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FOREWORD

Design safety and safety assessment of liquid metal cooled fast reactors — comprising sodium
cooled fast reactors and lead cooled fast reactors — require tailored approaches that consider
the specifics of these technologies. One fundamental safety related aspect concerns the notion
of ‘severe accident’, which involves different scenarios or phenomena in liquid metal cooled
fast reactors compared with water cooled reactors as well as adapted analysis tools.

In this framework, the IAEA organized a technical meeting in March 2023 to provide a platform
for Member States to exchange information on the design of liquid metal cooled fast reactors
relating to the general safety approach and the consideration of severe accidents in the design
and safety assessment, with an emphasis on the deterministic analysis and modelling of severe
accidents and their consequences. This publication summarizes the material presented at that
technical meeting.

The IAEA wishes to thank the experts from Member States involved in the drafting and review
for their valuable contributions to this publication. The IAEA officers responsible for the
preparation of this publication were S. Massara and V. Tiberi of the Division of Nuclear
Installation Safety and V. Kriventsev of the Division of Nuclear Power.
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1 INTRODUCTION
1.1  BACKGROUND

Over the past several years, there has been an increased interest among Member States in
commercial deployment of reactors with coolants other than water, including small and medium
sized or modular reactors (SMRs). These technologies present specific design features (e.g.
different nuclear fuels, neutron spectra, types of coolant) needing dedicated safety approaches.

One of the aspects of the safety approach that raises concerns relates to the fourth level of
defence in depth. Paragraph 2.13 of TAEA Safety Standards Series No. SSR-2/1 (Rev. 1), Safety
of Nuclear Power Plants: Design [1] — which refers primarily to land based stationary nuclear
power plants with water cooled reactors — states:

“The purpose of the fourth level of defence is to mitigate the consequences of accidents
that result from failure of the third level of defence in depth. This is achieved by
preventing the progression of such accidents and mitigating the consequences of a severe
accident.”

The concept of ‘severe accident’! [2] (and also ‘damage to the reactor core’, as stated in in para.
2.13 of SSR-2/1 (Rev. 1) [1] in relation to the third level of defence) may apply in a different
way or involve different scenarios/physical phenomena for reactors with coolants other than
water. Reference [3] investigates the areas of novelty for these technologies and provides
general insights on the scope and definition of the plant states that are considered in their design,
in particular severe accident conditions. Follow up activities to ensure that, in due course, the
IAEA safety standards fully apply to all reactor types, include the collection of available
knowledge on these technologies to fill existing gaps.

In this context, the IAEA organized a Technical Meeting on “The Safety Approach for Liquid
Metal Cooled Fast Reactors (LMFRs) and the Analysis and Modelling of Severe Accidents” in
March 2023 (jointly by the Department of Nuclear Safety and Security and the Department of
Nuclear Energy) to provide a platform for Member States to exchange information on the design
of LMFRs, with regard to the general approach to design safety and safety assessment of these
technologies, with an emphasis on the consideration of severe accidents, including their analysis
and modelling.

LMFRs comprise of:

e Sodium cooled fast reactors (SFRs), for which the total operational experience recently
achieved 500 reactor-years, mainly with pure sodium as coolant;

e Lead cooled fast reactors (LFRs), cooled with either lead-bismuth eutectic (accounting
for about 70 reactor-years of operational experience) or pure lead (which was never
previously adopted as reactor coolant and for which the operational experience is
absent).

! The IAEA safety glossary [2] defines severe accidents as “accidents more severe than design basis accidents and
involving significant core degradation”. The SFR studies presented in this TECDOC consider a core melt as severe
accident to mitigate.



Specific features to mitigate the consequences of potential severe accidents are being
considered at the design stage of SFRs in many Member States, with the aim of demonstrating,
with a high degree of confidence, that such sequences do not jeopardize the integrity of the third
confinement barrier, including the reactor containment, hence ensuring the confinement of
radioactive material. The ultimate purposes of mitigation features implemented at the fourth
level of defence in depth, are to:

e Minimize the mechanical energy releases generated through core re-criticality and/or
fuel-coolant interaction (e.g. devices to enhance the discharge of the molten fuel
towards a core catcher);

e Maintaining the integrity of the containment to ensure the capability to manage accident
conditions where a significant amount of radioactive material in the containment is
involved (e.g. implementation of a core catcher to collect, spread and cool the corium);

e Minimizing radiological releases (e.g. limitation by design of containment leakages)
ensuring the fulfilment of radiological acceptance criteria (i.e. ensuring that only
emergency countermeasures that are of limited scope in terms of area and time are
necessary).

In this framework, severe accidents are currently being analysed as an integral part of the safety
demonstration of SFRs by using a methodology that integrates deterministic safety analyses
and probabilistic safety assessment, with the ultimate goals of strengthening the safety of SFR
design and enhancing the robustness of the safety demonstration of these reactors.

In parallel, stakeholders involved in the development or regulation of LFRs have initiated
research and development (R&D) to develop tools and methodologies suitable for analysing
severe accident sequences for this technology type, within the framework of the development
of a safety approach for new reactor designs.

For both SFRs and LFRs, the validation of tools involves an experimental database covering
the wide range of phenomena described by individual models, obtained through in-pile and
out-of-pile experiments with prototypical and simulant materials in the framework of separate
effect tests and semi-integral configurations.

1.2 OBJECTIVES

This TECDOC summarizes the material presented at the technical meeting on “The Safety
Approach for Liquid Metal Cooled Fast Reactors and the Analysis and Modelling of Severe
Accidents” organized by the IAEA in March 2023, in relation to analysis and modelling of
severe accidents for LMFRs? [4], as follows:

e Twenty-two technical papers, associated with oral presentations in four technical
sessions, which were submitted and peer-reviewed before the technical meeting by an
Advisory Committee constituted for this purpose;

2 The consideration of severe accident conditions in the safety approach for LMFRs is addressed in a separate
publication currently in preparation [4].



e Two panel discussions, the first one focusing on the status of knowledge and challenges
for the consideration of severe accidents for SFRs, the second one on the status of
development and challenges for the development of LFR technology.

This TECDOC aims to illustrate the status of knowledge of physical phenomena, development
of models and numerical tools, and validation through experimental data, in relation to the
progression of severe accidents in LMFRs.

For SFRs, the status of knowledge discussed at the technical meeting can be considered as being
the state of the art in the field, considering that the attendees included a large majority of the
key parties from design organizations, regulatory bodies, technical support organizations and
R&D organizations, including both modellers of numerical codes and experimenters.

1.3 SCOPE

This TECDOC considers severe accident sequences that are not ‘practically eliminated’ for
LMFRs, including deterministic modelling and analysis of severe accident progression,
numerical codes development and validation, and related experimental programmes for SFRs
and, as applicable, LFRs, with due account taken of the lower level of knowledge associated
with this technology, in relation to severe accidents.

This TECDOC covers the following topics related to LMFR mechanistic models for core
degradation under severe accident conditions:

e Fuel pin behaviour (fuel-cladding interaction, in-pin fuel movement, reactivity effects);
e Initiation/primary phase (including two-phase thermohydraulics);

e Event termination or transition/secondary phase (assembly hexagonal can failure,
fuel-coolant interaction, melt propagation and material movement and associated
reactivity effects, potential secondary power excursions due to re-criticality effects);

e Expansion phase (expansion of sodium vapour bubble, pressure increase and release of
mechanical energy, sodium ejection);

e Material relocation (debris formation, thermochemistry effects, jet impingement);
e Long term behaviour (ability to cool the core material, re-criticality).

This TECDOC also covers topics related to: 1) radioactive material release and transport in-
vessel and ex-vessel* [5]; ii) conservative simplified/parametric fast running models during the
core degradation phases; iii) code development and performance optimization, multiphysics
approaches and platform architecture; and iv) experimental programmes, code validation and
uncertainty analyses.

3 Paragraph 5.13 of SSR-2/1 (Rev. 1) [1], states that “The design shall be such that the possibility of conditions
arising that could lead to an early radioactive release or a large radioactive release is ‘practically eliminated’” and
“The possibility of certain conditions arising may be considered to have been ‘practically eliminated’ if it would
be physically impossible for the conditions to arise or if these conditions could be considered with a high level of
confidence to be extremely unlikely to arise”.

4 Further information is provided in Ref. [5].



1.4 STRUCTURE
The TECDOC consists of seven sections:
e Section 1 describes the background, objectives, scope and structure of the publication.

e Section 2 describes the main phenomena and challenges to be addressed for severe
accident consequences mitigation in LMFRs.

e Section 3 describes national programmes and activities related to the development of
models and tools for SFRs, as well as experimental programmes for validation purposes.

e Section 4 focuses on new or expanded capabilities of existing software tools to model
phenomena associated with the initiation and transition phases of severe accidents for
SFRs.

e Section 5 presents the research on the characterization of the physical phenomena
involved during the expansion phase of the accident and during the long term behaviour
of SFRs.

e Section 6 gathers contributions illustrating progress in the understanding of basic
phenomena and associated modelling capabilities of accidental conditions for LFRs.
This section also focuses on ongoing experimental programmes aiming at accumulating
experimental data necessary both for increasing the phenomenological knowledge as
well as for validation of numerical tools.

e Section 7 presents the conclusions and highlights gaps which might be the focus of
future activities.

The technical papers submitted and reviewed prior the technical meeting are included at the end
of this TECDOC.



2 PHENOMENOLOGY OF SEVERE ACCIDENTS IN LIQUID METAL FAST
REACTORS

2.1 PHENOMENOLOGY OF SEVERE ACCIDENT PROGRESSION IN SODIUM
COOLED FAST REACTORS

Sequences leading to severe accidents (which involve significant core damage) in SFRs, and
which need to be mitigated, are caused by a reactor power and heat removal mismatch and
failure of the reactor shutdown mechanism. Such accident sequences, potentially leading to core
damage, are typically categorized as unprotected transients, such as unprotected loss of flow
(ULOF) and unprotected transient over power (UTOP). A local fault inside a fuel assembly is
also assessed as a potential cause of core damage. The severe accident studies described in this
TECDOC mainly focus on ULOF because of its wide spectrum of phenomenology, starting
from the intact state of the reactor core to the termination of the accident.

Other sequences may lead to a severe accident such as a loss of decay heat removal.
Nevertheless, they cannot be mitigated by design, and have to be ‘practically eliminated’.

Although the progression of a severe accident is affected by the specific nature of the materials
used for the nuclear fuel and coolant, and by the reactor power, the general event progression
is usually divided into the primary (or initiating) phase, the transition (or secondary) phase, the
expansion phase, and the long term (post-accident) phase — in accordance with the degree of
core damage progression and the type of phenomena involved in the accident, as shown in
Fig. 1. These phases are as follows:

e The primary (or initiating) phase deals with the fuel damage process starting from the
intact state of the core. Coolant boiling, fuel pin failure and subsequent material motion
inside each fuel assembly cause a change in reactor power due to the reactivity effects
associated with density variations of reactor materials (e.g. fuel, cladding, hexagonal
can, sodium). This phase ends with the failure of the fuel assembly duct, or hexagonal
can.

e The transition (or secondary) phase deals with the core damage progression and
relocation of the core materials after the fuel assembly hexagonal can failure. Depending
on the core state at the end of the primary phase, a large core melt may happen,
associated with a significant reactivity effect (which can be positive or negative) due to
the motion of the molten core materials. Various phenomena induce material motion,
such as gravity, fuel-coolant interaction (FCI), boiling, fission gas release. The
discharge of molten material from the core through the steel duct structures, such as
control rod guide tubes (CRGT) or dedicated duct channels, is an important
phenomenon that allows reaching a subcritical state. Depending on the specific design,
molten material jet impingement on the structure surrounding the core (including the
core catcher) may be a challenge which may necessitate the design of specific features.

e The expansion phase deals with sequences encountered in the case of an extreme
mechanical energy release occurring during the accident phases described above. In this
phase, the thermal energy accumulated in the core might be converted to mechanical
energy, which impacts the reactor structure. A large release of core material into the
sodium pool might additionally cause intensive FCI and sodium vaporization, which
represents a pressure source capable of accelerating the liquid sodium slug outwards.
The pressure propagation from the core and the impact of the sodium slug, may cause a



dynamic deformation of the reactor structure such as the reactor roof. As a result of the
molten material discharge from the core, the molten material jet may be injected into
the sodium plenum. The mechanical energy release may degrade the integrity of the
reactor system and lead to release of sodium and cover gas into the containment, which
results in several ‘in-containment’ phenomena including sodium chemical reactions,
aerosol generation, and aerosol mass evolution (e.g. agglomeration, wall plating,
gravitational sedimentation).

e The long term (post-accident) phase deals with the ability to cool the degraded core,
including core material relocated on the core catcher, if any. If a core catcher is needed,
it may be implemented inside or outside the primary system. The ability to cool the core
material requires coolant circulation between core material and the available heat sink.
In this context, the material relocation process leading to a stable long term coolable
subcritical state is another topic under investigation. Criticality of the relocated core
materials is also a subject of study.

Radioactive material transport and release is an important aspect of severe accident evaluation.
According to the accident progression described above, fission products transport and retention
are assessed.
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FIG. 1. Event progression of severe accidents in an SFR (courtesy of Yoshiharu Tobita, Japan Atomic
Energy Agency (JAEA), Japan).

Each of the accident phases or phenomena described above is analysed by dedicated analysis
tools, for instance, SAS4A/SASSYS-1 [6] for the primary phase, SIMMER [7] for the global
fuel degradation including the transition phase, EUROPLEXUS [8] and AUTODYN [9] for the
dynamic structural response in the expansion phase, CONTAIN-LMR [10] for fission products
transport and SUPER-COPD [11] for the long term (post-accident) phase.



Depending on the reactor design and on the specific framework adopted by each regulatory
body, the analysis of the progression of accident sequences might not include all the above-
mentioned phases. For example, in some Member States, such as the United States of America,
considering a risk informed, performance based approach and the adoption of metallic fuel, the
focus may be on the initiating phase.

For more information on regulatory frameworks and safety approaches adopted by Member
States for the safety assessment of LMFR, with an emphasis on accident sequences leading to
severe accidents, see Ref. [4].

2.2 SPECIFIC FEATURES OF LEAD COOLED FAST REACTORS

The physical and chemical properties of lead differ considerably from those of sodium. These
properties may significantly influence phenomena that play a crucial role in the accident
analysis. Important examples are described hereinafter.

The high melting point of lead (328°C vs 98°C for sodium and 124°C for 45/55 LBE alloy)
increases the possibility of coolant solidification during normal and transient conditions,
constituting a potential safety issue and a possible initiator of core degradation.

Lead has a boiling temperature (1740°C for lead and 1670°C for LBE) much higher than the
melting temperature of the structural materials of the core and the vessel. This prevents void
effects and fuel melting caused by the coolant vaporization. This is an advantageous property
for the prevention of core degradation.

