicted time of cladding burst for both general types of
cladding (PWR and WWER) shows good correlations with the experimental data for such regimes.

Table 4 presents differences in the cladding outer diameter after the test among the participants with the
TRANSURANUS code. TRANSURANUS results show good correlation with the experimental data for such
regimes.

The addition data of comparing TRANSURANUS results with the experimental data and code-to-code
comparisons are available in the FUMAC final report [4] and the participant final reports (Annex II [4]).

TABLE 3. BURST TIME. DIFFERENCES WITH MEASURED VALUE

MTA EK IFA-650.10  IFA-650.11 NRC 192 NRC 198 QUENCH-
6 cases L1
<13%
JRC (27% for 6% — — — 6%
PUZRY-18)
INRNE 1% 12% — —
<3%
SSTC (19% for 4% 11% 21% 23% —
PUZRY-18)

TABLE 4. CLADDING OUTER DIAMETER AFTER TESTS (FOR MTA EK - BURST PRESSURE).
DIFFERENCES WITH MEASURED VALUE

MTA EK

Gurst — 1pA650.10 TFA-650.11 NRC192  NRC19g ~ QUENCH-
pressure) L1

6 cases

<11%
JRC (31% for 4% — — 5%
PUZRY-18)

INRNE — 4% 3% — — —

<2%
SSTC (24% for 4% 4% 22% 1% —
PUZRY-18)
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code:

FUMAC results show some features in modelling fuel rod Behaviour in LOCA by the TRANSURANUS

Due to some differences in the fuel rod plenum design, test rodlet and fuel rod for commercial nuclear
reactors, the temperature of plenum gas in the TRANSURANUS model is described as boundary conditions
from measurement data or from calculations by other code. Considering this aspect, inn-cladding gas
pressure predicted by TRANSURANUS can be compared with the measured value with some limitations;
TRANSURANUS model for prediction of fuel for plenum temperature in LOCA mode should be
additionally tested in view of fuel rod design for commercial nuclear reactors;

Boundary conditions should be predicted by thermal hydraulic codes for modelling of nuclear fuel rods in
LOCA by TRANSURANUS code;

TRANSURANUS model for Westinghouse IFBA fuel rod was not fully tested due to insufficient data in
FUMAC set.

CONCLUSION

TRANSURANUS code demonstrated good capability to predict the Behaviour of nuclear fuel rod cladding.

The predicted cladding geometry and time of burst for both general types of cladding (PWR and WWER) show

good

correlation with the experimental data for such regimes.
SSTC NRS improved the capability for modelling the nuclear fuel rod in LOCA for both types of cladding:

typical WWER cladding and cladding for Westinghouse fuel design. The experience and the TRANSURANUS
models obtained during the FUMAC project will be used to perform calculations in the framework of licensing
mixed cores.

The FUMAC project contains experimental data and calculation results obtained by other participants of the

project to continue testing of the TRANSURANUS code.
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China Nuclear Power Technology Research Institute,
Shenzhen, China

Abstract

The safe, reliable and economic operation of nuclear power reactor fleet has always been a top priority for worldwide
nuclear industry. Typically, fuel rod Behaviour in accident conditions is one of the main concerns. After the severe Fukushima
accidents, enhancing the accident tolerance of light water reactor (LWRs) became a hot issue in the world. Particularly, the
fuel materials are expected to improve accident tolerance. Fuel performance is influenced by design parameters, physical
properties and thermal hydraulic condition. In this report, the main result on FUMAC which is in order to better understand
fuel rod Behaviour under LOCA condition and assess the predictive ability of the code, was present. Furthermore, take case
IFA-650.10 for example, sensitivity and uncertainty study is performed to evaluate the ATF fuel system’s (UO2-BeO + ODS
FeCrAl) performance under LOCA condition, and find out an optimal design by using the statistical tool DAKOTA coupling
with fuel performance analysis code.

1. INTRODUCTION

Fuel rod represents the primary and the essential safety barrier for nuclear safety. Safety criterion for accident
condition is of vital importance. Several LOCA experiments have been performed at Halden reactor to reexamine
the current criterion. According to the FUMAC work programme CNPRI was to perform simulations of IFA-650
Halden experiments with FRAPCON/FRAPTRAN to better understand fuel rod Behaviour under LOCA condition
and assess the predictive ability of the code. Main results of FUMAC are presented in this report.

After the sever Fukushima accidents in 2011, the concept of accident tolerant fuel (ATF) has been put
forward with the intention of improving the fuel performance under transient condition while maintaining or
improving the fuel performance during normal operation. Fuel performance is influenced by design parameters,
physical models and thermal hydraulic condition. Different factors have different impacts. Sensitivity and
uncertainty study can offer an efficient approach to evaluate the impacts of different factors and sort out the
important ones. Fuel Behaviour under transient condition is of vital important for the fuel assessment. In this
research, sensitivity and uncertainty study is applied to find out the important factors for typical ATF fuel system’s
(UO2-BeO pellet+ ODS FeCrAl cladding) failure time under LOCA condition and obtain an optimal design.

2. MAIN RESULTS OF FUMAC

Simulations of IFA-650.9/10/11 were performed in FUMAC work programme. The test rods used in IFA-
650.9/10/11 Halden experiments were segments cut from the standard PWR or WWER fuel rod of different burnup.
Main characteristics of the test rods are show in Table 1.
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TABLE 1. MAIN CHARACTERISTICS OF THE TEST RODS [1-3]

IFA-650.9 IFA-650.10 IFA-650.11

Reactor type PWR PWR WWER
Burnup, MWd/kgU 89.9 61 56

Stack length, mm 480 440 480
Enrichment, wt%U235 35 4.49 3.6

Fuel density, % of T.D. 95 95.32 97

Fuel diameter, mm 9.13 8.21 7.55

Fuel length, mm 8 10 10

DX Zr2.5Nb (duplex)

Cladding type Zry-4 (basc) Zry-4 E110
Cladding outer diameter, mm 10.75 9.5 9.13
Cladding inner diameter, mm 9.3 8.36 7.77
Plenum volume, cm? 19 16-17 16-17
Gas pressure (RT), bar 40 40 30

Table 2 and Figs 1-3 illustrate the overall comparison of calculated results and corresponding measured
values in 3 cases. It implies that variation of cladding temperature, cladding outer diameter, rod internal pressure
as well as cladding failure are generally well predicted. The predicted maximum rod pressure and its corresponding
cladding hoop stress as well as cladding failure temperature are close to the measured value. Failure time predicted
by FRAPTRAN is close to the value that it was actually measured in case 650.10 and 650.11. Due to its very high
burnup, significant fuel relocation and the complicated thermal hydraulic boundary condition, the 650.9 case is
rather complex. Consequently, deviations between the predicted and measured results are relatively large in case
650.9.

TABLE 2. OVERALL COMPARISON OF FRAPTRAN CALCULATED RESULTS AND CORRESPONDING
MEASURED VALUES

650.9 650.10 650.11

MEAS. CAL. MEAS. CAL. MEAS. CAL.
Cladding deformation start time, s 106 78 228 211 183 212
Cladding failure time, s 133 87 249 233 207 217
Maximum rod pressure, MPa 7.73 7.08 7.16 7.00 5.57 5.36
Maximum rod pressure corresponding 472 471 49 486 295 290
hoop stress, MPa
Cladding failure temperature, K 1083 1066.7 1028 944.7 1112 1075.4

The sudden decrease of rod pressure indicates the failure of fuel rod. For the IFA tests, the total free volume
of gas was practically all located in the plenum, outside the heated region [4]. FRAPTRAN can model an external
plenum, and the external plenum gas temperature data is imposed as initial condition. However, the predicted
plenum gas temperature is higher than the measured values. It’s because that in FRAPTRAN, there is 2 options
for defining the plenum gas temperature: assume the gas temperature to be 10°F higher than the axial local coolant
temperature; a more detailed model to concern the interactions between the plenum gas and the top pellet surface,
hold down spring, and cladding wall [5]. In these temperature calculation processes, the input plenum gas
temperature hasn’t been used. The input plenum gas temperature history is only used for defining the sum of
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volume over temperature terms in gas gap pressure equation. Difference in plenum gas temperature might cause
the deviation of other parameters.

The predicted cladding outside temperature shows similar trend with the measured values. The little
difference can be accounted by the difference in nodalization and the simplification of the models. Besides, using
the thermal properties of light water to replace those of heavy water might have some effect on the results.

The predicted axial variation of cladding outer diameter shows similar trend with the measured one.
Deviation of the ballooning node may be accounted by the difference in nodalization of boundary conditions. In
case 650.9, measured results indicate that cladding ballooning occurred on 2 portions of the rod while the predicted
result show that cladding ballooning occurred only at the upper part of the rod. This difference is due to the
calculation method of FRAPTRAN. Once the ballooning has been predicted in one node, no further strain
calculations would be performed for any nodes, the further calculation focuses only on the ballooning node [5].
Thus, it could only predict the primary ballooning.
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FIG. 1. Variation of rod pressure, plenum gas temperature, cladding outside temperature, cladding outer diameter of case
650.9.
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3.

3.1. Choice of input and output of uncertainty study

we can use the correlation coefficient to represent how closely the two variables co-vary.

SENSITIVITY AND UNCERTAINTY STUDY OF ATF WITH IFA-650.10

The uncertain parameters of uncertainty study are the variables with uncertainty, giving the upper bound,
lower bound as well as the distribution. The uncertain parameters can usually be quantified by the probability
distribution function (PDF), which often depends on the engineering experience or experimental results. Moreover,

The ATF fuel system (ODS FeCrAl+UO,-BeO) studied in this report is planning to be applied in the present
commercial pressure water reactor, thus, the parameters of fuel rod configuration and thermal hydraulic condition
of reactor are not considered in this report. As shown in Table 3, 17 uncertain variables are chosen, including 5
design parameters and 12 physical property models.
As for the distribution of uncertain variables, we consider the uncertainty of physical property models is
normal distribution, and the bounds are + 30. Otherwise, the uncertainty of design parameters is uniform
distribution.
The uncertainty module in FRAPCON and FRAPTRAN are used for the physical property models analysis.

TABLE 3. INFORMATION OF UNCERTAIN VARIABLES

No. Variable Value Lower Bound Upper Bound Distribution
1 Pellet diameter 0.00821 0.0078 0.008333 Uniform
2 Cladding thickness 0.00057 0.000542 0.000579 Uniform
3 Plenum length 0.3006 0.28557 0.31563 Uniform
4 Pellet density 95.32 94.32 96.32 Uniform
5 Enrichment 4.49% 3.50% 5.50% Uniform
6 Fuel thermal conductivity 0 (Relative) 8.8% +3c Normal
7 Fuel thermal expansion 0 (Relative) 10.3% +3c Normal
8 Fuel swelling 0 (Absolute) 0.08% +3c Normal
9 Cladding creep 0 (Relative) 14.5% 130 Normal
10 Cladding corrosion 0 (Absolute) 5 um +30 Normal
11 Cladding hydrogen pickup 0 (Absolute) 23 ppm +3c Normal
12 Fuel thermal conductivity (Transient) 1 1.50% +3c Normal
13 Fuel thermal expansion (Transient) 1 1.50% +30 Normal
14 Fuel specific heat (Transient) 1 1.50% +30 Normal
15 Cladding El]lqizrrrllsilercl(t))nductivity 1 1.50% 135 Normal
16 Cladding thermal expansion (Transient) 1 1.50% +3c Normal
17 Cladding surface heat transfer | 1.50% 36 Normal

coefficient (Transient)

During LOCA accident, the evaluation of fuel rod Behaviour mainly focuses on: 1) variation of cladding and
fuel temperature; 2) cladding and fuel strain; 3) cladding oxide thickness; 4) fuel rod pressure and cladding
ballooning failure time. In this report, the cladding ballooning failure time is used to evaluate the fuel performance
under LOCA condition.
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The statistical analysis is performed with the software Dakota-6.4.0 which is a free interface with open code
developed by the Sandia National Laboratories. Dakota includes methods for global sensitivity and variance
analysis, parameter estimation, uncertainty quantification, and verification, as well as meta level strategies for
surrogate based optimization, hybrid optimization, and optimization under uncertainty. It can be coupled with
engineering analysis software.

Based on the results shown in Section 2, case 650.10 uses the PWR fuel rod segment for test and can be well
predicted by FRAPCON/FRAPTRAN. Thus, the following study is performed with case 650.10.

3.2. Results
3.2.1. Reference calculation

Table 4 shows the overall comparison of different fuel systems under LOCA condition (case 650.10). All
the inputs are the same except the fuel and cladding material. It suggests that during LOCA, the ATF system
reduces the system temperature, pressure and delays the fuel rod failure. We take these results as reference to make
a comparison with the latter calculation.

TABLE 4. REFERENCE CALCULATION RESULTS

Fuel type UO2+Zry-4 ODS FeCrAl+UO2-BeO
Cladding deformation start time, s 211 280
Cladding failure time, s 233 302
Maximum rod pressure, MPa 7.00 3.78
Maximum fuel temperature, K 1013.21 1002.59
Maximum cladding temperature, K 861.00 856.73

3.2.2.  Monte Carlo sampling and correlation coefficient

By applying the Wilks based sample size criterion, the number of samples in Monte Carlo random sampling
calculation is set to 93. The definition of mean, standard deviation, skewness and kurtosis of n samples are as
follows:

X=EX)=-%"X, (1)

o = VEIR =X = [A(21 K2 - n¥?) o

skew = £[(7) | = yr () 3)
kurt = % _ %Z? (XL.T_X)AI )

The results of 93 samples are shown in Table 5. Fig. 4 shows the Pearson correlation coefficient and
Spearman correlation coefficient of the 17 uncertain variables. According to the results, cladding failure time is
greatly influenced by pellet diameter, cladding thickness, plenum length as well as fuel specific heat. However,
material properties such as cladding corrosion, cladding hydrogen pickup, fuel thermal conductivity as well as
cladding thermal conductivity shows relative slight effect on cladding failure time. Under LOCA condition, fuel
rods fail due to large cladding hoop strain which is resulted from the high rod pressure caused by the high
temperature. Increase properly the thickness of cladding and pellet diameter can enhance the cladding mechanical
resistance and reduce the thermal gradient in fuel rod. Furthermore, high fuel specific heat can slow down the fuel
temperature increase so that reduce the fuel system temperature.
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TABLE 5. RESULTS OF 93 SAMPLES

Mean Standard Deviation Skewness Kurtosis
Max fuel temperature, K 1007.00 -12.17 -18.63 -16.92
Max cladding temperature, K 857.11 -17.30 -17.39 -17.74
Max plenum pressure, MPa 4.22 0.51 0.01 0.01
Failure time, s 293.34 9.46 -1.11 0.15
1
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FIG. 4. Pearson & Spearman correlation coefficient.

3.2.3.  Screening of low impact factor with Morris method

Morris one-at-a-time sensitivity study (elementary effects (EE) method) is a simple but effective way of
screening the important factors among the many that can be contained in a model. It proposes two sensitivity
measures: the overall influence assessed by the mean and the interaction effect with other factor estimated by

standard deviation [6].

By using Morris method with 108 samples, two sensitivity factors were obtained. The distribution of failure
time covers a large range as shown in Fig. 5. The average failure time is 286 s. It suggests that fuel performance

under LOCA condition is sensitive to the uncertainty of parameters.
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FIG. 5. Failure time distribution.
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Figure 6 presents the overall influence (mean) and the interaction effect (standard deviation) calculated by
Morris method. In Fig. 6, Variable locates at the top right corner is the high impact factor while variable locates at
the low left corner is the low impact factor. For better illustrate, Table 6 shows the data calculated in order of the
overall influence, from high to low. The results show that pellet diameter has strong impact on the cladding failure
time. Cladding thickness, plenum length, fuel density, enrichment, fuel thermal conductivity (steady + transient),
fuel thermal expansion, cladding corrosion, fuel specific heat, cladding surface heat transfer coefficient (transient)
are the factors that have some influence. The other 6 factors are the factor of low interest and will not be considered

in the following study.
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FIG. 6. Overall influence (mean) and interaction effect (standard deviation) calculated by Morris method.

TABLE 6. OVERALL INFLUENCE (MEAN) AND THE INTERACTION EFFECT (STANDARD
DEVIATION) CALCULATED BY MORRIS METHOD (IN ORDER OF THE OVERALL INFLUENCE)

No. Variable Mean Standard Deviation
1 Pellet diameter 35.065 15.865
2 Cladding thickness 5.6975 4.9284
6 Fuel thermal conductivity 5.24 6.483

3 Plenum length 4.8425 0.99848
7 Fuel thermal expansion 3.575 4.4381
14 Fuel specific heat (Transient) 3.3825 1.1467
5 Enrichment 3.0325 1.7916
17 (C%';l;lf;;ljl ts)urface heat transfer coefficient 0965 039965
4 Pellet density 0.6625 0.68288
12 Fuel thermal conductivity (Transient) 0.5875 0.26705
10 Cladding corrosion 0.52 0.46945
16 Cladding thermal expansion (Transient) 0.1125 0.036435
13 Fuel thermal expansion (Transient) 0.105 0.031464
8 Fuel swelling 0.035 0.029496
15 Cladding thermal conductivity (Transient) 0.015 0.018974
9 Cladding creep 0 0

11 Cladding hydrogen pickup 0 0
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3.2.4.  Sobol’ indices based on PCE method and quantitative analysis of uncertainty

Variance based decomposition is a global sensitivity method that summarizes how the uncertainty in model
output can be apportioned to uncertainty in individual input variables [7]. The Sobol’ indices are the variance-
based sensitivity indices, including the main effect sensitivity index S; and the total effect index Ti. The main effect
sensitivity index corresponds to the fraction of the uncertainty in the output that can be attributed to input x; alone
[7]. The total effects index corresponds to the fraction of the uncertainty in the output that can be attributed to
input X; and its interactions with other variables [7].

Traditional calculation method of Sobol’ indices is time consuming. For the case of N=100 samples and
k=10 input, it needs Nx(k+2) times of calculation. Usually, in order to reduce the computational expense, some
alternative methods would be applied, for example, the emulator, high dimensional model representations
(HDMR.), Fourier Amplitude Sensitivity Test (FAST). Here, the polynomial chaos expansion (PCE), which is an
emulator, was applied. It captures the functional relationship between a set of output response metrics and a set of
input random variables [7]. With the functional relationship established by PCE, we can perform a large-sample-
size sensitivity analysis in much less time and with high reliability.

Efficient Global Optimization (EGO), which is a global reliability method, was developed to search for
multiple points on or near the limit state throughout the random variable space [7]. It can evaluate the bounds of
the response functions’ distribution. This method is based on the iteration of the Gaussian process model.

With the PCE method based on 100 samples, 10000 calculations were performed and obtained the Sobol’
indices as shown in Table 7. Same as the above analysis, it demonstrates that pellet diameter is the most influential
factor for fuel rod failure during LOCA event. The others show similar effect.

TABLE 7. SOBOL’ INDICE CALCULATED BY THE PCE METHOD

No. Variable Main Effect Total Effect
1 Pellet diameter 0.822327328 0.853180919
2 Cladding thickness 0.016790807 0.036137951
3 Plenum length 0.030328453 0.049212338
4 Pellet density 0.000519525 0.017796019
5 Enrichment 0.004103068 0.018385835
6 Fuel thermal conductivity 0.005870458 0.045248346
7 Fuel thermal expansion 0.001270478 0.024899446
8 Cladding corrosion 0.002053417 0.01255415
9 Fuel thermal conductivity (Transient) 0.000495797 0.016435852
10 Fuel specific heat (Transient) 0.002025291 0.008276226
1 Cladding surface heat transfer 0.003789049 0.030197664

coefficient (Transient)

With further screening, fuel specific heat (transient), fuel thermal conductivity (transient) and cladding
corrosion were no longer considered. EGO analysis was performed with the rest 8 factors. It concludes that the
interval of failure time is (258.6 s, 306.93 s) by changing these 8 factors in the given range.

3.2.5. Optimal design

Based on the above analysis, it suggests that fuel rod design parameters play important roles in the fuel
performance under LOCA condition. Thus, in this section, EGO analysis is performed with the 5 design parameters
to find out an optimal design. It indicates that with the optimal design shown in Table 8, cladding failure time can
be delayed to 306.39 s.

According to the comparison of performance under steady state, shown in Table 9, the optimal design
improves also the fuel system performance under steady state that enhances the nuclear safety.
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TABLE 8. OPTIMAL DESIGN GIVEN BY EGO METHOD

No. Variable Reference Value Optimal Value
1 Pellet Diameter, mm 8.21 8.33

2 Cladding Thickness, mm 0.57 0.5785

3 Plenum Length, mm 300.6 285.58

4 Pellet density, % 95.32 95.65

5 Enrichment, % 4.49 3.5

TABLE 9. COMPARISON OF PERFORMANCE UNDER STEADY STATE

Variable Optimal Design Reference Design
Max fuel rod pressure, MPa 3.90 4.14

Max fuel centerline temperature, °C 794.99 822.48
Fission gas release, % 2.02 222

4. CONCLUSIONS

With the simulation of Halden fuel rod LOCA behaviour tests IFA-650.9/10/11 wusing
FRAPCON/FRAPTRAN, evaluation of integrated performance of fuel rod under LOCA condition is performed.
Generally, FRAPCON/FRAPTRAN predicts well the fuel rod behaviour under LOCA condition. Sensitivity and
uncertainty study of ATF fuel system’s (UO»-BeO + ODS FeCrAl) failure time under LOCA condition, found out
that the design parameters, especially the pellet diameter have important influence on fuel system’s performance
during LOCA. Proper adjustment of design parameters can optimize the fuel performance.
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Abstract

The QUENCH-19 test with the bundle including twenty four electrically heated fuel rod simulators with FeCrAl(Y)
claddings was conducted at KIT on 29" August 2018. Additional bundle parts were four FeCrAl(Y) spacer grids as well as
eight KANTHAL APM corner rods; the test bundle was surrounded by KANTHAL APM shroud. The objective of the
experiment was the comparison of FeCrAl(Y) and ZIRLO claddings under similar power and gas flow conditions, simulating
an early phase of hypothetical severe accident. Comparable with the previous QUENCH-15 test, the electrical power was the
same during both pre-oxidation and transient stages. After increase of the power to 18.12 kW, this power value was kept
constant during about 2000 s. At the end of this test stage the maximal peak cladding temperature of about 1500°C was reached.
Much lower heating rate in comparison to the QUENCH-15 test was measured. Sharp increase of hydrogen release rate was
observed above 1400°C. The experiment was terminated with reflood by injecting of about 48 g/s of water from the bundle
bottom. The total hydrogen mass measured during the whole test was 9.2 g compared to 47.6 g in the QUENCH-15 experiment
performed with much shorter high electrical power stage. The observation by endoscope showed the failure of cladding tubes
at the bundle elevations between 850 and 1000 mm. The claddings were failed either due to melting (central rods), or due to
interaction with melted thermocouples, or by spalling of small annular cladding segments. The post-test analyses were
performed at GRS and IBRAE by means of the integral system codes ATHLET-CD and SOCRAT. The results of these
simulations show that both codes are able to predict the temperature history. However, compared to the radial temperature
profile of up to 300 K observed in the experiment, both codes calculate less of 50 K. The hydrogen generation was strongly
underestimated due to lack of correct FeCrAl oxidation kinetics above 1300°C.

1. INTRODUCTION

The important accident management measure to terminate a severe accident progress in a Light Water
Reactor (LWR) is the water injection into the uncovered degraded core [1]. The QUENCH experiments are devoted
to the investigation of the hydrogen source term and materials interactions during LOCA and the early stages of
severe accidents including the reflood stage.

Zircaloy-4 was used as cladding tube material in 12 out of 19 QUENCH tests. QUENCH-12 was performed
with Nb-bearing E110 cladding material in WWER geometry and QUENCH-14 with M5 in the frame of the
Advanced Cladding Materials (ACM) experimental series in the standard PWR-type bundle arrangement.
QUENCH-15 as the second ACM experiment was conducted to check the effect of ZIRLO cladding material on
bundle oxidation and core reflood, in comparison with tests QUENCH-06, QUENCH-12, and QUENCH-14. The
arrangement of the QUENCH-15 bundle was different due to cladding outer diameter and pitch; the bundle was
consisted of 24 heated rods with ZIRLO claddings, eight corner rods, and a Zr-702 shroud. The QUENCH-15
experiment was performed with the same test protocol as QUENCH-06, -12 and -14, so that the effects of different
cladding materials could be observed [2].

The QUENCH-19 experiment was the worldwide first large-scale bundle test with Accident Tolerant Fuel
(ATF) claddings. It was conducted with FeCrAl(Y) claddings (alloy B136Y3 supplied by ORNL). The test
objective was the comparison of FeCrAl(Y) and ZIRLO claddings under similar power and gas flow conditions.
The QUENCH-15 experiment was used as the reference test.
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2. EXPERIMENTAL RESULTS

2.1. Test facility

The scheme of the test section is given in Fig. 1. The arrangement of the test rods presented in Fig. 2. The
length of the test bundle is about 2.5 m; there are 24 heated fuel rod simulators. Heating is electric by central
tungsten heaters with 5 mm diameter and length of 1024 mm. Electrodes of molybdenum/copper are connected to
the tungsten heaters and to the cables leading to the DC electrical power supply. The tungsten heaters are
surrounded by annular ZrO, pellets, which can simulate UO; pellets concerning the similar heat capacity.
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FIG. 1. QUENCH test section. FIG. 2. Cross section of bundle, top view.

The rods are held in position by five grid spacers (at elevations 200, 50, 550, 1050 and 1410 mm). The lower
grid spacer was the standard Inconel spacer; the other four spacers were manufactured by ORNL from the same
material as the cladding tubes. The cladding outside diameter was 9.52 mm, the inner diameter 8.76 mm. All rods
were filled with Kr at a pressure of 0.23 MPa after bundle heating to peak cladding temperature of 800 K.

Seven corner rods were installed at the bundle periphery. Four of them, i.e. rods “A”, “C”, “E”, and “G”, are
made of a solid rod (Kanthal APM, @6 mm) at the top and a tube at the bottom (Kanthal D, @ 6 mm, wall thickness
0.4 mm). The bottom part was used for thermocouple instrumentation. The other three corner rods, i.e. rods “B”,
“D”, and “F” (solid rods with diameter 6 mm), could be withdrawn from the bundle during the test to check the
oxidation degree and hydrogen absorption.

"The test bundle is surrounded by a shroud of Kanthal APM with a 34 mm thick ZrO, fibre insulation
extending from the bottom (-300 mm) to the upper end of the heated zone (+1024 mm) and a double-walled cooling
jacket of Inconel 600 (inner)/stainless steel (outer) over the entire length. The annulus between shroud and cooling
jacket is purged and then filled with stagnant Ar. The annulus is connected to a flow- and pressure-controlled
argon feeding system in order to keep the pressure constant at the target of 0.23 MPa and to prevent a penetration
of steam into the annulus after shroud failure. The annulus of the cooling jacket is cooled by Ar flowing from the
upper end to the bottom of the bundle, and by water in the bundle head. Both the absence of porous zirconia
insulation above the heated zone and the water cooling allow to avoid too high temperatures in that region” [2]
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The thermocouple accuracies are:

- at bundle elevations between 0 and 500 mm (NiCr/Ni thermocouples): + 2 K (up to 600 K), £ 0.005T

(above 600 K);

- at bundle elevations between 600 and + 1300 mm (W/Re thermocouples): = 5 K (up to 700 K), £ 0.01T

(above 700 K).

The release of hydrogen is analysed by a quadrupole mass spectrometer Balzers “GAM300” connected to
the off-gas pipe of the facility. The ion currents representing the concentrations of the analysed gases are
determined. From these measurements, the production rates of different gases (especially hydrogen) are calculated
with the ratio of the partial pressure of the particular gas and that one of Ar (carrier gas) and multiplied by the Ar
flow rate through the bundle.

2.2. Test conduct and first results

In the QUENCH-19 experiment the test sequence can be distinguished in the following stages:

—  Pre-oxidation
—  Heat-up

—  Extended period
— Quench

0000-6018 s (similar to QUENCH-15);

6018-7127 s (similar to QUENCH-15);

7127-9100 s (constant electrical power);

~9115-9285 s with water flow rate 48 g/s (similar to QUENCH-15).

The power history for the QUENCH-19 experiment together with the measured peak cladding temperature

is shown in Fig. 3.
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FIG. 3. QUENCH-19 and QUENCH-15test progresses.
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Ar and steam flows, as well as system pressure values are shown in Fig. 4. QUENCH-15 and -19 tests have
similar gas inlet conditions except the inlet gas temperature: while the QUENCH-15 gas temperature was constant
during the whole test (720 K), the corresponding gas temperature during QUENCH-19 increased from 640 to

700 K.
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FIG. 4. Comparison of QUENCH-15 and QUENCH-19 gas parameters at bundle inlet and outlet.

The boundary conditions were different for two bundle tests (Fig. 5). Whereas the porous heat insulation of
QUENCH-15 was filled with dry argon, the QUENCH-19 insulation contained water due to leakage of steam
through the small gap at the upper shroud flange during pre-tests.
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FIG. 5. Readings of thermocouples at different bundle elevations during transient stage.

These different boundary conditions should be the main reason for the fact, that the peak cladding
temperature was about 210 K lower during the pre-oxidation stage in comparison to QUENCH-15 (Fig. 6).
Additionally, the radial temperature gradient across the QUENCH-19 bundle was larger than the radial gradient
for QUENCH-15. In contrast to QUENCH-15, no temperature escalation during extended transient stage of the
QUENCH-19 experiment was observed.
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FIG. 6. Readings of thermocouples at 850 mm.

At the beginning of the transient stage, the lower temperatures were observed at all elevations of the
QUENCH-19 bundle in comparison to QUENCH-15 (Fig. 7). The hottest elevation of the QUENCH-19 was the
level 850 mm unlike 950 mm for QUENCH-15. At the end of transient, the temperatures were very similar
between -250 and 650 mm, whereas at higher elevations the QUENCH-15 temperatures were significantly higher
due to strong exothermal reaction ZIRLO/steam in this bundle at T>1500 K.
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FIG. 7. Readings of thermocouples at 850 mm.
Due to higher temperatures at the onset of reflood, the initial evaporation rate was higher in QUENCH-15

(Fig. 8). Therefore, the duration of water level increases up to the bundle head was shorter in QUENCH-19 (270 s
instead 330 s instead 330 s in QUENCH-15).
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FIG. 8. Reflood stage: evaporation of injected water and progress of collapsed water front propagation.

The wetting of cladding surface thermocouples TFS occurred early than the collapsed water front reached
the corresponding thermocouple elevation (Fig. 9). The reason is the relatively high region of two-phase fluid.
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FIG. 9. QUENCH-19: wetting of thermocouples by two-phase fluid.
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2.3. Post-test investigations

The inspection of some peripherical rods by videoscope showed absence of cladding circumferential
segments with the height up to 12 mm, probably spalled after thermal axial expansion followed by quench
shrinkage (Fig. 10). However, several other peripherical rods remained intact.

rods 5,17, 16, 15, 24 rods 16, 15, 24
(front look at 950 mm) (side look at 950 mm)

FIG. 10. QUENCH-19: videoscope observations of damaged claddings at upper part of heated zone.

The other damage character of claddings was found by the visual inspection of the post-test bundle. The
claddings of the thermocouples made of the AISI-304 stainless steel (melting range 1400-1450°C) and located at
the elevations 850, 950 and 1050 mm were melted. The relocated melt attacked the FeCrAl claddings and caused
partial melting of these claddings (Fig. 11).
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FIG. 11. QUENCH-19 bundle at bundle elevations between 900 and 1100 mm: cladding damages by molten thermocouple
steel (AISI 304) sheaths.

The generation rate of hydrogen released due to oxidation of cladding tubes, corner rods, shroud, grid spacers
and thermocouples showed the maximal value of 280 mg/s at the end of the transient (QUENCH-15: 1830 mg/s).
The total hydrogen mas measured at the end of the test was 9.2 g, what corresponds about 20% of total hydrogen
in QUENCH-19 (Fig. 12).
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FIG. 12. Hydrogen release during QUENCH-15 and QUENCH-19.

3.  SIMULATION RESULTS
3.1. Simulation with ATHLET-CD

ATHLET-CD (Analysis of THermal-hydraulics of LEaks and Transients with Core Degradation) [5]
describes the thermal-hydraulic response of reactor coolant system during severe accidents, including core damage
progression as well as aerosol and fission product behavior, to calculate the source term for containment analyses,
and to evaluate accident management measures. This code is developed by GRS in cooperation with IKE,
University of Stuttgart.