In certain conditions, lead may be corrosive and/or erosive, and then, this may initiate core
degradation. One of the possible solutions to cope with corrosion is a controlled injection of
oxygen to form a protective oxide layer on structures. Indeed, the performance of steels in lead
strongly depends on the presence of oxygen dissolved in the liquid metal phase. If the oxygen
content exceeds a certain threshold, a continuous scale consisting of oxides of the steel
constituents may form on the steel surface separating the steel from the lead coolant [5].
Consequently, the dissolution of steel constituents in lead or LBE can occur only after diffusion
through the oxide scale, i.e. at a potentially lower rate. The efficiency of the structure protection
by the oxide layer also depends on the control of the coolant temperature. However, feedback
from experience has demonstrated that the interaction of lead with oxygen could lead to the
excessive formation of lead oxides that could cause a degradation of the fuel cooling. The risk
of erosion leads to limiting the coolant velocity by design. In any case, the corrosion and erosion
of the structural materials of the core by lead is not modelled in numerical codes developed for
the simulation of severe accidents in SFRs, such as SIMMER [7], and would need to be
developed for LFRs.

The absence of a chemical interaction between oxide fuel and lead coolant intrinsically reduces
the propagation beyond the fuel cladding failure of a single fuel pin failure to the neighbouring
fuel pins inside a fuel assembly. Another advantage of lead and LBE over sodium, for both the
prevention and mitigation of severe accidents, is the absence of a violent exothermal chemical
reaction between the coolant and other substances that in accident conditions could enter into
contact with the coolant, such as water in the case of a loss of integrity of the reactor barrier.
Nevertheless, the risk of steam explosion has to be assessed.

The small density difference between the fuel and lead coolant, which can be positive or
negative depending on fuel burn up and lead coolant temperature, could significantly influence



the core degradation behaviour, hampering the simulation of fuel relocation. Fuel could relocate
to the top surface of the coolant as well as to the bottom of the vessel, or even an oscillatory
behaviour is possible. Hence, very high uncertainties will be associated with the modelling of
fuel relocation in the vessel.

Lead is expected to feature important retention properties for many radioactive isotopes
produced in the coolant (polonium) and in the fuel pin (fission products). The retention rate of
volatile fission products such as iodine and caesium, major contributors to the source term, is
expected to be high for both lead and sodium.

Caution is necessary, however, because the chemistry of these elements in lead could be
strongly influenced by other impurities in the coolant that are not present in current and
programmed experiments.



3 SEVERE ACCIDENT ANALYSIS AND EXPERIMENTAL VALIDATION FOR
SODIUM COOLED FAST REACTORS

3.1 OVERVIEW

Nine papers were presented in the related session of the technical meeting, describing the
development and experimental validation of computer codes used to analyse the progression of
severe accidents in SFRs.

Contributions from France covered a wide range of software tools, including the SCONE [12]
code dedicated to FCI phenomena, physical model developments in the SIMMER code [7], an
integral approach by chaining/coupling existing computer codes, and design-oriented fast
running tools for uncertainty propagation studies. A future roadmap of an experimental
programme to validate these software tools was also presented. A paper from Japan illustrated
the development of an integrated code system for severe accident analysis that can be applied
to the safety assessment for licensing procedures in Japan. A paper from the United States of
America provided an overview of the integral SFR radionuclide transport analysis tool named
Simplified Radionuclide Transport (SRT) and the result of statistical analyses obtained with
this code. A paper from the Russian Federation reported on the development and application of
the integral safety analysis code SOCRAT-BN [13] designed for numerical and statistical
simulation of thermohydraulic, neutron physics, thermo-mechanical processes, and transport of
radionuclides under anticipated operational occurrences (AOO), design basis accidents (DBA)
and beyond design basis accidents (BDBA).

3.2 CONTRIBUTIONS PROVIDED AT THE TECHNICAL MEETING

3.2.1 TOWARDS AN INTEGRATED FRENCH SOFTWARE PLATFORM FOR
SEVERE ACCIDENT SIMULATION IN SFRS?

Pierre Gubernatis (CEA, France) introduced three important objectives assigned to simulation
tools to describe the severe accident sequence for SFRs, i.e.:

e The assessment of the consequences resulting from the initiating event of an accident;

e The improvement of the design of mitigation devices;

e The evaluation of the safety margins associated with the safety demonstration.
France has engaged in the development of an efficient integrated simulation platform allowing
a global approach while ensuring the perenniality and ease of validation of existing numerical
codes. Two classes of codes can be identified, both dedicated to the assessment of the behaviour

of SFRs during severe accidents:

e Mechanistic tools contribute to carry out best estimate calculation for a limited set of
scenarios. The SIMMER code [7], coupled with SEASON, is used as a mechanistic tool.

> The French SFR concept is based on a pool-type reactor with an in-vessel retention strategy.



e Physico-statistical tools produce a wide range of low cost and highly
parameter-dependent simulations. The PROCOR platform [14] is under development to
perform fast running simulations of the behaviour of the corium in SFRs.

Both types of tool (mechanistic and fast running) rely on their own verification and validation
(V&V) policy, which may present common features. Both classes of tools are needed and used
in a complementary way in France, given that both a deterministic and a probabilistic safety
demonstration are required by the regulatory body.

The following knowledge gaps were illustrated:

e The mechanistic description of FCI in the lower plenum, with the development of the
SCONE [12] simulation tool currently ongoing;

e The development of physico-statistical models to describe the behaviour of a corium
pool on the core catcher [15], which is the object of preliminary evaluations.

3.2.2 3D THERMOHYDRAULICS-NEUTRONICS SIMULATION OF SFR CORE
DEGRADATION WITH THE SEASON FRENCH PLATFORM

Emmanuelle Dufour (CEA, France) illustrated the French SEASON platform, dedicated to the
simulation of SFR core degradation — from the initiating phase, followed by the generalized
degradation phase, until the relocation phase of the corium on the core catcher — using the
SIMMER-V [16] code (by considering respectively a multichannel model of the core and a full
core model).

SEASON is based on a multichannel model of the SIMMER-V thermohydraulics and core
degradation code. It involves the chaining of SIMMER-V with a fuel performance code
(GERMINAL [17] or SAS-SFR [18]) as well as couplings of SIMMER-V with a spatial
neutronics code (PARIS [19], which uses a flux solver that can be SNATCH [20], PARTISN
[21] or IDT [22]) and a code modelling the primary circuit (CATHARE [23], in preparation).

An example of reactor application was provided on an ULOF transient in a simplified SFR
design core in 3D cartesian geometry.

3.2.3 SFRSEVERE ACCIDENT TRANSIENT STUDY WITH NEW PARTICLE
FLOW MODEL IN SIMMER-V

Andrea Bachrata (CEA, France) illustrated a new model of solid debris dynamics developed in
SIMMER-V, with analysis focused on the mitigation scenario involving the controlled
discharge of degraded core materials through the mitigation transfer tubes. The developed
models are inspired by granular theories and are numerically implemented into the SIMMER-V
code environment [16].

The study is devoted to assessing the impact of developed models on the numerical prediction
of the discharge performance and the experimental comparison for the ULOF transient realized
in SIMMER-V [24] with the coupled thermohydraulic—neutronics model for the reference core
with a low void effect (CFV) at the beginning of life conditions (i.e. fresh fuel) [25].

The SIMMER-V results align with the SIMMER-III reference calculations concerning the
primary safety criterion, which aims to prevent additional re-criticalities. Notably, SIMMER-V
introduces an enhanced particle flow model that offers a more detailed depiction of particle
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dynamics. This model realistically considers the hindrance caused by particle concentration and
incorporates interactions at the particle level.

3.2.4  DESIGN-ORIENTED SIMULATION TOOLS IN FRENCH SFR PROJECTS

Design safety requirements established in France for SFR reactors guide the designer towards
intrinsically safe concepts. Complementing other mechanistic methods and tools, several
design-oriented tools are used in France and were introduced by Nathalie Seiler (CEA, France).
These fast running tools were developed as a complement to more complex mechanistic tools
which require high computational costs. These tools allow a large number of simulations in a
reasonable computational time and enable uncertainty propagation studies and sensitivity
analyses essential to achieving a satisfactory reactor design. Design-oriented physical tools are
devoted to analysing unprotected accidental sequences, as opposed to mechanistic tools which
encompass the physical models enabling the simulation of any type of accidental sequence.

Design-oriented tools developed for SFR French safety studies allow modelling of:

e The primary phase of each accidental sequence: ULOF, UTOP and unprotected
sub-assembly failure (USAF);

e The eventual sequence involving progression of core melt and relocation;

e The vapour (fuel, steel, fission gas) expansion and related FCI causing vessel
mechanical degradation and debris bed cooling.

An application result was presented, highlighting the relevant contribution of these fast running
tools in the design process of the French Advanced Sodium Technology Reactor for Industrial
Demonstration (ASTRID) project. The integration of those tools into the PROCOR platform is
in progress.

3.2.5 ARDECO CEA-KIT COOPERATION ON ASTRID SAFETY STUDIES AND
RELATED CODE DEVELOPMENTS

Andrei Rineiski (Karlsruhe Institute of Technology (KIT), Germany) presented recent
modifications to the SIMMER code made at KIT, in the frame of ARDECo CEA-KIT
cooperation on ASTRID 1500 MW(th) safety studies and related code developments. These
developments aim at modelling reactivity feedback due to thermal expansion of the core and
control rod drive lines, starting from steady state conditions up to molten core configurations.
In addition, a new SIMMER calculation option allows the use of data for 72 energy groups
without a significant increase in the calculation time as compared to the 11 group case, due to
new SIMMER cross-section libraries, extended cross-section generation procedures, and
additional reactivity feedback models. The preliminary results show a favourable impact in
terms of accounting additional reactivity feedback on the ULOF accident evolution with an
expected delay in power excursions that may lead to a lower extent of core degradation.

Moreover, due to new SIMMER capabilities developed at KIT, the impact of the movement of
absorber material into the core during the transient was also analysed. The results provide
insights into the impact of a B4C insertion into the core at different timing of the progression of
the ULOF transient.

As a conclusion, the computed mechanical energy release is very limited in the most
conservative case. The discharge tubes appear to be effective for all considered simulation
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options. Also, passive absorber introduction into the core after sodium flow rate reduction or
sodium outlet temperature increase appears to be effective to stop the nuclear chain reaction.

3.2.6 CEA EXPERIMENTAL ROADMAP FOR SFR SEVERE ACCIDENT R&D

In support of SFR severe accident modelling and expertise, an experimental roadmap is being
developed, including in-pile integral tests, out-of-pile integral and separate effects experiments
with prototypic or simulant materials. This was illustrated by Christophe Journeau (CEA,
France). The main issues being studied are the efficiency of corium transfer tubes to mitigate
energetic power surges in the core region, interactions between materials, FCI, and short and
long term behaviour of an in-vessel core catcher. Some experiments were presented which are
operated by France with its partners:

e The SAIGA [26, 27], in-pile experiment, to study the degradation of two 16-fuel pin
bundles having different power densities and the propagation of a molten pool from one
fuel assembly to its neighbouring ones in a ULOF transient;

e The SERUA [28] facility, to study the film boiling regime, for which a sodium
quenching facility has to be built;

e The SAFeTY [28], (former PLINIUS-2) facility, to run experiments with 100 kg scale
prototypic corium mixture (depleted uranium oxide based melts with, if needed, metallic
melt) in a sodium environment;

e Jet Ablation experiments with HAnSoLO [29, 30] (simulant material with water jet on
ice at the University of Lorraine) and JIMEC [31] experiments (prototypical material
with stainless jet on stainless block at KIT);

e A thermochemistry experimental programme to study the UOz-Fe-B4C system with heat
treatments carried out at CEA/Paris-Saclay in a high temperature tungsten furnace and
B4C introduced in an UO2-CeO2 molten pool performed in the VITI [32, 33], facility at
Cadarache.

3.2.7 DEVELOPMENT OF ANALYSIS METHODS FOR SFR SEVERE
ACCIDENTS IN JAEA AND ASSESSMENT OF APPLICABILITY TO
SAFETY ANALYSIS

Yoshiharu Tobita (JAEA, Japan) illustrated the set of computer codes developed at JAEA for
the analysis of the event progression and the energy generation in anticipated transients without
scram (ATWS) of SFRs. The analysis is performed by partitioning the entire accident
progression into several stages, since the physical phenomena to be analysed and the required
level of precision change as the event progresses. The codes SAS4A/SASSYS-1 [6],
SIMMER-1IV [7], AUTODYN [9], PLUG, CONTAIN-LMR [10] and FLUENT [34] are used
to analyse the event progression at each stage.

The procedure for confirming the applicability of the methodology for analysing a core
disruptive accident (CDA) in SFRs is described, with a focus on the SIMMER code, which
plays a dominant role in the methodology. The procedure involves highlighting important
phenomena based on the magnitude of their impact on the event progression during the CDA
transition phase. Subsequently, validation analyses were performed on the SIMMER code for
these important phenomena to confirm its applicability and to identify uncertainties. The

12



influence of uncertainties on the analytical results of SIMMER has to be evaluated in the safety
analysis of the LMFR plant.

The applicability of the methodology was confirmed not only for SIMMER, but also for other
analysis codes that contribute to the comprehensive analysis methodology of event progressions
in CDA. The analytical methodology described in this paper provides a basis for conducting
safety assessments of LMFR plants during the licensing phase under the new regulatory
standards in Japan.

3.2.8 THE SIMPLIFIED RADIONUCLIDE TRANSPORT CODE FOR THE
SOURCE TERM ASSESSMENT OF POOL-TYPE METAL FUEL SFR
SEVERE ACCIDENTS

Matthew Bucknor (Argonne National Laboratory (ANL), United States of America) presented
the SRT code, an integral SFR radionuclide transport analysis tool that assesses radionuclide
movement from the reactor fuel to the environment, developed by the Argonne National
Laboratory to aid mechanistic source term assessments, and to support the design and licensing
efforts for pool-type, metal fuel SFR designs.

SRT relies on the output of system analysis codes, such as SAS4A/SASSYS-1 [6], or user’s
input, including the fuel conditions (temperature, cladding status, molten fraction) and sodium
pool temperature over the transient time, which is then utilized to perform the transport
calculation of a total of 770 isotopes (32 elements). SRT utilizes a data-driven approach to
assess the radionuclide migration within the fuel pin during irradiation, such as radionuclide
movement to the fission gas plenum and sodium bond, along with radionuclide release from the
fuel during cladding failure events.

An example of SRT analysis was illustrated to demonstrate the capabilities of the code. The
postulated transient scenario is a rapid heat-up of the core fuel resulting in fuel melting and
cladding failure. Many radionuclide transport characteristics were treated as uncertainties by
the code, including the cover gas and containment leakage rates, in-pin migration fractions, fuel
pin release fractions, bubble characteristics, and aerosol deposition options. To assess these
uncertainties, 250 iterations of SRT were performed. The cumulative distribution function of
the total effective dose estimate, the time-dependent radionuclide inventory in the cover gas
region, and the fractional release plot illustrating the inventory of the radionuclides available at
each stage of the transport process, were presented as an example of SRT calculation
capabilities.