3.1.1.  Input data and model options

The post-test calculation used the same nodalization and as far as possible the same modelling options as for
the earlier QUENCH-15 simulation. The input model for the QUENCH facility comprises among others the bundle
fluid channel, subdivided into 20 axial nodes (10 nodes within the heated length). The rod bundle is simulated
within the code module ECORE by three concentric rings, an inner ring (ROD1) containing four heated rods, an
intermediate ring containing eight heated rods (ROD2) and an outer ring with twelve heated rods (ROD3). In
addition, the 5 spacer grids, the 8 corner rods, the shroud with its ZrO, thermal insulation, and the outer cooling
jacket were simulated. The argon and steam flows, as well the quenching by water have been simulated by fill
junctions at the bottom of the bundle or at the top of the bundle (injection of argon after start of flooding).

For the simulation of QUENCH-19 input parameters and modelling options as recommended by the code
user’s manual have been applied. For the external resistance of each heated rod, which takes into account the
voltage drop across the sliding contacts at the rod extremities as well as at the cables connecting the sliding contacts
to DC power supply, a value of 5 mQ was applied.

3.1.2.  Assumptions and model changes for FeCrAl

In the input data deck for the simulation of the test the material properties of Zr were replaced by the values
for FeCrAl given by KIT for the Kanthal APM alloy with a composition of 69% Fe, 21.6% Cr, 4.9% Al (+ 4.5%
others) [6]. With the assumption that no other oxides are produced by oxidation beside Al,Oz and material data for
aluminum oxide taken from [7] the following material properties have been used (Table 1):

78



TABLE 1. MATERIAL PROPERTIES USED FOR ATHLET-CD

Material property FeCrAl ALO,
Density (kg/m’) 7.1x10’ 3.9x10°
Thermal conductivity
(W/mK) 11 (323 K) — 35 (1673 K) 35
Specific Heat

460 (293 K 800 (1673 K 880
(kg K) (293 K) — 800 (1673 K)

The modification of the oxidation model for FeCrAl components with this specific composition was
considered in ATHLET-CD within the ECORE module for the claddings and within the HECU module for corner
rods, spacer grids and shroud. Corresponding to the chemical reaction

Fe,CryAl, + = 3H,0 — Fe,CryAl,,05, + = 3H, + z4h (1)

with an energy release of 4h = 9.3x10° J/mol = 9.32x10° J/kgrecral (molar weight Mecra; = 99.8%x1073
kg/mol) heat and hydrogen were produced. Due to the composition of FeCrAl with the molar masses of x=1.307,
y=0.404 and z=0.215 [6] the amount of hydrogen production was calculated. The mass of the resulting oxide A1,O3
(molar weight M;53=102.0x1073 kg/mol) determined the layer thickness of the oxide corresponding to its density
and the given geometry of the rods.

The oxidation rate was treated as a parabolic law as derived from the analytical solution of the diffusion
equation in the same way as used for the oxidation of Zr:

aw K

dw? = K-dt » < 2)

dat 2w

with W = m,, /surf.area in kg/m?, K = reaction rate in kg?/m®s, t = time in s.

The reaction rate K is defined by an Arrhenius formulation K = Aexp (—B/RT) - g(ps) with
R= 8.314 J/(mol-K) (gas constant), T is cladding temperature in K, g(p,) is reduction factor to consider steam
starvation (0 < g(p,) <1) and the rate constants 4, B as given by KIT for KANTHAL APMT [6]: A = 3.1 kg*/m?s,
B =2.78519x103 J/mol. Additionally to this data, a second rate with a multiplication factor of 300 was used, which
was derived from [3]. Fig. 13 compares the resulting oxidation rates with the standard options of ATHLET-CD
used for the oxidation of Zr.

ATHLET-CD: Reaction Rates for Steam Oxidation of Zr / FeCrAl
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FIG. 13. Comparison of oxidation rates for Zr and FeCrAl in ATHLET-CD.
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3.1.3.

Main results of QUENCH-19 post-test simulation with ATHLET-CD

The main post-test calculation results for QUENCH-19 are depicted in the Fig. 14 (bundle temperatures) and
Fig. 15 (hydrogen release) [8]. The bundle temperatures for inner (ROD1: blue), intermediate (ROD2: red) and
outer ring of rods (ROD3: green) are satisfactorily reproduced by the code in comparison with data (black, olive,
grey) within the heated length, only for the position above the heated length at 1350 mm height the cladding
temperatures were overestimated in comparison to the experiment. Additionally, the comparison shows that there
exists a relatively high radial gradient between inner and outer temperatures with a difference up to ~200 K in the
measured data (noticeable larger in comparison to QUENCH-15; the reason of this differences are not yet
completely clarified [4]) while the simulation yields a flat profile with a difference of at most 50 K.
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FIG. 14. Measured and simulated cladding temperatures for QUENCH-19.

In agreement with the measurement there is no temperature excursion in the simulation. The peak cladding
temperature in the experiment of 1728 K at an elevation of 850 mm is calculated in good concordance with 1685 K
at 950 mm height, a deviation of only 43 K. After start of quenching no further temperature increase occurs as
shown also for the test. The melting temperature of FeCrAl, which is 1773 K was not reached neither in test nor
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in the simulation (horizontal black dashed line) but the videoscope observation of the bundle at the positions of
the withdrawn corner rods showed the failure of claddings at the bundle elevations between 850 and 1000 mm. It
is assumed that the claddings failed due to melting (central rods), or due to interaction with melted thermocouples
(peripherical rods), or by spalling of small annular cladding segments [4].
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FIG. 15. Hydrogen release for QUENCH-19.

The comparison of hydrogen generation rate and mass of total generated hydrogen (Fig. 15) shows a heavy
underestimation of oxidation in the simulation, especially for the reaction rate given by [6], but also with the
increased rate (factor 300) as given in [4], with 0.008 g resp. 0.35 g compared to 9 g in the test. The hydrogen
production in the test was comparable low up to the time when the maximum temperatures reached a level of
~1400°C. Then a sharp increase of hydrogen release rate was observed at about 800 s before reflood. Probable
trigger of this event could be the melting of steel thermocouple claddings [4]. This effect was not considered in
the post-test calculation; nevertheless, the oxidation modelling for FeCrAl should be improved.

3.2. Simulation with SOCRAT

SOCRAT/V3 code [9] has been adapted for FeCrAl ATF claddings. Due to a lack of experimental data with
FeCrAl for validation of thermomechanical model in SOCRAT the calculated time of the FeCrAl claddings burst
corresponds to the moment when cladding started to melt, which overestimates the expected time of mechanical
failure.

3.2.1. Assumptions and model changes for FeCrAl

The system pressure is 2 bar. The team-argon mixture at the bundle inlet: has the following characteristics:
flow rate of Ar 0.003472 kg/s, flow rate of steam 0.00387 kg/s (initial value, decreases with time in accordance
with experimental data), temperature 504.7 K (calculated).

The side heat removal in the cooling jackets was chosen according to experimental data with the following
parameters: 1) Ar cooling with mass flow rate of 0.00559 kg/s, temperature 296.1 K, pressure 6.25 bar, 2) water
cooling with mass flow rate of 0.250 kg/s, temperature 341 K, pressure 6.5 bar. The heat removal from the cooling
jacket wall to containment atmosphere occurred by gas convection with heat transfer coefficient 5 W/(m?-K) at
gas temperature 335 K.

The reflood is simulated by water injection from the bundle bottom with flow rate in accordance with
experimental data and temperature 296.4 K.

3.2.2.  Change of material properties

The basic temperature dependence of zirconia fiber insulation provided in a report for QUENCH-15
experiment was modified to account for supposed water presence in cold regions close to cooling jacket
(temperatures 300 and 404 K in Table 2). The heat capacity of zirconia insulation region was not modified and
was set in accordance with a two-point time dependence provided in QUENCH-15 report.
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TABLE 2. MODIFIED DATA FOR FIBER INSULATION

Temperature, K 300 404 405 673 1373 1673 1923

Heat conductivity, W/(m-K) 0.68 0.68 0.12 0.11 0.14 0.19 0.24

No fiber insulation there is between 1024 and 1300 mm. The basic value of heat conductivity for this region
(calculated with account for radiation and convective heat transfer) was increased 3 times to assure the fast
decrease of temperature in the experimental data. The values implemented in calculations are shown in Table 3.

TABLE 3. HEAT CONDUCTIVITY ABOVE 1024 MM

Temperature, K 300 500 595 735 885 975 1040 1130 1200

Heat conductivity, W/(m-K) 0.42 0.99 1.56 2.70 3.90 4.95 6.00 7.39 9.00

The density of HfO, powder in TC insulation was 1.5 times smaller than that in QUENCH-15 experiment.
Therefore, the basic values of density and heat conductivity provided in QUENCH-15 report were decreased 1.5
times.

3.2.3.  Applied oxidation model

All FeCrAl alloys are modeled with a correlation based on data for the APMT alloy [10] for temperature
range T< 1723 K:

K;(T) = 0.3041 - exp(—32850/T), 3)
above 1773 K (melting temperature of FeCrAl), the correlation for stainless steel oxidation is used:
K,(T) = 3607 - exp(—35210/T),

where K;and K, are in g%/(cm?s). (4)

To assure a transition between these low-temperature and high-temperature oxidation kinetics K; and K, a
special correlation is implemented for intermediate range of temperatures 1723-1773 K:

Ki2(T) = a - exp(=b/T), (5)
The values of coefficients a and b in (5) are defined by the parameters in correlations (3) and (4):

a=a;+ (a, —ay)(T—1723)/50, (6)
b = b, + (b, — by)(T —1723)/50, @)

where a, = 0.3041, a,=3607, b,= 32850, b,= 35210.

The products of oxidation are specified taking into account that the initial metallic components Fe, Al, and
Cr are oxidized to FeO, Al,O3, and Cr,O; respectively. The weight fractions of Fe, Al, and Cr in alloy are currently
fixed at 72%, 6%, and 22%, respectively.

The mass of oxidation products is used for calculating the thermal properties of oxidized FeCrAl. This
oxidation model was preliminary validated at a series of 7 separate effect test performed in ORNL [11].

4.  MAIN RESULTS OF QUENCH-19 POST-TEST SIMULATION WITH SOCRAT

Figure 16 shows temperature results of in comparison with the experimental results for different bundle
elevations. Significant radial temperature gradient observed in experiment was not reproduced by code: for
peripherical rods (structure ROD 3) there is noticeable temperature overestimation. Figure 17 shows the modelling
results for the integral hydrogen release.
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5. SUMMARY AND CONCLUSIONS

The QUENCH-19 experiment with bundle containing 24 heated rods with FeCrAl(Y) cladding and 4
FeCrAI(Y) spacer grids as well as 7 KANTHAL APM corner rods and KANTHAL APM shroud was performed
at KIT on August 29, 2018 with similar electrical power history as reference test QUENCH-15 (ZIRLO claddings).
Not similar conditions were 1) cooler steam-Ar flow, and 2) humid Ar inside the heat insulation for QUENCH-
19.

The QUENCH-19 test was performed in four test stages:

(a) pre-oxidation during about 6000 s (similar to QUENCH-15);

(b) transient during about 1130 s (similar to QUENCH-15);

(c) extended period with constant electrical power of 18.32 kW during 1970 s (to extend the temperature
increase stage);

(d) test termination by water flooding with rate of 48 g/s (similar to QUENCH-15).

The peak cladding temperatures during the pre-oxidation stage were about 200 K lower in comparison to
QUENCH-15. The radial temperature gradient was noticeable larger in comparison to QUENCH-15. The reasons
for these test differences could be the different properties of the bundle materials (lower thermal conductivity and
higher heat capacity and thermal expansion of FeCrAl) as well as the different boundary conditions (cooler gas
flow, humid heat insulation). Much lower heating rate was measured in comparison to QUENCH-15. A
temperature of about 1423 K (1150°C) was reached at the time point as a local melting of QUENCH-15 claddings
occurred. No temperature escalation was observed during the extended transient. Maximum cladding temperature
measured before reflood was about 1733 K (1460°C). The coping time was about 3200 s (= 1200 s for QUENCH-
15). Many claddings were damaged at elevations between 850 and 1000 mm: 1) by interaction with melted
thermocouples or 2) parts of claddings were spalled (probably due to thermal expansion followed by quench
shrinkage). Sharp increase of hydrogen release rate was observed about 800 s before reflood. Probable trigger of
this event could be the melting of steel thermocouple claddings. The maximum hydrogen release rate reached
before reflood was 280 mg/s (1830 mg/s for QUENCH-15). Total hydrogen production 9.2 g (47.6 g for
QUENCH-15).

After the implementation of two approaches for the oxidation kinetics of FeCrAl with the assumption that
only AlbO; and no other oxides will be generated, the most recent ATHLET-CD code version has been used for
the simulation of the QUENCH-19 experiment. As far as possible the same input data deck and modelling options
were used compared to the reference case QUENCH-15, only boundary conditions of the test had been taken from
the data file and material data for FeCrAl instead of Zr (given by KIT) and the only considered oxidation product
AlOj instead of ZrO; (from [7]) were changed.

The results of the post-test simulations show that ATHLET-CD is able to predict the thermal behaviour of
the experiment in good agreement to the measured values, especially within the heated length. Compared to the
observed radial temperature profile of up to =~ 200 K in the experiment, which is different to the reference case
QUENCH-15 and the reason for this is not clear up to now, ATHLET-CD calculates a flat profile with a difference
of only =50 K between inner and outer rods. Different to QUENCH-15 there was no temperature excursion neither
in the test nor in the simulation; the temperatures decrease immediately after water injection. The maximum
temperature was obtained with high accuracy; there was a small underestimation of only ~ 40 K.

The comparison of the hydrogen production with totally 9 g resulting from the test and less than 1 g for both
oxidation approaches in the simulation shows that the oxidation model of FeCrAl in the ATHLET-CD code does
not comprise all the effects which contribute to the hydrogen generation in the test. For a detailed evaluation of
the calculated hydrogen generation it is necessary to use the final results of the post-test examination of the bundle
to know which components account for the total value. Nevertheless, the implementation of the oxidation model
for FeCrAl was a first approximation and will be improved.

First validation analyses of the SOCRAT code for FeCrAl applications were performed on the basis of the
QUENCH-19. Due to absence of reliable oxidation kinetics of FeCrAl (Y) alloy at high temperatures, results of
the modelling have temporarily character.

Both ATHLET-CD and SOCRAT codes able to predict the thermal behavior of the internal bundle rods,
however temperatures for the periphery rods were significantly overestimated. The calculated radial temperature
gradient was about 50 K, whereas experimental gradient was more than 300 K. The cause of this was the not
simulated circumstance of the water penetration into the heat insulation through the leakage at the bundle head.
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For simulation of the bundle oxidation, both codes used the correlation established early for the industrial
KANTHAL APMT alloy, whereas the test was performed with new B136Y3 alloy developed by ORNL for nuclear
applications (FeCrAl alloy with lower Cr content). New experimental data are needed for future correct modelling
of the oxidation of the B136Y3 alloy.
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Abstract

Various concepts of ATF claddings with enhanced tolerance to loss of active cooling in nuclear reactor core have been
proposed and intensively investigated worldwide. These potential solutions comprise mainly three categories: (1) state-of-the-
art zirconium based alloy cladding with high temperature oxidation resistance coatings, (2) new metallic cladding such as
FeCrAl alloy and (3) ceramic SiC¢/SiC composite cladding. These innovative ATF cladding materials have shown excellent or
satisfactory performance during design-basis accident conditions. However, their degradation and failure behaviour under
simulated severe accident conditions are lacking assessment. In this paper, the oxidation performance and failure behaviour of
one type of monolithic ATF cladding (FeCrAl alloys) and two coated Zr alloys (Cr coated and Cr2AlIC coated) in high
temperature steam extended to severe accident scenarios are explored. FeCrAl alloys are susceptible to breakaway oxidation
(formation of non-protective iron based oxide) at temperatures exceeding 1200°C, depending on heating schedules and
chemical compositions. The principal failure mechanisms of metallic (Cr) coated and ceramic (Cr2AIC) coated Zr alloys are
formation of liquid phase via eutectic reaction and cracking, respectively, at high temperatures.

1. INTRODUCTION

Zirconium based alloy fuel claddings used for current light water reactors (LWRs) possess desirable
performances during steady state normal operations and design basis accidents. The Fukushima Daiichi Accidents
in 2011 highlighted some detrimental performance characteristics of the fuel claddings, i.e. strong heat and
hydrogen releases via rapid exothermic zirconium-steam oxidation reaction, during severe accidents and the need
to develop advanced accident tolerant fuel (ATF) cladding for enhancing the safety margins of water cooled
reactors [1]. One of the crucial performance features of advanced ATF cladding materials is reduced oxidation
kinetics in high temperature steam with simultaneously minimized hydrogen generation and enthalpy input [2]. In
general, the high temperature oxidation resistance of materials relies on the growth of an external, protective and
slow-growing oxide scale. The most common protective oxide scales preventing underlying materials from fast
oxidation are Cr,O3, Al,Os and SiO,. Various concepts of enhanced ATF claddings proposed and intensively
investigated currently are materials that can form one of those oxide scales during high temperature oxidation [2—
4]. These alternative solutions comprise mainly three categories: (1) coated Zr cladding, (2) metallic FeCrAl alloy
cladding and (3) ceramic SiCySiC composite cladding.

In case of coating materials, a variety of metallic and ceramic coatings has been examined. One of the most
intensively studied coatings is pure Cr [5]. Oxidation of Cr coatings in steam result in growth of a Cr,O3 layer,
which possesses good oxidation resistance up to 1200°C. Alumina-forming metallic or ceramic materials, for
instance FeCrAl alloys or Ti;AIC and Cr,AIC MAX phases, also have been proposed as protective coatings since
alumina scale is featured by a much lower growth rate than that of chromia [6]. FeCrAl-based alloys represent a
very promising candidate for replacing the Zr-based alloy claddings due to their excellent properties, i.e. excellent
high temperature oxidation resistance as well as good formability and mechanical properties [7]. However,
majority efforts on characterization and qualification of these enhanced ATF cladding materials are under
operational and design basis conditions. So far, only limited studies focused on their degradation and failure
behaviour under simulated severe accident conditions. A comprehensive understanding of the oxidation
performances and failure mechanisms of these ATF cladding candidates under severe accidents is lacking. In the
framework of the QUENCH programme at the Karlsruhe Institute of Technology, in cooperation with international
partners, the investigation of the performance of various ATF candidate materials during severe accidents has been
established in recent years. Numerous laboratory scale tests from design basis accidents extended to severe
scenarios (up to >1750°C in steam) have been performed. In this paper, the oxidation performance and failure
behaviour of one type of monolithic ATF cladding (FeCrAl alloys) and two coated Zr alloys (Cr coated and Cr,AlC
coated) in high temperature steam is explored and reported.

86



2. EXPERIMENTS

The FeCrAl alloys examined in this study consisted of one commercial alloys, Kanthal APM
(Fe20.5Cr5.8Al, wt.%), and one model alloy Fe;»CrsAl (wt.%). The commercial alloy and the mode alloy are in
tube and disk shape, respectively. Two types of Cr coated Zr alloys, including physic vapor deposition coated and
cold spraying coated, were tested. The thickness of the PVD Cr coating is around 25 pm and of the cold spraying
Cr coating is around 30 um. The Cr,AlC coatings were synthesized via a two-step approach and more info can be
found in [8]. The thickness of the Cr,AlC coatings was around 6 pm with a 500 nm Cr interlayer as
bonding/diffusion barrier.

The majority oxidation experiments were conducted using the so-called BOX furnace with a horizontal
corundum tube under normal pressure. The specimen was located at the center of furnace on a corundum crucible
sample holder. A Bronkhorst flow controller and gas mixer system was used to define the oxidizing atmospheres.
The composition of the off-gas was in-situ analyzed by a mass spectrometer Balzers GAM300. The specimens
were oxidized in a flowing argon + steam atmosphere. Argon was used as the carrier gas and as the reference gas
for mass spectrometer analysis. Two different kinds of tests were conducted, isothermal tests and transient tests.
In the isothermal tests, samples were heated in high purity Ar atmosphere (6N) to the desired temperatures with
fixed heating rate 10 K/min. The atmosphere was then switched to 20 1/h Ar and 20 g/h H>O (=55 vol.% H,0) for
steam oxidation with different dwell times. Finally, after the isothermal exposure, the specimens were cooled down
to room temperature by simultaneously changing the atmosphere back to high purity Ar. In the transient test, the
steam was injected at low temperatures, and the specimens were oxidized from low temperature to a pre-defined
high temperature with different heating rates; a succeeding isothermal exposure period was applied once reaching
the pre-defined temperatures. Few tests were performed using a single-rod quench facility (QUENCH-SR) with a
vertical quartz furnace heated by induction coils. After the test, the samples were characterized by X-ray
diffraction, scanning electron microscope (SEM), etc.

3. RESULTS

3.1. Monolithic FeCrAl alloys

Figure 1summarizes the oxidation behaviour of the Kanthal APM alloys during transient test from 500 to
1400°C with subsequent holding for 1 h at 1400°C with two different heating rates. At lower heating rate, 5 K/min,
the hydrogen production during the steam exposure was extremely low. Both XRD (Fig. 1(b)) and SEM analysis
(Fig. 1c) confirmed that a protective alumina scale established on the surface, inhibiting direct contact of steam
with the alloy matrix. However, at the slightly higher heating rate 10 K/min during the ramp period, surprising
results were observed. The hydrogen concentration increased abruptly to an extremely high value once the
temperature reaching around 1380°C (Fig. 1(a)), two magnitudes higher than at 5 K/min, accompanied by a strong
peak. The sample was disintegrated after the test and the final mass gains was around 170 mg/cm? corresponding
to 47 wt.%. XRD and SEM results confirmed that the alloy was completely oxidized without alumina scale
surviving. These findings reveal that the alloy suffered catastrophic oxidation via rapid growth of non-protective
iron based oxide at temperature higher than ~1380°C. Thus, an adequately thick alumina oxide layer is needed to
avoid the occurrence of catastrophic oxidation especially at elevated temperatures for this category of alloys [9].
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FIG. 1. Oxidation performance of Kanthal APM alloys (Fe20.5Cr5.841) during transient test from 500 to 1400°C with
subsequent holding for 1 h at 1400°C, left column: 5 K/min heating rate and right column: 10 K/min heating rate. (a) and (a')
hydrogen concentration in the off-gas with inserted appearance of the samples afier test. (b) and (b') XRD patterns. (c) and

(¢') SEM images of surface view. Note that alumina scale formed at lower heating rate and breakaway oxidation occurred at
higher heating rate.

Since commercial high Cr (=20 wt.%) FeCrAl alloys sustain radiation-induced hardening and embrittlement
due to formation of the Cr-rich o' phase under irradiation, relatively low Cr alloys are currently optimized for
nuclear application [10]. A low Cr model alloy (Fel2Cr5Al) was further tested and Fig. 2 displays the hydrogen
concentration in the off-gas with inserted appearance of the samples during one transient test to 1450°C and one
isothermal test at 1200°C. In both tests, a high concentration peak of hydrogen appeared; together with appearance
of the samples after test clearly revealed that catastrophic oxidation occurred. The maximum tolerance temperature
of the alloy during the transient test was determined as around 1330°C. While, the alloy even cannot form an
alumina scale during isothermal oxidation at 1200°C, i.e. here without a pre-oxidation process. The alloys are
more susceptible to catastrophic oxidation in high temperature steam considering the absence of a pre-oxidation
process. In real accident scenarios, the heating rates in the nuclear core vary from a few K to dozens of K per
minute. The response of this alloys under simulated severe accident conditions needs detailed investigations.
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FIG. 2. Hydrogen concentration in the off-gas with inserted appearance of the Fel2Cr5Al samples (a) transient test from 500
to 1400°C at 10 K/min heating rate with subsequent holding for 1 h at 1450°C and (b) isothermal test at 1200°C for 1 h. The
grey areas indicating steam oxidation period.

3.2. Coated Zr alloys

3.2.1.  Crcoated Zr alloys

Figure 3 shows the cross sectional view of PVD Cr coated Zircaloy-2 after oxidation in steam at 1200°C for
30 min and 1300°C for 5 min, respectively. Under both conditions, a protective Cr,O3 grew on the surface and an
interdiffusion layer formed at coating/substrate interface. The coating possesses excellent adherence without any
sign of cracking and spallation. However, the oxidation rate and the interdiffusion rate both increased significantly
with increasing temperature. The oxide scale and interdiffusion layer thicknesses are thicker after oxidation at
1300°C for just 5 min (Fig. 3b) than those at 1200°C for 30 min (Fig. 3a). The diffusion of Cr into the Zr alloy
substrate has been proved leading to formation of brittle intermetallic compound (ZrCr,), which weaken the
strength of the alloy substrate [11]. Thus, during low term intermediate temperature (below the Cr-Zr eutectic
temperature) scenarios, the failure behaviour due to coating-substrate interdiffusion should be considered.

er

Diffusion
Zircaloy-2

15 kV 2610« WD =10 pm —

FIG. 3. Cross sectional view of PVD Cr coated Zircaloy-2 after oxidation (a) at 1200°C for 30 min (c) 1300°C for 5 min in

Ssteam.

Figure 4 provides hydrogen release rate and surface SEM image of cold spraying Cr coated zircaloy during
a transient test up to 1500°C. Obviously, the hydrogen release rate accelerated once the temperature exceeded the
eutectic temperature (~1330°C) and a steeply increased hydrogen release was observed at temperatures above
approx. 1450°C. Then the hydrogen rate was significantly higher than the hydrogen release rate of the uncoated
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reference Zircaloy-4, indicating a much higher oxidation rate after failure of the coatings. Examination of the
sample surface clearly showed the formation of liquid protrusions and cracking of the coating, (Fig. 4b).
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FIG. 4. Transient oxidation tests from 800 to 1500°C in steam with cold spraying Cr-coated and uncoated zircaloy (a) hydrogen
release rate (b) surface SEM image of coated zircaloy after test.

3.2.2.  CrAIC coated Zr alloys
CrAlIC belongs to a family of layered, ternary compounds known as MAX Phases. It possesses excellent
high temperature oxidation resistance and self-healing capability via fast growth of an alumina scale. As can be

seen in Fig. 5, a thin and dense alumina layer formed on the surface of the CroAlC coating after oxidation at 1000°C
in steam for 1 h, which protects the coating and the substrate from fast oxidation.

Al,O scale

Cr,AlC coating

FIG. 5. Cross sectional SEM image of Cr2A4IC coated zircaloy after oxidation at 1000°C in steam for 1 h.

Figure 6 shows the hydrogen release rate and cross sectional SEM images of the Cr,AlC coated and uncoated
Zircaloy-4 during transient oxidation tests from 500 to 1400°C in steam. For the coated sample, the hydrogen
release rate first increased slowly with the increasing of the oxidation temperature. The slope of the curve changed
and became much steeper at temperature ~ 1260°C. The hydrogen release rate of the coated sample then surpassed
the uncoated one at around 1300°C. Combined with the cross sectional SEM image, it can be deduced that the
coatings cracked, and steam penetrated the unoxidized substrate, as shown in Fig. 6¢c. The uncoated Zircaloy-4
formed a uniform ZrO; layer on top as seen in Fig. 6(b). In comparison, oxidation of the coated sample finally led
to the growth of a non-uniform oxide scale and thicker oxide layer was observed beneath the cracks. The thickness
of the oxide scale was still much thinner than that on uncoated sample. It is necessary to point out that no liquid

90



phase was found for the Cr,AIC coated sample up to 1400°C. The ceramic materials as coating can increase the
eutectic reaction temperature between the coating and substrate.
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FIG. 6. Transient oxidation tests from 500 to 1400°C in steam with Cr24IC coated and uncoated Zircaloy-4 (a) hydrogen
release rate, cross sectional SEM image of (b) uncoated and (c) coated zircaloy after test.

4. CONCLUSIONS

The oxidation performance and failure behaviour of one type of monolithic ATF cladding (FeCrAl alloys)
and two coated Zr alloys (Cr coated and Cr,AIC coated) in high temperature steam extended to severe accident
scenarios were investigated. Catastrophic oxidation, i.e. rapid and complete consumption of the FeCrAl alloy, can
be triggered above 1200°C in case of fast heating during transient tests in steam. The lack of the pre-oxidized
alumina scale declines the maximum tolerance temperature of the alloys to high temperature steam. Cr and Cr,AlC
coatings can establish protective Cr,O3 and Al,O; scales during high temperature oxidation in steam. Significant
inward diffusion of the Cr into the Zr alloy substrate occurred during oxidation at temperatures lower than the Cr-
Zr eutectic reaction temperature, which may embrittle the fuel cladding. Formation of liquid phase via eutectic
reaction, leading to succeeding fast oxidation rate, dominates the failure feature at temperatures above the Cr-Zr
eutectic temperature. The Cr,AlC ceramic coating formed a protective alumina layer during oxidation, while it
cracked more easily at high temperatures. However, no eutectic reaction was found during oxidation up to 1400°C
in steam.
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Abstract

After the Fukushima Daiichi accident, the high conductivity ceramic concept fuel has been revisited. The thermal
conductivity of uranium dioxide used as nuclear fuel is relatively low, as consequence fuel pellet centerline reaches high
temperatures, high fission gas release rate, increase of fuel rod internal pressure reducing the safety thermal margin. Several
investigations had been conducted in framework of ATF (Accident Tolerant Fuel) using different additives in ceramic fuel
(U0O2) in order to enhance thermal conductivity in uranium dioxide pellets. The increase of the thermal conductivity of fuel
can reduce the pellet centerline temperature, consequently less fission gas releasing rate and the low risk of fuel melting, hence
improving significantly fuel performance under accident conditions. The beryllium oxide (BeO) has high conductivity among
other ceramics and is quite compatible with UOz up to 2200°C, at which temperature it forms a eutectic. Moreover, it is
compatible with zircaloy cladding, does not react with water, has a good neutronic characteristics (low neutron absorption
cross-section, neutron moderation). This work presents a preliminary assessment of high conductivity ceramic concept fuel
considering UO2-BeO mixed oxide fuel containing 10 wt% of BeO. The FRAPCON and FRAPTRAN fuel performance codes
were conveniently adapted to support the evaluation of UO2-BeO mixed oxide fuel. The thermal and mechanical properties
were modified in the codes for a proper and representative simulation of the fuel performance. Theobtainedpreliminary results
show lower fuel centerline temperatureswhen compared to standard UOz fuel, consequently promoting enhancement of safety
margins during the operational condition and under LOCA accident scenario.

1. INTRODUCTION

The uranium dioxide has been used as nuclear fuel for pressurized and boiling water reactors (PWR and
BWR) for a long time with an outstanding performance. Nonetheless, the research for accident tolerant fuels (ATF)
as a consequence of the Fukushima Daiichi accident brought the necessity to improve the performance of nuclear
fuels aiming to develop fuels which present enhanced accident tolerance in comparison with the standard and
existing UOy/zircaloy system widely used by the nuclear industry [1]. Nowadays, a significant effort has been
conducted in the cladding material research and investigation in order to accomplish the ATF criteria such as
corrosion resistance, good mechanical properties, lower hydrogen generation etc. Additionally, the performance
can be improved considering the fuel pellet itself, specially enhancing the thermal conductivity and reducing
fission gas release.

The low thermal conductivity of uranium dioxide used as nuclear fuel in PWR induces a high fuel pellet
centerline temperature, stores energy consequently reducing the safety thermal margins during steady state
irradiation, transients, and under accident scenarios, as for instance loss-of-coolant accident (LOCA). Due to the
poor thermal conductivity of UO,, the high fuel centerline temperature in the pellet promotes different phenomena
such as high fission gas release, steep temperature gradient resulting in high thermal stress, increase of the fuel
pellet swelling, plastic deformation, cracking, anticipation of pellet cladding mechanical interaction occurrence,
and consequently reduction of operational safety limit. In this sense, the increase of the uranium dioxide thermal
conductivity by means of the use of specific additives to the fuel matrix can reduce the fuel centerline temperature,
consequently the amount of fission gas release would be lower, less thermal stress, less swelling and deformation
allowing high burnup and enabling improved safety due to less stored energy.

In the last decades several investigations have been conducted in order to enhance the thermal conductivity
of the fuel pellet and one of the promising techniques is associated to doping the UO; pellet with high conductivity
additive. The beryllium oxide (BeO) have shown as good candidate due to its high thermal conductivity among
oxides, high melting point, low neutron thermal absorption cross section, easily fabricated without significant
impacts in the conventional manufacturing process with an acceptable fuel cost. Additionally, to enhancing thermal
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conductivity, beryllium oxide presents a large stability and chemical compatibility with uranium at high
temperatures as well as some neutron moderation capacity.

In order to perform a preliminary assessment of the effect of the BeO addition to enhance the nuclear fuel
behaviour, it was necessary to include the relevant properties, mainly the thermal conductivity into the FRAPCON
and FRAPTRAN fuel performance codes.