3.29 MODERN APPROACHES TO DETERMINISTIC SAFETY ANALYSIS FOR
SFRS

Within the framework of the modern requirements of the Russian Federation safety regulatory
document (NP-001-15 [35]), Ruslan Chalyy (Nuclear Safety Institute, Russian Academy of
Sciences, Russian Federation) illustrated the development and certification of the
SOCRAT-BN code, as well as the methodology of error estimation and uncertainty analysis
associated with the calculations with this code.

The SOCRAT-BN code is designed for numerical simulation of thermohydraulic, neutron
physics and thermomechanical processes, and transport of radionuclides released after failure
of the fuel elements in SFR power plants under AOO, DBA and BDBA with core degradation.
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Examples of the use of the SOCRAT-BN code for the analysis of total instantaneous blockage
(TIB), loss of flow (LOF) and ULOF were provided, complemented with Monte Carlo
calculations based on the modelling errors of the main parameters evaluated by the modified
ASME V&V 20 approach through the validation study of the SOCRAT-BN code:

e The analysis of TIB showed that the accident terminates with the blockage of
7 assemblies in the most penalizing configuration and confirmed the conservatism of
the deterministic analysis of the safety criteria for TIB;

e The uncertainty analysis of LOF indicated the relative activity of fission products (FP)
release from the reactor as the most representative results of the hydro-seal opening,
which was predicted in 55 Monte Carlo calculations out of 100 performed;

e The uncertainty analysis of the ULOF accident is performed to estimate the time
corresponding to the beginning of fuel cladding melting.

This study has shown that, due to the complexity of the phenomena to be simulated, the
calculation time needed for modelling a SFR scenario (and especially for uncertainty analysis)
considerably exceeds the one needed for modelling BDBA for VVER-type reactors. In this
regard, it is necessary to adopt a very balanced approach to the selection of representative
scenarios and the parameters to be analysed.
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4 PRIMARY AND TRANSITION PHASES OF SEVERE ACCIDENTS FOR
SODIUM COOLED FAST REACTORS

4.1 OVERVIEW

Four papers were presented in the related session of the technical meeting, which focused on
new or expanded capabilities of existing software tools to model phenomena associated with
the primary and transition phases of severe accidents in SFRs. With the introduction of these
newly developed or updated models, it was shown that it is possible to analyse certain
phenomena in more detail, which would allow for improving the designs of components and
systems.

Papers from the USA and Japan focused on developments in the SAS4A/SASSYS-1 code [6],
while the papers from India focused on recently developed modules in PREDIS and a new tool
named TRAN-SCORE [36]. The importance of being able to model more phenomena or expand
capabilities of each of the software tools was noted as a driver for software development. In
most cases, where additional phenomena were included or models were refined, less
conservative results were obtained.

4.2 CONTRIBUTIONS PROVIDED AT THE TECHNICAL MEETING

4.2.1 STATUS OF THE SAS4A/SASSYS-1 CODE METALLIC FUEL MODELS
FOR THE SIMULATION OF POSTULATED SEVERE ACCIDENTS IN
LMFRS

SAS4A/SASSYS-1 [6] is a reactor dynamics and safety analysis code developed at ANL for
the safety analysis of SFRs. As part of the collaboration with the Korea Atomic Energy
Research Institute on the Prototype Gen-IV SFR, a significant metal fuel model development
and validation effort was undertaken at ANL. Adrian Tentner (ANL, United States of America)
described recent extensions implemented in a research version of the SAS4A/SASSYS-1 code,
SAS-RES, that includes changes to the metal fuel relocation module LEVITATE-M to allow
the simulation of inter-assembly interactions, including inter-assembly heat transfer (IAHT)
and post-assembly failure, inter-assembly material contact and physical interactions. These are
unlikely events, with extremely low probability well below the beyond design basis limits. The
SAS4A/SASSYS-1 code was developed initially for the analysis of the initiating phase of
postulated fuel relocation events in LMFRs, that is, of the sequence of events that occur before
the failure of an assembly wall, or before the initiation of the transition phase of an accident.
The implementation of the post-assembly failure LEVITATE-M models significantly extends
the ability of the SAS4A/SASSYS-1 code to analyse extended fuel relocation sequences.

The SAS-RES metal—fuel models address significant phenomena specific to metal fuel pins,
which are absent in oxide fuel pins. These phenomena include the migration of U-Zr and
U-Pu-Zr fuel components during irradiation, leading to the formation of radial fuel regions with
varying compositions. To accurately describe local fuel composition, the new metal fuel
modules track multiple constituents, such as uranium, plutonium, actinides, fission products,
lanthanides, zirconium, and iron. Changes in local composition can strongly impact
thermophysical properties, including melting and freezing temperatures. These variations can
influence the timing and magnitude of cladding failure, fuel relocation events, and the related
reactivity feedback. Mechanistic models for these metal fuel phenomena are included in the
SAS-RES modules SSCOMP-A, DEFORM-5A, PINACLE-M, and LEVITATE-M.
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The paper focused on the ability of the model to study post-assembly failure events. The failure
of the assembly wall leads to local expansion of the assembly and direct contact of the molten
fuel and other components in the coolant channel of the failed assembly with the outer surface
of the neighbouring assembly wall. The sodium in the inter-assembly gap is displaced by the
walls of the failed assembly and does not contact the coolant channel materials. The expanding
assembly walls and/or local freezing of the molten fuel/steel mixture due to contact with the
colder neighbouring assembly prevent the axial relocation of the molten fuel and other
components in the inter-assembly space.

The SAS-RES channels which represent assemblies were assumed to be thermally isolated from
their neighbours prior to assembly wall failure and an adiabatic boundary condition was applied
at the outer surface of the assembly walls. It was recognized that the inter-assembly heat transfer
can play a significant role during certain accidents, transferring heat from the hotter assemblies
to the colder neighbouring assemblies and mitigating the accident consequences. The sides of
the neighbouring assemblies that face the lead assembly are also identified, and their
temperature is tracked independently of the other sidewalls. These initial results of the assembly
blockage simulation show that IAHT can significantly affect the accident outcome providing
an effective path for removing heat from the blocked assembly in the absence of sodium coolant
flow, to reach a stable coolable configuration. Additional verification and benchmarking of
these models will be completed prior to formal release.

4.2.2 STATUS OF NUMERICAL TOOL DEVELOPMENT FOR INITIATING
PHASE IN SEVERE ACCIDENTS OF SFR IN JAPAN

The paper by Yoshitaka Fukano (JAEA, Japan) described the phenomena identification and
ranking table (PIRT) method to identify important phenomena to be verified for ULOF and
UTOP scenarios in a medium-sized SFR. Through these studies, 16 and 14 physical phenomena
were identified for ULOF and UTOP scenarios, respectively. Then 10 and 8 respective key
important phenomena were identified through the ranking of originally identified phenomena.
Furthermore, a validation test matrix was created for the important phenomena, and validation
was conducted according to the matrix. These studies further improved the validity and
reliability of the SAS4A/SASSYS-1 code. The 16 and 14 identified physical phenomena for
ULOF and UTOP scenarios were ranked in terms of importance. These ranks were defined as
High (H), Medium (M), and Low (L) in descending order of importance.

Since the reactivity of the reactor, the energy release, and the average core fuel temperature are
highly related, the importance of each physical phenomenon was determined and ranked by
examining its influence on these parameters.

An evaluation matrix was created for the important phenomena identified by ranking the
physical phenomena. The evaluation matrix describes the analytical models corresponding to
the important phenomena and the validation methods of the models in a matrix form and
confirms that the physical phenomena required for the evaluation of the targeted accident
scenario have been modelled without any deficiencies. These studies further improved the
validity and reliability of the SAS4A/SASSYS-1 code. As an example, the evaluation of a
ULOF event for a medium-sized SFR using SAS4A/SASSYS-1 showed that the prompt
criticality during the initiating phase may be avoided even under conservative conditions due
to the reduced excess uncertainty.
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4.2.3 RECENT DEVELOPMENTS IN MODELLING OF SEVERE ACCIDENT
ANALYSIS CODE PREDIS

In this paper by Anuraj Vijayan Leela (Indira Ghandi Center for Atomic Research, India), the
severe accident analysis is carried out in three stages, namely: 1) pre-disassembly phase, 2)
disassembly phase, and 3) mechanical energy release phase. An in-house accident analysis code
PREDIS was used to study the pre-disassembly part of the accident analysis. To improve the
accident analysis capability of the code, a clad relocation model and an in-pin fuel motion model
were incorporated into the code and the effect of those phenomena on severe accident evolution
was studied. The clad relocation model was based on Ishii’s model [37, 38] and in the analysis,
it was assumed that the coolant channel was voided prior to the initiation of the molten clad
motion. The molten clad was assumed to be moving as a film under the influence of gravity,
the channel pressure gradient, the frictional drag due to streaming sodium vapour, and friction
between the molten cladding and the fuel pin. A new subroutine RELOCS was developed and
integrated into the PREDIS code to perform the calculation.

Similarly, to improve the analysis methodology of unprotected transients, an in-pin fuel motion
module called MITRA was incorporated into PREDIS. In fast reactors, the use of an annular
oxide fuel pin is expected to provide an inherent shutdown mechanism during accidents by
providing a pathway for molten fuel to be ejected from the active core region to the top and
bottom blankets. The reactivity feedback due to in-pin fuel motion and its effect on the transient
progression were studied. UTOP analyses were carried out with the in-pin fuel motion module.
From the analyses it was shown that, considering in-pin fuel motion feedback not only reduces
the power at the end of the transient, but also reduces the hot spot clad and coolant temperatures
as well as the number of radial channels that undergo melting.

At the end of disassembly (i.e. when the neutronic excursion ends), the core is left at a very
high temperature and pressure. This is the beginning of core disintegration. A time-dependent
module, FEXPAN, was introduced to study the hydrodynamic expansion of a homogeneous
fluid medium in spherical geometry. Post disassembly hydrodynamic expansion of Fast Flux
Test Facility (FFTF) benchmarks were performed to validate FEXPAN. With these changes to
PREDIS, the code simulates accidents more realistically by modelling important phenomena
instead of utilizing conservative assumptions.

4.2.4 DEVELOPMENT OF A FUEL DEFORMATION MODULE IN THE TRAN-
SCORE CODE TO EVALUATE POWER AND FLOW TRANSIENT IN SFRS

In the paper by Amandeep Singh (Atomic Energy Regulatory Board (AERB), India), a
computer code TRAN-SCORE, was developed specifically to evaluate the pre-disassembly
phase of sodium cooled fast breeder reactors that uses mixed oxide (MOX) fuel. The code
includes the modelling of neutronic, thermal hydrodynamic, and simplified fuel deformation
behaviour. The capability of the code was demonstrated by simulating a few test problems and
comparing against results from SASIA. A newly developed fuel deformation module was
added to TRAN-SCORE to estimate fuel pin stresses and deformations occurring during
transients, and it considers both elastic and plastic deformation of the cladding. Mechanical
deformations of the fuel and cladding were estimated in the elastic as well as in plastic regime.
The fuel-clad gap width was calculated as a function of time. Thermoelastic deformation of the
fuel and the elastic-plastic deformation of the cladding was estimated using the fuel and
cladding temperature profiles obtained from the heat transfer module. Fuel and clad stresses
and deformations were calculated by assuming a stress free configuration at normal operating
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conditions. With the inclusion of the deformation model, transient analysis was carried out for
a reactivity transient, and the results were compared to benchmark results from SAS1A [39].
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5 EXPANSION PHASE AND LONG TERM BEHAVIOUR FOR SODIUM
COOLED FAST REACTORS

5.1 OVERVIEW

This session included four papers reporting recent research on the characterization of the
physical phenomena involved during the expansion phase of the accident and the long term
behaviour of the corium.

The expansion phase involves a large variety of phenomena: in-core re-criticality, CDA bubble
expansion and conversion of thermal energy to mechanical energy, damage to reactor
structures, sodium leaks, relocation of core materials through CRGT or specific mitigation
devices such as FAIDUS [40] or Transfer-Tube, and FCI.

The long term behaviour of the corium also involves many different phenomena which have
been addressed in this technical meeting: the cooling of the fuel remaining in the core, corium
jet impingement, debris sedimentation (addressed in earlier fundamental studies [41, 42]), the
behaviour of debris beds and the liquid pool on the core catcher, and long term cooling by the
decay heat removal system (addressed in past studies [43]).

5.2 CONTRIBUTIONS PROVIDED AT THE TECHNICAL MEETING

5.2.1 ANALYSIS OF THE REMAINING CORE MATERIAL COOLABILITY IN
AN SFR CORE

Joji Sogabe (JAEA, Japan) illustrated the evolution of a ULOF scenario, focusing on the core
conditions after material relocation.

The experimental case considered was the EAGLE ID3 [44] test at IGR, with similar masses of
fuel and steel in the molten mixture after a power pulse. Analyses of thermal conductivity of
the fuel—steel mixture were performed. The estimated effective thermal conductivity was about
five times higher than that of molten steel; one of proposed explanations is that this could be
due to steel convection effects.

5.2.2 JAEA ANALYSIS METHODOLOGIES FOR THE EVALUATION OF AN
ATWS ACCIDENT AT AN SFR - MECHANICAL CONSEQUENCES
DURING THE EXPANSION PHASE OF THE ACCIDENT

The paper presented by Yuichi Onoda (JAEA, Japan) focused on simulations for the expansion
phase. Three codes are used at JAEA: SIMMER, AUTODYN and PLUG. The JAEA modelling
approach to evaluating the mechanical energy release and radioactivity release to the
out-of-vessel space was presented. Examples were given for the Prototype Fast Breeder Reactor
(PFBR) and the prototype sodium cooled fast reactor (Monju) designs.

5.2.3 FRENCH RESEARCH PROGRAMMES RELATED TO SEVERE
ACCIDENT PHENOMENOLOGY IN THE LOWER PLENUM OF AN SFR

A review of experimental and code development activities was presented by Rémi Clavier
(CEA, France). Topics include the SCONE code development and application for FCI
simulations, SERUA experiments on FCI, debris-bed behaviour studies and simulations of
liquid corium pools on the core catcher.
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Regarding this last point, depending on the heat transfer between sodium and core debris during
their transfer from the core area, their accumulation on the core catcher may involve a
combination of solidified particles (making a debris bed) and molten materials:

e The solid debris bed behaviour involves in particular: sedimentation of particles, self-
levelling, neutron reactivity, the ability to cool the core melt and possible re-melting. A
new OpenFoam solver is under development to simulate the self-levelling of the debris
bed [45]. A comparison with previous work on self-levelling [43, 46] with SIMMER
and other codes could be done in the future. The neutron reactivity of the debris bed
may be evaluated using the TRIPOLI-4 [47] code on static configurations.

e Fuel re-melting and strong liquid jet impacts may lead to the formation of liquid molten
pools on the core catcher. Experimental databases include past experiments (BALI [48])
and have been recently extended with the LIVE-ESFR programme [49] with
representative geometry in the framework of the European ESFR-SMART research
project. A new simulation tool based on the TRUST numerical platform has been
developed to represent such molten pools and will be validated against LIVE-ESFR
experiments and used to provide new a closure law for simplified tools like PROCOR.