2. METHODOLOGY

2.1. Modelling Thermal and Mechanical Properties of UO2 with BeO addition

In the present paper, initially the necessary materials properties to be changed were identified considering
the MATPRO (Material Properties Data Library) existing materials properties for fuel pellet correlated directly to
temperature and a preliminary literature survey was conducted in order to assess the existing information about Be
(beryllium) and BeO (beryllium oxide), especially those related to thermal properties. Moreover, information
regarding fabrication process in order to verify the feasible amount of beryllium oxide to be mixed to the UO;
matrix [2—4]. As begin of assessment it was defined the enhanced fuel pellet with following composition: 10% of
BeO and 90% of UO; in volume fractions, giving almost 3.10% of BeO in weight percent (wt%).

In order to define the new material properties correlations to be applied in the modified versions of the codes,
the first step consists in stablish the weight fraction of each fuel pellet component contribution, according to
following expressions [5]:

V1-P1
W =— 1
. V1.p1+V2.02 ( )
V2-P2
Wy = ———— 2
2 V1.p11+V2.P2 ( )

where v; are the volume fractions, p; are the densities and w; are the mass fractions of the two components.
2.1.1.  Thermal Conductivity UO>-BeO

The thermal conductivity of UO, pellet usually is a function of burnup, temperature, porosity, theoretical
density, and radiation damages due to change in the crystalline network or irradiation defects. The thermal
conductivity of UO;, 8.4 W-m-K"!, is significantly lower than that of BeO, 260 W-m™-K"!, at room temperature.
Two type of correlations were considered before implementation in the FRAPCON code, the analytical model
proposed by D. Chandramouliand S. T. Revankar [7-9] and experimental correlations [10, 11] presented by
HALDEN (Norway) and Nippon Nuclear Fuel Development Co., Ltd (Japan). The thermal conductivity of the
UO,-BeO proposed in this work is a fitting curve of existing data considering a given BeO composition (10%) in
the fuel, this fitting curve became function only of temperature according to following expression:

Kyoz—p = 3348 T0928 3)

where Ko, is the UO2-BeO fuel pellet thermal conductivity in W-m™-K™!, and T is the temperature in
Kelvin unit, the function was implemented in subroutine FTHCON of FRAPCON code.

2.1.2. Specific Heat Capacity

The heat capacity of UO,-BeO fuel pellet is given by the straightforward result of weight fraction applied to
both oxides specific heat capacities UO,[13] and BeO [9, 12]:

CPyo,-Beo = Wyo, X CPyo, + Wpeo X CPpeo 4
where:
T-650\3 T-650\2 T—650
CPreo=0.036 (0) = 012 (T20) +0.2(50) + 1.9 )

Cpyo, was considered in equation 2.2-1 from [13].
The function above was implemented in subroutine FCP of FRAPCON code.
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2.1.3.  Enthalpy

The enthalpy of UO,-BeO fuel pellet is given by the straightforward result of weight fraction applied to both
oxides enthalpies as presented below [7] and the function was implemented in subroutine FENTHL:
Hyo,-peo = Wyo, X Hyo, + Wpeo X Hpe (6)

Hpeo = 111084 + 71245107472 4 22722 - 222200

— 5453.21 )

Hy o, was considered in equation 2.2-2 from [13].
2.1.4.  Melting Point and Heat of Fusion

The melting temperature of UO; pellet is 3113 K and its heat of fusion is 2.74x10° J/kg [6, 15]; for UO,-
BeO fuel pellet, these values are 3104 K and 3.19x10° J/kg [7], respectively.

2.1.5. Thermal Expansion

Based on the weight fraction presented above, the thermal expansion of the UO,-BeO fuel pellet is given by
the following straightforward expression [7]:
AL AL AL

— =w X — +w X — 8
L y0,~Be0 U0z ™ 1 yo, BeO ™ 1 peo ®)

The function was implemented in subroutine FTHEXP of FRAPCON code.
2.1.6. Mechanical Properties

The main mechanical properties for the UO,-BeO fuel pellet are obtained using volume fraction of each
component to calculate following properties: Young modulus, Shear modulus, Poisson coefficient, and strength,
as presented below [14]:

Puo,-Beo = Wyo, X Pyo, T Wpeo X Preo 9
Vuo,-Beo = Wyo,-Beo X PU0,-Beo (10

Then, the mechanical properties for the UO,-BeO fuel pellet are given by the following straightforward
expressions:

Yy0,-Be0 = Vuo, X Yo, T Vgeo X Ygeo (1D
ShearUOZ_BeO = Vyo, X .S’hearuo2 + Vgeo X Shearg,g (12)
Poissonyg,_peo = Vyo, X Poissonyg, + Vgep X Poissongeo (13)

2.2. Fuel Performance Codes

The well-known FRAPCON and FRAPTRAN [15] codes, sponsored by the United States Nuclear
Regulatory Commission (U.S. NRC) for the licensing of PWR and BWR nuclear power plants, were conveniently
modified to support the evaluation of BeO/UO, mixed oxide fuel containing 10 wt% of beryllium oxide. The
FRAPCON and FRAPTRAN codes have a material data packagecompilation, namely MATPRO [6], which
contains material properties, theoretical and experimental models and correlations considered in the simulation of
the fuel performance. The implemented modifications mainly addressed the role of the BeO to enhance the thermal
conductivity of the fuel pellet. The modifications of the previously identified subroutines related to UO,-BeO fuel
pellet properties in the fuel performance codes were carried out considering step by step manner in order to assess
the contribution of each property to the final fuel global performance. The first modified subroutine was related to
the thermal conductivity property, after following by the specific heat, the enthalpy, and finally, the mechanical
properties. For each property modification, new versions of the codes were generated and tests were carefully
performed. The verification of implemented modification was conducted by means of LOCA experiment (IFA
650-5) performed in HALDEN. It is worthwhile to mention that similar work [7] exist but consider only
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FRAPTRAN code modification for UO,-BeO as fuel in the LOCA condition, this work considers modification on
both codes: FRAPCON and FRAPTRAN to consider the LOCA analysis.

2.3. Fuel Rod Analysis (Test Case: IFA 650-5)

The modified version of the codes (FRAPCON and FRAPTRAN) was evaluated using as test case, the data
available in the open literature related to the experiment IFA 650-5 performed in the framework of Halden Reactor
Project [16] to study the behaviour of UO,/zircaloy fuel rod under LOCA scenario.

The IFA 650-5 test fuel rod was re-fabricated from an irradiated PWR UQO,/Zircaloy-4 fuel rod. The fuel had
a high average burnup of 83 MWd/kgU. The base irradiation of the full-length rod comprised 6 reactor cycles
corresponding to about 2000 effective full power days. The properties of the IFA-650.5 fuel rod are summarized
in Table 1 below. Initially, steady state condition was simulated using FRAPCON code for UO, and UO,-BeO.

TABLE 1. FUEL ROD PROPERTIES OF IFA 650-5 TEST FUEL ROD

Fuel type PWR
Fuel material U0z
Fuel pellet diameter (mm) 9.132
Fuel pellet length (mm) 11
Fuel dish depth (mm) 0.28
Fuel dish width (mm) 1.2
Fuel density (% TD) 94.8
Fuel enrichment (w/o %) 35
Cladding material DX ELS0.8b
Cladding outer diameter (mm) 10.735
Cladding wall thickness (mm) 0.721
Fuel rod burnup MWd/kgU) 83
Fuel rod total length (mm) 480
Fuel rod gap (mm) 0.0805
Fuel Rod plenum volume (cm?®) 15
Fuel rod fill gas 90% Ar +10%He
Fill pressure (MPa) 4.0

2.4. Results and Discussion

The Figs 1, 2 and 3 present the evolution of the fuel centerline temperature, the internal pressure, and the
fission gas release as function of burnup for IFA 650-5 considering UO; fuel pellet as reference and enhanced fuel
UO»-BeO pellet. For UO,-BeO fuel pellet, the results are shown according to the modified properties into
correspondent subroutines.

Vitanza ~ reseomses J02 - Standard
UQ2-BeO

Fuel Centerline Temperature (")

Burnup (MWd/kgU)

FIG. 1. Fuel centerline temperature for IFA 650-5 as function of burnup for reference UO: fuel pellet and UO2-BeO fuel pellet
using FRAPCON codes (original and modified version) for steady state condition (burnup accumulation).
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Figure 1 shows that the fuel centerline temperature is about 500°C lower for UO,-BeO fuel pellet compared
to the reference UO; fuel pellet. The figure also shows that the governing property in the fuel pellet behaviour is
mainly due to the thermal conductivity; the modification of the other subroutines related to other properties
(specific enthalpy, specific heat and mechanical) does not promote significantly changes in the fuel pellet
centerline temperature. The result confirms that thermal conductivity plays a very important role in the fuel
temperature profile.

The Figure 1 additionally presents the Vitanza threshold [17] curve which is associated to fission gas release
rate due to the fuel centerline temperature. As it can be seen from the Vitanza curve, the fission gas release for
UO»-BeO fuel pellet do not exceed the threshold, consequently the dominant phenomena governing the fission gas
release process will be athermal up to approximatelly 40 MWd/kgU.

The evolution of the internal fuel rod pressure as function of burnup for IFA 650-5 presented in Figure 2
show that the internal pressure for the fuel rod with UO,-BeO fuel pellet is lower than that observed for the
reference UO, fuel pellet during all the irradiation period, even considering the high burnup reached during the
steady state irradiation of the fuel rod.

---------------- U02 — Standard — ] (2-Be ()
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; b : o
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FIG. 2. Internal fuel rod pressure for IFA 650-5 as function of burnup for reference UO: fuel pellet and UO:-BeO fuel pellet
using FRAPCON codes (original and modified version) for steady state condition (burnup accumulation).

The evolution of the fission gas release as function of burnup presented in Figure 3 show that the amount of
fission gas released by UO»-BeO fuel pellet is significantly lower than that of the reference UO, fuel pellet. Then,
the lower temperatures experienced by the UO,-BeO fuel pellet during the entire irradiation period enable the fuel
centerline temperature not to exceed the Vitanza threshold.

12-

UO2 + Standard
U02-Be0 ;

0.} e e e e e
g 4
L]
(7]
[
™
s 6
0
o
(U]
5§ 4
n
"
iL

0 10 20 30 40 50 60 70 80 90
Burnup (MWd/kgU)

FIG. 3. Fission gas release for IFA 650-5 as function of burnup for reference UO: fuel pellet and UO2-BeO fuel pellet using
FRAPCON codes (original and modified versions) for steady state condition (burnup accumulation,).

99



Figure 4 shows the evolution of the internal fuel rod pressure as function of time during the LOCA transient.
Initially, this assessment was performed using coupled simulation (FRAPCON and FRAPTRAN), the original
version of FRAPCON and FRAPTRAN codes for the reference UO> fuel pellet and, for UO,-BeO, the modified
versions of FRAPCON and FRAPTRAN codes taking to account new properties implementation. Moreover, the
steady state condition simulated using modified FRAPCON and original version of FRAPTRAN in order to verify
the consistency of FRAPTRAN modification. The curves in the figure show a slight increase of the cladding
rupture time for the UO,-BeO fuel pellet. The possible reason for a slight improvement shall be associated to
temperature boundary condition considered in the FRAPTRAN input, which is conservative assumption
considering the previous results (Figure 1) of fuel temperature. Again, it is worthwhile note the importance of
results presented by modified FRAPCON compared to the results obtained from modified FRAPTRAN in order
to evaluate the effects of the BeO addition in the global fuel performance during steady state irradiation prior to
LOCA scenario.
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FIG. 4. Internal fuel rod pressure for IFA 650-5 as function of time for reference UO: fuel pellet and UO2-BeO fuel pellet using
FRAPCON-FRAPTRAN codes and the modified versions for LOCA condition.

3. CONCLUSION

All results obtained using modified version of FRAPCON code show an improvement of the parameters
directly associated to safety margins, specially the fuel centerline temperature reduction, consequently reduced
thermal gradient inside fuel pellet, small amount of fission gas release, lower internal pressure, all effects resulting
in the improvement of safety margins during the steady state operational condition. The results of modified
FRAPTRAN shown a slight improvement for burst time during the LOCA accident scenario. Some improvement
expected for UO,-BeO fuel during the LOCA was not clearly achieved mainly due to the assumption of same fuel
cladding temperature as boundary condition adopted for both simulations at beginning of transient. Moreover, the
future work can address the appropriate cladding temperature profile and the importance of burnup associated to
the thermal conductivity degradation and some evaluation of neutronic penalty due to reduction of uranium loading

in the UO,-BeO fuel pellet.
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Abstract

The FINIX fuel behaviour module has been under development at VTT for six years for modelling traditional western
light water reactor and Russian WWER fuel. The module is designed to be implemented in various other reactor safety analysis
tools, such as neutronics and reactor dynamics codes. At VTT, it has been internally coupled with Serpent 2 to provide fuel
temperatures for neutronics, and to thermal hydraulics and reactor dynamics codes TRAB1D, TRAB3D and HEXTRAN.
FINIX will also be a part of the new VTT reactor analysis framework Kraken, the development of which is currently underway.
In such couplings, the fuel temperature distribution is one of the most important parameters passed on to the host code. From
the start, FINIX has been able to model the fuel temperature distribution in reactivity insertion accidents (RIA) comparably to
established codes such as FRAPTRAN. The irradiated state was typically taken into account with a restart file from FRAPCON.
Over the years, additional models have been implemented in the code, and long irradiation periods can now also be modelled
with FINIX. The average error in temperature predictions across several Halden irradiations is 6.6%, and FINIX predicts
typically 50 to 100 K higher temperatures at the highest temperatures compared to FRAPTRAN. Recently, the ability of FINIX
to model loss-of-coolant accidents (LOCA) has been investigated. The main limitation of the current FINIX version is in
mechanical modelling, as finite strain deformation cannot be accurately modelled, and the currently implemented failure
models are rudimentary. Temperature predictions of FINIX were compared to FRAPTRAN and found to be close to
FRAPTRAN until the blowdown phase, at which FINIX overpredicts the temperatures. FINIX LOCA predictions have also
been compared to results calculated by FRAPTRAN for the Halden IFA-650.5 LOCA test.

1. INTRODUCTION

The fuel behaviour models in many thermal-hydraulics or neutronics codes are typically based on simple
correlations, non-mechanical thermal elements, or even fixed values of temperature. Although they are quick to
understand and efficient to solve, such fuel models may be less-than-realistic in, for instance, transient conditions
or, in cases where fuel with extended burn-up should be considered.

The FINIX fuel behaviour module has been under development at VTT since 2012 [1], with the latest version
published in the beginning of 2019 [2]. The main use of FINIX is in coupling with other core physics codes, and
FINIX is to serve as the main fuel model in the upcoming Finnish reactor analysis framework Kraken [3]. The
advantages of developing an in-house code are numerous compared to only using codes developed elsewhere. The
code is more easily manageable and adapted to different usages. As a self-developed code does not suffer from
license limitations, the code is available to academic as well as commercial applications with ease. In addition,
code development serves as an interesting project and increases attractiveness of the field for new graduates.

The FINIX code has been designed so that it can be coupled on a source-code level, so that passing input
and output files between the codes is not necessary. FINIX includes a collection of built-in functions that can be
used for basic setup of the system, and for running the actual simulations, using a fairly high-level syntax. In
addition, FINIX has an error message system that can be used to detect beyond-normal operation of the code
without aborting programme execution. Because of the direct coupling on a source-code level, FINIX allows for
low-level control of its input and output. At VTT, FINIX has already been successfully coupled with the reactor
dynamics codes HEXTRAN, TRABI1D and TRAB3D [4] and the Monte Carlo neutronics code Serpent 2 [5].

2. DESCRIPTION OF FINIX

FINIX solves the one dimensional heat equation independently in several axial nodes, with fuel rod internal
pressure being equal across these nodes. This approximation is known as the 1.5-dimensional approach and is
typically used in fuel performance codes.

The current models are sufficient for simple simulation of reactivity insertion accidents as well as, to some
degree, longer irradiation periods. All models necessary for the accurate simulation of loss-of-coolant accidents
are not present in FINIX, but in later sections some results calculated by FINIX in these cases are shown. Such
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simulations show the current status of FINIX development and serve as guidance to direct future development of
the code.

In Table 1, the different FINIX models for physical phenomena and material properties are listed with their
respective sources. All FINIX correlations are reported in public sources, and the code contains no proprietary
models. It must be noted that not all models are necessary in each coupling, and in coupled application some
models should be superseded by the models in the coupled code. For example, the coolant models are not necessary
in coupling to thermal hydraulics, and the radial distribution model is not necessary when coupling to neutronics

codes.

TABLE 1. SOURCES OF DIFFERENT FINIX MODELS.

FINIX model

Reference

Gap conductance

Cladding heat capacity, thermal conductivity,
thermal strain

Cladding Young's modulus, Meyer's hardness,
Poisson's ratio

Cladding yield stress

Cladding creep
Cladding failure model

Cladding oxidation

Cladding oxide heat capacity
Cladding oxide thermal conductivity

Fission gas release
Coolant heat transfer
Coolant properties

Radial power distribution

Pellet heat capacity, thermal conductivity and
thermal strain

Pellet relocation
Pellet swelling and densification

Pellet densification

Pellet grain growth

FRAPTRAN [6], FRAPCON-3.4 [7], FRAPCON-4.0 [8],
MATPRO [9]

FRAPTRAN [6]

MATPRO [9]

PNNL [10], Shestopalov et al. [11]

Limbéck and Andersson [12], FRAPCON [8]
Simple overstrain criterion

Steady-state: Dyce [13], Kitt6 [14], FRAPCON [8]; transient:

Baker-Just [15]
NIST-JANAF [16]

MATPRO [9]

Modified Forsberg-Massih [17, 18], modified SIFGRS [19]
Dittus-Boelter [20], Jens-Lottes [21]

Liquid water: IAPWS-IF97 [22]

TUBRNP [23]

FRAPTRAN [6], MATPRO [9]

FRAPCON [7]

FRAPCON [7], MATPRO [9],
SIFGRS [19]

MATPRO [9]
Ainscough [24]

3.  VALIDATION

FINIX temperature, FGR and oxidation predictions have been validated against experimental data [25]. At
the current development stage, the FINIX temperature predictions are very accurate. On average, FINIX
temperature predictions are within 6.6% of experimental data, which corresponds to an average absolute error of
70 K, see Fig. 1. However, high fission gas releases are generally underpredicted, as can be seen from Fig. 2.

Data from Halden tests IFA-515, -677 and -681 has been used in the temperature validation (see Table 2). In
IFA-515 rods Al and B1 and IFA-681 rod 5, the temperature was measured with an expansion thermometer, and
this value was compared with the average fuel centreline temperature calculated by FINIX. In the rest of the rods,
the data was obtained from thermocouples and the fuel centreline temperature at the axial node containing the
thermocouple was used in the comparison. In the fission gas release validation, both Halden results and data from
the OECD/NEA IFPE database have been used.
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TABLE 2. HALDEN IRRADIATIONS USED IN THE TEMPERATURE VALIDATION OF FINIX.

Rod Clad type Burnup at EOL
(MWd-kgu™)

IFA-515.10 rA1l Zry-2 86.4
IFA-515.10 rB1 Zry-2 95.4
IFA-677.1 12 Zry-4 29.7
IFA-681 rl Zry-4 41.1
IFA-681 15 Zry-4 40
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FIG. 1. FINIX steady state temperature predictions compared to experimental data from Halden, where the black diagonal
line corresponds to calculated temperature being equal with the measured temperature. The red line is a linear regression line

fitted to all of the data, and the red shaded area is the prediction interval. Black dashed lines correspond to 10% deviations
from the experimental values.
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FIG. 2. FINIX FGR predictions compared to experimental data, where the black diagonal line corresponds to calculated FGR
being equal with the measured FGR. The red shaded area is the prediction interval, and the darker shade within it the
confidence interval of the mean.
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4. MODELLING OF REACTIVITY INSERTION ACCIDENTS

From the beginning, the capability of FINIX to model fuel temperature in RIAs has been good [26]. FINIX
predictions in RIA cases have been verified against FRAPTRAN, and for the most part the FINIX results are
comparable to those calculated with FRAPTRAN. Currently, the main differences between the two codes relate to
the pellet thermal expansion in RIAs, cladding mechanical behaviour, rod internal pressure and plenum
temperature.

Results from two RIA tests, calculated with both the FINIX and FRAPTRAN codes are shown below. The
first results are from the simulation of the CABRI REP-Na3 test, and the other from the BIGR RT-8 test. The
details of these tests are presented in Table 3.

TABLE 3. RIA VERIFICATION CASES OF FINIX PRESENTED IN THIS ARTICLE.

Base irradiation Transient reactor ~ Rod Rod type Burnup at EOL (MWd-kgu!) Pulse width (ms)
Gravelines-5 CABRI Na-3 PWR 17x17 53.8 9.5
Kolskaya BIGR RT-8 WWER-440 60 3

The pellet cladding gap conductance calculation requires the determination of the effective gap width. The
same correlation for the effective gap width is used in both FINIX and in FRAPTRAN. The use of this correlation
has been found to yield best results in the temperature validation. The results of the two codes for the gap
conductance are also very similar until the power pulse. As the gap reopens in FRAPTRAN but not in FINIX, the
FINIX gap conductances also remain higher than the respective values calculated by FRAPTRAN.

The main difference in the mechanical solution regarding the gap width in RIAs is the pellet thermal
expansion model. In FRAPTRAN, a special model taking into account the radial expansion due to circumferential
strain is present, which increases pellet radial expansion in a RIA. The effect of this model was investigated, and
for example in the CABRI REP-Na3 case the gap does not reopen in FRAPTRAN if this model is turned off. The
cladding stress and strain behaviours are very similar between FINIX and FRAPTRAN without the RIA pellet
thermal expansion model. (see Fig. 3.)
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FIG 3. Gap heat transfer coefficient (left) and pellet cladding gap width (vight) in the CABRI REP-Na3 case.

The behaviour of the pellet cladding gap is also evident from the cladding hoop stress predictions between
the two codes. (see Fig. 4.) As the gap reopens in FRAPTRAN but does not do so in FINIX, the FINIX cladding
hoop stress predictions are consistently higher for the remainder of the simulation after the power pulse. The peak
of the cladding hoop stress occurs in both codes at the time of the power pulse.
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FIG. 4. Cladding hoop stress in the CABRI REP-Na3 case.

The fuel centerline temperatures in RIAs are typically slightly overpredicted in FINIX compared to
FRAPTRAN. The Figure 5 shows a very typical result, where the difference in centerline temperature is in the
range of 50 to 100 K.

The pellet cladding gap width in the BIGR RT-8§ case is calculated very similarly in FINIX and FRAPTRAN.
As can be seen from the rod internal pressure in Figure 6, the cladding failure occurs at slightly after 0.4 seconds,
and this is seen as a bump in the pellet cladding gap width. A similar bump is observed also in FRAPTRAN;
however, no cladding failure was observed in FRAPTRAN.
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FIG. 5. Fuel centerline temperature (left) and pellet cladding gap width (vight) in the BIGR RT-8 RIA case.

The pellet surface temperatures between the codes show similar behaviour, although FINIX predicts slightly
lower temperatures. The rod internal pressure is first calculated by FINIX to be considerably higher than in
FRAPTRAN, and subsequently a cladding failure occurs. The cladding failure is observed from the Figure 6 as
the abrupt drop in internal pressure, as the internal pressure is then set to equal the coolant pressure

The moment of rod failure, evident from the rod internal pressure, is also visible in the pellet surface
temperature evolution. At the moment of rod failure, the fill gas composition in the rod is adjusted to consist of
water vapor, which has a lower thermal conductivity than the initial fill gas helium. This leads to higher pellet
surface temperatures after rod failure.
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FIG. 6. Pellet surface temperature (left) and rod internal pressure (right) in the BIGR RT-8 RIA case.

5. MODELLING OF LOSS-OF-COOLANT ACCIDENTS

FINIX models are limited with regards to modelling LOCAs. For example, FINIX uses the typical
infinitesimal strain assumption, which breaks down at finite strains, such as during ballooning in a LOCA. In
addition, FINIX cladding failure models are very rudimentary, and currently aid in code convergence rather than
prediction of failure time or strain. In an ongoing research project the update of FINIX mechanical modelling is
planned.

However, FINIX capabilities with regards to modelling LOCAs were investigated by modelling several
Halden LOCA tests from the IFA-650 test series. In the following, some key results calculated for the IFA-650.5
test are shown. The test rod in IFA-650.5 was irradiated up to a burnup of 83 MWd-kgy! in a commercial PWR
before the LOCA test at Halden.

The rod internal pressure and cladding hoop stress in FINIX follow similar behaviour than in FRAPTRAN.
However, the predictions of FRAPTRAN are peaked higher than those of FINIX, and the failure time in FINIX is
slightly later than in FRAPTRAN. The failure time in both figures below (Figs 7(a) and 7(b)) can be seen at the
moment where the rod internal pressure drops abruptly to coolant pressure, and when the cladding hoop stress
drops to zero.
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FIG. 7. Rod internal pressure (left) and cladding hoop stress (right) calculated by FINLX compared to FRAPTRAN in the IFA-
650.5 LOCA test.

The fuel centerline temperature and pellet cladding gap width were also compared. The gap width in FINIX
is calculated to be much larger than in FRAPTRAN. However, even though the difference in Figure 8 is very large,
similar behaviour of the gap width is found with FRAPTRAN in other LOCA cases. The large gap width in FINIX
also leads to much higher temperatures in FINIX compared to FRAPTRAN. Before the increase in the pellet
cladding gap width, the fuel centerline temperatures in FINIX and FRAPTRAN match well.
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FIG. 8. Fuel centreline temperature (left) and fuel-cladding gap width (right) calculated by FINIX compared to FRAPTRAN
in the IFA-650.5 LOCA test.

Cladding elongation was also compared between the two codes, as as can be seen from Fig. 9. The reference
points for strain differ between the two codes: In FINIX, the reference point of zero strain is the as-fabricated cold
state, whereas in FRAPTRAN the reference point is the irradiated cold state. As both codes use a FRAPCON
restart file for obtaining the irradiated state parameters, the irradiated state in both codes is the same. The difference
in the reference point can be obtained by comparing the as-fabricated cold state parameters to the irradiated state
parameters. Correcting for the difference, the cladding elongation results of the two codes are more similar. Before
cladding failure, the cladding elongation results perfectly match. After cladding failure, as the failure occurs at a
different time and a different strain, the elongation results show the similar behaviour but different absolute values.
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FIG. 9. Cladding elongation in the IFA-650.5 LOCA test with FINIX and FRAPTRAN. The strain reference point used by
FINIX is different than in FRAPTRAN, and the solid blue line corresponds to FINIX cladding elongation with the FRAPTRAN
reference point.

6. SUMMARY

The FINIX fuel behaviour module has been under development at VT T for several years. Its aim is to provide
an easy-to-use fuel performance interface in multiphysics couplings without sacrificing accuracy. The most
important parameter to be passed on to other physics solvers is the temperature, which in steady state cases are
calculated accurately and in transient scenarios comparably to other, established codes. To be able to perform
steady state simulations over long irradiation periods accurately, many of the typical models present in fuel
performance codes have been implemented into FINIX, sometimes in some simplified form. The current
temperature predictions compared to Halden irradiations are very accurate, with an average relative error of 6.6%.
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The FINIX source code in the C programming language is available for OECD/NEA members from the

OECD/NEA Data Bank, and the FINIX documentation is available from the VTT research information portal [27].
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Abstract

Currently four WWER-440 nuclear power plant units operate in Hungary whose service life will expire in 2037.The Paks
II. NPP will be built with two new Russian-type WWER-1200 reactors.The Paks II. NPP is currently in the Implementation
Licensing stage. According to the Hungarian regulations, the Nuclear Safety Code (NSC) requires the following: ”Independent
calculations shall be carried out for parameters which are decisive from the safety point of view.” The following requirement
applies to the depth of the calculations: “The analyses used for the demonstration of safety shall be documented in a such way
and to such a depth that they may be repeated, independently reviewed and modified to an extent necessary for the evaluation
of modifications throughout the lifetime of the nuclear power plant; furthermore, the extent of conservatisms applied and the
extent of margins available based on the analysis may be reviewed and re-evaluated.” The NSC also prescribes that “For all
initiating events included in the design basis or in the extended design basis, the fulfilment of the relevant acceptance criteria
shall be demonstrated by deterministic safety analyses.” Based on these requirements the fuel behaviour analyses have been
performed for normal operation and accident situations.

1. INTRODUCTION

Most of the nuclear power plants in the world are pressurized type; such reactors are currently operating in
Paks. Unit 1 and Unit 2 of Paks NPP received 20 years operating license extension until 2032 and 2034. Lifetime
of Unit 3 and Unit 4 was extended by HAEA until 2036 and 2037. The Paks II. NPP will be built with two new
Russian-type WWER-1200 reactors. From a construction, commissioning and operation point of view, it is
important to build units which already have operation experiences in other countries.

The Paks II. NPP is currently in the implementation licensing stage. Nuclear power plants must be licensed
with very serious safety requirements. The new units must have the safety systems and technical solutions specific
to third generation power plants that will only have the consequences of sever accident events within the power
plant.

2. MAIN FEATURES OF WWER-440 AND WWER-1200 ASSEMBLY AND FUEL ROD

The Russian units of 1200 MW electric power are usually given with AES-2006 type indication, where the
2006 Figure refers to the year when the plans of the first block were completed. Such units were built in the
Novovoronyez and Leningrad nuclear power plants.

Like most power plant reactors in the world and the current Paks units, the new reactors will also operate
with uranium dioxide fuel.

The WWER-440 and WWER-1200 reactors have very similar fuel rods. Both have 7.6 mm outer diameter
UO; pellets in 9.1 mm outer diameter zirconium tubes. The rods are provided with zirconium plugs at the top and
bottom [2] (Table 1).
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TABLE 1. MAIN PARAMETERS OF WWER-440 AND WWER-1200 ASSEMBLY

WWER-440 WWER-1200
Fuel rod length 2600 mm 4033mm
Active length 2480 mm 3730 mm
Pellet outer/inner diameter 7.6/1.2 mm 7.6/1.2 mm
Clad inner/outer diameter 9.1/7.8 mm 9.1/7.8 mm
He gas pressure 6 bar 20 bar
Average linear heat rate 13.8 kW/m 16.7 kW/m
Maximum linear heat rate 32.5 kW/m 42 kW/m
Assembly length 3217 mm 4570 mm
Fuel rod numbers in the assembly 126 312
Control rods no 18ps

The WWER-1200 reactor core has the same main dimensions as the WWER-1000 core, so the external
dimensions of the assemblies are the same. The WWER-1200 assemblies have 534 kguo2, which is 7 kg more than
the WWER-1000 type. In addition to the 312 pieces fuel rods, 18 control rods are provided. In the WWER-1200
core, assemblies with gadolinium and UO; fuel elements are also designed. (Figure 1).

ation channel
@  Guide channel
@  Gadolinium containing rod

Active length: 3730 mm

FIG.1. Fuel assembly.

3. REGULATORY BACKGROUND AND REQUIREMENTS

Based on the Hungarian Nuclear Safety Code the “The independent verification of the analyses containing
the characteristics of the designs, which are decisive from a safety point of view, shall also be carried out by
different calculation methods.”

The following requirement applies to the depth of the calculations: “The analyses used for the demonstration
of safety shall be documented in a such way and to such a depth that they may be repeated, independently reviewed
and modified to an extent necessary for the evaluation of modifications throughout the lifetime of the nuclear
power plant; furthermore, the extent of conservatisms applied and the extent of margins available based on the
analysis may be reviewed and re-evaluated.”

Based on the above-mentioned requirements as the part of the Implementation Licensing documentation
independent safety analyses must be submitted to the Hungarian Atomic Energy Authority. These analyses were
carried out by Technical Support Organization experts.
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4. SAFETY ANALYSIS FOR LOSS OF COOLANT ACCIDENT

The LOCA calculations were made using the FRAPTRAN code [3] and according to international practice
with best estimate models, conservative initial and boundary conditions. The condition of the analyzed fuel rods
at the beginning of LOCA were defined based on the results of the FUROM (Fuel Rod Modelling) code [4]
calculations.

As a first step, conservative calculations with the FUROM programme were carried out in order to select the
rods that behave in the worst way from LOCA point of view. The states of the fuel rods were analyzed in 5
MWd/kgU burnup steps. The highest internal pressure and highest power rods have been defined for UO,, 5%
Gd,03 and 8% Gd,0s3 rods, as in the highest internal pressure rods the ballooning is the easiest, whereas the highest
clad temperatures are reached by the highest power rods at any given burnup.

Finally, the worst state rods have been selected and the LOCA calculations were performed for these rods.
(Table 2.)

TABLE 2. SELECTED RODS FOR LOCA CALCULATIONS (BURNUP, PRESSURE AND LHR
PARAMETERS ARE AT THE BEGINNING OF THE LOCA) [5]

Rod type Rod No. Burnup Average LHR Pressure
(MWd/kgU) (kW/m) (MPa)
297 0.00 30.1 7.8
28 19.99 29.1 9.4
U0, 302 3453 27.4 9.9
302 54.99 23.8 11.1
302 65.00 22.8 13.4
194 4.99 14.2 7.2
194 24.89 19.9 9.5
U02+5% Gd203 194 44.76 19.3 10.4
194 64.58 11.5 12.4
105 5.00 18.9 7.4
14 25.26 24.4 10.2
U02+8% Gd203 14 44.96 22.7 10.7
202 60.01 8.5 10.8

In order to simulate the normal operating irradiation of the rods, the production parameters were adjusted to
obtain the highest possible gas emissions. To this end, the gap size and the burnup were maximized (maximum
internal radius of the cladding, minimum outer radius of the pellet) and the pressure of the filling gas was also
taken as high as possible.

One of the components of the conservatism of thermohydraulic calculations is the choice of axial power
profiles: profiles that lead to the highest clad temperature for a given power were selected.

5. CONCLUSIONS

Among the criteria, the maximum temperature of the clad and the fuel, and the maximum oxidation of the
clad at both the rod and core level, are far below the criteria under the given thermal hydraulics conditions.
The calculated maximum cladding temperature was 920°C, the maximum local ECR was approx. 3%, the

maximum fuel centerline temperature was 1726°C and the maximum cladding strain was below 5%, so no fuel
rod failed.

6. NOMENCLATURES

FUROM Fuel Rod Modelling

FRAPTRAN A Computer Code for the Transient Analysis of Oxide Fuel Rods
HAEA Hungarian Atomic Energy Authority

LOCA Loss of Coolant Accident

NPP Nuclear Power Plant

NSC Nuclear Safety Code
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Abstract

Fuel heat-up, fuel degradation in an accident and the resultant fuel failure with release of the fission product (FP) into
the primary system during Design Basis Accident (DBA) and Design Extension Conditions (DEC) are the key aspects to
demonstrate the safety of the NPPs. Post Fukushima more emphasis is also laid on the development of the Accident Tolerant
Fuel Designs (ATFD) to avoid fuel degradation and hydrogen generation. Terms like practically eliminated and ATF, need to
be substantiated with physical and analytical evidence. Along with ATF development efforts should also be dedicated in
prevention of loss of heat removal and/or quick restoration and lining up of the emergency coolant inventories with in the
capabilities/survivability of the ATF. The aspects related to DBA and DEC fuel/core modelling are evolving specially the later
one. The expectations, development, is also discussed here along with the comparison of ATF with the existing fuels. The
development of ATF may be an iterative process shuffling from nuclear requirements to materials and safety performance
while testing out of pile and in-pile. ATF aspect w.r.t reactivity loads is also elaborated for PHWRs. The developments on RIA
and high burn-up fuel are also summarised. With improved ATF fuel performance improved MHT design and configuration
are also envisaged. It is possible to configure MHT, ECCS and passive safety system in such a manner that the possibility of
prolonged loss of cooling is reduced.

1. INTRODUCTION

Fuel heat-up, fuel degradation in an accident and the resultant fuel failure with release of the fission product
(FP) into the primary system during Design Basis Accident (DBA) and Design Extension Conditions (DEC) are
the key aspects to demonstrate the safety of the NPPs. Post Fukushima more emphasis is also laid on the
development of the Accident Tolerant Fuel Designs (ATFD) to avoid fuel degradation and hydrogen generation.
Adherent ceramic coatings are being considered to preventing diffusion of oxygen to the fresh metal surface of the
cladding to prevent degradation. It is also claimed that the ATFs are tolerant to loss of cooling during accidents,
this tolerance needs to be quantified in terms of time and highest temperature which the cladding can tolerate.
Ideally the melting point of the clad can be taken as the maximum temperature which an ATF can hold. For zircaloy
clad this can be around 1800°C.

The safety in terms of post clad melting consequences also need to be assessed, in terms of the hydrogen
which may be released then. DBA domain for zircaloy fuels within 800 to 1200°C. ATFs need to show an improved
performance in this temperature range and beyond up to melting of clad. Various operational requirement of fuel
in terms of materials aspects including corrosion, fuel fabrication, fuel handling, fuel economy including burn-up
need to be assessed.

Terms like practically eliminated and ATF, need to be substantiated with physical and analytical evidence.
Along with ATF development efforts should also be dedicated in prevention of loss of heat removal and/or quick
restoration and lining up of the emergency coolant inventories with in the capabilities/survivability of the ATF.
These aspects are related to the NPP core cooling designs and the generation of the NPPs, which dictates the
inherent and engineered safety systems. Confinement of fission products during accidents is also a very important
aspects for ATFs.

Analytical and experimental studies are necessary to validate and assess the ATF fuels performance for the
DBA and DEC behaviour of fuel pins and fuel assembly. These studies start with clad failure and further
degradation on heat-up, based on the type of fuel and core configuration. Various coatings are being considered
for ATF cladding on both the sides. Coating on the fuel pellet may also be envisaged to retain the fission products
even at high temperature, this may call for sufficient void spaces in the pellet to accommodate the fission products
based on the burn-up envisaged. These materials also have to with stand very high temperature so the choices will
be limited.
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2. DBA AND DEC FUEL/CORE MODELLING ASPECTS

Lumping of several fuel assemblies in the reactor core modelling and the corresponding realistic simulation
of heat transfer phenomena including radiation modelling play an important role in DBA/DEC predictions. Also
the fuel models face challenges in modelling of the deformed, non-cool-able geometrises of the overheated fuel
and the hot/deformed primary system attained during the DEC core disassembly. Certain assumptions are made to
close the fuel as well as primary system models. These modelling limitations and assumptions mandate more
research, as experimental evidences and the detailed models are still evolving as more claims are made on the
performance of ATF. The safety analysis codes need to be updated for the particular ATF design being
envisaged/tested and included in the design of the NPP. The updating of the codes will require the performance
details based on physical and analytical studies. On the fuel failure resistance aspect the creep behaviour of the
cladding is very important. The coating also should not allow penetration/diffusion of oxygen and hydrogen into
the base metal of the cladding.

Typical fuel bundle for PHWR is as shown in Figure 4. Temperature predictions after channel voiding using
2-D transverse cross sectional model (COMSOL) and a lumped code (RELAP/SCDAPS) are shown in Figures 5
and 6 for voided channel. Two different modelling approach has been used for lumped parameter code calculation.
For the first case, view factor between bundle and PT is calculated assuming two concentric cylinder with inner
cylinder circumscribing fuel bundle. While in the second case, effective view factor between fuel various pins in
a bundle and PT is calculated using Monte-Carlo simulation and further used for the temperature prediction. When
the view factors are calculated using an approximate geometry, the lumped code under-predicts the temperature
values. However, it can be noted that steady state temperature predictions of lumped code closely matches with 2-
D model predictions when appropriate view factors are used in the analysis.

Fuel modelling for DBAs and DECs are different, in case of DBAs a conservative approach is followed i.e.
peak clad temperature is important parameter to compare with the acceptance criteria. However, for DEC analysis,
Severe Accident Management Guidelines (SAMG), source term estimation etc., a realistic modelling approach is
required as the conservative assumption may lead to misleading results. In the DEC analysis, core/fuel modelling
is divided in to various zones based on the relative power to the fuel assemblies with an appropriate lumping as
shown in Figure 1. Further accident management actions and their timings are important in SAMGs. The release
of FPs based on the fuel temperature predicted decide the dose (which may be one of acceptance criteria) for
DBAs, DEC.

Typical fuel temperature variation during first phase (till moderator boil-off) of LOCA initiated DEC-B event
is as shown in Figure 2. Nodalization of fuel in core for PWR is shown in Fig. 3(a). PWR core is divided into five
ring type regions by grouping similarly powered fuel assemblies together for vertical core disassembly. Whereas
PHWR horizontal core channels are clubbed for core disassembly dictated by moderator boil off in the Calandria
Vessel. Fuel temperature for a PWR DEC behaviour is shown in Figure 3(b). Temperature starts increasing when
the water inventory in RPV starts depleting and on exhaustion of ECCS passive systems. The fuel behaviour
depicted in Figs 2 and 3(b) will change based on the ATF characteristics and design as and when they are deployed.
Some ATFs may lead to delay in fuel failure which can altogether stop the accident progression if innovative active
and passive means for heat removal are restored with this period.
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FIG. 1. Core lumping based on elevation.
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3. ATF FUEL DESIGN/STUDIES AND COMPARISON WITH EXISTING FUEL

Modelling of detailed fuel behaviour involves multi physics in terms of nuclear, physical and chemical
interactions. Fuel behaviour analysis gets inputs from various codes such as neutronics code, system thermal
hydraulics codes, at times coupled reactor physics and thermal hydraulics codes analysis is necessary along with
structural aspect for DEC scenarios. Both in-house developed and internationally available code are used for
analysis.

While designing/studying ATF the following aspects also should be considered:

—  Nuclear Properties: Load on reactivity i.e. reduction in excess reactivity/burn-up, swelling;

—  Physical and Metallurgical behaviour of clad and coating, adherence, uniformity;

—  Chemical Integrations mainly corrosion with coolant and other core materials;

—  Heat transfer characteristics: modes of HTC on cladding surface;

— Initial oxidation thickness of clad and variation during transient;

—  Variation of gap conductance during transient & PCMI;

—  Pressure difference across cladding, has bearing on clad burst fuel failure;

— Avoiding hydrogen and heat generation due to Zr—water reaction: This is an additional heat source to the
cladding, and hydrogen produced by the reaction can be absorbed by the cladding and the mechanical
properties of the cladding may be degrade further;

—  Cladding deformation, pin holes, ductility and creep behaviour, ballooning or geometrical distortions of fuel
assemblies may degrade the cooling. In the case of a large pressure difference across the cladding, such as
in a large break LOCA, cladding burst can occur. Avoiding clad burst will improve safety and DEC
performance;

—  Power distribution in fuel element can generate additional loads/stress;

—  Fission gas release: In the course of the accident, due to the fuel temperature rise, a large fraction of the
fission gas accumulated in the fuel matrix will be released to the gap and the internal pressure will increase.
During DECs, even non volatiles/refractories may get released depending on the fuel temperatures reached.

The comprehensive comparison of the expectation from the ATF w.r.t existing zircaloy is summarized in
Table 1.
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TABLE 1. COMPARISON OF ATF WITH EXISTING FUEL.

Requirements Existing zircaloy fuel (ZF) Expectation from Accident Tolerant Fuel (ATF)
Design Caters to AOO & DBA Caters to AOO, DBA & DEC
Nuclear Neutron economy, fuel cycle length May not Preserves neutron economy
AOO Heat Transfer Characteristics (HTC): LHR,  Similar/Enhanced HTC: Does not hamper Normal
clad temperature (coolant boiling & plant operations & AOQO performance.
efficiency), Higher corrosion resistance, more compatible with
Corrosion i.e. compatibility with coolant &  coolant & fuel.
pellet (prolonged durations. Fabrication may be more involved
Ease of Fabrication May involve certain reactivity burden
Nuclear Characteristics New material may not have desired Nu Pro
Fuel Handling Fuel Handling, Adherence of coating, tribology
studies, anticipated loads
DBA Burst Criteria and pin-hole development. Similar/Enhanced burst characteristics avoids pin-hole
ECCS Acceptance Criteria development.
Fuel Failures (none/acceptable based on Similar/Enhanced behaviour beyond 1200 C
criteria) No Fuel Failures expected even beyond 1200 C
Poor performance beyond pin hole Similar/Enhanced resistant to pin hole development &
development & further heat-up further degradation beyond 1200 C
Rewetting Stable in Rewetting with no failures
Diffusion of Hydrogen & Oxygen Resistant to diffusion of Hydrogen & Oxygen
Hydrogen Generation Resistant to Hydrogen Generation
DEC Diffusion of Hydrogen, Oxygen and Resistant to diffusion of Hydrogen, Oxygen and

Hydrogen Generation

Similar Enhanced clad ductility and creep
properties

Retaining coolable fuel configuration
Fission Products Releases

resistant to Hydrogen Generation

Similar/Enhanced clad ductility and creep properties
Ability to retaining coolable fuel configuration
Resistant to Fission Products Releases

DEC MHT-core

Core disassembly & fuel degradation

ATF can survive higher temperatures, the core-MHT

Design Aspects Post Core-disassembly Cooling structures also need to sustain these high temperature
to retain cool-able geometries and avoid core
disassembly
Post fuel degradation and core-disassembly need to be
amenable to cooling.

It should not lead to sudden & high amount of
hydrogen generation

Pellet FP release Less FP releases

Swelling & Cracking Accommodate swelling for high burn-ups

PCMI Resistant to PCMI with various coatings

Internal Pressure in the clad Less pressurization expected even at HiBurn

Ease of Fabrication New materials development
MHT Design &  Loss of cooling Resistant to loss of cooling for prolong periods. Based
Configuration on the PHT configuration and the ECCS design,

Natural Circulation, Power supply Reliability.

With improved ATF fuel performance improved MHT design and configuration are also envisaged. It is
possible to configure MHT, ECCS and passive safety system in such a manner that the possibility of prolonged
loss of cooling is reduced. Studies were carried out on a four loop channel type natural circulation boiling water
reactor where it was possible to configure the MHT, ECCS in such a manner that even a large LOCA without
SCRAM did not lead to any temperature rise for a prolonged period. The details are not published here to limit the
text.
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ESTIMATION OF REACTIVITY LOAD IN PHWR FOR VARIOUS ATF COATINGS

ATF for PHWR700 can be developed though coating of the clad on both the sides of the cladding tube. The
coating materials add reactivity load on the core due to the absorption of neutron corresponding to the coating
thickness. Impact on the full core reactivity due to coating of various materials has been studied to arrive at possible
candidate coating material for the natural uranium fuelled PHWR. Based the analysis the coating materials are
classified in three categories (as shown in Table 2) w.r.t. reactivity loads: best suitable (with small reactivity load
0 to -5 mk), may be acceptable (with medium reactivity load -5 mk to -10 mk) and not suitable (with large reactivity
load more than -10 mk). The reactivity load for both side coating thickness of 10 pm, 20 pm, 30 um and 40 um
are used for estimating the reactivity load for potential 24 number of zircaloy based ATF clad coating materials
for PHWR700 (Figs 7-10).
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TABLE 2. CATEGORISATION OF COATING MATERIAL BASED OF NEUTRON ECONOMY

Coating Thickness pm Category Material
10 Best suitable SiC, ZrC, AxO3, Si, TiN, NbC, Y203, Cr2AlIC
May be acceptable C35M, Kanthal-APMT, Kanthal-D, CrAIN, C36M, C06M,
Kanthal-A1, Kanthal-AF, Ti3AlCz, CrN, Cr, TiC, Tr2AIC,
TiAIN
Not suitable TaC
20 Best suitable SiC, ZrC, Al203, Si, TiN, NbC, Y203
May be acceptable Cr2AlIC
Not suitable C35M, Kanthal-APMT, Kanthal-D, CrAIN, C36M, C06M,
Kanthal-A1, Kanthal-AF, Ti3AlCz, CrN, Cr, TiC, Tr2AIC,
TiAIN, TaC
30 Best suitable SiC, ZrC, Al20;3, Si, TiN, Y203
May be acceptable NbC
Not suitable Cr2AIC, C35M, Kanthal-APMT, Kanthal-D, CrAIN, C36M,

C06M, Kanthal-A1, Kanthal-AF, Ti3AlC», CrN, Cr, TiC,
Tr2AlC, TiAIN, TaC

40 Best suitable SiC, ZrC, Al20s3, Si, TiN, Y203
May be acceptable NbC
Not suitable Cr2AIC, C35M, Kanthal-APMT, Kanthal-D, CrAIN, C36M,

CO06M, Kanthal-A1, Kanthal-AF, Ti3AlC2, CrN, Cr, TiC,
Tr2AlC, TiAIN, TaC

Fuel behaviour analysis for accident conditions can be grouped into the three types of transients:

—  Power excursion accident: When a large reactivity spike is inserted by a very fast ejection of a rod control, a
power excursion occurs. Since the time duration of the accident is quite short, fuel behaviour is determined
by how much energy is generated in the fuel during the short period in the local region. Therefore, one of
the acceptance criteria for this accident is usually defined as the maximum adiabatic enthalpy per unit mass
added to the fuel element;

—  Power cooling mismatch accident: Mismatch of heat generation and heat removal may cause DNB, and the
cladding temperature may rise suddenly due to the small heat removal capability of transition boiling or film
boiling. Safety criteria for this type of accident are usually defined by the cladding temperature, the number
of rods entering DNB and the amount of cladding oxidation. Flow rate and flow distribution is an important
aspect;

—  Decrease of reactor cooling inventory: A loss of coolant accident (LOCA) is caused by the loss of integrity
of the primary circuit or its associated pipes and devices. Safety criteria for this type of accident are usually
defined by cladding temperature and amount of cladding oxidation.

5. EXISTING EXPERIMENTAL STUDIES ON FUEL RIA BEHAVIOUR

Reactivity initiated accidents (RIA) leads to increase in reactor power, thermal as well as mechanical load in
fuel elements thereof. Nuclear design should ensure that the power pulse width and height are manageable with
combination of inherent feedbacks as well engineered safety features [1]. RIA simulation tests have been
performed on fresh un-irradiated fuel rods, using pulse reactors in various countries. To generate matrix of RIA
response of rods, simulation tests have been conducted on about 140 pre-irradiated light water reactor fuel rods in
six different power pulse reactors.

The results of these experiments though added significant value to the overall knowledge base on RIA fuel
behaviour, direct application of the results from the pulse irradiation tests to power reactors is difficult due to
difference in the test conditions and the conditions of the fuel pellet in test rodlets. The results have brought out
that PCMI and energy deposition as a possible failure mechanism. Evolving trend for increasing the fuel burn up
has also been assessed with regard to RIA failure. In general, fuel burn-up aggravates the mechanical loading of
the cladding, while corrosion, or better the hydrogen absorbed in the cladding as a consequence of corrosion, may
under some conditions make the cladding brittle and more susceptible to failure. Experiments have also shown
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that corrosion impairs the fuel resistance for RIA transient occurring at cold conditions, though there is no evidence
of important embrittlement effects at hot conditions, unless the cladding was degraded by oxide spalling.

The cladding failure limit for RIA is based on the NRC standard review plan, which suggests a maximum
radially averaged fuel enthalpy of 170 cal/g for BWRs and the DNB criterion for PWRs. Though In Japan, the
threshold of PCMI failure in terms of enthalpy increase (cal/g UO,) has been determined in terms of burn-up
(GWd/t). Acceptable Incremental enthalpy increase is 110 Cal/g upto 25 GWD/t BU of fuel. This limit reduced to
40 Cal/g at burnup of the range 60GWD/t [2] as shown in Table 3.

TABLE 3. PCMI FAILURE THRESHOLD IN JAPAN

Burn-up (GWd/t) Enthalpy Increase (cal/g UO2)
<25 110
25-40 85
40-65 50
65-75 40

ATF concepts include modifying the fuel, coatings on clad, new clad materials etc. Different types of coated
zircaloy claddings, Molybdenum (alloy) cladding coated with Zr or FeCrAl, different variants of FeCrAl (solid
tube), SiC-SiC composite, MAX phase (example Ti3SiC») and various types of layered claddings are being tested
by various organizations (Table 4) [3—16]. In house, experimental studies on Cr coated Zircaloy-4 claddings are
being carried out.

TABLE 4. COMPARISON OF COATING MATERIAL BASED ON MECHANICAL PERFORMANCE

ATF Coating Advantage Limitations
Zircaloy cladding Sic Thermal Charaterstics Limiting Temperature 650°C, not as good as SiC
coatings cladding

TisAlCa, High MP, K, favorable material Oxidation limited to 1450°C, 1000°C

Ti3SiCa properties

Coating required on both the side, Quality of coating, Adherence, Uniformity, etc

Hybrid Si  Ceramic Sustains high Temperatures, Hydrogen diffusion, development of bonding
Metal High Strength, Hard CMC with  techniques between SiC & Zry-4
Composite Zry-4
New cladding SiC Sustains high Temperatures, Requires large pellet clad gap, Joining techniques
High Strength, Compatible with  to be developed
UO2

Engineered Steels & Advanced Zr-alloys are being developed & have a long way to go

To develop the burst criterion for zircaloy-clad tubes used in Indian PHWRs, experimental clad burst
facilities were developed. A generalized correlation for the burst stress using the present and previous experimental
data has been developed. The effect of pressure-rise during the clad tube heating prior to bursting is incorporated
in the burst criterion model developed. The effect of anisotropic parameters has been considered. Predictions from
the developed criterion model have been found in good agreement with experimental results. Facilities were further
developed to study the Influence of Hydrogen Content on Burst Characteristics of Zircaloy-4 Cladding.

The development of ATF may be an iterative process shuftling from nuclear requirements to materials and
safety performance while testing out of pile and in-pile. The nuclear criteria in terms of the neutron economy may
be the starting point for the non-enriched/enriched fuel NPPs. The LWRs also cannot afford much reactivity loads
to the clad coatings as it will affect the cycle length and cost. It is advisable to carry out major portion of testing
and elimination in out of pile tests. This may include testing at the elevated temperatures in steam environment
with pre and post adherence tribology studies to meet all the fuel handling and the safety
expectations/requirements. Certain material like grapheme may be more promising but the development and
deployment of these materials may be difficult and costly also.
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6.

CONCLUSIONS

The ATF development has gained importance especially after Fukushima. Aspects such as fuel design, fuel

coating, fuel coating stability, diffusion of O, and H, through coating, corrosion, for delaying/avoiding fuel failures
are being explored. The next step is related to studies on out of pile and in-pile for fuel heat-up, fuel degradation
and minimal release of the fission products (FPs) for future deployment. After this the fuel design and safety
analysis code will be updated to account for the ATFs. Along with the code capabilities, also the
modelling/lumping aspects related to DBA and DEC fuel/core modelling play wide role in estimating the fuel
temperature. The development of ATF may be an iterative process shuffling from nuclear requirements to materials
and safety performance while testing out of pile and in-pile. Reactivity loads and neutron economy which affects
the fuel cycle costs/duration, are also major concerns in the development of ATF especially for heavy water
reactors.
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Abstract

In this paper, a Simulation Environment (SE) is introduced which has the capability of performing comprehensive and
accurate analysis of different types of nuclear reactors and behaviour of their fuel under various steady-state and accident
conditions. The SE currently consists of three main novel cods, a CFD-based, multidimensional code which works in transient
and steady states for both single and two-phase flows and two separate neutronic codes. First code solves the point kinetics
equations with multi-group delayed neutron precursors using four different methods. The second code solves multidimensional
multi-group diffusion equations in transient and steady states and isotropic or anisotropic forms. Using the finite volume method
for spatial discretization has provided considerable flexibility regarding geometry and boundary conditions, so that the most
sophisticated details of fuels geometry such as spacer grids could be modelled accurately. The most important innovations
incorporated into this SE are "simultaneous solution" approach which is a novel method for coupling the neutronic and
thermohydraulic analyses based on the use of the point-implicit solver, "multi-region porous media" model which is an
improvement over the original model by modifying the method of resistance coefficients evaluation and the approach by which
this model is applied to the core of nuclear reactor and an introduction to the "improved SIDK", a temporal discretization
method for accident analysis which has been obtained by combing the key feature of the original method that is decoupling of
the prompt and delayed neutron equations with the separated solution approach of the point-implicit solver. The advantages
provided by the mentioned innovations are partially indicated by presenting some practical examples and to demonstrate the
accident modelling capabilities of this novel SE some relevant results associated with the case studies on TRR are presented
and discussed which includes analyses of two DBAs i.e. RIA and LOCA.

1. INTRODUCTION

“Insatiable growth in energy consumption has increased the demands on the rate and efficiency of nuclear
power production systems [1]. It means higher discharge burnup, longer operation cycles and transient regimes.
In order to fulfil these demanding criteria, the technology incorporated into the design of these systems has to
improve constantly, especially with regard to geometry optimization, so that the conventional one dimensional
numerical methodologies are losing their function as reliable and accurate tools for both design purposes and safety
assessment” [2, 31].

“"Accordingly, Advanced Modelling and Simulation Office (AMSO) of the US Department of Energy
introduced the concept of ‘predictive simulation’ in 2008 for the first time [2]. The purpose of this concept is to
remove or minimize the use of empirical correlations (mathematical based methods) to develop reactor simulation
tools by incorporating the first-principles effects of the governing physics and transcending them to the traditional
"engineering" scale [1]. AMSO has initiated two parallel programmes [3, 4] to develop a new generation of
integrated modelling and safety software according to this concept. Similar efforts have been implemented in the
European Union and other countries as well [5-8]. This article is an introduction to a reactor simulation
environment, developed within the framework of the corresponding author’s Ph.D. dissertation, as an absolutely
independent academic effort, which pursues the same objective” [9-11].

Structure of the SE which currently consists of three main codes is presented in Section 2 along with a brief
review of the primary and secondary numerical models and treatments incorporated in the development process,
in addition to the algorithms of these codes in the combined form for coupled thermohydraulic neutronic analyses
of nuclear reactors. In Section 3, some of the most noteworthy innovations associated with the SE are briefly
introduced along with a few selective outputs which indicate the practical advantages provided by these
innovations. Lastly, in order to demonstrate the accident modelling capabilities of the SE, selective outputs of
simulation associated with two DBAs, i.e. LOCA [9] and RIA [11] on TRR (Tehran Research Reactor) are
presented in Section 4. General conclusions on the matters discussed in this paper are presented in Section 5.
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2. STRUCTURE OF THE SIMULATION ENVIRONMENT

The SE currently consists of three main codes which have been programmed from scratch. A CFD-based
code that solves the transient and steady states thermohydraulic sets of conservation equations (including the
Navier-Stokes equations for momentum balance) in two and three dimensions, for both single and two-phase flows.
“Table 1 gives a brief review of numerical methods and special treatments incorporated into the new CFD code
along with the references in which they are explained. Many subtle modifications are applied to the original
methods mentioned in the table. These modifications are mainly focused on two points; reducing computational
resources required and applying these methods to an unstructured and hybrid mesh grid. The most noteworthy
modifications are:

—  Improving method of applying the least-square scheme for gradients evaluation;
—  Modifying the PISO scheme for pressure-velocity coupling;
—  Using geometric-based method for AMG accelerator instead of mathematic-based one” [10].

Further information has been presented in Ref. [9].

TABLE 1. BRIEF REVIEW OF NUMERICAL METHODS AND SPECIAL TREATMENTS
NCORPORATED INTO THE CFD CODE

Title Applied method
Spatial discretization method Finite volume [12]
. o Direct kinetic [1]
Temporal discretization method
HOBD [13]
Solver approach Point-implicit solver [14]
. General Standard k- [15]
Simple . .
Wall modelling Standard wall-function [15]
Turbulence model -
General Realizable k-¢ [16]
Advanced .
Wall modelling Enhanced wall-treatment [17]
Linearization shape function Second-order linear function [12]

Convection terms (except for pressure

term in the momentum equations) Second-order upwind [18]

Method of evaluation of dependant
variables on faces of a numerical cell

Diffusion terms Central-difference [19]
Pressure interpolation scheme Natural-convection dominated problems Body force weighted [20]
(including the momentum equations) Other problems Central-difference [19]
Gradients evaluation method Least squares cell-based [21]
Gradient (slope) limiter Differential type [22]
Pressure-velocity coupling scheme Steady state problems SIMPLE [23]
(pressure-correction equation) Time-dependant problems PISO [24]
Under-relaxation method Variables (explicit) relaxation scheme [12]
Solution accelerator Algebraic Multi-Grid (AMG) with V-cycle recursive procedure [25]

solution method of Linear Algebraic

Equations (LAE) set LU decomposition with partial implicit pivoting [26]

Drift flux (Mixture) model [27]

Two-flow (Eulerian) model [27]
wall boiling models in the context of the ~ Sub-cooled boiling regime RPI nucleate boiling [28]
Eulerian multiphase model Departed nucleate boiling regime Extended RPI [29]

General multiphase model

The second code solves the point kinetics set of neutronic differential equations with up to six groups of
delayed neutron precursors using three different numerical methods i.e. Runge-Kutta method of order 4, an open-
integral method of order 5 and the Gear method and one semi-analytical method i.e. the Spectral method [9].
Among these four prominent methods, the last one revealed to be the best for coupling with the CFD-code based
on the criterion that "It works with longest possible time-step while it keeps accuracy and stability of the solution".
Further information could be found in Ref. [9].
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The third code solves transient and steady states sets of multi-group neutron diffusion equations in one to
three dimensions and isotropic or anisotropic forms. Table 2 presents a brief survey of numerical models
incorporated into the diffusion code along with the references in which they are explained. Note that the general
secondary numerical methods and treatments, which are similar to ones mentioned in Table 1, are omitted from
Table 2.

TABLE 2. BRIEF REVIEW OF NUMERICAL MODELS INCORPORATED INTO THE DIFFUSION CODE

Title Applied method

Spatial discretization method Finite volume [12]
Direct kinetic [1]
HOBD [13]

Temporal discretization method o
Original SIDK [1]

Improved SIDK of first order and second order

Solver approach Point-implicit solver [14]

The solution algorithms of these codes are represented in Fig. 1 and 2 in the combined form for coupled

thermohydraulic neutronic analyses of nuclear reactors.
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FIG.1. Coupled algorithm of point-kinetic and CFD codes. FIG.2. Coupled algorithm of diffusion and CFD codes.
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3. A BRIEF REVIEW OF THE INNOVATIONS INCORPORATED INTO THE SIMULATION
ENVIRONMENT.

In this section some of the most noteworthy innovations associated with the SE are briefly introduced along
with a few selective outputs for the cases which are not going to be covered in the next section and indicate the
practical advantages provided by the innovations.

Most important innovation is named "simultaneous solution" which is a novel approach for coupling the
neutronic and thermohydraulic analyses. In the conventional method for this purpose, as represented in Fig. 3,
each analysis is conducted separately and then it is attempted to close the gap between them and exchange
feedbacks. This task is usually accomplished by employing a complicated and costly platform. However, in the
methodology introduced in this study, i.e. the simultaneous solution approach, the "point-implicit" solver is used
whereby all steps of solving the neutronic and thermohydraulic equations along with all steps of computing and
exchanging feedbacks are transferred into the numerical iteration cycle of this solver as depicted in Fig. 1 and 2.
Therefore, three iteration cycles of the conventional method (see Fig. 3) reduce to one and consequently,
computational cost reduces significantly. More importantly, the step of using platforms and the associated
problems is fundamentally removed which is very crucial. Furthermore, flexibility of the conventional method
with regard to mesh grid, time step and the basic method applied to the both analyses is completely preserved and

even, improved.

Initial guess on neutronic and thermo-hydraulic variables|

!

»|Update neutronic cross-sections|
and thermo-physical properties

[solve neutronic equations——

Check convergence
(neutronic)

1
1

IExtract power distribution]

ISoIve thermohydraulic equations|

t time-step (t=t+At

heck convergence
thermohydraulic

ll-:n

Update average thermohydraulic variables

Extract average thermohydraulic variables|

Check convergence
average thermohydraulic
variables)

FIG.3. Typical algorithm for conducting the conventional neutronic-thermohydraulic coupled analysis.

Although, the new generation of advanced modelling codes (similar to the CFD and diffusion codes devolved
for the SE introduced in this study) are highly flexible to the details of geometry of solution domain and this
domain could be directly modelled up to its smallest details, but the computational cost of conducting a large-scale
simulation such as the whole core of a power nuclear reactor is way beyond the level of numerical resources which
is normally available to an average researcher. As a result, transcending the application of these coded to the
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traditional "engineering" scale is an inevitable part of all programmes indicted in Setion 1 [2]. Employing the
porous media model is one the widely regarded approaches to achieve this goal [10]. However, in the conventional
method of applying this model to the CFD codes, whole reactor core simplifies to a single porous medium and
also, the resistance coefficients that are essential to use this model are constant values. These conditions impose
significant errors and restrict the applications of model to the cases like accident analysis and simulation of pure
natural convection in an accurate manner for which mass flow rate changes during the solution or it is basically
unknown. In the "multi-region porous media" model developed and incorporated into the SE, procedure for
calculating the coefficients is modified by introducing a practical algorithm. Using this algorithm will result in
obtaining each coefficient as a function of mass flow rate. Furthermore, method of applying these coefficients to
the reactor core is modified by dividing the core into several porous media each of which comprises a single fuel
assembly and then the data on the boundaries of each porous medium are extracted during the solution and applied
as boundary conditions to the detailed model of fuel assembly to retrieve the detailed information regarding the
fuel behaviour under any sort of conditions. Full information regarding this new model in available in Ref. [10].
Here, some selective outputs obtained by employing multi-region porous media model for a research reactor
(whole pool of TRR) and a power reactor (whole core of BNPP) are presented in Fig. 4 and 5, respectively.
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FIG.4. An example of the multi-region porous media model application to TRR (temperature in Kelvin) [9, 10].