A new numerical platform called TRUST [50] is now used instead of DUNE [51] as a basic
numerical service provider for SCONE. Experiments have been performed with simulant
materials (water/ice) and prototype materials (steel), and progress was reported concerning their
numerical simulation. Codes show promising results but still require further developments.

5.24 DEVELOPMENT OF AN EVALUATION METHOD FOR IN-PLACE
COOLING OF A DEGRADED CORE IN SEVERE ACCIDENTS OF
SODIUM COOLED FAST REACTORS

Yuya Imaizumi (JAEA, Japan) presented a paper illustrating a partial fuel discharge. Some
materials remain in place and their cooling has to be considered, in particular by sodium in
CRGTs. The phenomenology was discussed; it provides a basis for establishing a PIRT.

An out-of-pile experimental test was reported, performed as part of cooperation between
experts from Japan and Kazakhstan. A particular issue is related to simulation of inert gas and
sodium vapour above the fuel. Code extensions in SIMMER, which is currently used with single
velocity field for gas, are being considered for addressing this issue.
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6 ACCIDENT ANALYSIS AND EXPERIMENTAL PROGRAMMES FOR LEAD
COOLED FAST REACTORS

6.1 OVERVIEW

Lead cooled fast reactor technology has gained important interest in the last decade from
different developers ranging from newly created companies such as NEWCLEO (LFR-AS-200)
up to well established nuclear companies such as Westinghouse (Westinghouse LFR) and
ANSALDO (ALFRED) and research institutes such as ENEA (ALFRED) and SCK-CEN
(MYRRHA), to name only those that contributed to the Technical Meeting. The developer that
is most advanced in LFR technology is Rosatom, which started the construction of the
BREST-OD-300 reactor and related reprocessing plant in 2021.

However, LFR technology is still in an early development phase compared to SFR technology
that benefits from a long operating experience (500 reactor-years achieved in 2023) and a
history of safety analysis of severe accidents. This is reflected in the relatively low number of
LFR contributions to this TECDOC (6 papers) compared to SFR (16 papers). Moreover, some
of the contributions do not deal with severe accidents in LFR technology.

Although most technology developers claim to consider mitigation of severe accidents in the
safety approach for their LFR design, there is insufficient information on which severe accident
sequences are being considered. Nor is there information on a basis for selecting severe
accidents sequences that have to be mitigated. Furthermore, the concept of ‘practical
elimination’ is insufficiently elaborated. The Generation IV International Forum suggested
limiting the severe accident conditions to be considered for LFRs to partial core damage
conditions [52].

Developers of LFR technology claim that it features intrinsic properties favourable for severe
accident prevention and mitigation. However, quantitative safety analyses that support these
claims are needed. This requires the development of new tools or the extension of the currently
available SFR codes to the peculiarities of the lead coolant and the LFR systems. While
development progresses, the need for validation campaigns and facilities may constitute a
challenge, in particular for severe accidents.

In the following subsections, the six contributing papers for LFR technology are discussed with
respect to their relevance for severe accident modelling and analysis.

6.2 CONTRIBUTIONS PROVIDED AT THE TECHNICAL MEETING

6.2.1 DEVELOPMENT OF EXPERIMENTAL INFRASTRUCTURE FOR SEVERE
ACCIDENTS INVESTIGATIONS IN SUPPORT OF THE ALFRED
LICENSING PROCESS IN ROMANIA

Marin Constantin (RATEN ICN, Romania) illustrated activities related to LFR technology,
which is considered a key option in Romania, and the demonstrator of this technology, the
Advanced Lead Fast Reactor European Demonstrator (ALFRED), which is programmed to be
built in the country. ALFRED is a lead cooled, pool type configuration reactor with steam
generators directly installed inside the reactor vessel.
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Several phenomena were identified in the pre-licensing process regarding potential severe
accidents in ALFRED, which need experimental study, as follows:

Fuel fragmentation due to interaction with the lead coolant and fuel dispersion and
relocation in a severe accident scenario;

Retention, deposition and transport of fission products in lead and/or migration to the
cover gas;

Chemistry of fission products in the lead pool and cover gas;
Polonium formation in the large pure lead pool and its transport to cover gas;

The interaction between steam and lead.

An important experimental effort is planned for supporting the safety analysis of ALFRED, and
a suitable infrastructure to support the R&D efforts, also addressing the challenges of the lead
fast reactor technology is needed. The nuclear platform Mioveni is the designated site for the
ALFRED reactor, as well as for the research facilities.

The experimental infrastructure will consist of the following facilities:

ATHENA, test pool for the main components in different thermohydraulic regimes;
ChemlLab, coupled with ATHENA to investigate lead and cover gas chemistry;
HELENAZ2, loop facility to test equipment in relevant conditions for ALFRED;

ELF, large pool facility to test endurance and reliability under forced and natural
circulation regimes;

HandsOn, pool facility to demonstrate fuel assemblies handling;

Meltin’Pot, a set of facilities to investigate the phenomena associated with severe
accidents.

Meltin’Pot, which is expected to be operational by 2026, is designed to accommodate four
experimental modules aimed at conducting the following experimental programmes:
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Module 1: FCI, which will be used to investigate the chemical interaction between fuel
and lead and the fuel/cladding microstructure status after interaction with the molten
lead.

Module 2: Fuel fragmentation and relocation, to investigate the fragments distribution
in lead of fresh and irradiated MOX fuel for possible re-criticality and the influence of
heat removal under core damaged conditions.

Module 3: Fission product transport and retention, to study the retention of fission
products and activation products in lead, migration of volatile products in the cover gas,
and the solubility and chemistry of the different species formed in lead.



e Module 4: Polonium retention and dispersion, to assess the retention and the chemistry
of polonium in lead and its volatilization in the cover gas.

Meltin’Pot will offer significant possibilities to improve the existing knowledge on some
phenomena associated with severe accident conditions in a pure lead environment.

6.2.2 MODELLING OF THE LEAD COOLED FAST REACTOR ACCIDENTS
WITH THE EUCLID/V2 MULTIPHYSICS CODE

The paper by Dmitry Veprev (Nuclear Safety Institute, Russian Academy of Sciences, Russian
Federation) discussed the analysis of a loss of heat sink accident for the BREST-OD-300
reactor. Although the accident scenario represents design extension condition, it does not lead
to fuel pin failure or degraded core conditions.

The code used for modelling the transient is a new version of the EUCLID code. EUCLID is a
platform code, integrating different subcodes that model different phenomena involved in the
safety analysis of LFR and SFR in Russia. Version 1 of the code (EUCLID/V1) was reported
in Ref. [53]. This paper refers to a new version of the code, EUCLID/V2 [54, 55], which has
been supplemented with many models that simulate phenomena during degraded core
conditions, such as a model for ‘secondary criticality’, for ‘corium in-vessel retention’, and for
‘in/ex-vessel phenomena’.

6.2.3 MODELLING OF SEVERE ACCIDENTS FOR SFRS AND LFRS

The paper by Stanislava Senatorova (Scientific and Engineering Centre for Nuclear and
Radiation Safety, Russian Federation) discussed the impact of possible degraded core
conditions in the BN-800 SFR and the BREST-OD-300 LFR.

The SFR related scenarios are modelled with the aid of SOCRAT-BN, a multiphysics code that
also manages degraded core conditions with fuel displacement. These results are not relevant
for LFR technology.

The LFR (BREST-OD-300) related scenarios concern the assessment of the reactivity impact
of selected hypothetical design extension conditions.

The first condition is a hypothetical loss of coolant scenario for which the reactivity impact is
calculated with SERPENT [56]. No fuel displacement is considered in the scenario. The
analysis concluded that coolant removal has a negative impact on reactivity and will (by itself,
without fuel displacement) not lead to criticality.

The second condition concerns the hypothetical removal of the clad material from the active
core region, a possible phenomenon during core degradation in case of unprotected transients.
No fuel displacement is considered. The analysis, performed with the SERPENT code,
concluded that the disappearance of the clad injects a large amount of reactivity, much higher
than the delayed neutron fraction. Although not fully mechanistic analyses of core degradation
scenarios, these simplified analyses of possible phenomena during design extension conditions
are very valuable to explore which phenomena could be relevant for degraded core conditions.
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6.2.4 DEVELOPMENT OF DRIFT-FLUX CORRELATIONS FOR VERTICAL
FORWARD BUBBLE COLUMN-TYPE GAS-LIQUID LEAD-BISMUTH
TWO-PHASE FLOW

The presentation by Di Wang (China Nuclear Power Technology Research Institute Co., Ltd.,
China) introduced new correlations for the drift flux parameters (distribution parameter, gas
drift velocity, etc.) for two-phase, vertical forward bubble column flow, relevant in case of
steam generator tube rupture (SGTR) accidents in LFR.

A comprehensive literature review of existing correlations for similar fluid configurations was
reported. Many steam/nitrogen/air—water two-phase flow tests have been performed in the past,
but there have been much fewer tests for gas—liquid metal systems. For this reason,
lead-bismuth eutectic (LBE), gallium and water systems are reported and compared with the
developed correlations. The deviation of the suggested correlations from the experimental data
for both gas—LLBE and gas—gallium systems is low, especially for the LBE system, where it
gives the best results.

6.2.5 OVERVIEW OF ENEA EXPERIMENTAL CAMPAIGN CONCERNING LFR
PROJECTS

In this presentation, ENEA’s activities related to the LFR technology were reported by
Alessandro Bellomo (ENEA, Italy). ENEA is a partner in the FALCON Consortium, supporting
the efforts for the development of the ALFRED reactor.

Several experimental facilities are available to support the validation of codes simulating lead
systems. The LBE loop facility CIRCE [57] provided experimental data for the validation of
the SIMMER-IV code for simulating SGTR. The LIFUS5/mod2 [58] facility, designed to
perform heavy metal-water interaction experiments provided data for SIMMER-III,
SIMMER-IV and RELAPS5 codes. The NACIE-UP [59] facility is available for simulation of
the transition from forced to natural circulation with heavy metal systems.

The preliminary results of the LEad-to-Water INteraction (LEWIN) facility were also reported,
with steam bubble computation performed with the SIMMER-III code.

ENEA plans to constitute a working group specifically dedicated to the assessment of severe
accidents in LFRs.

6.2.6 HEAT TRANSFER CHARACTERISTICS OF LMFRS

The paper by Abdelfattah Ali (Egyptian Atomic Energy Authority, Egypt) discussed the results
of computational fluid dynamics (CFD) calculations for a five-pin fuel bundle cooled by liquid
lead, in a geometry typical for the normal operation conditions of an LFR.

The CFD is a Reynolds Averaged Navier-Stokes (RANS) type calculation with standard
turbulence models. The bundle is wire-spaced, and heat transfer efficiency is calculated for
different wire pitch lengths.

The paper concludes that the wire is beneficial for heat transport in the coolant by increasing
transverse momentum and turbulence transport. The smaller the wire pitch the better and faster
the heat transport in the coolant.
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7 CONCLUSIONS AND PERSPECTIVES FROM THE TECHNICAL MEETING
7.1 SODIUM COOLED FAST REACTORS
7.1.1  CONCLUSIONS

Severe accident analysis methodologies for SFRs have been developed in Member States. One
of the objectives of the methodologies is to evaluate the effectiveness of design measures put
in place to cope with the potential severe accident conditions considered. To achieve this, it is
essential to simulate all potential phenomena that may occur during the severe accidents under
consideration, along with their corresponding interrelations. These phenomena are largely
influenced by the specific characteristics inherent in SFR designs.

One important aspect of severe accident analysis for SFRs is to evaluate the mechanical energy
releases that might damage the containment structures, including the features implemented to
maintain subcriticality and to cool the core debris. The mechanical energy releases may result
from FCI and power excursion. The power excursion occurs due to significant reactivity
insertions, which may be triggered initially by the sodium voiding effect at the start of the
accident and later by the concentration of fuel material during the more advanced phases when
the core is molten. Minimizing and mitigating such effects are crucial aspects of safety design
for SFRs. For that purpose, a series of accident sequences, from intact core state to fully
degraded core and termination of the accident, have to be analysed, evaluating the resulting
mechanical and thermal consequences, and the effectiveness of design measures to cope with
them. Other phenomena likely to damage the containment measures such as sodium fire and
sodium—concrete interaction need to be evaluated (i.e. as well as fission products release and
transport) for source term quantification.

Contributions at the technical meeting showed the progress in the development and
improvement of simulation tools for severe accidents analysis to model additional phenomena
(some of them may be due to new reactor designs) and to account for mitigation systems in
SFR designs to achieve higher levels of confidence in safety assessments. Ongoing
experimental programmes support verification and validation of the physical and mathematical
models.

There are several ongoing efforts towards the development/improvement of models and tools,
simulating a wide set of physical phenomena and their respective related fields (e.g.
thermohydraulic, neutronic, mechanic, chemistry) for the accident conditions addressed during
the SFR design process:

e Simulation tools for modelling the initiation/primary and transition/secondary phases
have been developed and/or expanded to include modelling of additional phenomena to
reduce the number of conservative assumptions often made in severe accident analysis.
In simulations where additional phenomena are modelled, more favourable accident
results can be obtained for both metal fuel and MOX fuel. The calculation results of
these improved simulation tools can be used to help facility, system, and component
design efforts.

e Tools for the simulation of the expansion phase and long term behaviour have reached
a high level of complexity and address the most important phenomena of interest. They
are being extended on the basis of past and recent experiments to better describe
particular phenomena such as fluid-structure interaction, FCI, fuel behaviour in a
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degraded core and on the core catcher. Fluid—structure interaction studies are based on
a combined use of core degradation codes to describe the bubble formation and
specialized codes to address the mechanical aspects. FCI is generally addressed by
existing simulation codes but new FCI-focused tools with enhanced simulation are
under development.

e The complexity of the phenomena to be simulated can lead to long calculation times,
which is motivating the development of fast running codes such as SRT in USA and
design-oriented simulation tools in France. These fast running tools allow performing
large number of simulations in a reasonable computational time and sensitivity analyses
using parameters of interest. Nevertheless, a validation of these tools against
experiments (and/or a comparison with mechanistic tools) is necessary to increase
confidence in the numerical results obtained with these simplified methods and codes.

e In addition, efforts are also being devoted towards high performance communication
among these simulation tools, to manage large amounts of exchanged data. The
communication and the interface between calculation tools relies on specific procedures
and methodologies to provide accurate safety assessments for SFR applications.

A large spectrum of potential severe accidents needs to be covered through a large experimental
database. As a result of international efforts in the past decades, a rich experimental matrix has
been created. However, additional experimental tests are needed to progress in the validation
of physical correlations and of calculation tools for specific SFR designs. The definition of
some of these experimental programmes — in-pile and out-of-pile with prototypical and
simulant materials in the frame of separate effect tests or semi-integral configurations — is in
progress, for example, the EAGLE and SAIGA in-pile programmes in the IGR reactor in
Kazakhstan, and out-of-pile programmes in the SAFeTY facility in France and in the MELT
facility in Japan.