“Semi-Implicit Direct Kinetic (SIDK) is an innovative method for temporal discretization of neutronic
equations proposed by J. Banfield [1]. The key approximation of SIDK method is to substitute a time-averaged
quantity for fission source term in the delayed neutron differential equations. Hence, these equations are decoupled
from prompt neutron equations and an explicit analytical representation of precursor concentrations is obtained
which lead to significant reduction in the computational cost. Since, fission source is not known in a time-step, the
original study suggested using the constant quantity pertaining to the previous time-step for this purpose and
reduction in the size of time-step was proposed to lessen the imposed errors. However, this remedy notably
diminishes the main advantage of SIDK method. In the Improved SIDK method incorporated into the SE, the key
feature of the point-implicit solver [14] which is the separated solution of the governing equations is employed to
mitigate the mentioned drawbacks. Accordingly, the SIDK’s analytical relations are inserted into the numerical
iteration cycle of the point-implicit solver as independent explicit steps, while the quantity of fission source is not
constant but it is being updated, according to a modified formulation, using the most recent values of neutron
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group fluxes. This remedy has resulted in attaining a much more accurate estimation of the time-averaged fission
source term in the current time-step, while significant portion of the computational costs reduction has been
retained. Here, some selective outputs obtained by employing Improved SIDK method for the LRA transient
benchmark problem [30] are presented in Fig. 6 and 7". Further information could be found in Ref. [31].

FIG.5. An example of the multi-region porous media model application to BNPP (temperature in Kelvin).
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FIG.6. Variations of average power density of the BWR core versus time for LRA problem. (Reproduced courtesy of Springer
B31]).
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0.3853
0.2092

FIG. 7. Temporal sequence of normalized contours of power density distribution on the central cross-section of the BWR core

associated with LRA problem during the accident using the improved SIDK method (Reproduced courtesy of Springer [31]).

4. CASE STUDIES ON TRR

In order to demonstrate the accident modelling capabilities of the SE, selective outputs associated with
simulation of two DBAs, i.e. RIA and LOCA in TRR, which is a pool-type material test research reactor, are
presented in this section. A brief review of the relevant specifications of TRR is presented in Table 3 [9].

TABLE 3. SPECIFICATIONS AND MAIN OPERATING CONDITIONS OF TRR [9].

Title

Design specifications

Thermal power

Fuel type and materials

Fuel assembly dimensions

Each location cross sectional dimensions
Grid plate locations for fuel assemblies
No. of fuel plates in standard fuel assembly
Coolant material/Operating pressure

Cooling method

Primary coolant flow rate

5 MW

MTR, LEU 20%, U3Os-Al (Meat), Al (Clad)
7.6x8.01x87.8 cm
7.71x8.1 cm

9%6

19

Light water/0.171 MPa
-Operational condition -Forced flow primary loop
-Full shutdown condition -Natural circulation

500 m*/h
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Both accidents have been modelled using the algorithm delineated in Fig. 1. The LOCA in TRR involves the
flow reversal phenomenon which characterizes as a sophisticated transition from fully-turbulent forced convection
flow regime to pure passive natural circulation combined with limited reactivity insertion due to thermohydraulic
feedbacks. On the other hand, the large positive reactivity induced in the case of RIA demanded to modify the
conventional reactivity feedback formulation in framework of the point-kinetics method, especially with regard to
the void generation effects in the two-phase flow realm. All details and information concerning the RIA and LOCA
modelling could be found in Ref. [11] and [9] respectively. Here, two major outputs of the RIA and LOCA
modelling are represented in Fig. 8 and 9 respectively, in order to focus on a very crucial point.
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FIG. 8. Temporal sequence of temperature distribution contours (in [°C]) on the virtual cross-section that cuts through the
centre of FA perpendicular to the fuel plates for RIA (Reproduced courtesy of Elsevier [11]).

These three dimensional and detailed oriented outputs clearly indicate that the most vulnerable position of
the reactor core to effects of both accidents is on the outer side of the two fuel plates located in the outermost of
the fuel assembly. In all cases, the pressure loss in the side passage is higher than the central one, as well.
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FIG. 9. Temporal sequence of temperature distribution contours (in [°C]) of coolant on three virtual sections parallel to the
fuel plate in the hot channel for the LOCA [9] (X refers to distance from the fuel plate) (Reproduced courtesy of Elsevier [9]).
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The detailed results have also revealed that the reason for this vulnerability is 27% mass distribution
imbalance between the central and side passages due to very narrows diameter designated for the side passage (2.1
mm). Furthermore, 15% reduction in this diameter, halfway through the grid plate which apparently designed to
avoid the possibility of reversal flow formation at outlet of the passages [11] has clearly intensified the mass
imbalance issue. Accordingly, we repeated the simulation on the solution domain for which the mentioned
reduction in diameter was removed and then the total diameter is increased by only 9% (to the utmost safe extent)
[11]. The combined effects of these two adjustments resulted in more than 44% reduction in the amount of mass
imbalance at a very reasonable cost while the flow velocity calculated at outlet of the modified side passage has
been high enough to avoid any possibility of flow reversal occurrence [11].

This practical example profoundly demonstrates that how the detailed-oriented data and the consequent
significant physical insight provided by the new generation of codes developed based on the "predictive
simulation" concept could be used to specify the vulnerable positions of the reactor core under any accident
conditions and recognize the associated reasons whereby it provides the opportunity to achieve an accurate
estimation of the effects of various possible modifications, in order to select an optimized solution which could
resolve or mitigate the consequences of accidents in an informed manner. The crucial fact is that this essential
virtue could not be achieved using the conventional one-dimensional, mathematical-based codes such as the
PARET or Relap 5, simply because they could not include the required geometric details and also the empirical
correlations incorporated into them have many recognized restrictions [2].

5. CONCLUSIONS

In this paper, a novel SE developed based on the "predictive simulation" concept was introduced. Structure
of the SE which currently consists of three main cods was described and algorithms of these codes in the combined
form for coupled thermohydraulic-neutronic analyses of nuclear reactors were presented. Then, some of the most
noteworthy innovations associated with the SE were briefly explained using a few selective outputs which indicate
the practical advantages provided by these innovations. Lastly, in order to demonstrate the accident modelling
capabilities of the SE, selective outputs of simulation associated with two DBAs, i.e. LOCA and RIA on TRR
were presented and discussed. The varied and divers results represented in this paper indicated the capability of
the SE in performing comprehensive and accurate analysis of different types of nuclear reactors (including MTR,
VVER and BWR) and behaviour of their fuel under various steady-state and accident conditions. However, the
most noteworthy conclusion might be drawn from the practical examples mentioned in Sec. 4 which demonstrated
how the detail-orientated, three-dimensional outputs provided by the SE on the real geometry of the reactor instead
of the homogenized one used by the conventional one-dimensional codes led to specifying the vulnerable positions
of the reactor core to the accident, discovering its causes and thereby proposing informed and optimized
modifications to mitigate the consequences of the accident.

6. NOMENCLATURES

SE Simulation Environment

CFD Computational Fluid Dynamics

SIDK Semi-Implicit Direct Kinetic

TRR Tehran Research Reactor

DBA Design Basis Accident

LOCA  Loss of Coolant Accident

RIA Reactivity Insertion Accident

AMSO  Advanced Modelling and Simulation Office
MTR Material Test Reactor

BWR Boling Water Reactor

BNPP Bushehr Nuclear Power-Plant

AMG Algebraic Multi-Grid

PISO Pressure-Implicit with Splitting of Operators
FA Fuel Assembly
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Abstract

A system analysis code, SPACE was coupled with a fuel transient analysis code, FRAPTRAN using a dynamic link
library (DLL) scheme. In this coupling scheme, FRAPTRAN handles the heat conduction model including fuel deformation of
single fuel rod and, SPACE deals with the calculation of all hydraulic cells and heat structures except for the fuel rod coupled
with FRAPTRAN. This coupled code has been developed for coping with the change of auditing requirements for the
emergency core cooling system (ECCS). To couple SPACE with FRAPTRAN, coupling scheme was proposed and coupling
variables were defined. For reflood phase, new boundary conditions for FRAPTRAN calculated by SPACE have been
developed in the view. In this work, IFA-650.5 experiments, which was a LOCA (loss of coolant accident) test without reflood
phase using a high burnup fuel in order to validate the SPACE-FRAPTRAN coupled code. From the simulation results of
SPACE-FRAPTRAN coupled system against Halden IFA-650.5 test, the cladding and heater temperatures predicted by code
agreed well with experimental data. In addition, it was revealed that the most important factor for the cladding and heater
temperature in the IFA-650 test is the surface-to-surface radiation heat flux and the fuel model had little effects on them.
Therefore, it is required that surface-to-surface radiation enclosure model should be simulated appropriately for the Halden
IFA-650 test to predict the proper behaviour of the cladding temperature.

1. INTRODUCTION

SPACE [1] is a system analysis code for design and safety analysis of nuclear power plants (NPPs),
developed by Korea Hydro and Nuclear Power (KHNP), Korea Atomic Energy Research Institute (KAERI), Korea
Electric Power Corporation Engineering and Construction (KEPCO-E&C), and Korea Electric Power Corporation
Nuclear Fuel (KEPCO-NF). SPACE is equipped with thermal hydraulic analysis models, heat structures analysis
models including fuel behaviour analysis model, trip and control systems etc. However, the fuel deformation model
of SPACE is not a delicate mechanistic model but is similar to that of RELAPS [2] based on NUREG-0630 model
[3] developed in the early 1980s. Recently, revision of acceptance criteria for emergency core cooling system
(ECCS) has been proposed by Korea Institute of Nuclear Safety (KINS) in Korea [4]. In the revised criteria, it is
required to consider the improvement in our understanding of zirconium alloy cladding fuel behaviour during a
LOCA transient. For example, the fuel rod undergoes exothermic high temperature oxidation, cladding burst,
thermo mechanical deformation of cladding, and fuel fragmentation, relocation, and dispersion (FFRD) during
loss of coolant accident (LOCA). Therefore, to simulate proper fuel behaviour during LOCA, the system code
should incorporate transient fuel models in view of the best-estimated calculation. FRAPTRAN [5] developed by
U.S. Nuclear Regulatory Commission (NRC) is equipped with considerably delicate fuel model but limited thermal
hydraulics model compared with SPACE. Therefore, to compensate for the weakness and preserve the analyzing
capability of both codes, a linkage function between the two codes using the features of the Dynamic Link Library
(DLL) has been developed. In this coupling scheme, FRAPTRAN deals with heat conduction including fuel
deformation of single fuel rod and SPACE takes charge of the calculation of all hydraulic cells and heat structures
except the fuel rod coupled with FRAPTRAN. It is observed that the output of FRAPCON [6], which calculates
the steady state fuel characteristic related with fuel burnup, is incorporated to generate the initial condition for the
input of FRAPTRAN.
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In this work, IFA-650.5 experiment [7], which was a LOCA (loss of coolant accident) test without reflood
phase using a high burnup fuel in order to validate the SPACE-FRAPTRAN coupled code. From the simulation
results of SPACE-FRAPTRAN coupled system against Halden IFA-650.5 test, the cladding and heater
temperatures predicted by code agreed well with experimental data. In addition, it was revealed that the most
important factor for the cladding and heater temperature in the IFA-650 test is the surface-to-surface radiation heat
flux and the fuel model had little effects on them. Therefore, it is required that surface-to-surface radiation
enclosure model should be simulated appropriately for the Halden IFA-650 test to predict the proper behaviour of
the cladding temperature.

2.  DEVELOPMENT OF SPACE-FRAPTRAN COUPLED CODE SYSTEM

2.1. The coupling algorithm

In SPACE-FRAPTRAN coupling calculation, SPACE is a master programme and FRAPTRAN is coupled
with SPACE as a dynamic link library (DLL). Figure 1 shows the overview of the linkage between SPACE and
FRAPTRAN. FRAPTRAN DLL named as “M-TRAN” is called by SPACE and data transfer from SPACE to
FRAPTRAN is conducted through the functions name by “SET ”. Afterwards, FRAPTRAN calculates heat
conduction including fuel deformation and returns the heat flux, surface temperature, and outer diameter to SPACE
through “GET _” functions. Functions with a prefix “CALL " are the functions that call the subroutines in
FRAPTRAN such as “CALL SFRAPTRAN?” for initialization and “CALL CRANKG®6” for time advancement
during transient. If required, the FRAPCON output file can be used for burnup fuel simulation.

)
FRAPCON Burnup data
Output
A 4
)
FRAPTRAN M-TRAN DLL
Input Fuel analysis

Tclad: Dco:
Heat flux

Interface
variables

At, P HTC, 8,,
LHGR, Tyui

SPACE
System analysis

Export & Import

M-TRAN.DLL DLL Functions

SPACE.EXE

SET_DT

Global

interface
variables

SET_HTCBULK
SET_PKW
SET_COOLPRS

Global
interface
variables

GET_NAXN
GET_HEATFLUX
GET_HEATRADIUS
GET_HEATTEMP_E
CALL_MTRAN
CALL_CRANK®6

FIG. 1. Overview of SPACE-FRAPTRAN coupling scheme.

To couple SPACE/FRAPTRAN code system, coupling methodology should be defined because each code
system already was used and validated with their own methodology. As shown in Figure 2, we proposed coupling
methodology of two codes for steady state and transient maintaining each calculation flow and I/O (Input/Output)
system.
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FIG. 2. Calculation sequence of SPACE-FRAPTRAN.

At the beginning of fully coupled calculation, SPACE performs steady state calculation with input file of
SPACE. For this calculation, SPACE employs its heat structure instead of fuel rod. We call the 15 SS (steady state)
calculation which performs null transient calculation without FRAPCON/FRAPTRAN. Once SPACE completes
the 1% SS, it calls M-TRAN which is modulized FRAPTRAN to be implemented as DLL. For the first calling, M-
TRAN initiates input variables and stores FRAPCON result file to apply burnup dependent variables. The M-
TRAN starts fuel stabilization which increase power gradually to stabilize fuel thermo mechanical behaviour. We
call the 2™ SS for fuel stabilization. Once fuel stabilization is completed, fully coupled SPACE/FRAPTRAN is
ready to start transient calculation for LOCA.

2.2. Coupling variables

For coupling calculation, several interface variables have been defined. First, the interface variables from
SPACE to FRAPTRAN are as follows: 1) total heat transfer coefficient (HTC), which is a simple summation of
all HTCs; 2) temporary heat flux, which is based on previous wall temperature and current HTCs; 3) linear heat
generation rate (LHGR); 4) coolant pressure of each cell. Among these variables, total HTC and temporary heat
flux are used for boundary condition of heat conduction in FRAPTRAN. The LHGR is also provided as a heat
source of the heat conduction model in FRAPTRAN. In addition, the coolant pressure is essential for fuel
deformation model. Second, the interface variables from FRAPTRAN to SPACE are as follows: 1) surface heat
flux; 2) fuel center and clad outer surface temperatures; 3) clad outer diameter. In SPACE, surface heat flux, clad
surface temperature, and clad outer diameter are used for calculating the energy conservation equations, wall HTCs,
and fluid deformation, respectively. The fluid deformation model deals with time dependent flow area and physical
models related with hydraulic diameter. Table 1 shows the summary of interface variables for the SPACE-
FRAPTRAN coupling method. Currently, the time increment for temporal advance is determined by SPACE and
provided for FRAPTRAN.
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TABLE 1. COUPLING VARIABLES FOR SPACE-FRAPTRAN

Calling Variable name Content
module
Time increment Size of Time step

Power Linear Heat Generation Rate (LHGR)
M-TRAN CoolPress Coolant pressure

Htc Heat transfer coefficient of cladding surface

Tbulk Coolant T

Outdia Cladding outer diameter (incl. oxide thickness)
SPACE Heatflux Cladding heat flux

Tsurf Cladding surface T

2.3. Coupling of convection model for reflood phase

In coupled calculation, heat conduction inside the fuel rod and convection at the fuel rod surface are solved
using FRAPTRAN and SPACE, respectively. The boundary condition at the right surface in heat conduction
equation of FRAPTRAN.

It is observed that only one HTC and fluid temperature are used to solve the heat conduction equation in
FRAPTRAN. However, various HTCs and fluid temperatures exist in SPACE because SPACE deals with three-
field (droplet, vapour and liquid) conservation equations and thus, it is required that a representative HTC and bulk
fluid temperature should be provided by SPACE. Therefore, HTCs and fluid temperatures could be averaged for
over current time step at each axial position with a type of weighting factors but every averaging method exhibits
certain weak points in that singular point exists. To overcome the shortcomings, we modified the boundary
condition of the heat conduction equation for coupled calculation as follows [8]:

0n+1 = 00 + htot(TJ/l+1 - T‘Ll) = ATJ/l+1 + B (1)
n+1 _ B+ht0tTV7Vl_90
W™ = htot—A )

where 8™%1 is current heat flux, 8, is a heat flux based on new HTCs and previous surface temperature, hy,;
is a total HTC, T,**! is surface temperature in current time step, T, is surface temperature in previous time step,
A and B are constant based on thermal properties.

Eq. (1) represents new boundary conditions for FRAPTRAN thermal calculation to obtain current surface
temperature. Therefore, temporary heat flux, 8, and total HTC, h;,; is added to the interface variables for the
coupling of SPACE-FRAPTRAN.

3. SIMULATION OF IFA-650.5 EXPERIMENT
3.1. Thermal hydraulic modelling for space

An overall layout of SPACE modelling for [FA-650.5 [7] is presented in Figure 3. As for the fluid system,
the inlet flow from TFBC (Temporal Face Boundary Condition) of C100 enters lower plenum (C110) and is spilt
into two channels for fuel rod and heater through cross flow (C115). Both channels are mixed at the top of upper
plenum (C160) and finally exit to the outlet TFBC (C300) via the outlet pipeline (C200). Active fuel region and
heater region are divided into 9 axial nodes. Flow and pressure boundary condition are applied to inlet and outlet
TFBC, respectively. Blowdown valve to simulate the LOCA and spray injection are modelled as TFBC-999 and
TFBC-555, respectively. For the heat structures, there are three heat structure components to simulate a fuel rod
(H130), electric heater (H140) and pressure flask (H150), respectively. It was pointed out that the radiation heat
transfer played a very important role in behaviour of the cladding temperature in IFA-650 test [9], therefore, a
radiation enclosure model is applied into the facing surface of the fuel rod, heater and flask. A convective heat
transfer condition is applied to the outer surface of the flask and, the heat transfer coefficient and bulk fluid
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temperature are assumed to be 3000 W/m?-K and 235°C which is the coolant temperature of heavy water in Halden
reactor. A schematic diagram of the test rig for SPACE is presented in Figure 2.
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Cc161
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FIG. 3. SPACE Nodalization for test rig.

3.2. Fuel modelling for FRAPTRAN

The father rod is a UO, rod with a SRA Zircaloy-4 cladding, irradiated during six annual cycles up to 83
MWd/kgU (rod average) under moderate power conditions (average liner heat rate used without taking into
account the gamma power generated in the coolant: 375, 280, 220, 200, 180, and 180 W/cm). At the end of the
irradiation on the tested part of the rod, the corrosion layer thickness measured are mean 65 pm and maximum
80 pm. The measured hydrogen content is around 650 ppm. Fig. 4 shows the calculation results for the base
irradiation of IFA-650.5. Table 2 shows fuel rod information of IFA-650.5. This experiment was performed using
an [FA-650 device, and the HWR report presents the experiment.
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TABLE 2. FUEL ROD INFORMATION OF IFA-650.5

Item IFA-650.5
Active length (mm) 480
Rod diameter (mm) 10.73
Pellet diameter (mm) 9.144
Pellet height (mm) 11.0
Pellet dish depth (mm) 0.28
Pellet outer surface roughness (mm) 0.002
Cladding type Zry-4
Cladding inner surface roughness (mm) 0.0005
Cladding thickness (mm) 0.712
Number of coils in spring 20
Spring height (mm) 28.1
Total plenum volume (m?) 1.5x10°
Fill pressure (bar, RT) 40
Gas composition He 10% Ar 90%
Number of axial node 9

For the simulation, the following assumptions were made:

—  The plenum temperature was set as TOA plus 5.6 K;
—  The initial free volume is 15 cm®.

To simulate the transient behaviour, a FRAPTRAN input is generated as follows: Burnup file required
(FRAPCON file); gap gas, 95 % Ar; 5%He/ 40 bar at Room Temperature; simulation time, 0 to 500 s (time step,
0.01 s); HT oxidation, C-P model; deformation, Balon2 model.

—— LHGR (kW/ft)
—— Bumup(MWd/kgU)

- 100

Average LHGR (kWitt)
Average Burnup(MWd/KgU)

T T T T T
0 300 600 900 1200 1500 1800
Time(day)

FIG. 4. Power and burnup history of IFA-650.5 rod.
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4. SIMULATION RESULTS
4.1. Clad and Heater Temperature

Comparison of clad and heater temperature between coupled code and experiment are shown in Figure 5. As
shown in the figure, clad and heater temperature show a very good agreement with the experimental results. This
good agreement resulted from not the fuel deformation model but the radiation enclosure model. Figure 6 is a
simulation results of SPACE standalone calculation in which the fuel deformation model was not used but the
same radiation enclosure model as that of coupled calculation was applied. Comparing Figure 5 and Figure 6, it is
found that there is little difference between the simulation results. Therefore, it can be induced that the fuel
deformation model has little effect on the clad temperature in IFA-650 tests. Figure 7 shows a comparison of
predicted and experimental rod internal pressure. Fuel clad was ruptured at 155 s in the simulation and at 178 s in
the experiment. As shown in Figure 8, only the coupled code calculates hoop strain of each axial node because
heat structure of SPACE cannot take into account fuel deformation. Hoop strain at node 4 where rupture occurs is
the highest. After the rupture, the rod internal pressure decreased very slowly in the experiment, whereas predicted
one drastically fell off to the level of coolant pressure. This discrepancy is caused by high content of hydrogen in
the clad. Due to the high content of hydrogen, the clad became brittle and the rupture area was very small. Finally,
the rod internal pressure decreased slowly due to a small rupture area.
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FIG. 5. Clad and heater temperature (coupled).
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FIG. 6. Clad and heater temperature (SPACE standalone).
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FIG. 8 Hoop strain calculated by the coupled code.

5. CONCLUSIONS

SPACE/FRPATRAN fully coupled code system has been developed to take into account fuel behaviour for
safety analysis. The coupling algorithm and sequence were proposed to maintain own methodology of each code.
To overcome various HTCs and fluid temperature in SPACE, new coupling variables were proposed. In order to
validate the SPACE/FRAPTRAN code system, IFA-650.5 experiment was simulated. From the simulation results
of SPACE-FRAPTRAN coupled system against Halden IFA-650.5 test, the cladding and heater temperatures
predicted by code agreed well with experimental data. In addition, it was revealed that the most important factor
for the cladding and heater temperature in the IFA-650 test is the surface-to-surface radiation heat flux and the
fuel model had little effects on them. Therefore, it is required that surface-to-surface radiation enclosure model
should be simulated appropriately for the Halden IFA-650 test to predict the proper behaviour of the cladding
temperature.
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Abstract

Three dimensional characterized unit was used for TRISO particle with UN as the kernel to analyze the influence of PyC
layers and internal pressure on the thermal mechanical performance of TRISO coated fuel particles by using the multi physics
coupling software COMSOL. The influence of operation conditions including steady state and reactivity introduced accident
(RIA) conditions on the thermal mechanical performance of TRISO particle was conducted. The results indicate that the
structure integrity of SiC layer was maintained but the IPyC layer was failed in steady state condition. Thermal expansion is a
dominant factor resulting in the loss of structure integrity of the TRISO coated fuel particle under RIA condition.

1. INTRODUCTION

TRISO coated fuel particles are the key parts of Fully Ceramic Microencapsulated (FCM) accident tolerant
fuel (ATF). As the pellets of FCM fuel, TRISO particles are designed by three buffer layers which can provide
more barriers for the released fission gas under reactivity introduced accident conditions. Since FCM fuel pellets
still have about 50% NITE-SiC matrix, in order to increase uranium loading with reasonable 23U enrichment to
achieve approximated cycle length compared with LWRs fuels, uranium mononitride (UN) with high uranium
density has became a research hotspot of kernel fuel in TRISO coated fuel particles [1]. For the FCM fuel, the
diameter of kernel fuel in TRISO coated fuel particles is usually 500-800 um; the thickness of buffer layer which
can absorb fission fragment, release irradiation damage of other layers, accommodate kernel swelling and contain
fission gas is usually 50-100 um; the typical thickness of IPyC, SiC and OPyC layers are 30, 40 and 30 pum,
respectively. The main function of SiC layer is the pressure bearing boundary and the barrier preventing the
diffusion of fission products. Based on the neutron economy analysis [2], when the TRISO particles loading
volume ration reaches 50% and the diameter of kernel fuel reaches about 800 um, the FCM fuel with 19%
enrichment UN kernel could reach the comparative core power and lifetime in contrast with LWRs with UO; fuels.

A 3D thermal mechanical coupling model was developed for TRISO coated fuel particle with UN as the
kernel by using the multi physics coupling software COMSOL in this study. Performance analysis of the TRISO
coated fuel particle with typical design parameters was conducted under steady state and reactivity introduced
accident (RIA) conditions, which is useful for further optimizing the FCM fuel design.

2.  MATERIAL PHYSICAL AND BEHAVIOUR MODELS
2.1. Material physical properties

The thermal conductivity of UN (Kyw) is the function of burn-up (Bu), temperature (7) and porosity (p) [3],
and thermal expansion coefficient (aun) and specific heat (C,, yn) are as follows [4]:

11-P

Kyy = 1.37T03¢ m(l — 0.025Bu) (1)

ayn=7.096x10"° + 1.409 x 10°T 2)

C,un = 205.3834 (ﬂ)zﬂ +0.0381T + 1.061 x 10'2T~2 exp (—@) 3)
S | '

The elastic modulus of the PyC layer is isotropic which can be written as follows [5]:

Epurer = 11.06(1 + 0.239)+(0.9560275 + 0.000157) @)

The elastic modulus of the PyC layer is anisotropic, and can be calculated by the following equation [5]:
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Epyc =255 (0.384 + 0.000324,0Pyc) -(1+0.238)(0.9560275 + 0.000157) )

The elastic modulus, thermal conductivity and thermal expansion coefficient of SiC layer are achieved by
the following equations [5, 6]:

Egc =460 — 0.04 Texp( — 2+) (6)
17885
Ksic=——+2 @)
C(—1.8276 + 22T _ 15544 x 1057 + 4.5246 x 10°T°, T<1273K
Osic = T (®
5.0, T>1273K

where, @ is the fast neutron fluence, and p is the density.
The basic thermal mechanical physical properties of each part in TRISO coated fuel particle are listed in
Table 1.

TABLE 1. BASIC THERMAL MECHANICAL PROPERTIES OF THE RELATIVE MATERIALS [7-9]

Material Density Poisson Thermal Thermal Specific Weibull

(kg'm) ratio conductivity expansion heat modulus
coefficient

UN kernel 13760 0.32 — — — —

Buffer layer 1000 0.23 0.5 5.7x10°¢ 720 —

IPyC layer 1900 0.23 4.0 5.7x106 720 9.5

SiC layer 3200 0.13 — — 620 6.0

OPyC layer 1900 0.23 4.0 5.7x10%¢ 720 9.5

2.2. Mechanical behaviour model

The irradiation swelling relation of UN kernel is expressed by the following equation [10]:
T =4.6473 x 1077312y ©)

where, AV and V are the volume change by the swelling and the initial volume, respectively.

The irradiation deformation of PyC layer has significant effects on the mechanical properties of TRISO
particles and the choices of computation relations between them are various. In this study, the relations of radial
and hoop irradiation strain of PyC layers are expressed by the following equations, respectively [11].

€ =0.1810% — 1.066® (10)
€y =0.1400% — 1.3240 (11)

where, €, and € are the radial and hoop irradiation strain, respectively.

There is a saturation value when the irradiation deformation of PyC layer increase as the fast neutron fluence
increase. PyC layer would be considered as failed when the fast neutron fluence reaches 8.14x10*m, and there
would be no more irradiation deformation [11]. The irradiation deformation change of buffer layer is written as
follows [12]:

& =ey= —0.176 exp( — 1.75%) (12)

where, €, and € are the radial and hoop irradiation strain, respectively. Meanwhile, since irradiation creep is
the significant mechanism of stress relaxation, irradiation creep models of PyC and buffer layer are considered in
this study as well [12].
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2.3. Fission gas release model

The fission gas (Xe, Kr and He) release was modeled by two mechanisms, the recoil release and the diffusion
release. These two mechanisms would cause the release of Xe and Kr, but the release of He will be only considered
coming from diffusion release mechanism. The total release fission gas will be the sum of recoil and diffusion
release. The recoil release will be the predominant mechanism at low temperature and its portion of fission gas
can be calculated from the following empirical equation [13]:

15

f = E;(X (13)

where f is the portion of Xe and Kr; S is the superficial area of fuel particle in m?; ¥ is the volume of fuel
particle in m3 and « is the mean recoil range of fission gas atoms in m. The mean recoil range of Xe and Kr is 3.98
um and 5.68 pum, respectively.

The main mechanism of fission gas release at high temperature is diffusion release and Booth classical
diffusion model was employed in this study to compute the final release fission gas of loose pyrolytic carbon and
gap through diffusion mechanism. The grain of UN was considered as the ideal sphere of 20 um in diameter which
means the solving equation can be simplified as one dimensional form. The effective diffusion coefficient of fission
gas atoms within the fuel grains can be set from the following empirical relation [5]:

D,=6.66454 x 108exp( — 19164/ 7) (14)

2.o-1

where D, is the effective diffusion coefficient of fission gas atoms within the fuel grains in m~-s™.

2.4. Fuel particle failure probability model

SiC layer is the main barrier preventing the release of radioactivity and is also the main pressure bearing
structure layer. The pressure vessel failure probability of SiC layer can be computed through equation (13) based
on the Weibull distribution theory [5].

m
W =1—exp (—fV(“—”) dv) (15)

0]

where, W is the failure probability; gy, is the stress in MPa and the principal stress is employed to compute;
m is the irradiated Weibull modulus of SiC layer and m = 6; 6, is Weibull parameter and 6, = 9.64 MPa-m'?.

Besides, heat transfer across gaps between buffer layer and IPyC layer and internal pressure are also
considered in this study.

3. MODEL VERIFICATION AND APPLICATION
3.1. Performance analysis under steady conditions

The thermal power density of TRISO particles used in LWRs is higher compared with the typical TRISO
particles used in high temperature gas cooled reactor. The particle power was set as 0.5 W; the maximum fast
neutron fluency and burn-up were 18x10*°m and 19% respectively and the simulation time was 1200 Effective
Full Power Days (EFPDs). The structure size of TRISO particle was set as follows: diameter of UN kernel was
800um, thickness of buffer, [PyC, SiC and OPyC layers were 100 um, 30 pm, 40 um and 30 pum respectively. The
outside temperature of fuel particles was set at 1073 K as the boundary condition. The defect on SiC layer was set
in the model to analyze the effect of fabrication defect on the performance of TRISO particle. The fabrication
defect and model boundary condition were showed in Fig. 1.
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FIG. 1. Schematic diagram of TRISO particle characteristic unit used in this work.

Figure 2 shows the variation of average radius at inner surface of buffer layer, IPyC layer and the gap width
with the increase of fast neutron fluence when computed the irradiation deformation of PyC layer. At the beginning
of operation, the radius of buffer layer would decrease rapidly due to the irradiation deformation while the radius
of [IPyC would increase at the same time which caused the gaps between them. The buffer layer shrink because of
the densification of buffer layer, which was similar with the UO, pellet. The shrinkage of [PyC layer was saturated
when the neutron flux reached at about 13x10% n/m?, which was good agreement with the literature [14]. After
the increasing of gap size between buffer and IPyC layer, due to the irradiation creep and the expansion caused by
the radial irradiation deformation of IPyC layer, the radius of IPyC layer would start to decrease again until the
irradiation deformation reached saturation. The radius of buffer layer would start to increase as the irradiation
swelling of UN kernel. The maximum width of gaps would reach about 23 pm, the large gap was bad for the heat
transfer efficiency at the internal fuel particles.
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FIG. 2. Variation of a) buffer and IPyC layer radius and b) gap size between buffer and IPyC layers.