7.1.2 PERSPECTIVES FOR FUTURE ACTIVITIES

The perspectives for future activities are mainly focused on the knowledge and simulation of
phenomena likely to damage the reactor structure. Through a great amount of R&D work,
severe accidents analysis methodologies have gained a good maturity level to assess various
severe accident sequences and the effectiveness of severe accident mitigation measures.
Analysis tools for the primary phase (initiating phase), such as SAS4A/SASSY S-1, have been
developed and applied to the reactor designs in many countries. In-pile experiments in CABRI
(for oxide fuel) and TREAT (for metallic and oxide fuels) have been performed to provide a
database for understanding the phenomenology of fuel pin behaviour under severe accident
conditions. Such databases can be used for analysis code validation. For the
transition/secondary phase, the SIMMER code family for oxide fuel has been developed with
support of international collaboration. The focus of R&D is now mainly moving into the later
phases of accidents.

In accordance with the pace of progress of analysis tool developments for individual accident
phases or phenomena, integral code system development is underway for the systematic
analysis of various accident sequences. The computational platform developed by CEA to
provide an interface between various codes is one example and indicates a future trend of
development.

In terms of phenomenological knowledge, analytical models, and experimental data, the R&D
needs identified in the Member States are listed below. The importance or priority of the listed
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items is largely dependent on the characteristics of the SFR design under consideration (e.g.
oxide or metal fuel).

e Primary and transition/secondary phase:

(@]

e FCI:

Molten fuel discharge through the steel duct. Experimental activities, EAGLE
and SAIGA, will provide first results for developing the corresponding models
in SIMMER and PROCOR.

Jet impingement. Additional experiments on water/ice system and prototypic
material will improve the knowledge of phenomena. Then, adapted CFD codes
could be extended and validated.

New in-pile tests for addressing the degradation of MOX fuel in the pin and/or
within the fuel assemblies (with sodium circulation outside) to validate
simulation models (e.g. in the TREAT facility or in the IGR reactor).

Continued development of PREDIS and TRAN-SCORE to model more
phenomena and reduce conservatisms.

Assembly-to-assembly physical interaction and potential radial geometry
changes.

Fuel relocation, including in-pin axial fuel relocation and pin disruption.
For metal fuel:

* Dynamic changes in the metal-fuel-iron mixture (eutectic reaction)
during transients;

= Behaviour of novel metal fuel types such as annular fuel and metal fuel
without a sodium bond;

* Additional experimental validation regarding fuel behaviour during fuel
blockage or severe loss of flow events (e.g. in the TREAT facility),
including assembly-to-assembly heat transfer and post-assembly failure
phenomena (e.g. material contact and physical interactions);

* Development of SAS4A/SASSYS-1 models.

An experimental programme is planned to perform experiments supporting the
validation of FCI with large masses of corium in the new SAFeTY facility for
SCONE development.

Separate-effect experimental programme to improve the validation of SCONE
(for metallic and MOX fuel) is planned in the SERUA facility.

¢ Expansion phase:

©)

Expansion phase and fluid—structure interaction (a coupling between SIMMER-
V and EUROPLEXUS is planned).
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Long term material relocation and cooling:

o Debris bed behaviour: EAGLE-3 in-pile test and experiments in MELT facility,
in addition to CFD application for heat removal from the debris bed.

o Molten material behaviour and crust formation in the core catcher: LIVE-ESFR
experiments and specific developments on the TRUST platform to address the
question of the protection of the core catcher.

o Coupling of thermohydraulic and neutronic models of the debris bed.

FP release, transport, and retention under severe accident sequences (both for MOX and
metal fuel) to assess the importance and ability to transport fission products outside the
reactor system® [60]: the evaluation of these items needs to be improved both for
in-vessel and out-of-vessel conditions over all severe accident sequences. A PIRT
process may be the starting point for this improvement as function of the reactor design
(PIRT efforts have already been performed such as the one developed in the framework
of the European R&D project); then, more predictive tools may be developed and
qualified with experience of the calculation domain under consideration.

In addition, the following areas of improvement were also identified:

Enhance and facilitate the coupling and chaining of simulation tools (in terms of
integration of new capability, acceleration of calculation time, flexibility, etc.) and
develop global numerical platforms to gather different types of calculation tool (both
mechanistic and parametric) addressing different accidental phases. As an example, the
global numerical platform SEASON aims to simulate the primary phase and the
generalized degradation phase which will be interfaced with the SIMMER-V code and
other codes.

Addressing various types of sequence initiating the severe accident (including ULOF,
UTOP, etc.) in a comprehensive manner for the safety demonstration.

A methodology needs to be established to present the appropriate outputs
(interpretation, summary) from complex analyses of severe accident sequences in the
safety documentation.

Participants in the technical meeting encouraged IAEA to support effective multilateral
cooperation to address some of the abovementioned challenges, including through providing a
platform for discussions at technical meetings, which may cover tasks such as:

Additional benchmarking activities for MOX fuel (such as those already performed in
past or ongoing CRPs, such as EBR-II, FFTF and PFBR);

Benchmarking activities aiming at assessing the behaviour of MOX and metal fuel in
unprotected accidents;

6 For example, see Ref. [60] for a recent assessment of knowledge gaps regarding the release and transport of
fission products for metal fuel.
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e Developing a validation matrix of experimental data needed for the validation of models
and tools.

7.2 LEAD COOLED FAST REACTORS
7.2.1 CONCLUSIONS

The information provided on modelling of severe accidents in LFRs in the six papers
contributing to this TECDOC and during the technical meeting in March 2023 is limited. The
same observation holds for publicly available literature on the subject, despite an apparent
consensus among LFR developers that the technology may provide beneficial characteristics in
preventing severe accidents and even in mitigating degraded core conditions. A clear
assessment with validated tools is not yet available or at least not provided in open literature.

More information was provided at the technical meeting on the research facilities that are being
set up to investigate physical and chemical phenomena that play an important role in the normal
operation and in accident conditions in LFR. Nevertheless, a clear link between the researched
phenomena and the severe accident scenarios they relate to is mostly absent.

Although the development of tools for severe accident modelling is ongoing — often based on
the adaptation of SFR codes such as SIMMER and SAS4A/SASSYS-1 — publicly available
examples of the application of the tools adapted to LFR designs are at an early stage, and little
information is available on validation efforts for these adapted codes.

There seems to be lack of consensus on which accidental sequences leading to a degraded core
are required to be mitigated. The possibility of the ‘practical elimination’ of some sequences is
often put forward, but the related design measures, and even examples of the demonstration,
were not presented at the meeting.

7.2.2 PERSPECTIVES AND FUTURE ACTIVITIES

The concepts of severe accident sequences needing to be mitigated by design, and severe
accident needing to be ‘practically eliminated’ are very important for developing the safety
approach associated with the development of new reactor technologies. With regard to LFR
technology, guidance is necessary to contribute to the definition of a safety approach that allows
the identification of sequences that might lead to degraded core conditions, and which need to
be mitigated by the design (this topic is discussed with more detail in Ref. [4]).

For SFR and water cooled reactor technologies, models and codes for the assessment of severe
accidents that require mitigation have been developed and continually improved through a
collaborative effort of the whole community, including regulatory bodies. The development of
large multiphysics mechanistic codes, many of which already exist for SFR technology (e.g.
SIMMER and SAS4A/SASSYS-1), may start with simplified models studying the importance
of the separate phenomena involved in the degradation of an LFR core. A good example of this
simplified approach for LFRs is the paper discussed under subsection 6.2.3 that presents the
reactivity impact of a hypothetical full relocation of clad from the active core region in an LFR.
Such simplified analysis helps to identify the most relevant phenomena to be considered in
more comprehensive modelling.

As it is the case for SFRs, the tools for assessing fission product release, transport and retention
during severe accident sequences need to be developed and qualified with experiences in the
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calculation domain under consideration. For that, a PIRT process may be a starting point as a
function of the LFR design.

For LFR technology, the intensive cooperation on model and code development is still in its
early stages. The significant financial cost and the expertise that is needed to develop and
validate models and codes for the analysis of severe accidents cannot be provided by single
developers. Instead, it is suggested that this endeavour be undertaken as a joint effort by the
entire community. Increased cooperation within the community, whose development and
coordination may be supported by the IAEA, would be beneficial to address the considerable
challenges associated with the development of LFR technology.
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TOWARDS AN INTEGRATED FRENCH SOFTWARE PLATFORM FOR
SEVERE ACCIDENT SIMULATION IN SFRs

P. GUBERNATIS, R. CLAVIER
CEA, DES, IRESNE, DTN
Saint-Paul-lez-Durance, France

Abstract

During the last decades, development efforts for the simulation of severe accidents in sodium fast reactors (SFRs) have
resulted in two classes of calculation tools. On the one side, mechanistic tools implementing the most detailed and precise
physical models perform “best estimate” but very time consuming calculations, while on the other side physico-statistical tools
relying on parametric models perform fast running evaluations approaching the “best estimate” results. Owing to its positive
results, this methodology motivates a more global approach leading to the development of an integrated platform for severe
accident simulation in SFRs. The paper first justifies the interest of such a platform around the PROCOR tool, which comes
from the need of consistent simulations of SFR degradation scenarios. Even the most adapted existing tools are unable to treat
some specific phases of the scenario, and there is a great variability of events and associated phenomenology, which may occur
or not during the simulation, in an unpredictable manner. This characteristic is very specific to severe accidents and implies
that the platform needs to support dynamic modifications (during the scenario) of the physical and numerical models and
couplings. Then, the paper details the objectives and constraints that need to be met for this platform, which go far beyond
those conventionally considered in the context of normal operation or a 'weakly' accidental state of the system. The severe
accident platform needs to simulate an installation in its nominal state, possibly with a moderate level of accuracy but
nevertheless with global consistency, and also the accidental sequence, up to the most advanced phases of the degradation.
Due to the magnitude of this task, the efforts have to be spread out over a long period, which notably implies adaptability to
evolutions of computing capabilities, code architectures and human resources. Finally, the paper presents current and recent
developments performed at CEA to initiate the future platform management module as a part of the PROCOR platform.

1. INTRODUCTION

The French safety requirements for the fourth generation sodium fast reactors (SFR) comply
with the WENRA "Safety Objectives for New Nuclear Power Plants" [1] that recalled, among
the important safety objectives, to increase the robustness of the demonstration by means of a
combined deterministic and probabilistic approach that integrates the prevention and mitigation
systems [2]. Combining both deterministic and probabilistic approaches requires enhanced
consistency between the calculation tools involved. Furthermore, accounting for the innovative
mitigation devices in accident scenario simulations requires considerable improvements of the
performance and precision of the severe accident simulation tools, in particular multiphysics
and multiscale descriptions (in both time and space), and inter-operability of the calculation
tools.

For several years, and particularly since the beginning of the ASTRID project, the CEA has
invested many efforts in this objective. This paper starts by giving a non-exhaustive
presentation of the calculation tools devoted to the severe accident studies on SFRs, and then
focuses on the analysis of needs in order to design an efficient coupling platform in the near
future. In a second step, the identified needs are declined into preliminary requirements for the
future platform. Finally, examples of recent technical realizations are given to illustrate the
progress of CEA in this subject.

The emphasis is put on how to assemble the computational components and how to organize
their interoperability by using the computer tools being developed in parallel. Conversely, the
physical specifications of the components are not described.
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2. OVERVIEW OF THE EXISTING CEA SIMULATION TOOLS FOR SEVERE
ACCIDENTS IN SFR

The simulation tools for severe accidents in an SFR contribute to three important objectives:

e The assessment of the range of consequences of an accident initiator;
e The improvement of the design of the mitigation devices;
e The evaluation of the safety margins as input to the safety demonstration.

There are many types of code that can contribute to these goals and many ways to categorize
them. This paper concentrates on two classes of codes, both dedicated to the assessment of the
behaviour of the system of interest during a severe accident sequence: the mechanistic tools
contribute to the best estimation of a limited set of scenarios, with the most precise and detailed
description of the system and its physics; and the physico-statistical tools produce a wide range
of low-cost and highly parameterizable simulations, both classes relying on their own V&V
policy, which are possibly common. Both classes are necessary and complementary as the
French safety policy relies both on a deterministic and a probabilistic demonstration. A brief
overview of the existing tools at CEA for these two classes is presented below.

2.1 Mechanistic tools

The SIMMER family tools started in the late 1980s with the development of SIMMERC-III at
JAEA [3]. SIMMER-III is a two-dimensional multivelocity field, multiphase, multicomponent,
Eulerian fluid dynamics code, coupled with a dedicated structure model to represent the fuel
pins and the vertical plates of a typical SFR. It describes most of the heat and mass transfers
that occur during the disruption of the core (vaporization/condensation and melting/freezing of
the structures). Moreover, the code is equipped with an internal Sy neutron kinetics model.
Since then, a 3D (SIMMER-IV) version has been developed by JAEA in 2010, and more
recently, the ASTRID programme in France has led to a France—Japan collaboration in order
to develop a thoroughly improved version SIMMER-V (dynamic allocation, hybrid
parallelism, object-oriented programming, boundary coupling, etc.). As an example, Fig. 1 and
Fig. 2 show typical results: a vertical cut of the nominal temperature in ASTRID; and a
disrupted state during a ULOF sequence.
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FIG. 1. Vertical cut of the sodium temperature. FIG. 2. Radial cut of a typical disrupted state.

Still within the same project framework, CEA has started the development of a SEvere
Accident SimulatiON platform (SEASON). This platform aims at managing the process of
definition of a core, setting its initial irradiated state and offering various modes of
computation. The platform allows to compute the nominal state of a core and its disruption,
either in a global 3D approach or with a multichannel concept which is an extension of the one
used by SAS4A [4]. It offers a graphical user interface for modelling the initial core and setting
up the SIMMER-V computation, and it ensures a tight coupling with an external neutronics
parallel computation. In addition, it makes it possible to compute the early phase of the
degradation (sodium boiling, up to the first clad melting) with the channel-wise modelling, and
next, to switch to a complete 3D description of the core-wide disruption.

SEASON confers various possibilities of interoperability to SIMMER-V which are summarized
in Table 1.

44



TABLE 1. SEASON POSSIBILITIES OF INTEROPERABILITY TO SIMMER-V

INTEROPERABILITY CODE TECHNICS
Upstream chaining of SIMMER-V ~ GERMINAL SQL queries to a DB containing a
with a fuel performance code V2 [5] set of various irradiated states for

the core pins
In time coupling of SIMMER-V with PARIS e Initial macroscopic cross-
an external 3D neutronics spatial (ERANOS) sections, feedback coefficients
code for the counter-reactions

e MPI exchange is used to set
PCQM or IQM kinetics schemes
Tight thermohydraulic boundary SIMMER-V Exact SIMMER-V-SIMMER-V
coupling of SIMMER-V with itself coupling based on an extension of
the domain decomposition
Loose thermohydraulic boundary CATHARE [6] Use of C3PO, ICoCo [7],
coupling (coupling with the complete MedCoupling (currently under
circuit) development)

Currently, SEASON is limited to these interactions but, as will be seen later, it is important to
enlarge its interoperability in order to account for many other phases of the scenarios: the
transfer of the corium to the core catcher; the long term cooling of the debris; the
sodium-corium interactions with their mechanical consequences; the evaluation of the fission
products transported in the circuit; etc.. Consequently, the list of the mechanistic tools that are
likely to be used by the SEASON platform is far from being complete. As an example, the CEA
codes TRUST for the multiphase CFD modelling, and EUROPLEXUS [8] for the high rate
dynamic mechanics, should be integrated in the global simulation process.

2.2 Physico-statistical tools

Physico-statistical tools are generally devoted to a specific part of the scenario sequence or a
particular initiator event, and they simulate the main associated physical phenomena to perform
fast running simulations of the treated sub-problem. These evaluations provide many types of
interesting information for the design process and longer term R&D: rapid feedback on the
proposed design choices, exploratory assessment of new accidental scenarios, and sensitivity
analyses when they are coupled to uncertainty propagation tools. In the framework of the
ASTRID project, a set of seven design-oriented simulation tools have been developed to
describe the phenomenology associated with core degradation following three main initiator
events (USAF, ULOF, UTOP), and later phases of the degradation (corium relocation in the
lower plenum, FCI, debris bed cooling and fuel explosion). Figure 3 gives an overview of these
tools and their perimeter. Ad hoc chaining of these tools has been proposed to describe specific
sequences from the nominal state to the post-accidental cooling, e.g. the ULOF sequence.

45



Accident Scenario

Primary phase
USAF: BETINa ULOF: MACARENa UTOP : OCARINa

Secondary phase ICONa
Degraded State Fuel Sodium Interaction (FCI)
\
Mitigation et Relocalisation: MARINa (s
/.
MOREINa

Fuel, steel vapor expansion & FCI

Debris bed : LIDENa

Debris bed _

=
Peaet
S

Core catcher

FIG. 3. lllustration of designed-oriented tools devoted to SFR.

In parallel, the PROCOR platform has been developed to perform fast running simulations of
the behaviour of the corium, originally in a PWR pressure vessel [9]. The implementation of
an increasing number of diverse coupled physical models has led to new questions about the
best way to describe a physical model from the computer code point of view, to exchange
information between those models and to manage their coupling, which has resulted in the
construction of a new coupling architecture for physical models with a high level of
genericity [10]. Consequently, the PROCOR platform has been re-structured particularly in
order to separate the model coupling functionalities from the physical model themselves. At
the same time, the integration of the physical models implemented into the previously described
fast running calculation tools have started, and the models have been categorized as
‘specialized’ (PWR or SFR) or ‘generic’ (common to both types of reactor).

2.3 Need for an integrated platform

The separate approach described in Sections 2.1 and 2.2 has produced many positive results
concerning the safety evaluation of the new SFR designs, and it needs to be completed. Some
advanced phases of the accidental sequence are not covered by the existing tools, for example
the mechanistic description of the fuel-coolant interaction in the lower plenum, whose
developments on the SCONE simulation tool are under progress, or the physico-statistical
models to describe a corium pool on the core catcher, which is the subject of preliminary
evaluations [11]. Beyond these gaps that need to be filled, the separate approach presents some
inherent weaknesses that need to be addressed:
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o The diversity of the tools implies a difficult avoidable redundancy, implying risks of
inconsistency in the descriptive data, the material properties and even the physical
models.

o Regardless of the software methodology for assembling the computations, the validation
of the tools will remain a delicate point, in particular when every tool undergoes a
separate validation process.

o The results obtained by a serial chaining of codes, for a given scenario study, strongly
depend on how the final state of a computation is transferred to the initial state of the
next. Furthermore, the chaining needs to be adapted to each type of scenario sequence,
while a scenario tool is expected to determine by itself the path to follow in the event
tree based on particular events.

e Severe accidents involve strong phenomenological couplings that might require more
than an instantaneous chaining while making a serial computation. For example, the
expansion phase of the fuel explosion may be influenced by what happens in the core
area, implying a strong coupling between the core module and the bubble expansion
code, which may require regular exchange of information or even an implicit coupling
scheme. On a more general level (scenario), the transfer of corium through the transfer
tubes may occur in several phases, implying more than a single chaining between the
core degradation code and the corium transfer code.

o Full scale mechanistic simulations, when they are technically possible, imply very
important calculation costs because the whole reactor has to be described with an
equivalent level of detail, while some less important parts could be described more
roughly without undermining the quality of the simulation.

These considerations militate for the construction of a common platform able to manage both
axes of calculation (mechanistic/physico-statistical), reduce their weaknesses while making the
best possible use of the knowledge acquired so far.

3. REQUIREMENTS FOR THE FUTURE SOFTWARE INTEGRATION PLATFORM

It is important to specify the technical requirements for the future severe accident platform at
the earliest stage. Considering the identified gaps in the separate approach, reported in
Section 2.3, and the specifics of the existing and anticipated calculation tools, a list of
requirements has been proposed and is still under discussion at CEA. Two main types of
requirement have been identified: “technical requirements” refer to the functionalities, from the
point of view of informatics code development and platform architecture, while “quality
requirements” refer to the implications of the technical functionalities in terms of project
management and organization.

The present paper does not concentrate on the physical requirements of the various components.
In short, the physical specifications that have guided developments to date will be retained and
completed in the future. The construction process will therefore have to be flexible enough so
that these specifications can be progressively enriched, without questioning the architectural
choices.

3.1 Technical requirements

Consistency between mechanistic and physico-statistical approaches: We need to strengthen
the consistency between the simplified approach and the detailed approach. Despite their
differences in precision or scale, their respective physical modelling should be consistent with
each other, and should have input and output data that remain as coherent as possible. Some
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organisational aspect of the platform development may promote this consistency on the long
term (see 3.2), as well as the centralization of the data.

Centralization of the data: Redundancies between the different computing tools need to be
reduced. It seems important to centralize the technological data in a unique data model, as well
as the physical properties of materials. Having a unique data model for describing the
technological objects (geometries and material) is a simple idea but which proves to be very
challenging when dealing with a large panel of varied existing codes. This centralization cannot
be satisfied easily, but it is important that the development process reduce the redundancies as
developments unfold.

Dynamic coupling graph and scenario events: The necessary couplings are of several kinds:
they can be a coupling at the boundaries of two codes (including immersed boundaries and
domain embedding), or the coupling of two phenomenologies that affect at the same time a
given object (e.g. the neutronics and the thermohydraulics of the core), or the temporal chaining
of two different models for the same object (e.g. the preliminary irradiation of the core and its
degradation during the primary phase).

Beyond these classic couplings, the specific nature of the scenario studies leads us to have to
manage the occurrence of particular events, likely to generate significant changes in the
calculation configuration. The platform has to therefore facilitate this event management. This
includes the possibility to dynamically reconfigure the calculation scheme, the internal model
structure of the codes during the calculation, or the coupling algorithm itself.

Hybrid mechanistic/simplified coupling scheme: Rather than having two separate calculation
chains, simplified and best estimate, the platform should allow us a better use by hybridizing
the two approaches. The counterpart of this requirement is the necessity of a good consistency
between the simplified models and the detailed models, as mentioned above, and a particular
effort to standardize the interface. There are several important advantages that would inherit
from this flexibility.

The first advantage is to make it possible to adjust the level of precision in the description of a
component, spatially or temporally. In the limit of the consistency of the simplified and the
detailed approach, it becomes possible to build a computing scheme where the first stages of
the accident (initiating phase) are treated with a large precision, and the rest of the scenario
(generalized core degradation and corium transfer) will be treated with a lower precision (this
is important in terms of uncertainty reductions). Alternatively, for a same phase of the scenario,
the user will be able to make a spatial (boundary) coupling between a very detailed component
and a simplified one, which can help to match performance objectives.

A second advantage is the possibility to build a validation process which is common to every
scale, as long as the experiments cover the phase and the phenomenology that need to be
validated.

A third advantage lies in the fact that this allows a complete replacement of a given tool by a
new upgraded one, provided that this new tool wrapping adopts the interface of the previous
one.

Enhanced user interactivity: In terms of exploitation, it would be interesting to offer the
possibility of a simulator-type operating mode. This interactive mode allows the user to
intervene in the sequence of the scenario by generating an event of the type interruption/restart,
by change of an option or an element of configuration of the application, or by extraction of
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simple or complex data, etc. This type of operation would clearly not aim at the real-time
management of the scenario. It is equally clear that it cannot be compatible with a safety
analysis type study. But on the other hand it is a very effective and educational exploratory
approach to consolidate a collective expertise on the behaviour of scenarios.

To conclude this technical requirement part, the platform we aim for has to therefore support
all the flexibilities we have listed above and make it as simple as possible for the user who has
to build a complex application and operate it. Without entering into the technical details of the
architecture, it seems clear that the platform should provide the user with a framework that
allows the assembly of the codes that constitute the application, but also to control their initial
configurations, manage the general transient, orchestrate the exchanges of data and the various
processes of coupling. Obviously, the technical elements that permit to match these needs
already exist and will be summarized in Section 4.1.

3.2  Quality requirements

State-of-the-art code quality management: this includes in particular the use of a version control
system and a complete test policy including unitary functionality tests and verification tests
using reference analytical results, and automatic testing machine.

Validation and qualification: code benchmarking and comparison with experimental data
require an adequate reference database which may be used by all the components of the
platform. This requirement echoes the need for consistency between all the tools incorporated
into the platform that has been underlined in Section 3.1. Furthermore, this justifies a more
global approach to promote all experimental results (past and future) into a new consistent
information system.

Uncertainty evaluation: this point is essential to complete the validation process and then to
perform safety studies. It is also useful to identify missing or sensitive phenomena and models
that need to be enhanced or upgraded (see technical requirements “Hybrid
mechanistic/simplified coupling scheme” above). Specific external tools will have to be
incorporated into the platform to perform these studies.

Documentation and formation: these points are essential to ensure knowledge transmission over
long time periods, typically a few decades, which will be necessary given the amount of work
required to develop the described platform. However obvious those aspects might seem in a
development process, we want to underline them because they often appear to be discarded,
despite their fundamental nature, when the budget constraints require choices in the
development effort.

Versatility and long term maintenance: long development period will necessarily lead to
evolutions of development environments (IDE, OS) and even code languages. Furthermore the
incorporated tools will evolve and even be replaced by new ones (see technical requirements
“Hybrid mechanistic/simplified coupling scheme” above). The platform has to be robust to this
kind of profound evolutions.

4. CURRENT STATE OF PROGRESS
4.1 Available technical elements

Since the early 2000s, CEA and EDF have commonly developed the platform SALOME [12]
which is a very complete environment platform that brings numerus services for CAD
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modelling, meshing and partitioning, coupling and supervision of the codes, visualisation, and
uncertainties. Based on this experience, the tools dedicated to interoperability (supervision and
coupling) have recently been the subject of special efforts to make these coupling techniques
accessible to platforms other than SALOME. In particular, C3PO (ICoCo, MedCoupling) has
been developed. Other similar initiatives have emerged in various CEA research units such as
the PROCOR platform. These tools, C3PO (with ICoCo and MedCoupling) and PROCOR, are
briefly presented hereafter.

C3PO: The paradigm of C3PO (Collaborative Code Coupling PlatfOrm, open source) relies on
the principle of encapsulation of the computational codes into an API which implements the
ICoCo (Interface for Coupling of Code) standard interface. In this paradigm, a computation
code is an object-oriented code with a C++ or Python API that allows a user to pilot a calculation
process through its [CoCo interface. This standard interface bears all the common services that
a user may need to control the computational process. Moreover, it also provides a set of
methods devoted to the exchange of standard data (MedCoupling objects).

For such codes, C3PO offers a Python set of classes that allow to construct several
standardizations facilitating the coupling of codes for complex applications. We give hereafter
the four main ones. The first one is the PhysicsDriver which coincides with the ICoCo interface
of the code. The second one is the DataManager that is devoted to the manipulation of the
exchanged data (MedCoupling fields). The third one is the Exchanger that handles all the
specific treatments to a given coupling (for example, it may contain specific methods that make
a field conform to another given code). The fourth one is the Coupler that is the standardization
of the coupling strategy and that provides an extendable set of coupling algorithms (fixed-point,
Anderson, Jacobian-Free-Newton-Krylov, etc.). In addition, these tools (C3PO, ICoCo,
MedCoupling) handle the MPI parallelism of the codes.

PROCOR [9] is a similar ongoing development at CEA since 2013. This is a platform initially
dedicated to the simulation of the relocated corium onto the core catcher (or the vessel) but
which has proven to be extendable. PROCOR offers two levels of services: a first one devoted
to the rapid prototyping of simplified models, and a second one which is the integration of these
models in a complex (multiphysics) coupled application [10]. It is a java-based tool, except
some classes devoted to the coupling with specific external C++ codes. It integrates the ICoCo
interface definition and can be used to produce an ICoCo compliant component. In terms of
coupling algorithms, PROCOR is very versatile and it is particularly adapted to the event driven
scenario studies.

Both platforms, PROCOR and C3PO are in progress. Even though they are not equivalent and
originate from different needs, they can feed each other with their most interesting
functionalities to eventually converge.

In parallel to these integration tools, CEA has also developed the statistical toolbox URANIE
(ROOT based open software) that is designed for data analysis, statistical modelling, sensitivity
analysis and uncertainty analysis. It is briefly mentioned here because of its great transversality.
Several examples of application of URANIE to various simulation codes have been done at
CEA and a future SFR severe accident platform would take a large advantage of it.

4.2 Implementation examples

The CEA-JAEA co-development currently underway on the SIMMER-V code is typical of the
work of adapting a relatively old code to the modern platform context described above. The
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initial code underwent an important first phase of modernization: FORTR AN update, dynamic
memory management, introduction of hybrid parallelism, use of powerful libraries, etc. More
recently, a second phase of adaptation consisted in producing an object formulation of the code
(API C++ and Python) capable of receiving ICoCo/MedCoupling coupling technologies. The
component resulting from this re-engineering is fully compatible with the supervision
methodology (with C3PO/ICoCo) described above. It can be activated in a complex application
and exchange MedCoupling fields with other codes.

Boundary coupling: As a typical example of realization, SIMMER-V has been equipped with
a boundary coupling technique based on an extension of the domain decomposition formulation
[13], which offers an exact method to couple several SIMMER-V computations for representing
a loop geometry (Fig. 4). This functionality is being expanded to allow for domain embedding
(with immersed boundaries). This will facilitate modelling the pool geometry of the primary
circuit by the mixing of differently meshed SIMMER-V components (Fig. 5).

In addition, the C3PO hybrid coupling of CATHARE [14] and SIMMER-V is in progress (not
shown here) and will be soon benchmarked with the previous SIMMER-V coupling.
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FIG. 4. Application of the boundary coupling in  FIG. 5. Idealization of a pool geometry

SIMMER-V to a loop computation. modelled  with  nonconforming  domain
embedding.

Multiphysical coupling: Figure 6 shows a view of the early degradation of a SFR core obtained

within SEASON with the coupling of SIMMER-V and the external neutronics computation

PARIS.
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FIG. 6. View of the early degradation of a SFR core (left) and the corresponding nuclear power (right).