The radial temperature distribution of fuel particles for different fast neutron fluence is shown in Figure 3.
Before the appearance of gaps, the internal fuel particles existed high temperature gradient which mainly due to
the low thermal conductivity of buffer layer. Since gaps would form between IPyC layer and buffer layer in later
period, fission gas would accumulate in the gaps and buffer layer which would dramatically decrease the thermal
conductivity efficiency of internal fuel particles. And there was up to 200 K temperature difference between buffer
layer and IPyC layer. The maximum temperature of UN kernel was about 1250 K when the neutron flux reached
25x10?° n/m? which was lower than the melting point of UN ceramics. The gap between buffer and IPyC layer
offered the space which can contain the fission gas, and the amount of fission and internal pressure in the gap was
calculated.
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FIG.3. Temperature distribution of TRISO particle along radial direction.

Figure 4 shows the variation of fission gas release and internal pressure with the fast neutron fluence. The
release of fission gas and internal pressure were approximately linear increasing as fast neutron fluence increased.
Since there is no CO release in UN kernel, gas production and internal pressure were much smaller compared with
TRISO particle with UO; kernel. When burn-up reached 19% FIMA, the internal pressure was only 1.78 MPa
which conformed to the literature [14]. Compared with TRISO particles used in high temperature gas cooled
reactor, internal pressure makes less contribution to the pressure vessel failure probability of SiC layer. The stress
state and structure integrity of SiC layer are mainly influenced by the irradiation deformation of PyC layer.
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FIG.4. Variation of a) fission gas release and b) internal pressure of TRISO particle with neutron flux.

Figure 5 plots the variation of average hoop stress at inner surface of PyC and SiC layers with fast neutron
fluence. At the beginning of operation, the radial and hoop shrinkage of IPyC and OPyC layers would squeeze SiC
layer which caused the increase of normal stress at hoop direction of SiC layer while tensile stress at hoop direction
would be applied on PyC layer which was a big threat to the structure integrity of PyC layer. With PyC layer
gradually change to rapid expansion at radial direction, the stress state of PyC layer at hoop direction changed to
pressure stress. Instead, pressure stress changed rapidly to tensile stress of SiC layer at hoop direction. Oversize
tensile stress might cause the pressure vessel failure probability of SiC layer and lost the barrier prevent fission
production leaking. With the irradiation deformation reached saturation, hoop stress of each layer would progress
to low stress which meant the irradiation deformation of PyC layer had great influence on the structure integrity
of fuel particle.
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FIG. 5. Variation of hoop stress at inner surface of PyC and SiC layers with neutron flux, a) non defect surface, b) surface with
defect.

SiC layer is the main pressure bearing structure and safety barrier of inner parts of fuel particle. The failure
of SiC layer would have significant influence on the structure integrity of fuel particle. SiC is brittle material which
can use Weibull distribution model to compute its random failure probability and results is shown in Figure 6.
When Eq. 15 was employed to compute the irradiation deformation of IPyC layer, it would occur failure earlier
with higher probability. In fact, failed IPyC layer has great influence on the structure integrity of SiC layer and it
is essential to conduct more experiments and theoretical studies on the specified SiC layer alone which is also a
part of further investigations.
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FIG. 6. Failure probability of the coated layers, a) IPyC layer, b) OPyC layer and c) SiC layer.
3.2. Performance analysis under RIA conditions

In order to analysis the performance of TRISO coated particle fuel under RIA condition, rod ejection accident
needs to be considered under hot shut down condition where reactivity is great caused by deep control rods.
Assume reactor operated at full power for 900 EFPD under thermal work condition and then turned into zero
power maintaining 10 EFPD. After that, rod ejection accident happened with high reactivity which would cause
the particle power of fuel assembly hottest area increasing to 30 times of rated power (15 W) and then decreasing
to zero power rapidly. Assume the time of this duration was 5 s. Finally, the reactor was shut down emergently.

The fuel particle central temperature variation of time was shown in Figure 7. Due to the appearance of gaps,
the central temperature increased rapidly and then stabilized gradually. The rod ejection accident happened at zero
power thermal work condition caused power increased and decrease rapidly at very short time so as the
corresponding central temperature. The highest temperature of UN kernel would reach 2200 K which was not
enough to cause fuel melting. In addition, the thermal shock caused by temperature rapid increasing would cause
great thermal expansion deformation which would cause the rapid contact between buffer layer and IPyC layer.
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Figure 8 plots the average hoop stress at inner of PyC and SiC layers variation of time which shows PyC and
SiC layers had huge stress shock caused by contract pressure and formed great tensile stress in a moment. PyC and
SiC layers might crack and lead structure failure. Therefore, thermal expansion is the dominant factor causing
structure failure of fuel particle under RIA condition.
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FIG. 8. Hoop stress of PyC and SiC layers under RIA condition.

4. CONCLUSIONS

A computation model which is able to analysis the irradiation performance of TRISO coated fuel particle
was developed by using the multi physics coupling software COMSOL in this study and the main results are as
follows:

A three dimensional thermal mechanical coupling model was developed for TRISO coated fuel particle with
UN as the kernel which considered the physical properties and behaviour of materials. Under steady condition,
buffer and IPyC layers would separate and the gaps between them would affect the thermal conductivity efficiency.
The internal pressure caused by fission gas have little influence on the structure integrity of SiC layer while the
complicated irradiation deformation behaviour has a great influence on the stress of PyC and SiC layers. IPyC
layer have biggish structure failure risk while SiC layer can maintain the integrity of structure. Under RIA
condition, drastic thermal expansion would cause each layer contact and form great tensile stress which is the
dominant factor causing structure failure of TRISO coated fuel particle.
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NOMENCLATURES
RIA Reactivity introduced accident
FCM Fully ceramic microencapsulated

ATF Accident tolerant fuel
TRISO  Tri-isotropic

UN Uranium mononitride

Buffer porous pyrolytic carbon
IpyC Inner dense pyrolytic carbon
SiC Silicon carbide

OpyC Outer dense pyrolytic carbon
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Abstract

Following the experience that came from the Fukushima Daiichi accident, one possible way of reducing risk in a nuclear
power plant operation would be the replacement of the existing fuel rod cladding material (based on zirconium alloys) by other
materials which could fulfill the requirements of the accident tolerant fuel (ATF) concept. In this sense, ATF should be able to
keep the current fuel system performance under normal operation conditions; moreover, it should present superior performance
than the existing conventional fuel system (zirconium based alloys and uranium dioxide) under accident conditions. The most
challenging and bounding accident scenarios for nuclear fuel systems in Pressurized Water Reactors (PWR) are Loss of Coolant
Accident (LOCA) and Reactivity Initiated Accident (RIA), which are postulated accidents. This work addresses the
performance of ATF using iron based alloys as cladding material under RIA conditions. The evaluation is carried out using
modified versions of the coupled system FRAPCON/FRAPTRAN. These codes were modified to include the material
properties (thermal, mechanical, and physics) of an iron based alloy, specifically FeCrAl alloy. The analysis is performed using
data available in the open literature related to experiments using conventional PWR fuel system (zirconium based alloys and
uranium dioxide). The results obtained using the modified code versions are compared to those of the actual existing fuel
system based on Zircaloy-4 cladding using the original versions of the fuel performance codes (FRAPCON/FRAPTRAN).

1. INTRODUCTION

Accident Tolerant Fuels (ATF) have been studied after the Fukushima Daiichi accident in order to improve
the nuclear safety under steady state irradiation and accident scenarios. The most challenge scenarios to be studied
are those related to postulated accidents, specifically LOCA and RIA. In this sense, in the framework of the ATF
programme, it is necessary to evaluate the performance under postulated accident scenarios of different cladding
materials which could be applied to replace the zirconium based alloys currently used. The cladding materials that
present higher potentiality to this are iron based alloys such as iron-chromium-aluminum (FeCrAl), and ceramic
materials such as silicon carbide (SiC).

There are two accident scenarios of particular interest considering inadvertent insertion of reactivity in
nuclear power reactors: the control rod ejection accident in Pressurized Water Reactors (PWR), and the control
rod drop accident in Boiling Water Reactors (BWR). These are design basis accidents, which may result in serious
consequences if they were not accounted properly in the design of the reactor and related safety systems. The cause
of accident is related to mechanical failure of a control rod mechanism housing and the primary coolant pressure
ejects a control rod assembly completely out of the core. The main consequence of the control rod ejection is a
rapid positive reactivity insertion, which shall occur within about 0.1 s in the worst possible scenario. The fuel rod
behaviour during a RIA is mostly influenced by characteristics of the power pulse (amplitude and pulse width),
coolant condition (pressure, temperature and flow rate), level of fuel burnup (degree of hydrogen pickup, cladding
corrosion, internal fuel pressure), and fuel rod design (cladding thickness, pellet geometry and initial fill pressure).
The rapid power excursion (0.1 s) leads to nearly adiabatic heating of the fuel pellets, which immediately deform
by solid thermal expansion and depending of burnup degree, the amount of gaseous fission products retained in
the fuel will contribute more to the solid pellet deformation. Due to pellet expansion the pellet cladding gap is
reduced or closed leading to pellet cladding mechanical interaction (PCMI) with significant mechanical loading
on the cladding tube [1].

Fuel performance codes are good tools to be applied to assess the behaviour of different materials under
irradiation; however, the conventional fuel codes need to be modified to introduce the properties of the materials,
which are being studied.
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The FRAPTRAN code has two models to predict cladding failure, first failure model is related to RIA event,
where deformation is due to pellet cladding mechanical interaction and at relatively low temperature (< 700 K),
where PCMI is the driving force for cladding deformation, the model considers basically uniform plastic
elongation from irradiated cladding as function of temperature and hydrogen concentration. The second failure
model is applicable to LOCA events where deformation is relatively high due to gas overpressure and the
temperature of the cladding (> 700 K) [2].

This paper presents some preliminary results obtained using modified versions of the FRAPCON-
FRAPTRAN codes containing the properties related to the FeCrAl alloy to simulate the fuel behaviour under
steady state and RIA conditions.

2. METHODOLOGY

2.1. FeCrAl alloy

FeCrAl alloy presents better properties compared to zirconium based alloys specifically concerning to the
oxidation rates which are of 1 to 3 orders of magnitude lower [3]. Data from literature [3] based on computational
simulations also indicate that FeCrAl alloy maintains acceptable thermo mechanical properties, and fuel-clad
interactions under PWR conditions. The thermal, mechanical e physical properties of FeCrAl were obtained from
literature [3] and used to modify the fuel performance codes.

2.2. Fuel performance code modification

The basis for the code modification applied to study the steady state irradiation was the FRAPCON-3.4 code
[4], and for RIA evaluation the FRAPTRAN-1.5 [2]. The main subroutines related to the cladding in the codes
modified to introduce the properties in MATPRO [5] of FeCrAl alloy were: CELMOD, CORROS, CREEPR,
CSHEAR, and CTHCON. The material properties concerning to each of these subroutines are: CELMOD defines
the correlation for the cladding Young’'s modulus; CORROS is related to the cladding waterside corrosion;
CREEPR; CSHEAR calculates shear modulus of cladding based on type and conditions; and CTHCON defines
the correlation for the cladding thermal conductivity.

2.3. Test case

The test case applied to compare the fuel performance of Zircaloy-4 and FeCrAl alloy was the HBO-5, which
data are available in the FRAPCON-3.5 assessment [6]. This case is part of a large scale RIA experiment carried
out at NSSR reactor by JAERI (Japan Atomic Energy Research Institute). The NSRR facility has a TRIGA type
reactor, which can generate significantly narrow power pulses, the RIA simulation tests on pre-irradiated fuel
segment (test rod) employ a capsule with stagnant water. The HBO-5 fuel rod was refabricated from a standard
17x17 PWR fuel rod with uranium dioxide fuel pellet that was irradiated under steady state condition at OHI#1
reactor comprising a period of about 1360 days until an average burnup of 44 GWd/MTU. After this, the full-
length fuel rod was refabricated and submitted to the test under RIA conditions. The HBO-5 fuel rod experienced
failure at 0.2113 s.

The input for both codes were prepared following strictly according to the recommendations presented in the
assessment volume as presented in Table 1.
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TABLE 1. HBO-5 FUEL ROD MAIN CHARACTERISTICS AND

BOUNDARY CONDITIONS

Characteristic/boundary condition PWR
Fuel material U0z
Fuel pellet outer diameter (mm) 8.05
Fuel pellet height (mm) 9
Fuel density (% TD) 95
Fuel enrichment (w/o %) 32
Cladding outer diameter (mm) 9.5
Cladding inner diameter (mm) 8.22
Cladding wall thickness (mm) 0.64
Fuel-cladding diametral gap (pum) 170
Fill rod pressure (MPa) 3.23
Coolant temperature (°C) 310
Coolant pressure (MPa) 15.5

The average power history and the rod average burnup as function of the irradiation time are presented in
Figs 1 and 2, respectively.
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FIG.2. Rod average burnup as function of irradiation time for HBO-5 test case.
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3. RESULTS AND DISCUSSION

The main results obtained comparing the performance of Zircaloy-4 and FeCrAl alloy as cladding under
steady state irradiation for the HBO-5 fuel rod are presented in Figures 3 to 7.

Figure 3 shows that FeCrAl fuel rod presents fuel centreline temperatures higher than Zircaloy-4 fuel rod.
This occurs due to the higher thermal expansion of the FeCrAl. Then, the gap thickness is larger, as shown in
Figure 4, and, consequently, the fuel temperature reaches higher values.
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FIG.3. Fuel centerline temperature evolution under steady state irradiation as function of time for HBO-5 test case considering
as cladding: Zircaloy-4, and FeCrAl alloy.
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FIG.4. Gap thickness evolution under steady state irradiation as function of time for HBO-S5 test case considering as cladding:
Zircaloy-4, and FeCrAl alloy.

Also, it can be observed in Figure 5 that FeCrAl fuel rod presents a lower plenum pressure compared to the

Zircaloy-4 fuel rod due to the higher internal free volume available that is a result of the higher thermal expansion
of the FeCrAl alloy.
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FIG.5. Plenum pressure evolution under steady state irradiation as function of time for HBO-5 test case considering as
cladding: Zircaloy-4, and FeCrAl alloy.
Due to the gap closure around 600 irradiation days observed for the Zircaloy-4 fuel rod, the cladding hoop

stress, as shown in Fig. 6, changes from a compressive to a tensile state. This is not observed for the FeCrAl fuel
rod because the gap remains open during all the irradiation time, also, as a consequence of the higher thermal

expansion compared to Zircaloy-4.
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FIG.6. Cladding hoop stress evolution under steady state irradiation as function of time for HBO-5 test case considering as

cladding: Zircaloy-4, and FeCrAl alloy.

Regarding to the fission gas release, Figure 5 shows that the behaviour is exactly the same for both studied
materials. This shows that the differences observed in the fuel centerline temperatures are not enough to affect the

fission gas release behaviour for both studied materials.
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FIG.7. Fission gas release evolution under steady state irradiation as function of time for HBO-S5 test case considering as
cladding: Zircaloy-4, and FeCrAl alloy.

After steady state irradiation, the RTA condition was simulated using FRAPTRAN code in order to reproduce
the experimental test for the HBO-5 fuel rod. Figure 8 presents the cladding hoop stress after RIA, considering
that the RIA starts at time equal to 0. It can be observed that the Zircaloy-4 fuel rod experiences failure 0.21 s after
starting the RIA, result that is very similar to that observed in the experiment. This confirms that the simulation
was appropriately carried out. The same simulation was performed under RIA conditions using the transient code
modified considering FeCrAl as cladding material. And, in these preliminary results the FeCrAl fuel rod
experiences failure at a time very close to that observed for Zircaloy-4 due to the fact that the failure criterion
adopted in the FRAPTRAN code for Zircaloy-4 cannot be appropriate to evaluate the FeCrAl fuel rod behaviour
under RIA conditions.
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FIG.8. Cladding hoop stress after RIA (t=0) for HBO-5 test case.

4. CONCLUSIONS

The obtained results for the HBO-5 test case indicate that under steady state irradiation FeCrAl present a
good performance compared to Zircaloy-4 showing: higher fuel temperatures (about 100°C), lower internal
pressure, open gap during all the irradiation time, and lower cladding hoop stress.

The simulations carried out to under the RIA scenario reproduced exactly the experimental result registered
for the studied test case, occurring the failure of the fuel rod at the same time verified in the experiment.
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Although the results of simulation obtained in the steady state condition have shown differences, mainly in

the fuel gap parameter, the fuel rod test case failure at similar time in the transient simulation, consequently it is
necessary to evaluate and establish a better and consistent failure criterion for FeCrAl cladding.

The strain-based failure criterion used in the original code version for Zircaloy-4 considers the effects of

hydride content and temperature [7]. In this sense, it is necessary to carry out experiments in order to obtain data
to better predict the cladding failure for FeCrAl behaviour under RIA conditions.

5.

NOMENCLATURES

ATF Accident Tolerant Fuel

BWR Boiling Water Reactor

FeCrAl  Iron-Chromium-Aluminum alloy
HBO-5  Experimental test case

LOCA Loss-of-Coolant Accident

PCMI Pellet Cladding Mechanical Interaction
PWR Pressurized Water Reactor

RIA Reactivity Initiated Accident

SiC Silicon Carbide

ACKNOWLEDGEMENTS

The authors are grateful to the technical support of USP and IPEN-CNEN/SP, and to the financial support

of IAEA to attend the Technical Meeting.

[2]

[3]

REFERENCES

RASHID, Y.R., ZANGARI, A.J., LIN, C.L., Modeling of PCI Under Steady State and Transient Operating Conditions,
TAEA Technical Committee Meeting on Water Reactor Fuel Element Computer Modeling in Steady State, Transient and
Accident Conditions, IAEA-659/IWGFPT/32 Preston England, (1988) 91.

GEELHOOD, K.J., LUSCHER, W.G., CUTA, J.M., FRAPTRAN- 1.5: A Computer Code for the Transient Analysis of
Oxide Fuel Rods, PNNL-19400, 1, Rev.1 (2014).

GAMBLE, K.A., BARANI, T., PIZZOCRI, D., HALES, J.D., TERRANI, K.A., PASTORE, G., An Investigation of
FeCrAl Cladding Behavior Under Normal Operating and Loss of Coolant Conditions, Journal of Nuclear Materials 491
(2017) 55.

GEELHOOD, K.J., LUSCHER, W.G., BEYER, C.E., FLANAGAN, M.E., FRAPCON-3.4: A Computer Code for the
Calculation of Steady state Thermal mechanical Behavior of Oxide Fuel Rods for High Burnup, U.S.NRC, NUREG/CR-
7022, Washington (2011).

ALLISON, C.M., BERNA, G.A., CHAMBERS, R., CORYELL, E.W., DAVIS, K.L., HAGRMAN, D.L., et al,
SCDAP/RELAP5/MOD3.1 Code Manual Volume IV: MATPRO—A Library of Materials Properties for Light-Water-
Reactor Accident Analysis, NUREG/CR-6150, EGG-2720, Washington (1993).

GEELHOOD, K.J., LUSCHER, W.G., FRAPCON-3.5: Integral Assessment, PNNL-19418, 2, Rev.1 (2014).
NEA/CSNI/R (2010) 1, Nuclear Fuel Behaviour under Reactive Initiated Accident (RIA) Conditions, OCDE (2010) 179.

161



ROUND ROBIN EXERCISE OF THE CANDIDATE ATF CLADDING MATERIALS
WITHIN THE ACTOF PROJECT

M. SEVECEK, J. KREJCI, A. CHALUPOVA, J. KABATOVA, F. MANOCH, J. KOCf, L. CVRCEK
Czech Technical University in Prague/UJP Praha,
Prague, Czech Republic,

C. TANG, M. STEINBRUCK, M. GROSSE
Institute for Applied Materials, Karlsruhe Institute of Technology,
Karlsruhe, Germany,

S. PENTTILA, J.-M. AUTIO, J. LYDMAN, A. TOIVONEN
VTT Materials for Power Engineering, Technical Research Centre of Finland,
Espoo, Finland,

B. SARTOWSKA, W. STAROSTA, L. WALIS, A. KRZESNIAK, E. PANCZYK, P.KALBARCZYK, K.
KULISA, J. SMOLIK, J. MIZERACKI

Institute of Nuclear Chemistry and Technology,

Warsaw, Poland,

Z.HOZER, T. NOVOTNY, E. PEREZNE FERO, A. PINTER CSORDAS, M. HORVATH, P. SZABO
Hungarian Academy of Sciences, KFKI Atomic Energy Research Institute,
Budapest, Hungary,

C. GIOVEDI
University of Sdo Paulo,
Sao Paulo, Brazil,

P. XU
Westinghouse Electric Company,
Hopkins, SC, USA.

Abstract

The paper presents a summary of the round robin test activity organized within the IAEA ACTOF project. The test
conditions and sample matrix were finalized during fall 2017, production and transportation of samples started in Q1 2018 and
the tests have been performed during the past 14 months. Two fundamental experimental tests related to normal operating
conditions and accidental conditions of LWRs were defined: High temperature steam oxidation and Long term corrosion tests.
Originally, four laboratories/institutes joined the round robin exercise — CTU in Prague, KIT, VTT, and INCT. Later, also
MTA EK joined the activity. Westinghouse Electric Company provided Zircaloy-2 substrate. Two institutes applied their
protective coatings on the Zircaloy-2 substrate by PVD methods (CTU — pure Cr coating and INCT — ZrSi-Cr coating). KIT
applied MAX phase coating on Zircaloy-4 substrate. Additionally, AISI 348 steel provided by USP, Brazil was tested. The
geometry of the samples varied based on the needs of particular institutes. Long term corrosion tests were performed by three
laboratories in PWR and WWER chemistry for at least 63 cumulative days. High temperature steam oxidation tests were
performed by four institutes at three pre-defined conditions. Participants performed pre- and post-characterization of the
materials based on their standard procedures and available techniques. The paper summarizes motivation, plans, sample matrix,
materials, testing conditions and preliminary results including lessons learnt and recommendations for future joint projects.

1. INTRODUCTION

One of the key joint actions planned within the IAEA Coordinated Research Project on “Analysis of Options
and Experimental Examination of Fuels for Water cooled Reactors with Increased Accident Tolerance (ACTOF)”
was the round robin test (RRT) for cladding materials that are considered as Accident Tolerant Fuel (ATF) cladding
candidates. The tested cladding materials include three coated cladding concepts and AISI stainless steel. There
were two fundamental tests defined — high temperature steam oxidation test and long term corrosion test in
prototypical LWR conditions. The participants of the RRT are: Czech Technical University/UJP Praha (CTU),
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Karlsruhe Institute of Technology (KIT), Institute of Nuclear Chemistry and Technology (INCT), VTT Technical
Research Centre of Finland (VTT), University of Sdo Paulo (USP) and Hungarian Academy of Sciences Centre
for Energy Research (MTA EK). The RRT can be subdivided into three sub-activities:

—  ATF cladding sample production;
—  Long term corrosion test in WWER or PWR chemistry;
— High temperature oxidation.

The involvement of the parties in particular tasks of the RRT activity is summarized in Table 1.

TABLE 1. INVOLVEMENT OF PARTICIPANTS IN THE RRT

CTU KIT INCT VTT USP MTA EK
Sample production X X X — X —
Long term corrosion X — X X — —
High temperature oxidation X X — X — X

As can be seen in Table 1, there were four different types of ATF cladding samples produced by four
institutes. Three institutes performed long term corrosion tests in PWR or WWER chemistry and four institutes
performed high temperature oxidation testing.

2. SAMPLE PRODUCTION

Traditional Zr-based cladding materials were used as substrates (Zry-2, Zry-4 and E110) and three different
coatings were deposited on their surfaces using physical vapour deposition methods (PVD). Originally, standard
Zry-2 LK3 alloy was chosen as the substrate for all tests with two predefined geometries shown in Fig. 1. Due to
time and other limitations, it was decided to use also Zry-4 substrate provided by KIT and E110 substrate provided
by UJP Praha and change the sample geometry based on the requirements of particular participants (due to size
limitations in furnaces, to allow for mechanical testing or single-sided oxidation etc.).

~2 mm OD

~2cm

~2cm 2|
FIG. 1. The geometry of samples for RRT as originally defined.

The coatings deposited by PVD methods are: pure Cr (CTU), ZrSi-Cr (INCT) and Cr/Cr,AIC/Cr (KIT).
Additionally, AISI 348 stainless steel provided by USP was tested. Their fabrication and specifications are
described further.

2.1. Cr PVD coated Zr-based alloys

Zr-based samples were Cr coated in two batches using unbalanced magnetron sputtering (UBM) in the
Hauzer Flexicoat 850 industrial system. It is a multi purpose device flexible for numerous applications. Depending
on the type, it can utilize a combination of different deposition technologies such as sputtering, HIPIMS, PACVD
and other. For the purposes of this work, UBM was used. It is a special type of sputtering with extended and
increased plasma density using coils in an unbalanced closed magnetic field. The images of the system, deposition
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chamber and rotating sample holders with Cr target are shown in Figure 2. More details about the methods used
and coating parameters can be found in [1-5].

P

FIG. 2. Images of the Hauser Flexicoat 850 at CTU in Prague. Overview of the system (left); Deposition chamber (centre);
Rotating sample holders with Cr target in the back (right) (Reproduced courtesy of Elsevier [16]).

The coatings were deposited in a metal mode using the gas flow 90 sccm Ar (99.999 %) for about 18 hours.
The thickness of the coatings was measured with a Calotest (CSM, Switzerland) and was found to be 28 + 0.1 um
in the first batch and 16 £ 0.1 um in the second batch.

2.2. ZrSi-Cr PVD coated Zry-2

ZrSi-Cr coated samples were produced at the Institute for Sustainable Technologies ITS (Radom, Poland).
Balzers system shown in Fig. 3 was used. The system contains three magnetron plasma sources, three power and
control panels. It allows to deposit materials from separate targets and to obtain multi elemental coatings [6].

Two magnetrons with separate, flat, circular targets were used. One was made of ZrSi, and the second of
pure Cr. The resulting composition of the coatings as confirmed by XRD is — Zr4Si24Cr36 and its thickness is
about 2.5 microns.

FIG. 3. Balzers system facility: a) general view, b) position of flat, circular magnetrons, c) chamber overview.

2.3. Cr/Cr2AIC/Cr (MAX phase) PVD coated Zry-4

A research group at KIT investigates the deposition of Ti,AlC, Cr,AlC and Zr,AIC MAX phases on Zircaloy-
4 by a PVD. Pre-tests have shown that the Cr,AlC MAX phases are the most promising with respect to their high
temperature oxidation behaviour. The coatings were synthesized via a two-step process, i.e. first deposited by
magnetron sputtering and subsequently thermally annealed in pure argon. The as-deposited coatings were
deposited using laboratory PVD equipment (Leybold Z 550 coater). Three high purity cylindrical elemental plates
of chromium (Cr: 99.95%, FHR Anlagenbau GmbH), graphite (C: 99.95%, Schunk Kohlenstofftechnik GmbH)
and aluminium (Al: 99.95%, FHR Anlagenbau GmbH) are used as targets for magnetron sputtering process. Figure
4 shows the schematic representation of the design of the as-deposited coatings on Zircaloy-4 substrates and the
arrangement of the targets and substrates during deposition.

After deposition, the coated Zircaloy-4 specimens were ex-situ annealed in pure argon (99.9999%) at
atmospheric pressure using a commercial thermal balance (NETZSCH STA-449 F3 Jupiter) to facilitate the growth
of MAX phases by solid reaction of the nanoscale elemental multilayers. The isothermal holding time was 10 min
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at annealing temperature 550°C. Cr,AIC MAX phase was successfully obtained while no significant interdiffusion
between the Cr and Cr,AlC layer has been confirmed at such conditions [7, 8].

(il) (b) Deposition chamber

% e

A A

: : L

5 um Cr/C/Al

Bonding/Diffusion barrier layer

Polished Zry-4 Sub.

Shutter
Substrates

FIG. 4. Schematic representation of (a) the design of the as-deposited coatings on Zircaloy-4 substrates, and (b) arrangement
of the targets and substrates during deposition.

2.4. AISI348SS

USP produced austenitic stainless steel AISI 348 samples within the RRT joint activity. There were two
different geometries of austenitic stainless steel (AISI 348) samples supplied: tubes and plates. The composition
and properties of both materials were the same:

—  Chemical composition: Fe-balance, C-0.055%, Mn-1.70%, P-0.017%, S-0.003%, Si-0.41%, Cr-17.5%, Ni-
11%, Nb-0.85%, N-0.0018%, Co0-0.021%, Ta<0.005%, B-0.0008%;

—  Micro-hardness: 150-200 HV;

—  Surface roughness: < 0.7 pm Ra;

—  Mechanical properties at 20°C: tensile strength — 640 MPa, yield strength — 330 MPa, elongation of a 50
mm specimen — 47%;

—  Mechanical properties at 370°C: tensile strength — 455 MPa, yield strength — 260 MPa, elongation of a 50
mm specimen — 26%;

— Non-metallic inclusions (ASTM E45, Table 1 [9]): <I;

— Niobium carbides evaluation (ASTM E407 [10]): continuous non-stabilized areas < than 0.05 mm of
equivalent diameter;

— Intergranular corrosion (ASTM A262, Practice A [11]): material does not present intergranular cracks
(magnification in the range 5x to 20x).

Plate samples were prepared from AISI 348 bars with a diameter of 22 mm. After machining, each plate
sample was polished, identified and cleaned. Tubular samples were prepared by cutting long tubes of AISI 348
tubes with a diameter of 9.8 mm and a thickness of 0.6 mm.

3. EXPERIMENTAL
3.1. Long term corrosion

The long term corrosion tests were done in two prototypical LWR chemistries — PWR (VTT, INCT) and
WWER (CTU) at 360°C. The period of 21 days was defined with a goal of three minimal periods (63 cumulative
days). Destructive testing was performed after 63 days but if there was enough material available, the tests
continued for a longer time. The long term corrosion tests performed by the participants are summarized in Table 1.
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TABLE 1. LONG TERM CORROSION TESTS ORGANIZED WITHIN THE RRT PERFORMED BY
INDIVIDUAL PARTICIPANTS

CTU — Czech Republic VTT — Finland INCT — Poland

Cladding mateial T ey WR ey chomy
AISI348 164 days 63 days 63 days
Zry-2/Zry-2 164 days 63 days 63 days

Cr coated Zry-2 164 days 63 days 63 days

MAX phase coated Zry-4 147 days 63 days 63 days

ZrSi-Cr coated Zry-2 101 days 16.5 days 63 days

Cr coated E110 164 days — —

The experimental procedures vary depending on the available setups and standard procedures used at the
institutes. For example, CTU/UJP uses 360°C, 19.4 MPa, 4 dm? static autoclave, VTT used standard operational
PWR parameters at 360°C with recirculation loop and online chemistry control whereas INCT used 360°C,
19.5 MPa, 1 dm? static autoclave.

The samples were characterized before, during and after testing by non-destructive as well as destructive
methods. The characterization techniques include visual inspections, XRD, SEM, metallography, weight changes
and hydrogen and oxygen pickup measurements.

3.2. High temperature steam oxidation

Four participants performed high temperature (HT) oxidation tests. The three predefined conditions are:

—  Flowing steam 1100°C, 60 minutes;
—  Flowing steam 1200°C, 30 minutes;
—  Flowing steam 1300°C, 5 minutes.

These parameters were defined based on estimates taking into account the standard DBA fuel safety criteria
for Zr-based cladding materials such as 17% ECR limit calculated using the Baker-Just correlation [12].
Additionally, previous experience with testing of ATF cladding materials was used to estimate potential additional
margins provided by the near-term ATF concepts tested and to determine reasonably long testing periods for all
samples [13]. Some of the participants decided to perform more tests if larger quantities of samples were available.
The summary of tested samples by particular institutes is shown in Table 2.

TABLE 2. STEAM OXIDATION TESTS PERFORMED BY INDIVIDUAL PARTICIPANTS

CTU — Czech VTT — Finland KIT — Germany MTA EK — Hungary
Republic
Cladding HT steam oxidation -  HT steam oxidation - HT steam oxidation - Iff;f;éﬁ (l)ﬁ)%)ajtllg(r)l';_
material ! 10(){?(())'(;)3 (2:05('),30'; ! 10(){?(())'(;)3 (2:05('),30'; ! 1003(())'(;)01305('),30'; 1200,30':1200,45'";
’ ’ ’ 1200°C,60'

AISI348 X X X —
Zry-4 ref. — X —
Cr coated Zry-2 X X X —
MAX phase -
coatedery—4 X X X
ZrSi-Cr coated — — X —
Zry-2
E110 ref. X — — X
Cr coated E110 X — — X
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The experimental procedures vary depending on the experimental setup used. For example, the heating rates,
steam flow rates, quench parameters, temperature measurements or sample holders are setup-dependent which
might slightly affect the results. In addition, different experimental setups are able to measure different parameters
such as hydrogen production or online weight changes. For example, only KIT was able to measure hydrogen
generation and on the other hand, only CTU and MTA EK performed post-quench mechanical testing.

The samples were characterized before and after testing. The characterization techniques include visual
inspections, XRD, SEM, microhardness, metallography, ring compression tests, hydrogen production, weight
changes or hydrogen absorption measurements.

4.  RESULTS
4.1. Long term corrosion

The results of the long term corrosion test show the expected corrosion behaviour of Zr-based alloy. This
confirms that applied setups and procedures are valid and acceptable. Additionally, the data measured on Zr-based
alloys serve as a baseline for comparison with ATF candidate materials.

The results summarized in Figure 5 indicate drastic weight loss in the case of the MAX phase coated sample
suggesting dissolutions and spallation of the coating for both WWER and PWR chemistry. The weight
loss/spallation is slightly slower in WWER chemistry but still extreme. Since spallation was observed for this
sample, the weight change is not fully representative parameter in this case. It should be noted residuals of coating
system remained on the Zr substrate even after the drastic weight loss. This suggests that some parts of the coating
system are stable in LWR conditions.

ZrSi-Cr coating shows comparable corrosion kinetics to uncoated samples. It should be noted that with the
more complex systems, both weight loss and gain happen during the test. This was the case for ZrSi-Cr as well as
MAX phase coating. In the case of ZrSi-Cr coating, a high concentration of Si-based ions was found in the
autoclave after the tests. This confirms that weight gain evaluation standardly used for Zr-based alloys might not
be a suitable parameter for advanced materials. Additionally, the ZrSi-Cr PVD coated samples show very high
hydrogen pickup.

Both, AISI 348 and Cr coated samples show extremely low weight gains. However, hydrogen concentration
inside the Cr-coated is comparable to uncoated material suggesting higher H-pickup fraction. Figure 5 shows the
weight gains of the samples tested in WWER chemistry up to 164 days as a function of exposure time. The detail
of the weight gains of the Cr-coated samples is shown in Fig. 6 as well. Data measured on three samples as well
as their average are shown. The scattering is due to extremely low weight gains where slight uncertainty in
measurement results in higher scatter. But the absolute values are generally very low.
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FIG. 5. Results of the weight gains from the corrosion test in WWER water chemistry. Top — summary of all WGs measured;

Bottom left — summary of weight gains measured in WWER chemistry,; Bottom right — detail of the weight gain for Cr-coated
samples.

High resolution SEM micrographs of Cr-coated samples during the long term corrosion test are presented in
Figure 6. Micrographs show the top view of the columnar structure of the Cr coating during the corrosion test. The
grains are tightly coupled to each other with an average diameter of about 1 micron. The grains were clear and
smooth on the as-received material. Small oxide particles cover the pyramidal grains as the surface oxidizes.

o a- o
=) =

INITIAL 21 days 42 days 63 days

FIG. 6. SEM micrographs — top view of the Cr-coated Zry-2 during the corrosion test in PWR chemistry (as-received, 21 days,
42 days, 63 days).

To summarize, AISI 348 and Cr-coated ATF cladding materials seem to be very promising from the

perspective of normal operation. They might provide also other benefits during normal operation such as improved
wear resistance or improved creep behaviour. Nevertheless, unresolved issues such as hydrogen pickup still remain.
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4.2. High temperature oxidation

The weight gains of the oxidized samples as a function of calculated weight gains using Cathcart-Pawel
correlation [14] as measured at UJP Praha is shown in Figure 7. The results show a reduction of the weight gains
for all of the tested samples in comparison with uncoated Zr-based cladding materials.
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FIG. 7. Experimentally measured weight gains in relation with calculated weight gain using Cathcart-Pawel correlation (valid
for most Zr-based alloys).

Additionally, the weight gains are directly linked with the oxidation kinetics for Zr-based alloys and the
weight gain reduction suggests lower hydrogen production and limitations of the exothermic HT reaction with
steam as well. These are the main required properties of ATF cladding materials.

However, the weight gain evaluation was established for Zr-based alloys and does not fully cover the
cladding performance during accidental conditions. The oxidation testing needs to be accompanied by mechanical
testing to quantify the accidental tolerance. Similarly, to long term corrosion tests, some of the samples showed
extensive oxide and material spallation (e.g. AISI 348). For that reason, the weight change is a summation of
oxidation weight gains and spallation (weight loss). The weight gain is from this perspective not a representative
parameter for oxidation kinetics evaluation.

When evaluating the oxidation kinetics based on the hydrogen production measured during the tests, the
results differ. The results of integral hydrogen production during the three predefined tests are shown in Figure 8.
It can be seen that for example, the Cr-coated samples produce very low hydrogen which was suggested also by
the low values of weight gain shown in Figure 7. On the other hand, the AISI 348 samples produce more hydrogen
that uncoated Zr-based alloys but its weight gain is low.
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FIG. 8. Integral hydrogen production for 1100°C, 60min; 1200°C, 30min and 1300°C, Smin steam oxidation tests.
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4.2.1.  AISI 348 SPP 3, 1300°C, 5 min

The characterization of the AISI 348 sample after the steam oxidation test at 1300°C for 5 minutes shown in
Figs 9 and 10 was done by VIT. The SE and BSE images shown in Figure 9 present the outer oxide layer on the
top and the inner oxide layer. The bulk alloy can be seen on the bottom. The outer oxide layer is porous and partly
loosened as a result of sample preparation. The inner oxide layer has large cracks. The thickness of the whole
oxide layer varied from 520 pm to 1050 pm.

SE ~ BSE
FIG. 9. SE and BSE images of the AISI 348 sample after exposure at 1300°C / 5 min.

SEM-EDS maps of O, Si, Cr, Mn, Fe and Ni are shown in Figure 10 where the detail of the outer and inner
oxide layer is on the left side. The outer layer contains mainly Fe with some Mn and the inner layer Fe, Mn, Cr
and Ni. The Fe content in the outer oxide layer has slightly increased when the test temperature has been increased.
The results of hydrogen production shown in Figure 8§ together with the post-characterization prove that Fe-oxides
formed on this sample are not protective, spall off and do not enhance the oxidation resistance. This is in contrast
with other advanced steels such as FeCrAl that form protective chromia and alumina scales at high temperature
and considerably enhance the oxidation resistance [15]. Therefore, the HT oxidation resistance of the AISI 348 is
limited and does not enhance the accidental tolerance in severe accidental conditions.

5 s
. FAT

Mn Fe Ni

FIG. 10. SEM-EDS maps of AISI 348 SS after exposure at 1300°C / Smin showing the distribution of O, Si, Cr, Mn, Fe and Ni.
The outer oxide layer is on the lefi side, the inner oxide layer in the middle and the bulk is on the right side outside the images.
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4.2.2.  Cr-coated Zr1%Nb, 1200°C, 60 min

Some of the participants performed also more extensive testing of ATF candidate samples than originally
required. It includes for example also testing of samples in air atmosphere simulating severe accidental conditions.
The Cr PVD coated samples oxidized in air show higher weight gains (approx. 2.2 times) than Cr-coated samples
oxidised in steam at the same temperature and for the same time. The surface of the samples became dark (Figure
11), but not as dark as after oxidation in steam. Zirconium uncoated samples under similar conditions show about
10 x higher weight gains. This behaviour shows that the Cr coated samples are protective also in severe accidents
with air ingress that is another proven benefit of Cr coated materials.

FIG. 11. Cr-coated IAEA-01 specimen in the quartz boat before (lefi) and after oxidation (right) in air at 1200°C for 3600 s.

The close view of the Cr coated tube surface showed (Figs 12 and 13) that after oxidation in air a non-uniform
structure was developed. The kinetics of the oxidation in air needs to be further studied but the results obtained
within this activity suggest the protective nature of Cr coatings in air as well as in steam.

FIG. 13. Surface of the Cr-coated sample IAEA-01 after oxidation in air (1200°C, 3600 s).
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5. CONCLUSION

An experimental programme has been carried out with four types of ATF candidate cladding samples. Four
institutes produced their ATF candidate samples — Cr PVD coated Zr alloys, MAX phase PVD coated Zr alloys,
ZrSi-Cr PVD coated Zr alloys and AISI 348 SS. Two fundamental tests were defined — high temperature
oxidation and long term corrosion. Three participants performed long term corrosion testing for minimal 63 days
period in PWR or WWER chemistry. Four participants performed oxidation tests in steam and air atmosphere
between 1100°C and 1300°C including characterization and mechanical testing.

When evaluating the performance of tested samples, it can be seen that ZrSi-Cr coated samples show higher
weight gains and extremely high hydrogen pickup during long term corrosion test compared to uncoated samples.
Spallation and dissolution of MAX phase coated samples was observed in PWR as well as WWER chemistry
during long term corrosion tests. These two concepts are therefore not feasible for further development from the
perspective of normal operation.

AISI 348 SS, as well as Cr, coated samples show low weight gains and acceptable corrosion performance in
both WWER and PWR chemistries. The hydrogen pickup of Cr-coated samples should be, however, further
studied. In the accidental conditions, the AISI 348 performs much worse than Cr coated samples and also worse
than uncoated reference samples at extreme severe accidental conditions. AISI 348 does not form protective oxides
at HT and shows rapid oxidation with excessive hydrogen production. It can be concluded that only Cr-coated
cladding satisfies the requirements of ATF cladding materials when evaluating the four studied ATF concepts.

Additionally, it was found that standard methods (e.g. weight gain evaluation) might not be fully
representative for the evaluation and testing of new materials that differ from Zr-based alloys. The testing and
industry standards related to handling, cleaning as well as testing are not fully developed for these new materials
and new unexpected issues might appear in future.

It should be noted that not all activities originally planned were finished due to the limited time of the ACTOF
project. The activity was initiated during the second half of the project and there were several delays caused by
transport and regulatory issues, unavailability of required materials or funding. Despite the problems encountered
during the RRT activity, there was a high number of valuable data produced by all participants. The RRT activity
can be considered as very successful from the perspective of the involved parties as well as the community. The
full report presented in the ACTOF TECDOC will include all the details about the production, testing methods
and results that were produced within this RRT activity.
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Abstract

As a candidate of the accident tolerant fuel (ATF) in the KAERI, the microcell UO: pellet and the surface modified
cladding with coating are being developed as the near term technology. The microcell UOz pellet is to enhance the fission
product retention and to increase thermal conductivity. The surface modified cladding is based on the coating technology on
the conventional Zirconium alloy cladding. It is to enhance the oxidation and deformation resistance of the fuel cladding. In
the IAEA-CRP ACTOF, the research objectives and anticipated outcomes of KAERI were the development and implementation
in the FRAPCON/FRAPTRAN code of ATF models for the coated cladding and metallic microcell UOz pellet of KAERIIn
order to evaluate the mechanical behaviours of the ATF cladding under the normal operation conditions, a new analytical
module, FRACAS-CT, was developed based on the thick-wall theory to consider the multi-layered structure of the coated
cladding. The FRACAS-CT model was verified by comparison with an equivalent finite element model. And the module was
implemented into FRAPCON code with consideration of creep and stress relaxation behaviours of the multi-layered cladding.
The implemented FRACAS-CT can simulate the mechanical response and fuel performance of the multi-layered ATF cladding.
The preliminary analysis of the fuel performance for the KAERI’s ATF concept was summarized. The major material properties
of ATF such as the thermal conductivity and thermal expansion of the pellet and the corrosion behaviour of the CrAl-coated
cladding were modified based on out-of-pile test results. The differences compared to a conventional UO2-Zircaloy fuel was
assessed. From the FRAPCON results under the normal operation condition, ATF shows a significant advantage in the
reduction of the fuel centreline temperature, cladding oxidation thickness, fission gas release, and so on, because of the
increased thermal conductivity of the metallic microcell pellet and the oxidation resistance of the CrAl-coated cladding.

1. INTRODUCTION

After Fukushima Daiichi Nuclear Plant accident, the R&D has been conducted to improve the safety of the
nuclear fuel under the accident conditions. The accident tolerant fuel (ATF) is used as a representative expression
of the safety-enhanced nuclear fuel. The DOE-Programme suggested that the goal of accident tolerant fuel should
have a similar or better performance under normal operation conditions and during design basis accidents, as well
as in beyond design basis accidents compared to a conventional nuclear fuel [1, 2]

In Republic of Korea, the development of the accident tolerant fuel is classified into near term application
technology and long term development technology. As a near term technology, the microcell UO, pellet with metal
or ceramic materials and the surface modified claddings with coating technology are being developed. The
microcell UO; pellet is to enhance the fission product retention and to increase thermal conductivity. The surface
modified cladding is based on the coating technology on the conventional Zr alloy cladding. It is to enhance the
oxidation and deformation resistance of the fuel cladding [3].

In the IAEA-CRP ACTOF, the research objectives and anticipated outcomes of KAERI were the
development and implementation into the FRAPCON/FRAPTRAN code of accident tolerant fuel (ATF) models
for the Cr-coated cladding and the metallic microcell pellet, model validation using data from the out-of-pile
experiment. In this paper, the main results of the research conducted by KAERI in IJAEA CRP ACTOF is
summarized.
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2.  DEVELOPMENT OF ATF IN KAERI
2.1. Fuel Pellet and Cladding for ATF

KAERI has been developing Cr-alloy coated cladding and metal microcell UO, pellets as one of the
candidates of for ATF. As the coating material, CrAl or FeCrAl was coated on the zircaloy base cladding by Arc
ion plating or a 3D laser coating technique as shown in Figure 1. Various tests were conducted to evaluate the
coated cladding performance such as the corrosion, oxidation, creep, wear, and so on [4].

3D laser coating Arcion plating

FIG. 1. Manufacturing techniques and samples for surface modified zircaloy cladding [4].

As the ATF pellet, ceramic and metallic microcell UO, pellets are being developed as shown in Figure 2.
The enhanced pellet thermal conductivity is the distinct feature of a metallic microcell UO, pellet to effectively
decrease the fuel temperature. The out-of-pile tests were performed to evaluate the thermo physical properties,
such as the thermal conductivity, the linear thermal expansion, steam oxidation, and so on [5].
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FIG. 2. Fabrication process and micro structure of the metallic and ceramic microcell UO: pellet (Reproduced courtesy of
Elsevier [3]).

2.2. Performance Analysis for ATF

A comparative performance analysis of the cores having different ATF fuel assemblies was performed to
show the effects of the new ATF fuels on the performances of the cores such cycle length, discharge burnup, and
reactivity coefficients. The candidate ATF fuel rods includes the UO,-Mo, UO,-Cr, UO»-SiO,-TiO, microcell
pellets with zircaloy cladding coated with or without Cr layer. The reference core using UO, fuel rods was designed
with the design data for the OPR1000 which is Korean standard reactor such that the core has 480 EFPDs cycle
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length. The cores using Cr-coated zircaloy cladding have a slightly reduced cycle length, but the cores using
metallic microcell pellets have more reduced cycle length because of the higher neutron absorption by metal
composition and reduced loading amount of UOs.

For the fuel performance code, some material properties from the out-of-pile test were modified in
FRAPCON code. Increased thermal conductivity of a metallic microcell pellet was modified as function of
temperature for the fresh fuel condition. For the ATF cladding, the corrosion, oxidation, and hydrogen pick-up
model was modified based on the out-of-pile test. ATF performance results are compared to UO, and zircaloy
reference fuel. A mechanical behaviour model for multi-layer structure analysis of coated cladding was developed
and verified, as an effort of developing ATF performance model.

Safety of ATF for the DBA and BDBA was evaluated using MARS, RELAP5 and SCDAP codes, comparing
ATF micro-cell pellet and CrAl-coated claddings to the reference fuel, UO; pellet and zircaloy cladding. The target
reactor was OPR1000 and selected accident type was LBLOCA, SBLOCA plus addition failure, and so on.

3.  ESTIMATION OF FUEL PERFORMANCE FOR ATF

3.1. Development of Mechanical Model for Multi-layered Cladding for FRAPCON

The fuel performance code FRAPCON have FRACAS-I model for the small displacement deformation of
the cladding based on the thin-wall theory. The analysis is performed to determine cladding stresses and strains
[6]. However this model based on the thin-wall cannot use for the multi-layered cladding such as a coated cladding.
In order to evaluate the mechanical behaviour of the ATF cladding under the normal operation conditions, a new
analytical module, FRACAS-CT, was developed based on the thick-wall theory to consider the multi-layered
structure of the coated cladding. The FRACAS-CT module was implemented into FRAPCON code for
consideration of creep and stress relaxation behaviours of the multi-layered cladding [7]. This module can model
the cladding consisting of 2- or 3-layers like the coated cladding, assign properties to each layer, and calculate the
stresses and strains for each layer of the coated cladding. To maintain the input structure of the original FRAPCON,
the FRACAS-CT module was added as one of mechanical model option, “mechan = 3”.

To verify the implemented module, the power condition was set to have a simple power history, and the
coating material was set to be identical to the substrate, Zr cladding. For code verification, the gap thickness
behaviour was compared in Figure 3. The calculated results of the gap thickness at top, center and bottom axial
node were highly consistent, which is reasonable because material properties and inelastic model used for the
FRACAS-CT are equal with ones of the original FRAPCON.

90 FRACAS Bottom
80 —— FRACAS Center
i FRACAS Top
70 + © FRACAS-CT Bottom
A FRACAS-CT Center
60 v FRACAS-CT Top

50
40
30}
20|
10}

"

Gap thickness (2m)

0O 2 4 6 8 10 12 14

Burnup (GWd/MTU)

FIG. 3. Comparison of the gap thickness behaviours for the verification of FRACAS-CT in FRAPCON (Reproduced courtesy
of Taylor and Francis [7]).
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3.2. Fuel Performance Analysis under Normal Operation Condition

The preliminary analysis of the fuel performance for the KAERI’s ATF concept was conducted under the
normal operation condition in ACTOF. The thermal conductivity model for metallic microcell pellet and the
corrosion model for CrAl-alloy as coating material was modified based on out-of-pile test results as shown in
Figure 4. For the simple comparison, the simple power history and the cosine axial power profile were applied as
shown in Figure 5.

The thermal conductivity of the metallic microcell UO> pellet was improved about twice as compared with
that of the conventional UO; pellet. Therefore, it is expected to show a great benefit in the temperature of the pellet.
The fuel centreline temperature and average fuel temperature was shown in Figure 6. At the peak power node, the
centreline temperature was reduced from 220 to 340 K and the average fuel temperature was lowered by about
100 K.

The rod internal pressure was reduced by decreasing the temperature of the pellet as shown in Figure 7. In
the low burnup region, the internal void gap volume of rod was maintained relatively large due to the reduced
deformation amount of the pellet. In the high burnup region, the fission gas will be partially released into the rod
gap region. When the FRAPFGR model was applied, the amount of fission gas release was reduced for ATF,
which can be expected due to the decrease in the temperature of the fuel pellet. In this analysis condition, the rod
internal pressure was predicted to decrease by 20% at the end of life.
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FIG. 4. The thermal conductivity model of metallic microcell UO: pellet and the corrosion model for CrAl-alloy as
coating material.
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FIG. 5. The power history and the axial power profile to analysis ATF performance.

177



Peak Power Centerline Temperature (K) Average Fuel Temp. (K)

Average Fuel Temp. (K)

2 an cn &n a 10 o

0 30 40 50 &0

Peak Power Pellet Centerline Temp

Average Burnup (MWd/kgU) Average Burnup (MWd/kgl)
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FIG. 7. The behaviour of the fuel rod internal pressure, the total void volume and the fission gas release.

4. CONCLUSIONS

In the IAEA-CRP ACTOF, the research objectives and anticipated outcomes of KAERI were the
development and implementation in the FRAPCON/FRAPTRAN code of ATF models for Cr-coated cladding and
metallic microcell pellet, model validation using data from the out-of-pile experiment. In the ACTOF, the work
done of KAERI is as follows.

"In order to evaluate the mechanical behaviour of the ATF cladding under the normal operation conditions,
a new analytical module, FRACAS-CT, was developed based on the thick-wall theory to consider the multi-
layered structure of the coated cladding. The FRACAS-CT model was verified by comparison with an equivalent
finite element model. And the module was implemented into FRAPCON code with consideration of creep and
stress relaxation behaviour of the multi-layered cladding. The implemented FRACAS-CT can simulate the
mechanical response and fuel performance of the multi-layered ATF cladding” [7]

The preliminary analysis of the fuel performance for the KAERI’s ATF concept was summarized. The major
material properties of ATF such as the thermal conductivity and thermal expansion of the pellet and the corrosion
behaviour of the CrAl-alloy coated cladding were modified based on out-of-pile test results. The differences
compared to a conventional UO,-Zircaloy fuel was assessed. From the FRAPCON results under the normal
operation condition, ATF shows a significant advantage in the reduction of the fuel centreline temperature,
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cladding oxidation thickness, fission gas release, and so on, because of the increased thermal conductivity of the
metallic microcell pellet and the oxidation resistance of the CrAl-alloy coated cladding.
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Abstract

To investigate the cladding material FeCrAl which is one option of Accident Tolerant Fuel (ATF), the bundle experiment
QUENCH-19 was performed at Karlsruhe Institute of Technology (KIT). ATF claddings could be used as one option to reduce
e.g. the thermal impact by oxidation and to increase time margins for accident management measures. On the other hand, the
neutron absorption is higher and the melting temperature is lower of FeCrAl compared to Zry based claddings. The test
QUENCH-19 was accompanied by post test analyses at GRS with the AC?> module ATHLET-CD. The experiment QUENCH-
19 was conducted similarly to the experiment QUENCH-15 for comparing the oxidation behaviour of FeCrAl and Zry at high
temperatures. In contrast to test QUENCH-15, which showed a sharp escalation after start of quenching resulting in
temperatures up to ~1900°C, no escalation occurred during QUENCH-19 and peak cladding temperatures of only =1450°C
were reached. For the post test simulations an oxidation correlation for KANTHAL APMT was available and also a second
approach derived from an OECD/NEA report. Both approaches were implemented in ATHLET-CD with the assumption that
only A2O3 was generated but no other oxides. Compared to Zry oxidation both approaches give orders of magnitude lower
oxidation rates and are only valid for one special composition, while different materials were used in the experiment. In general,
the results of the post test simulation show good agreement of the thermal behaviour. While the maximum temperature well
reproduced an underestimation of only app. 50°C, the radial temperature profile was significantly underestimated by 150-
200°C compared to the measured data. The comparison of the hydrogen production of in total 9 g in the test and less than 1 g
for both oxidation approaches in the simulation shows that the oxidation model for FeCrAl in the code has to be improved. For
a detailed evaluation of the calculated hydrogen generation the post test examination of the bundle is necessary to know which
components contribute to the total value.

1. INTRODUCTION

Zirconium based claddings have been widely used all over the world for decades due to its good mechanical,
corrosion resistant and low neutron absorption properties at around operational temperatures. At higher
temperatures, however, the zirconium becomes more reactive, in case of a nuclear accident most likely with the
steam around it. The oxidation of zirconium by the surrounding steam unfortunately has several negative effects.
The oxidation itself is an exothermic process, which can accelerate the heat-up of the core significantly. This has
a high safety relevance, because it reduces the time available to mitigate or avoid the transition to a severe accident.
As a product of oxidation ZrO, is formed, which degrades the mechanical properties of cladding. Also, large
amounts of hydrogen are generated, which can lead to. These negative characteristics at higher temperatures give
the nuclear community reasons and motivation to develop improved, more accident tolerant cladding material.

Research and development on accident tolerant fuel (ATF) and cladding (ATC) material began already
before the accident at the Fukushima Daiichi nuclear power plant, but this event highlighted the importance of the
development of such a new material. The new material should have significantly slower oxidation kinetics
compared to the Zr-based alloys that are used in a typical light water reactor. This should reduce the hydrogen
generation rate and slow down the core heat up after core uncovery [1]. One of the most promising accident tolerant
cladding materials under investigation is FeCrAl. This material has at 1200°C an oxidation rate which is 1000
times smaller than a typical Zirconium based material.

The objective of the QUENCH experimental programme [2] at the Karlsruhe Institute of Technology (KIT)
has been the investigation of oxidation characteristics of different fuel claddings during different accident scenarios
for more than 20 years. So far 19 experiments were conducted successfully, using fuel rod simulators that were
electrically heated. During the QUENCH-19 experiment the behaviour of FeCrAl cladding material was
investigated and compared to reference experiment QUENCH-15, where the behaviour of ZIRLO material was
tested.

ATHLET-CD has been used many times for pre- and post test calculations to support the QUENCH
experimental programme. The simulation of oxidation processes is very complex; oxidation models were
developed and validated over the years with a strong cooperation with KIT to be able to predict the fuel cladding
behaviour during a nuclear accident. Most of these models were, however, developed for the oxidation of

183



zirconium based claddings. New materials require adjustments and improvements also in the existing models. The
results of the QUENCH-19 experiment helped to develop the first version of FeCrAl oxidation model for
ATHLET-CD.

This paper presents the main findings of the QUENCH-19 experiment and shows the applicability of the
newly implemented correlations for FeCrAl material compared to the old oxidation models.

2. CONDUCT AND FIRST RESULTS OF THE QUENCH-19 EXPERIMENT [3]

“The QUENCH-19 bundle experiment was conducted at KIT on 29th August 2018. It was performed in
cooperation with the Oak Ridge National Laboratory (ORNL) and was supported by the KIT programme NUSAFE.
The test objective was the comparison of FeCrAl and ZIRLO claddings under similar configuration and similar
boundary conditions as the previous QUENCH-15 experiment [3].

Different to QUENCH-15, the new test QUENCH-19 had FeCrAl (Y) claddings and 4 FeCrAl (Y) spacer
grids as well as 8 KANTHAL APM corner rods and a KANTHAL APM shroud. For both tests the PWR-typical
bundle consisted of 24 heated rods and 8 corner rods inside a shroud, which was insulated by ZrO, fiber and
surrounded by an Inconel cooling jacket (Fig. 1).

g fiber Iﬂswa,,%

24 heated rods 8 °‘(’,§L‘§L{? d
B (FeCrAl(Y) clad, Kanthal APM)
ZrOz pellet, W heater) C

Kanthal APM)

cooling jacket (Inconel)

Fig.1. Cross section of test bundle QUENCH-19 (arrangement the same as for QUENCH-135).

To get the same temperature conditions as for the QUENCH-15 test similar gas flow conditions were adopted
(Fig. 2) and the same stepwise increase of electrical power was used up to a value of 18.12 kW (Fig. 3).

Inspite of these very similar boundary conditions there was a significant difference in the bundle heating
already during the pre-oxidation period. Fig. 3 shows that there was a =200°C lower temperature plateau for the
QUENCH-109 test. After reaching the maximum power value there was a strong escalation of the peak cladding
temperature up to = 1900°C during QUENCH-15, but only a slow increase of maximum values for QUENCH-19.
Therefore, the power was kept constant for about 2000 s until a peak cladding temperature of =1455°C was reached.
The reflood was initiated at <9100 s; at the same time the electrical power was reduced to 4.1 kW which was kept
during the reflood. A temperature excursion was not observed.
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FIG.2. Steam and argon flow rates of QUENCH-15 and QUENCH-19 [3].
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FIG.3. Comparison of QUENCH-15 and QUENCH-19 [3].
The total hydrogen release during the whole test was 9.2 g compared to 47.6 g in the QUENCH-15 test with
a much shorter period of high electrical power. While during pre-oxidation a very small release rate resulted in

only 0.3 g hydrogen mass a sharp increase of hydrogen release rate was observed after the peak cladding
temperature exceeded 1400°C.” [4]
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3. POST TEST CALCULATIONS AND COMPARISON
3.1. Description of the code ATHLET-CD

"ATHLET-CD (Analysis of THermal-hydraulics of LEaks and Transients with Core Degradation) [5]
describes the reactor coolant system thermal hydraulic response during severe accidents, including core damage
progression as well as fission product and aerosol behaviour, to calculate the source term for containment analyses,
and to evaluate accident management measures. It is developed by GRS in cooperation with IKE, University of
Stuttgart. ATHLET-CD includes also the aerosol and fission product transport code SAFT and as a part of the
system code AC2 it is coupled with COCOSYS for modelling thermal-hydraulics and fission product behaviour
in the containment.

The code structure is highly modular to include a manifold spectrum of models and to offer an optimum
basis for further development. ATHLET-CD contains the original ATHLET models for comprehensive simulation
of the thermal-hydraulics in the reactor coolant system. The ATHLET code comprises a thermo-fluid-dynamic
module, a heat transfer and heat conduction module, a neutron kinetics module, a general control simulation
module, and a general-purpose solver of differential equation systems called FEBE. The thermo-fluid-dynamic
module is based on a six-equation model, with fully separated balance equations for liquid and vapor,
complemented by mass conservation equations for up to 5 different non-condensable gases and by a boron tracking
model. Alternatively, a five-equation model, with a mixture momentum equation and a full-range drift-flux
formulation for the calculation of the relative velocity between phases is also available. Specific models for pumps,
valves, separators, mixture level tracking, critical flow etc. are also included in ATHLET.

The rod module ECORE consists of models for fuel rods, absorber rods (AgInCd and B4C) and for the fuel
assemblies including BWR canisters and absorbers. It describes mechanical rod behaviour (ballooning), Zr-alloy
and B4C oxidation (Arrhenius-type rate equations), Zr-UO, dissolution and melting of metallic and ceramic
components. Melt relocation (candling) is simulated by rivulets with constant velocity and cross-section, starting
from the node of rod failure. The models allow oxidation, freezing, re-melting, re-freezing and melt accumulation
due to blockage formation. Feedback to the thermal-hydraulics considers steam starvation and blockage formation.
Besides convective heat transfer, energy can be exchanged by radiation amongst fuel rods and to surrounding core
structures.

The release of fission products is modeled by rate equations or by a diffusion model within the module
FIPREM. The transport and retention of fission products and aerosols in the reactor coolant system are simulated
by the module SAFT. For the simulation of debris bed a specific model MEWA can be applied, with its own
thermal hydraulic equation system, coupled to the ATHLET fluid-dynamics on the outer boundaries of the debris
bed. The transition of the simulation of the core zones from ECORE to MEWA depends on the degree of
degradation in the zone. Finally, the code also comprises late phase models for core slumping, melt pool behaviour
in the lower plenum and vessel failure within the module AIDA.

The code validation is based on integral tests and separate effect tests, as proposed by the CSNI validation
matrices, and covers thermal-hydraulics, bundle degradation as well as release and transport of fission products
and aerosols. They include out-of-pile bundle experiments performed in the CORA and in the QUENCH facility
as well as in-pile experiments performed in the PHEBUS or in the LOFT facility. The TMI-2 accident is used to
assess the code for reactor applications. ” [4]

3.2. Model changes for simulating oxidation of FeCrAl with ATHLET-CD

Two types of changes were needed to enable a post test calculation of the QUENCH-19 experiment. First
the input deck for the simulation of the QUENCH-15 experiment had to be adjusted slightly. The material
properties of the zirconium cladding had to be replaced by the material properties of the FeCrAl cladding. The
used material properties were given by KIT for the Kanthal APM material with a composition of 69% Fe, 21.6%
Cr, 4.9% Al (+ 4.5% others). It is assumed that due to the oxidation only Al O3 is produced. The used material
properties [6, 7] are summarized in Table 1.
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TABLE 1. USED MATERIAL PROPERTIES

Material Property FeCrAl ALlOs
Density (kg/m?) 7.1x103 3.9x103
Thermal conductivity

(WimK) 11 323 K) — 35 (1673 K) 35
Specific Heat

J/kg K) 460 (293 K) — 800 (1673 K) 880

Code changes were also necessary in ATHLET-CD to compute the different oxidation kinetics of the ATF
material. The oxidation of the chosen ATF material is governed by the following chemical reaction [8]:

Fe,CryAl, + % 3H,0 - Fe,CryAly,05, +% 3 Hy + z4h (1)
where:
Ah is energy release during oxidation = 9.3x103 J/mol = 9.32x10° J/kgrecral;

X, Y,z is composition of FeCrAl molar masses of x=1.307, y=0.404 and z=0.215

A parabolic law was used to determine the oxidation rate that was derived from the analytical solution of the

diffusion equation, similarly to the method for the oxidation of Zirconium:
aw K

aw? = Kdt —» Y =X 2)
dt 2w

where:

W m,,/(surface area) in (kg/m?);
m,, is mass of the resulting oxide (Al,O3);
K isreaction rate in (kgZ/m?*s);

dt  istime step (s).

The reaction rate is determined by the following Arrhenius equation:
K = A-exp (=B/RT) - g(ps) )

where:

R is the gas constant (8.314 J/molK);

T s cladding temperature (K);

g(ps) reduction factor to consider steam starvation (0 < g(ps) < 1);

A, B are rate constants as given by KIT for KANTHAL APMT [6]: A =3.1 kg?/m®*, B =2.78519x10° J/mol.