Figure 7 shows an example of a PROCOR computation. Even though a PWR application is
shown, it also indicates how the compound application describes the pool stratification of the
corium in the lower plenum of the vessel, the crust formation, the heat transfer to the vessel and
its breaking.
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FIG. 7. Visualization of a multilayer corium pool in the reactor vessel as simulated by PROCOR-FDC
application.

The example in Fig. 8 extracted from Ref. [8] is the result of a coupled computation of EPX

(EUROPLEXUS) and APOLLO3 where a reactivity event (APOLLO3) produces a shock wave
and the plastic deformation of the surrounding vessel.
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FIG. 8. Impact of the contact wave in the fluid (iso-density values on the left) on the vessel (iso-strain
values on the right).

5. CONCLUSIONS

The simulation of severe accidents on a SFR is an area that we have invested in many aspects
for many years, both in terms of phenomenology but also in terms of the structure and
functionality required for our design and safety objectives. This maturity allows us to consider
the construction of an efficient platform in which we best preserve and modernize existing
codes with their validation, and we gradually bring all the interoperability features between
these components.

Among the objectives we have identified, the ones which consist in designing a system that
coherently supports the two-calculation level (mechanistic and physico-statistical), and which
offer sufficient versatility to calculate complex sequences, promise significant progress in
simulation.

This construction, more evolutionary than revolutionary, deserves a long term research
programme, ideally in the framework of an international collaboration. In the meantime, we
intend to progressively demonstrate its relevance, with a first application treated with both
mechanistic and physico-statistical approaches.
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ABBREVIATIONS
API Application programming interface

C3PO Collaborative code coupling

CFD Computational fluid dynamics
ICoCo Interface for code coupling
IQM Improved quasi static method

JAEA Japan Atomic Energy Agency

MPI Message passing interface

PCQM Predictor-corrector quasistatic method

SFR Sodium fast reactor

SIMMER  Sn implicit multifield multicomponent eulerian recriticality
SQL Structured query language

ULOF Unprotected loss of flow

USAF Unprotected sub-assembly failure

UTOP Unprotected transient of power
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Abstract

At present, there is a steady interest in the world in the technology of fast reactors cooled with liquid metal coolant. It is
determined by such factors as the possibility of effective implementation of a closed nuclear fuel cycle, as well as the high level
of safety of such facilities. Russia has accumulated extensive experience in operating sodium cooled fast reactors (SFRs). Two
power reactors BN-600 (in operation since 1980) and BN-800 (since 2016) are currently in operation. In addition, an innovative
design of the BN-1200 reactor with improved technical and economic characteristics and high level of self-protection is being
developed. Modern requirements of the Russian safety regulatory document (NP-001-15) regulate the use of certified codes
when performing safety justifications calculations and accompany the calculation results with estimates of errors and
uncertainties. Within the framework of these requirements, work on the development and certification of the SOCRAT-BN
programme [1] was carried out and the methodology of error estimation and uncertainty analysis for calculations was proposed.

1. INTRODUCTION

In 2020, as a result of joint work by specialists from leading Russian scientific institutes and
organizations, as well as the Russian regulatory body, recommendations on assessment of errors
and uncertainties in the results of safety analyses of nuclear plants (RB-166-20) [2] were
developed. This document includes recommended methods on uncertainty analysis for design
basis accidents (DBA) and beyond design basis accidents (BDBA), and on accounting for
uncertainties obtained during validation. For the design basis accidents the proposed algorithm
is based on the Gesellschaft fiir Anlagen- und Reaktorsicherheit mbH (GRS) approach [3]. This
method is based on a conservative approach and a search for the worst case result by means of
uncertainty analysis and sensitivity assessment. The result is compared with an established
safety limit. For BDBA there is the methodology based on the ASME V&V 20 approach [4].
The result of the uncertainty analysis is the best estimate value of the parameter and its
dispersion. It is important to note that initially the proposed methodologies were developed on
the basis of the experience of justification of safety of VVER type reactors. In this regard, in
2022 comprehensive work was carried out to adapt these recommendations to SFRs. To
demonstrate the possibility of application of the developed methods, calculations of a DBA
with flow blockage of one fuel assembly and a BDBA with station blackout of the sample model
of a power unit with an SFR.

2. DESCRIPTION OF THE SOCRAT-BN CODE

SOCRAT-BN code is designed for numerical simulation of thermohydraulic, neutron-physical,
thermomechanical processes, evolution of nuclide composition of fuel and transport of
radionuclides released after failure of the fuel elements in SFR power plants under anticipated
operational occurrences (AOO), DBA and BDBA with core degradation. The final version of
the SOCRAT-BN code was certified in 2019. The code currently has the following basic
modules:

e SOFAR-TH - one-dimensional thermohydraulics with a two-phase, heterogeneous,
two-speed model of coolant flow, r-z model of heat transfer in solid structures.
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e BONUS-BN - module for calculation of fission products accumulation in the fuel.

e RTOP-BNO - determining geometric and thermomechanical parameters of the fuel rod
before the accident (the time interval corresponds to the duration of the fuel micro
campaign).

e TVEL-BN - calculates stresses and strains of fuel rod claddings under transient and
emergency conditions.

e TRANS-FP is a module for calculating the transport and deposition of fission products
in the primary circuit, the primary circuit gas system, and the main rooms of the power
unit of an SFR.

e SYNTES - neutron-physical calculations of the SFR core based on the solution of the
direct, conjugate, nonuniform and nonstationary problem of neutron transport in 2D
geometry in the diffusion multigroup approximation. For solving unsteady task use
quasi-steady approximation. Also, there is option using point kinetic approximation.

e MELT-BN - modelling processes of melting of fuel rods, formation of blockages in the
assemblies, melt movement in the core.

A discussion of the validation matrix was presented in Ref. [1]. A summary of the matrix is
presented in Ref. [5] and is shown in Table 1.

TABLE 1. INFORMATION ABOUT VALIDATION OF THE SOCRAT-BN CODE

Module Example of the validation
Thermal-hydraulic  module Local phenomena experiments, BN-600, PHENIX and
SOFAR-TH EBR-II [6].

Analytical tests, experimental data provided by JSC “INM” [7],
Thermomechanical modules cross-validation with finite element 3-D codes COMSOL
RTOP-BNO and TVEL-BN and Z88, cross-validation with certified fuel behaviour code
[8]

Module for calculating the Loop [9, 10] and capsular [11] experiments, reactor

transport TRANS-FP experimental data provided by BN-600

Module BONUS-BN Capsular experiments, cross-validation with ORIGEN2 [12]
Module MELT-BN TREAT reactor [13] experiments

Module SYNTES reactor experimental data provided by BN-600, analytical tests

During the validation of SOCRAT-BN the modified ASME V&V 20 approach was used for
the first time to estimate the code modelling errors. As a result, the modelling errors estimation
of the main calculated parameters takes into account the uncertainties of measurement of the
parameters in experiments and the uncertainties of calculations of these parameters by the code.
The modelling error is presented as. £46:

§ =max (IE — 2 upgl; |[E + 2 - upgl),

where E is the comparison error of the calculation result in relation to the measurement, and

Uy,q 18 the validation uncertainty. Errors of some of the calculated parameters are shown in
Table 2.
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TABLE 2. ERRORS OF THE MAIN PARAMETERS OF THE SOCRAT-BN

Parameter Validation range 16
Coolant temperature
In conditions of AOO 473t0 823 K + 40 K
Under DBA and BDBA conditions 800 to 1250 K +70K
Pressure losses in equipment elements in sodium circuits
single-phase flow 120 to 138 kPa +31 %
two-phase flow 139 to 468 kPa +47 %
Temperatures of fuel rods cladding
cooling with single-phase flow 47310 823 K + 50 K
cooling with two-phase flow 1173 to 1300 K + 80 K
Mass rate (mass flow rate)
lt\]/[ass velocity for forced flow regime (mass 1800 to 6000 kg/(m? ¢) L 10%
ow rate)

Mass velocity for natural convection (mass

flow rate for gingle—phase flow) ( 0 to 1800 kg/(m’ c) +=30%
Failure time of fuel rod cladding - 30 %
Neutron power - +10 %

The model composition of the code allows to simulate a wide range of DBA and BDBA related
to violation of heat removal from the core and input of positive reactivity. The code is used for
safety justification for operation of the BN-600 and BN-800 reactors, as well as in the design
of the BN-1200 reactor.

3. DESCRIPTION OF APPROACH FOR ANALYSIS OF DESIGN BASIS ACCIDENTS

In accordance with the Russian regulatory requirements, deterministic analyses of DBA should
be performed with a conservative approach (clause 1.2.9 of NP-001-15). These requirements
are consistent with the recommendations presented in the TAEA Safety Guide SSG-2
(Rev. 1) [14]. Note that the conservative approach means the choice of a combination of
parameters of a simulated facility, which provides the most unfavourable result in accident
analysis. SSG-2 (Rev. 1) [14] offers 3 ways (options) of obtaining such a result. Option 1, called
"conservative", recommends application of conservative code, conservative assumptions about
systems availability and conservative initial and boundary conditions. Option 2, "combined",
allows the use of a best estimate code and recommends performing a sensitivity analysis to
confirm conservatism in the input parameters. Option 3 recommends the use of best estimate
code in the conservative calculation and suggests using a combination of conservative and
realistic values as initial and boundary conditions. Since SOCRAT-BN is a best estimate code,
the first option is excluded from consideration. Option 2 allows the use of the improved
estimation programme but involves a lot of preliminary calculations to find the values of input
parameters that would give the worst result. In addition, at different stages of the accident the
conservative value of input parameters do not always give the worst result [15]. Thus, option 3
is the most reasonable choice for the DBA analysis for an SFR reactor using the SOCRAT-BN
code.

Implementation of option 3 assumes the following algorithm of actions. In the first stage, an
analysis of accident phenomenology is performed, in which the analysis of the key phenomena
determining the progression of the accident is performed. Also, the analysis of design and
construction characteristics of the plant is performed. In the second stage, conservative
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parameters are determined, which are used as initial and boundary conditions, and realistic
parameters, for which ranges of values and probability distribution functions are determined.
In the third stage, Monte Carlo calculations are performed and a tolerance interval is obtained
for the calculated parameters for which acceptance criteria are established. The programme
error is added to the obtained tolerance limits, and the obtained results are compared with the
acceptance criteria.

To demonstrate the described algorithm, we consider an accident with a total instantaneous
blockage (TIB) of a sample model of an SFR type reactor. The choice of this accident is
interesting because it creates conditions for fuel rod melting, but, in accordance with the
requirements for the safety justification report (NP-018-05), the initial events for this accident
refer to design accidents: complete blocking of the cross-section of one assembly.

3.1 Features of the nodalization scheme

To model this accident, the standard reactor design scheme presented in Ref. [1] was used. A
more detailed analysis was performed to simulate the blocked and surrounding assemblies. A
more detailed analysis was performed for 19 fuel assemblies: one central blocked fuel assembly
(FA) and two rows of adjacent FA (6 and 12 fuel assemblies). The detailed scheme is shown in
Fig. 1. The detail of the scheme was determined by the one-dimensional approximation of the
thermohydraulic model. The scheme consists of parallel channels (CH) in which the coolant
flows. The channel pos.1 simulates the central FA. The heat elements simulating fuel pins (HE)
(pos. 8), absorbing rods (HP) (pos. 9) and shroud FA (HS) (pos. 10) are connected with the
channel. The next channel simulates the space between the fuel assembly shrouds (pos. 2). The
next row of FAs is simulated by two channels (pos. 3. and pos. 4). The first channel simulates
the part of the FA that is closer to the central FA. This channel includes part of shroud FA (pos.
11), fuel pins (pos. 12) and absorbing rods (pos. 13), which are adjacent to the central fuel
assembly. The second channel (Pos. 4) simulates the part of FA, including shroud FA (Pos. 16),
fuel pins (Pos. 14) and absorbing rods (Pos. 15), facing the next row of FA The next row is
modelled like to the previous row.

In the radial direction, the heat transfer is from the channel pos. 1 to the shroud FA pos. 10,
from shroud FA to channel pos. 2, from channel to shroud FA pos. 11, from shroud FA to
channel pos. 3. Channels pos. 3 and pos. 4 conservatively do not exchange heat. Exchange of
heat between the channels pos. 46 are implemented according to the same scheme. Melt
relocation in a radial direction is modelled mechanistically (between fuel pins and shroud,
between shrouds): the possibility of melt contact between adjacent elements is calculated
geometrically and, when contact conditions are reached, a model of convective heat transfer
between adjacent elements is considered. At the melt penetration through surface the adjacent
shroud FA towards the first and second adjacent rows, a complete blockage of their
cross-sections are postulated.
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FIG. 1. Core partitioning scheme for a TIB accident.
3.2 Analysis of the accident phenomenology

The results of preliminary calculations of the TIB accident showed that, after the initial event,
the heat removal from the fuel rods inside the blocked fuel assembly is disturbed, resulting in
rapid sodium boiling and melting of the fuel and claddings in the assembly. In the process of
movement, the melt touches the blocked fuel assembly shroud, which leads to its melting (we
use a simplified mechanism: the sheath collapses when heated to solidus temperature) and
release of the melt into the space between shrouds and then into the upper mixing chamber of
the reactor. Together with the fuel melt, the precursors of delayed neutrons escape into the
upper mixing chamber and are carried by a sodium flow to the inlet of the intermediate heat
exchangers (IHX). As the concentration of delayed neutron precursors grows at the inlet
windows of the IHX, the readings of the ionization chambers of the containment leakage
monitoring system increase and the scram signal is generated. Part of the melt that has released
into the space between assemblies’ shrouds contacts with the shrouds of neighbouring fuel
assemblies, which leads to their melting. After the melting of the shrouds of neighbouring
assemblies, partial blockages of the cross-sections are formed inside them, preventing the
normal heat removal from the fuel rods. Due to the disruption of heat removal inside the
neighbouring fuel assemblies, the fuel rods start melting. As a result of introducing absorbing
rods into the core by the reactor scram signal, the reactor power is reduced, and the melting
inside the neighbouring fuel rods stops spreading.

For the conservative scenario we had the following times: lockout 0 s, fuel cladding melting
3.6 s, start of melting of the emergency assembly shroud 8 s, start of melting of the neighbour
assembly shroud 11 s, start of the shutdown system 21 s.

Taking into account the scenario described above, an analysis of the key phenomena for this
accident was performed. Table 3 presents some of the most important phenomena.
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TABLE 3. KEY PHENOMENA FOR THE TIB ACCIDENT

Phenomena

Impact on the accident

Pressure losses at  local

resistances and friction

Influences the value of the coolant flow rate

Sodium boiling in individual
fuel assemblies

Influences the heat exchange in blocked fuel assemblies

Heat exchange in the partially
uncovered core

Determines the time of melt occurrence

Release of gaseous fission
products from the fuel rod

Determines the radiation situation

Fuel and cladding melting

Determines the extent of damage in the core

Forced circulation

Determines the heat exchange conditions before triggering an
emergency protection

Natural circulation

Determines the heat transfer conditions after the emergency
protection has been triggered

Heat transfer processes from fuel
elements

Defines fuel rod cooling conditions

Fuel and cladding properties

Affects the growth rate of fuel rod temperature

The properties of the assembly
shroud

Influences the conditions of melt propagation

Reactivity effects when

triggering scram signal

Affects the rate of power reduction during reactor shutdown

3.3 Determination of the list of realistic and conservative parameters

Under option 3, conservative assumptions and realistic parameters are selected.