3.3. Main findings of QUENCH-19 post test simulations

Altogether three post test simulations were performed, and their results were compared to the experimental
data. All of the simulations were based on the input deck for QUENCH-15 experiment, which represents the heated
part of the QUENCH facility with 10 axial nodes and three concentric rings. The innermost part (ROD1) contains
four heated rods, the second ring (ROD2) consists of eight heated rods, while the outermost ring (ROD3) has 12
heated rods. Five spacer grids, 8 corner rods and the shroud insulation with ZrO, are also taken into account.
Besides the heated part of the facility, steam/ argon flows and the water quenching are simulated. A more detailed
description of the used input is given in [9]. All the inputs use the material constants of Table 1 for the cladding.
Differences are caused by the oxidation models. One simulation used the oxidation kinetic defined by constants
given by KIT for KANTHAL APMT [6] (Kanthal), the other used the same constants, but the reaction rate was
multiplied by 300 (Kanthal*300) derived from [1], and the last simulation used the oxidation kinetic model by
Cathcart/Prater/Courtright [5] for zirconium (Zr).

The results of the three simulations and experimental data are depicted in Figs 4-7. Figs 4 and 5 show the
evolution of temperatures in the innermost part of the bundle (ROD1) at elevation 550 mm and 950 mm,
respectively. It is clearly visible, as expected, that at lower temperatures the change of the oxidation model doesn’t
influence the simulation results, as visible at lower elevation in Fig.4. The bundle temperatures are satisfactorily
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reproduced by ATHLET-CD with the newly implemented ATF oxidation models also at higher temperatures and
elevations, there is no significant temperature escalation visible. The simulation with the standard oxidation model
for Zr-based cladding resulted however in much higher maximal temperatures due to the extensive heat generation
during oxidation (Fig. 5.)
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FIG.4. Evolution of temperatures in experiment and in the different simulations at elevation 550 mm.
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FIG.5. Evolution of temperatures in experiment and in the different simulations at elevation 950 mm.
Figure 6 depicts the temperature evolution at different horizontal positions of a simulation at elevation 850
mm. The comparison shows that there is a relatively high radial gradient between internal and external

temperatures with a difference of up to = 200°C in the measured data (significantly larger than QUENCH-15; the
reason for these differences is not yet fully clarified [3]), while all the simulations result in a flat profile with a
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maximum difference of 50°C. The final report of the experiment could clarify the reasons for such a large

horizontal temperature gradient.
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The total generated mass of hydrogen (Fig.7) shows a significant underestimation of oxidation in the
simulations, in particular with the reaction rate given by [6] (Kanthal), but also the Kanthal*300 underestimated
the generated hydrogen mass, with 0.008 g and 0.35 g respectively, compared to 9 g in the experiment. The
hydrogen generation in the experiment was comparably low until the maximum temperatures was reached
(=1400°C). A sharp increase in the hydrogen release was observed at approximately 800 s before the quenching.
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One possible trigger for this event could be the failure and melting of the cladding of the steel thermocouples [3].
This was not considered in the post test calculations.

4. SUMMARY AND CONCLUSIONS

In order to be able to more accurately simulate accident scenarios in nuclear power plants that are loaded
with accident tolerant materials, changes to the oxidation model were implemented in the code ATHLET-CD. The
extended models were tested on the QUENCH-19 experiment by comparing them with test data as well as the
simulation results with the previous modelling. The simulations showed that the oxidation models have a big effect
on the temperature evolution of the fuel cladding and therefore also on the whole accident scenario. The newly
implemented correlations for the oxidation of FeCrAl material deliver more reasonable results than the correlations
for Zr-based claddings, but their accuracy and applicability have to be further improved. GRS is plans to further
improve the oxidation models of ATF material in ATHLET-CD.
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Abstract

The advanced Chung-Kassner criteria on capability of fuel rods to withstand thermal shock during LOCA reflooding and
to withstand post-quench fuel handling, as well as complementary cladding embrittlement criteria of KAERI and KIT, are
compared with the traditional LOCA safety criterion related to 17% ECR oxidation. The advanced criteria were implemented
in the thermo mechanical code SVECHA/QUENCH (S/Q) and successfully applied to predicting the fuel rod failure behaviour
in a postulated LOCA scenario and in high temperature (1400°C) pre-oxidation and quenching tests performed with fresh and
irradiated fuel rod simulators. Extension of the advanced criteria to coated Zr alloy claddings is discussed.

1. INTRODUCTION

In accordance with the IAEA Safety Standards [1] developed on the basis of international consensus by
revision of the Safety Guide No. NS-G-1.12 [2], to ensure that the structural integrity of the fuel rods is preserved
the following design limit should be defined and justified: the total oxidation of the cladding should remain below
limits such that the cladding can still withstand accident induced loadings (e.g. in the quenching phase of a loss of
coolant accident). Such limit should be determined by experiments that take into account pre-transient in-reactor
cladding oxidation and transient oxidation (outer side oxidation and possibly inner side oxidation), pre-transient
and transient hydrogen absorption, as well as chemical interactions between fuel pellets and cladding material
(§3.73b of [1]).

In addition to the thermal shock failure characteristics of zircaloy cladding during quenching, fuel rods
should be designed to withstand loadings resulting from post-transient fuel assembly handling, storage and
transport to a reprocessing or disposal facility (§3.73¢ of [1]). Following this requirement of the Safety Standards,
one must evaluate the impact and load-deflection properties of cladding that has been subjected to postulated
LOCA transients.

The existing regulatory LOCA safety criteria accepted in many countries establish the 1477 K (1204°C) peak
cladding temperature and 17% equivalent cladding reacted (ECR) maximum oxidation, calculated as function of
oxidation temperature and square root of time based on the Baker-Just correlation (see, e.g. [3]), with some
modifications in different countries. The purpose of these criteria, regarding maximum cladding temperature and
total oxidation, is to ensure that the cladding shall remain sufficiently ductile so that it does not shatter into pieces
during and after the quench phase of the LOCA transient.

In some countries (e.g. Japan) the current LOCA criterion on fuel safety is based on the failure threshold
value determined in the integral thermal shock tests. In other countries, although most of the attention is focused
on the events of the first few minutes after a postulated major cooling line break, the long term maintenance of
cooling would be equally important [4]. In particular, the U.S. Atomic Energy Commission (AEC) promulgated
Criterion 3 of the Interim Acceptance Criteria for ECCS for LWR [5] which states that: “The clad temperature
transient is terminated at a time when the core geometry is still amenable to cooling, and before the cladding is so
embrittled as to fail during or after quenching.”
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2. CLADDING CAPABILITY TO WITHSTAND THERMAL SHOCK

The thermal shock failure properties of Zircaloy-4 cladding have been investigated for tubes oxidized at
controlled temperatures for various times and bottom flooded with water, or in a more advanced tests, ruptured in
steam under transient-heating conditions, oxidized at controlled temperatures and bottom flooded [3, 6]. The
failure map based on the ECR parameter and the oxidation temperature in steam, Fig. 1, typically shows that no
failures occurred for specimens oxidized to 17% of the total cladding thickness, based on the ECR parameter, and
temperatures to 1477 K, which are the present oxidation limits in the acceptance criteria for emergency-core-
cooling systems in LWRs. Open and closed symbols in Fig. 1 respectively denote the specimens which survived
and failed after a cold-water injection followed after a high temperature oxidation. However, these observations
highlighted a rather high conservatism of the currently accepted criterion. For instance, it was deduced in [6, 7]
that the critical ECR which is defined as the minimum point where a cladding fails, lies between 20% and 30%.
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FIG. 1. Failure boundary of zircaloy cladding tubes after oxidation at high temperature and direct quenching from peak
oxidation temperature (lefi panel from [3] and [6]; right panel reproduced courtesy of Elsevier [7]).

To overcome this problem of the traditional ECR criterion, Chung and Kassner performed detailed analysis
of their own and former test results [6]. In these tests the mechanical response of zircaloy cladding under thermal
shock conditions typical for hypothetical LOCA situations in LWRs has been evaluated. Various failure maps for
fracture of the cladding by thermal shock were developed relative to the maximum oxidation temperature and
various time dependent oxidation parameters. The best correlation of the thermal shock failure data was obtained
relative to the thickness of the ductile B-phase layer; i.e. cladding in which the thickness of the B-phase, with < 0.9
wt % oxygen, exceeded 0.1 mm remained intact irrespective of the specimen thickness, oxidation temperature and
total oxygen content of the cladding, Fig. 2.
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FIG. 2. Failure map for Zircaloy-4 cladding by thermal shock relative to the wall thickness with < 0.9 wt% oxygen after
isothermal oxidation and flooding with water at the oxidation temperature (from [6]).
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Comparison of Figs. 1 and 2 shows that a high conservatism of the traditional 17% ECR criterion, that
notably underestimates a cladding capability to withstand thermal shock during LOCA reflooding, is essentially
reduced in the advanced Chung-Kassner criterion eventually formulated in [6] as:

—  Capability to withstand thermal shock during LOCA reflooding: calculated thickness of the cladding
with < 0.9 wt % oxygen should be greater than 0.1 mm.

In particular, it was noted in [6] that the absorbed hydrogen (analyzed by an inert-gas fusion technique) had
a minimal effect relative to that of oxygen on the thermal shock behaviour, assuming that the rapid cooling rate
below the Leidenfrost temperature suppresses hydride precipitation. This conclusion was confirmed in more recent
KAERI tests of J.H. Kim et al. [7]. In those tests, to simulate LOCA conditions specimens were oxidized in a
flowing steam at a desired temperature and time. To simulate the transient, the specimens were cooled at an
intermediate temperature of 700°C for 100 s after being oxidized, and then quenched.

In the failure map obtained in these tests, Fig. 3, dotted lines correspond to different oxidation levels in terms
of ECR; closed (open) symbols represent failed (intact) claddings during the water quench. Post test absorbed
hydrogen content in the oxidized cladding was measured by a gas analysis method and represented by solid lines
in Fig. 3. This diagram shows that the effect of the absorbed hydrogen (up to 700 wppm) on the failure behaviour
during quenching of the Zircaloy-4 cladding was low, i.e. it practically did not influence the failure criterion in
terms of ECR.
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FIG. 3. Changes of the material properties of the fuel cladding with the oxidation temperature and time, depending on absorbed
hydrogen content (< 700 wppm) (Reproduced courtesy of Elsevier [7]).

A similar conclusion was derived in the JAERI tests [8], also for pre-hydrided claddings, showing that the
influence of pre-hydriding, up to 600 ppm, is negligible on the thermal-shock fracture threshold under the
unrestrained condition, whereas the effect is more remarkable in the case of restrained test rods.

Furthermore, the oxygen content inside the prior B-layer was additionally determined after oxidation and
quenching in the tests [7], Fig. 4. These data were not correlated with the thermal shock failure data; however,
they were further used for interpretation of cladding post-quench embrittlement, see Section 3 below.
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content inside the prior f-layer (Reproduced courtesy of Elsevier [7]).

3.  CLADDING POST-QUENCH EMBRITTLEMENT

In order to justify the fuel rod capacity to withstand loadings resulting from post-transient fuel assembly
handling, storage and transport (following the requirement, §3.73e, of the IAEA Safety Standards [1]), one must
evaluate the impact and load-deflection properties of cladding that has been subjected to postulated LOCA
transients.

In particular, critical fracture loads under conditions of impact, tension, and diametral compression were
determined in [6] as functions of the degree of oxidation of the material and microstructure produced by cooling
through the temperature range of f—a phase transformation at different rates. Quantitative correlations were
established between the failure-impact energy and the diametral-compression properties for cladding from the
integral tube-burst/thermal-shock tests. As with the thermal shock failure characteristics, the best correlation of
the room-temperature impact and diametral-compression properties was obtained relative to the thickness of the
transformed B-phase layer with a maximum oxygen content. The results indicated that zircaloy cladding that could
survive an impact energy of 0.3 J at 300 K after rupture, oxidation in steam and cool-down would also withstand
either diametral deflections to the point of cladding-pellet contact or deflections of = 3 mm before fragmentation
occurs, provided the thickness of the B-phase layer containing < 0.7 wt% oxygen is > 0.3 mm irrespective of the
wall thickness produced by ballooning and rupture of the cladding and the maximum oxidation temperature, Fig. 5.
These results also showed that for a given thickness and a given oxygen content in transformed-beta layer,
hydrogen at concentrations up to ~ 2000 wppm would not cause a significant change in the room-temperature
failure-impact behaviour.

On this base, the following embrittlement criterion was formulated by Chung and Kassner [6]:

—  Capability to withstand fuel handling, transport and storage: calculated thickness of the cladding with <
0.7 wt % oxygen should be greater than 0.3 mm.
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Zircaloy-4 tube burst, oxidized, slow-cooled and quenched (from [3, 6]).

A similar result was confirmed later in the KAERI [9] tests, which evidenced that after the simulated LOCA
the cladding lost its ductility abruptly when the prior B-layer decreased below the threshold metal thickness of 0.3

mm, Fig. 6.

In the subsequent KAERI tests [7] (briefly described above in Section 2) at the same LOCA simulation
facility, the ductility of the oxidized cladding was evaluated by mechanical tests such as ring compression test and
3-point bend test at room temperature after the LOCA test. The absorbed energy during the mechanical test was
accurately determined as the area under the load—displacement curve and showed an abrupt decrease with the loss
of the cladding ductility. As a result of such studies the empirical failure diagram of the Zircaloy-4 cladding was

constructed in [7], Fig
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“Brittle failure at a thermal shock” (red region in Fig. 7) indicates that the cladding is too brittle to withstand
a thermal stress during a water quenching. ‘Brittle fracture at the mechanical test’ (green region in Fig. 7) means
that although the cladding at first survived the water quenching, it has already lost its mechanical ductility so that
it could be failed during a handling, such as refuelling or transporting the fuel bundles to the spent fuel storage.
‘Ductile bending’ (blue region in Fig. 7) means that the cladding can assure its mechanical ductility after a thermal
shock.

Temperature (°C)

1300 1200 1100 1000 900
. .'I’ *
10000 - "

Brittle fracture y o .- - 3 g I
at thermal shockg |

o _ 1503.06

[+4] | e o -
8, G

o LA o » 1
£ e a Ductile bendi

- % uctile'-bendin

€ 1000 B 9 4
o s \e - -
= ] ity 5 1
] 1 i, ,'6(‘ . §
=] 120%." - 13064 7763 1
o ol : ]

1 . 470, 2643 71 7874 f2e608° 11401 149573 143792 175226
217% 3 K Q- o o o 8] g
- 10% = i [ (number) : 3-point bend energy {kgi—mm'}.

-~ 10% ¢ ECI.RI._Bakef-‘.Iust} el i

. '5% = failed during cold water injection

' 1

100 ' T ! T
0.80 0.85 0.90

T —
0.60 0.65 0.70

T T

075
1000/T

FIG. 7. Failure map of Zircaloy-4 claddings at different oxidation temperatures and times (Reproduced courtesy of
Elsevier [7]).

By superposition of Figs 4 and 7, one can see that the brittle-ductile transition curve (blue line in Fig. 7)
practically coincides with the curve in Fig. 4 corresponding to the oxygen content in the prior $-layer of 0.5 wt%.

This conclusion is also confirmed by the measurements of 3-point bending moment with respect to the
oxygen content inside beta layer presented in Fig. 8 (reproducing data from [7]). In this figure, it is clearly seen
that the absorbed energy of ductile and brittle cladding can be easily distinguished by the value of
1468+153 kgf:'mm and 47435 kgf-'mm, where ductile and brittle claddings could be separated by the vertical
dashed line of = 0.5 wt% of oxygen content inside the prior beta layer, regardless of test temperature and time.
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FIG. 8. Plot of 3-point bending moment with respect to the oxygen content inside beta layer (by courtesy of J.H. Kim with
KAERI permission,).
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These important observations allowed the authors of [7] deriving a conclusion:

—  When the absorbed oxygen content in the prior B-layer was less than 0.5 wt%, the cladding maintained its
mechanical ductility after the LOCA test.

This conclusion can be considered as a new embrittlement criterion for Zry-4 claddings being complementary
to the Chung-Kassner criterion on capability to withstand fuel handling, considering that the latter criterion was
consistent with the results of the earlier KAERI tests [9] at the same test facility (see above). As shown in Fig. 3,
the cladding post test hydrogen content did not exceed 700 wppm, this value determines the applicability range of
the KAERI criterion. The observed weak dependence of the new criterion on the hydrogen content in this range
(as seen from comparison of Figs. 3 and 4) well correlates with the similar conclusion regarding the weak
dependence of the second Chung-Kassner criterion on the absorbed hydrogen content (below = 2000 wppm).

On the other hand, by superposition of the constant hydrogen content curves from Fig. 3 with the brittle-
ductile curve in Fig. 7 one can deduce a strong dependence of the critical ECR-BJ (Baker-Just) for the ductile-
brittle transition on the hydrogen content, as shown in Fig. 9. This may substantiate new attempts of modification
of the post-quench embrittlement criterion in terms of the critical ECR dependence on the pre-quench hydrogen
content (see, e.g. Fig. 10 from [10, 11]); however, demonstrates practical inconvenience of this approach in
comparison with the KAERI and Chung-Kassner advanced criteria formulated purely in terms of oxygen
characteristics.

Unfortunately, predictions from Fig. 9 cannot be quantitatively compared with Fig. 10 (in terms of ECR-CP
(Cathcart-Pawel)), since no measurements of post-quench hydrogen content were presented in [10, 11]. However,
they seem qualitatively consistent with the results derived from Fig. 10 demonstrating a similar shift of the critical
hydrogen contents, ~ 250-300 wppm, between pre-quench (from Fig. 9) and post-quench (from Fig. 10) data at
fixed values of ECR-CP (6 and 10%).

These predictions are also consistent with measurements in the recent QUENCH-LOCA tests at the KIT test
bundle facility [12], where post-quench brittle failure of ballooned and ruptured claddings was detected at narrow
axial bands above and below the burst opening with the local hydrogen concentrations above 1500 wppm.
Additional measurements demonstrated that ECR-BJ for those claddings near their burst opening was between 4
and 6% and the mean hydrogen content at these axial locations was in the range 720—750 wppm, in a fair agreement
with conclusions derived above from analysis of the KAERI tests in Fig. 9.

These KIT observations offer a complementary criterion for the post-quench cladding embrittlement in terms
of so called ‘secondary hydriding’” mechanism:

— Cladding maintains its mechanical ductility after the LOCA test when local hydrogen concentration (in
the secondary hydriding zones) is less than 1500 wppm.

This criterion is consistent with the Chung-Kassner and KAERI advanced criteria (as above explained);
however, its practical applications is complicated by necessity of implementation of advanced mechanistic models
describing the complex secondary hydriding phenomena and calculating local hydriding levels in the ruptured
claddings (as, e.g. realized in the mechanistic code SVECHA/QUENCH, see below Section 4.1).
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FIG. 10. Ductile-to-brittle transition oxidation level (in terms of ECR-CP) as a function of pre-test hydrogen content in
cladding metal for as-fabricated, prehydrided, and high-burnup cladding materials (from [11]).

In summary two qualitative conclusions concerning applicability of the traditional 17% ECR criterion may
be derived: (a) the criterion notably underestimates cladding capability to withstand thermal shock during LOCA
reflooding (i.e. too conservative), and (b) the criterion notably overestimates ductile-to-brittle transition oxidation
level, reflecting cladding post-quench ductility and capability to withstand fuel handling, transport and storage
(i.e. too excessive). For this reason, the alternative, more advanced and physically based Chung-Kassner and
KAERI criteria as well as the KIT complementary criterion may be used.
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4. APPLICATION OF THE ADVANCED CRITERIA

For practical application of the Chung-Kassner criteria, a cladding oxidation model based on the diffusion
approach should be utilised, in accordance with the recommendation [6]. In particular, the mechanistic code
SVECHA/QUENCH (S/Q) designed for detailed modelling of fuel rod behaviour under re-flooding conditions can
be applied. This code, currently a sub-module of the fuel performance and safety code SFPR [13], was initially
developed at IBRAE [14] for severe accidents and then adapted for detailed analysis of the single-rod QUENCH
rig tests in close cooperation with FZK experimentalists [15, 16]. In the S/Q code, the main physical phenomena
occurring during degradation of fuel rods are mechanistically considered: cladding oxidation, cladding mechanical
deformation, hydrogen uptake and release by oxidized cladding, fuel rod liquefaction and downward relocation,
etc. [15, 16].

In the numerical scheme of S/Q, a fuel rod is divided into meshes along the axial direction. Each mesh
comprises a fuel pellet and Zr alloy cladding. For each mesh the cladding is considered as a cylindrical shell
consisting of three layers at each surface of the cladding (external and internal): oxide, a-Zr(O) and B-Zr layers.
The layers growth kinetics is calculated by the oxidation model which is based on the solution of the oxygen
diffusion problem across the multi-layered cladding structure. In particular, the developed diffusion approach
allows self-consistent consideration of internal cladding oxidation (and subsequent embrittlement) owing to
interactions with the fuel after the gap collapse.

As an example of application of the Chung-Kassner criteria to a LOCA-type scenario using the mechanistic
S/Q code, a WWER rod with typical geometry parameters is considered in calculations, Fig. 11.
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FIG. 11. Temperature scenario of transient (LOCA) test with a WWER fuel rod for calculations.

The code predicts the cladding ballooning, burst and subsequent double-side oxidation at the axial location
of the burst opening, as presented in Fig. 12.
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The corresponding evolution of the oxygen concentration profile in the cladding with time is presented in
Fig. 13 (left). From the final oxygen distribution in the 3-phase layer, Fig. 13 (right), one can see that the oxygen
profile in this layer is rather flat and corresponds to the oxygen content of = 0.8 wt% and the thickness of
~ 0.19 mm. This implies that the calculated thickness of the cladding with < 0.9 wt% oxygen is greater than 0.1
mm, whereas the calculated thickness of the cladding with < 0.7 wt% oxygen is less than 0.3 mm. Therefore, in
accordance with the two Chung-Kassner criteria, the cladding withstands the thermal shock on cool-down but fails
during post-quench handling and/or transportation.

As expected, the same conclusion may be derived by application of the KAERI criterion [7]: since the
absorbed oxygen content in the prior B-layer is more than 0.5 wt% (as seen from Fig. 13 (right)), the cladding
does not maintain its mechanical ductility after the LOCA test.
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FIG. 13. Evolution of oxygen distribution in cladding layers (left) and the final distribution in the a-phase and [-phase layers
(right) at the axial position of the burst opening.

4.1. Secondary hydriding criterion

A series of new out-of-pile QUENCH-LOCA bundle tests were performed at the QUENCH facility in
Karlsruhe Institute of Technology (KIT, Germany) [12], as mentioned above in Section 3. Neutron radiography of
cladding tubes showed that rather high hydrogen concentrations were attained in narrow bands on the boundaries
of the internal oxidized region around burst positions (secondary hydriding). Tensile tests at room temperature
evidenced brittle fracture at these bands for several inner rods. Corresponding maximal local hydrogen
concentrations measured at the fracture positions were about 1500 wppm and more. Peripheral rods had lower
hydrogen contents and were mostly fractured due to stress concentration at burst opening edges. Other tensile
tested claddings failed after necking far away from burst region.

In order to simulate the double-side oxidation and hydriding of burst cladding under LOCA conditions, the
single-rod SVECHA/QUENCH (S/Q) code has further been developed and verified [18] against various test series.
In application to the KIT QUENCH-LO test [19] the code adequately predicted axial distributions of oxygen and
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hydrogen in the cladding, Fig. 14. In particular, the code correctly calculated a rather high hydrogen content in the
secondary hydriding zones, > 1500 wppm, and thus, in accordance with the KIT criterion, predicted the brittle
fracture of the corresponding rods, in agreement with the observations (see [18]).
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FIG. 14. Calculated axial distribution of the total oxygen content (left) and the total hydrogen content (right) at the moments
of 40, 60 and 80 s of the KIT QUENCH-LO test (Reproduced courtesy of Elsevier [18]).

5. EXTENSION OF THE ADVANCED CRITERIA TO HIGH TEMPERATURES (DEC)

The Chung-Kassner criteria were developed on the base of the oxidation tests performed in a wide
temperature interval (far beyond LOCA conditions), up to 1500-1900°C (see Figs 1 (left) and 2). This allows
extending their applicability to Design Extension Conditions (DEC), in particular investigated in the FZK tests on
high temperature quenching of fuel rod simulators with zircaloy cladding by water or steam at a small-scale rig
[16]. The principal ‘input’ experimental parameters were the extent of pre-oxidation and the temperature of the
tube before cooldown. A total of 24 experiments has been performed with specimens pre-oxidized at 1400°C with
oxide layer thicknesses varying from = 100 to = 350 um which were rapidly cooled by water or steam from 1100,
1200, 1400 and 1600°C. The main characteristics of the quenched cladding integrity was post test appearance of
cracks. Post test detection of through wall cracks with oxidized surfaces was interpreted as the cladding shattering
during quenching. In other samples non-oxidized cracks normally penetrated through the oxide and a-phase layers
but were arrested in the B-phase layer; these samples were interpreted as the cladding withstanding thermal shock.

S/Q calculated oxygen distributions along radial direction in the B-phase layer of the cladding pre-oxidized
at 1400°C to different extents are presented in Fig. 15. One can see that the first Chung-Kassner criterion (on
failure during quenching) is valid up to pre-oxidation of =130 pm. Hence, if pre-oxidation at any location does not
exceed 130 um then the through-wall cracks are not predicted. This conclusion was fairly confirmed by
experimental observations [16].
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FIG. 15. S/Q simulations for various quenching temperatures and pre-oxidations; red (green) zone represents applicability of
the first (second) Chung-Kassner criterion to withstand thermal shock (post test handling).

Later the same approach was applied for interpretations of similar quenching tests with WWER-1000
irradiated fuel rod fragments with maximum burnup of 50-65 MW-d/kgU, performed in RIAR (Dimitrovgrad)
[17]. In these samples, cladding oxide layers (external and internal) did not exceed a few um, typically for the
E110 cladding material; this allowed neglecting them with a good accuracy in calculations.

In these tests depending on the extent of pre-oxidation (at 1400°C), different samples were intact (green),
broken during quenching (red) or broken during post-quench handling (yellow), as shown in Fig. 16 and Table 1.
Predictions of the S/Q code for samples quenched from the pre-oxidation temperature 1400°C, based on the
calculations from Fig. 15, are presented in Table 1 and reasonably interpret the observed failure modes using the
first and the second Chung-Kassner criteria.

Indeed, in accordance with the first criterion the code predicts that a rod withstands thermal shock (designated
in Table 1 as +1) or fails during thermal shock (designated as —1), depending on the oxide thickness (with a
threshold of = 130 pm as explained above). In accordance with the second criterion, fuel rods survived during
quenching will withstand post test handling (designated as +2) or fail (designated as —2) with the oxide thickness
threshold of = 100 pm. Some uncertainty of the fuel rod failure in the two tests with similar oxide layers of
~ 100 pm (tests #36 and #39) was probably connected with the proximity of their thicknesses to the threshold
value (as interpreted in Table 1).
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FIG. 16. Post test appearance of irradiated fuel rods in the RIAR tests [17].
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TABLE 1. CONDITIONS OF RIAR TESTS [17] WITH FUEL RODS PRESENTED IN FIGURE 16.

Pre-oxidation 1400°C/ 1400°C/ 1400°C/ 1400°C/ 1400°C/

temperature/ 0s ~240's ~240's 1050's 1100's

duration

Quenching 1400°C 1400°C 1400°C 1400°C 1400°C

temperature

Oxide thickness 0 um <100 pm > 100 pm 280 pm 300 pm

Failure mode Intact Intact Brocken Brocken during Brocken during

during quenching quenching

handling

Failure criteria +1/42 +1/42 +1/-2 -1 -1

6. EXTENSION OF THE ADVANCED CRITERIA TO COATED ZIRCONIUM CLADDINGS (ATF)

The traditional 17% ECR criterion cannot be directly applied to new designs of Zr alloy claddings with Cr
coatings, since the growth of the chromium oxide layer is strongly reduced, whereas oxygen continuously
penetrates into the Zr substrate, forms a- and B-phase layers and eventually embrittles the cladding (owing to
oxygen saturation of the ductile B-phase layer). For this reason, one may expect, lacking the Zr oxide layer growth,
that the Zr cladding embrittlement occurs at ECR much lower than 17%. In particular, this was confirmed in the
recent Round Robin tests performed within the IAEA Coordination Research Project (CRP) on Analysis of Options
and Experimental Examination of Fuels with Increased Accident Tolerance (ACTOF) [20].

In this situation it is natural to expect that the failure criteria related to the ductility of the B-phase layer are
applicable to the modified claddings. In particular, it was shown in the ring compression tests with oxidized
claddings (performed by Czech participants, CTU and UJP from Prague) [20] that the cladding embrittlement can
be well correlated with the oxygen content in the prior B-phase, Fig. 17; this finding is in a fair accordance with
the KAERI criterion [7] presented in Section 4 (cf. Fig. 8). It was assumed in the new tests that the critical value
of the oxygen content in E110 alloy is 0.3—-0.4 wt%, which slightly modifies the KAERI criterion [7] of = 0.5 wt%
for Zry-4 presented in Section 4; however, the latter criterion seems also consistent with the new experimental
data [20] (Fig. 17).
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FIG. 17. Residual ductility of the Cr-coated Zr1%Nb samples in relation with oxygen content in prior -Zr layer (from [20]).

Lacking currently a diffusion model for oxidation of coated claddings, the second Chung-Kassner criterion
(on cladding embrittlement) was not verified against these test data; however, considering its mutual consistency
with the KAERI criterion (as discussed in Section 3) one may expect its applicability to the coated claddings as
well.

Extension of the mechanistic oxidation model to consideration of the coated Zr claddings will also allow
verifying applicability of the Chung-Kassner and KAERI criteria (as well as the KIT secondary hydriding
criterion) on the base of future tests on the coated Zr cladding quenching, e.g. foreseen in the new IAEA CRP on
Testing and Simulation of Advanced Technology Fuels (ATF-TS), planned for 2020-2023.

7. CONCLUSIONS

Basing on the analysis of the experimental data on Zr alloy cladding thermal shock and post-quench ductility
tests, it was emphasized that the traditional LOCA safety criterion related to 17% ECR: (a) notably underestimates
cladding capability to withstand thermal shock during LOCA reflooding (i.e. is too conservative), and (b) notably
overestimates ductile-to-brittle transition oxidation level, reflecting cladding post-quench ductility and capability
to withstand fuel handling, transport and storage (i.e. too excessive).

For this reason, the alternative, more advanced and physically based Chung-Kassner criteria as well as the
KAERI criterion for post-quench embrittlement are considered for practical applications.

Applicability of the advanced criteria in the majority of the currently existing codes is restricted owing to a
simplified approach for evaluation of the cladding oxidation using Baker-Just or Cathcart-Pawel correlations for
the weight gain realized in these codes, whereas these criteria require calculation of the oxygen concentration
profiles in the different phases (a-Zr(O), B-Zr and ZrO,) of the oxidized cladding. This problem can be overcome
in more mechanistic fuel performance codes using oxygen diffusion models, validated against isothermal and
transient oxidation tests.

As an example of the advanced criteria utilization, the mechanistic fuel performance and safety code SFPR
using the thermo mechanical module SVECHA/QUENCH (S/Q) with the oxygen diffusion model for Zr alloy
cladding oxidation, is considered. The code predicts cladding ballooning, burst and double-side oxidation during
LOCA scenario and allows natural application of the advanced failure criteria by calculation of the oxygen profiles
in the cladding.

Being extended to mechanistic consideration of the cladding secondary hydriding phenomenon, the S/Q code
allows applying the KIT complementary post-quench embrittlement criterion in practical calculations.

The Chung-Kassner criteria developed on the base of the oxidation tests performed in a wide temperature
range (up to 1500-1900°C) that is far beyond LOCA conditions, can be broadened to Design Extension Conditions
(DEC). This allowed reasonable predictions of the S/Q code for the fuel rod failure behaviour investigated in the
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FZK tests (with fresh Zry-4 claddings) and in the RIAR tests (with irradiated WWER fuel fragments) on high
temperature (1400°C) pre-oxidation and quenching by water or steam.

The applicability of the KAERI advanced failure criteria (with some potential modifications) for oxidized Zr
alloy claddings with Cr coatings was confirmed in the recent ring compression tests performed within the JAEA
Coordination Research Project (CRP) ACTOF. On this base it is assumed that extension of the mechanistic
oxidation model to consideration of the coated claddings will allow verifying applicability of the advanced Chung-
Kassner and KAERI criteria (as well as the KIT complementary criterion) on the base of future tests on the coated
cladding quenching (which are foreseen, e.g. in the subsequent IAEA CRP on ATF in 2020-2023).
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