The conservative assumptions are selected based on preliminary estimates and expert analysis
of their impact on the calculation result. The main conservative assumptions are presented in
Table 4.

TABLE 4. CONSERVATIVE ASSUMPTIONS

Ne  Assumption Expected effect
. . . Increasing the temperature in fuel
1 Maximum capacity of emergency fuel assemblies, fuel assemblics and reducing their

assemblies of the first and second adjacent row

damage time

Reducing the time of the beginning

2 Instantaneous blockage of one fuel assembly cross-section of the failure of the fuel assembly

3 Minimum thickness of fuel assembly shroud Reduced penetration time
Instantaneous blockage of the cross-section of the first Reducing the heating and melting

4  adjacent row of fuel assemblies (when their shrouds are time of fuel rods in neighbouring
melted) assemblies

5 Minimum distance between fuel assemblies Reduced heating time
Minimum heat transfer surface between fuel assemblies, Reducing the effective heat transfer
taking into account the partitioning in the calculation scheme surface

7 Loss of heat'exchange b'etween the channels simulating the Loss of additional cooling
fuel assemblies of the adjacent row

2 Loss of heat.exchange betwgen the channels simulating the Loss of additional cooling
fuel assemblies of the two adjacent rows

9  Blocking at the input of the space between shroud Loss of additional cooling
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Ne  Assumption Expected effect

Release of delayed neutron precursors into the primary
10 circuit after the melting of the cladding of a blocked fuel
assembly

Additional delay in triggering of
scram signals

Maximum time delay for registration of delayed neutron
12 precursors and the time of formation and passage of scram
signals

Additional delay in triggering of
scram signals

The realistic parameters are selected based on an analysis of the design and technological
uncertainties of the reactor, and validation experience is also taken into account. The list of
basic realistic parameters is presented in Table 5. Normal truncated distribution law is assumed
for the parameters monitored during manufacturing or operation of the equipment, and uniform
distribution law is assumed for other parameters.

TABLE 5. LIST OF THE MAIN RELISTIC PARAMETERS

Parameter name
Geometric characteristics of fuel rods and fuel assemblies
Thermal conductivity of materials and fuel

Heat transfer coefficient from sodium to the fuel assembly
shroud

Multiplier for the coefficient of friction in the assembly
Multiplier for the coefficient of interphase friction
Reactivity of the element of the reactor PCS

Proportion of delayed neutron precursors

Reactivity coefficients for the point kinetics model

3.4 Choice of acceptance criteria and peculiarities of Monte Carlo calculations

For a TIB-type accident, two main criteria are usually established in SFR designs: as a result of
an accident, the number of fuel assemblies with molten fuel rods has to not exceed 7 (the
remaining assemblies’ temperatures has to not exceed the design limit), doses at the border of
the sanitary protection zone have to be such to exclude any measures to protect the public. The
demonstration calculations consider two acceptance criteria: 1) the temperature of the internal
surface of the shrouds of fuel assemblies of the second adjacent row has to not exceed the
melting temperature (thus, the localization of melting in 7 fuel assemblies is confirmed); 2) the
fuel rod cladding temperature in assemblies of the second adjacent row has to not exceed the
design limit (thus, the exclusion of fuel rod damage outside the boundary of 7 damaged
assemblies is confirmed).

The realistic input parameters are generated by simple random sampling. In this analysis, it is
necessary to obtain two tolerance limits so that the resulting semi-constrained space contains at
least 95% of possible values from the population with at given confidence level. In accordance
with regulatory document RB-166-20, it is recommended to choose a value of confidence level
of not less than 95%. The minimum number of calculations (sample size) n required to meet
these conditions is calculated using the formula [16]:

a<l-I(bn—p+1,p)
where b - 100% is the fraction of the population that is bounded by the tolerance limits; a -

100% is the confidence level; p is the number of tolerance limits, in this case 2; I is the
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non-complete PB-function. The numerical solution of this inequality gives n = 93. In
engineering practice, generally, 100 Monte Carlo calculations are performed.

3.5 Comparison with acceptance criteria

The uncertainty analysis when using the conservative approach in deterministic safety analysis
consists of estimating the distribution functions of the input uncertain parameters, transforming
their distributions by the Monte Carlo method and obtaining the corresponding tolerance limit.
When comparing the tolerance limit with the acceptance criterion, it is necessary to take into
account the modelling errors of the code.

During the validation of the SOCRAT-BN code an estimate of the modelling error and
uncertainties was made directly to the experimental data. Since in the certificate of SOCRAT-
BN code there is a modelling error estimate for the analysed parameter important for safety, in
order to take into account this error, the obtained tolerance limit should be corrected by the
corresponding error from the certificate. And the corrected value is a conservative result of the
analysis and is compared to the acceptance criterion. The procedure for calculating the tolerance
limit and its correction for the code modelling error is presented below.

The upper and lower tolerance limits at each time point are calculated using the formulas:
Smax(t) = max (S;(t), ..., Sy(t)) and Sp;, (t) = min (S1(t), ..., Sy (1)),

where S,,,.(t) is the upper tolerance limit at time t; S,,;,,(t)is the lower tolerance
limit; S; (t), ..., Sy (t) are Monte Carlo results; N is the number of Monte Carlo calculations.

The tolerance limits corrected for the program modelling error are calculated by the formulas:
gmax(t) = Smax(t) + 6 and gmin(t) = Smin(t) — 6.
The tolerance limit thus obtained will contain at least 95% of the population.

For calculation parameters without estimated modelling error (in this case, the temperature of
the fuel assembly shroud), the correction of the tolerance limit by expert judgment is assumed
to be equal to twice the value of the standard deviation, which additionally ensures the
conservativeness of the calculation results.

Figure 2 shows a scheme comparing the tolerance limit with the acceptance criterion. The figure
shows that the safety margin before breaking the safety barrier will be larger than the margin to
acceptance criterion estimated based on the conservative approach. Additional conservatism
can be introduced by setting an acceptance criterion more stringent than the safety limit.
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FIG. 2. To the description of the methodology.

The results of the demonstration calculations have shown that the TIB accident scenario can
proceed with a melting of one blocked assembly (21 of 100 variants) or seven assemblies
(79 of 100 variants). Since the values of the acceptance criteria for these cases are
fundamentally different, their statistical processing is performed separately. Figure 3 shows the
results of the demonstration calculations for the most representative case with fuel rod melting
in seven assemblies. Figure 3 shows that for the considered model of the SFR, the accepted
acceptance criteria are fulfilled.
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FIG. 3. Results of demonstration calculations of the TIB accident.
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4. DESCRIPTION OF APPROACH FOR ANALYSIS OF BEYOND DESIGN BASIS
ACCIDENTS

Unlike DBA, in accordance with the requirements, deterministic calculations of BDBA are
performed using a realistic (non-conservative) approach (Clause 1.2.16 of NP-001-15). The
analysis of BDBA is the basis for making plans for protection of public and personnel in case
of an accident and development of instructions for severe accident management guidelines. In
RB-166-20, an approach based on the ASME V&V20-2009 method is presented for uncertainty
analysis of DBDA. For SFRs, application of this methodology does not require additional
modification. A general description of the technique is given Ref. [17]. According to
RB-166-20, the purpose of uncertainty analysis of the calculation result of DBDA analysis is
to determine the expected value of the parameter important for safety, as well as statistical
characteristics of its variation. Thus, deterministic analysis of BDBA with uncertainty
quantification will have the following algorithm:

An analysis of the phenomenology of the accident;

Definition of the list of uncertain parameters;

Selection of parameters important for safety and Monte Carlo calculations;
Analysis of the obtained results.

To demonstrate the uncertainty analysis methodology for BDBA, we consider two accident
scenarios with power unit blackout and failure to activate the emergency protection. The first
option considers the tripping of passive reactor shutdown rods (an LOF type accident). The
second option additionally postulates the failure of all passive shutdown absorber rods (ULOF
type accident).

4.1 Analysis of the LOF accident

The initial event in the LOF accident is the loss of system power supply, which results in the
reduction of rotation frequency of the rotors of the main circulation pumps of the primary circuit
(MCP-1). After connection of diesel generator units of reliable power supply, the rotational
speed of MCP-1 is set at the reduced level. This leads to disruption of heat removal from the
core. Since the accident scenario postulates the failure of rods of the control and protection
system (CPS) activated by scram signal, the reactor power at the beginning of the accident
decreases only due to the negative temperature effects of reactivity (mainly the Doppler effect).
When the flow through the core decreases below 50% of the nominal value, passive absorber
rods of CPS (PAZ) are inserted, which ensures the reduction of reactor power to the level of
residual heat release. At the same time, after the insertion of PAZ rods, the temperature of the
fuel rods cladding and the pressure in gas plenum of the reactor decrease. The results of
calculations of the main reactor parameters are shown in Fig. 4.

Uncertainty analysis is performed for fuel rod cladding temperatures, gas plenum pressure, and
fission product release activity from the reactor. The calculation results are represented by the
mean value and the associated standard uncertainty. For validated parameters, the standard
uncertainty includes the uncertainty of modelling (u,,4;), which is determined at the validation.
For parameters without estimated modelling uncertainty, the standard uncertainty is taken to be
equal to twice the value of the standard deviation. In practical problems, the number of Monte
Carlo calculations is usually assumed to be 100. If necessary, the sufficiency of calculations
can be specified iteratively as the variance of one or more parameters converges. For
demonstration calculations, 100 Monte Carlo calculations are considered. The list of the main
parameters to be varied was determined on the basis of the uncertainty analysis of the reactor
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plant characteristics given in the design and operating documentation, as well as taking into
account the validation experience, and is presented in Table 6 (overall, about 63 parameters
were used, but only some of them have been included in the paper, as the length of the paper is
limited. For this scenario, the PAZ response time has less impact than the given parameters, so
we have not included it in the table). Within the framework of demonstration calculations for
all runs, the accumulation of radioactive fission products in the fuel rod gap during normal
operation was accepted in accordance with the upper limit of experimental data for burned fuel.
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FIG. 4. Results of calculations of the main reactor parameters in a LOF accident.

TABLE 6. LIST OF MAIN UNCERTAIN PARAMETERS

Parameter name

Reactor power

Pressure loss coefficient on local resistances in the reactor plant circuits

Coefficients of pressure and flow characteristics of main circulation pumps
Dimensions of assemblies and fuel rods

Multiplier for the thermal conductivity coefficient of construction materials and fuel
Dimensions of tubes in heat exchanger

Multiplier for heat transfer coefficient in heat exchanger

Pressure and temperature in the gas system of the primary circuit

Gas system volume

Mass of gaseous fission products accumulated in fuel rods gap during normal operation
Multipliers on the activity of fission products in the fuel and gas system of the primary circuit
Reactivity of CPS rods

Proportion of delayed neutron precursors

Reactivity coefficients for the point kinetics model

Among 100 Monte Carlo calculations, the opening of the hydro seal occurred in 55 variants,
and in 45 variants the hydro seal remained closed. Since the operation of the hydro seal
determines the release of fission products from the reactor, the statistical processing of the
calculation results for these two variants was performed separately. The main results of the
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uncertainty analysis for the most representative cases (with a hydro seal) are shown in Table 7
and Fig. 5.

TABLE 7. RELATIVE ACTIVITY OF FP RELEASE FROM REACTOR (RELATIVE TO
NOMINAL FUEL REACTIVITY), %

Calculation parameter Gaseous FP Volatile FP
Average value 0.49 1.75E-6
Standard uncertainty 0.8 3.42E-6

The results of the LOF accident uncertainty analysis showed that, taking into account the
modelling error and uncertainties, the fuel rod cladding temperature can reach the design limit
of about 28% of the fuel assemblies, so their depressurization can occur with the release of
fission products into the primary circuit. As a result of release of gaseous fission products from
damaged fuel rods, the pressure in the gas system of the primary circuit grows. In this case
hydro seal can be actuated one or two times. Release of fission products from the reactor is
carried out together with the gas medium of the primary circuit when the hydro seal is opened.
The significantly lower release of volatile fission products, relative to gaseous fission products,
is due to their effective retention in the fuel and sodium.
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FIG. 5. Results of the LOF accident uncertainty analysis.
4.2 Analysis of the ULOF accident

In a ULOF accident, the loss of system and reliable power supply is postulated as the initial
event. Unlike the LOF accident, in a ULOF accident the reactor power decreases much more
slowly (since failure of the passive absorber rods are postulated), and the coolant flowrate is
reduced to the level of natural circulation (due to a complete shutdown of the MCP-1).
Therefore, already at the beginning of the accident, the coolant in the core heats up to the sodium
boiling point. Boiling first occurs in the upper part of the fuel assembly (the sodium cavity and
the upper absorbing screen), which leads to the introduction of some additional (along with the
Doppler effect) negative sodium void reactivity effect. As the boiling region spreads down to
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the centre of the core, the coolant flow rate through the core decreases and a crisis of heat
transfer occurs, leading to melting of the fuel cladding. Since the SOCRAT-BN code
certification area is limited to the beginning of fuel rods destruction, the analysis of further
processes within the framework of demonstration calculations was not carried out. For the
referent simulation we had the following times: Initial boiling of coolant 21 s, melting cladding
26 s., introduction of positive reactivity and power increase up to 1.7 nominal values around
30 s by movement of melted cladding. The main results of the calculations are shown in Fig. 6.
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Time, s Time, s

1.251

Power, rel. unit
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a) Reactor power b) The temperature of the fuel cladding
FIG. 6. Results of calculations of the main reactor parameters in an ULOF accident.

The uncertainty analysis of the ULOF accident in the demonstration calculations was performed
to estimate the possible change in reactor power, as well as to estimate the expected time of the
beginning of the melting of the fuel cladding. The approach to the uncertainty analysis of the
ULOQOF accident is similar to the approach used in the LOF accident analysis. However, it should
be noted that in the ULOF accident the uncertainty of the reactivity coefficients of the point
kinetics model was not considered, since the spatial kinetics implemented in the SYNTES
module was used.

The main results of the uncertainty analysis for ULOF are shown in Fig. 7 and Table 8.
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FIG. 7 Results of the ULOF accident uncertainty analysis.

TABLE 8. TIME OF MELTING OF FUEL CLADDING

Calculation parameter Value, s
Average value 36
Standard uncertainty 12,7

The obtained data on the uncertainty of the ULOF accident parameters calculation can be used
by the personnel to take a decision on the beginning of its control (pressing the button of the
scram signal on the unit or backup control panel to move to the active zone the regulatory (RS)
and control rods (CR), which are powered for several hours by the batteries).

5. CONCLUSION

As part of this work, we developed a methodology for deterministic safety analysis of an SFR
in a DBA with blockage of cross-section of one fuel assembly and BDBA (before the start of
core melting). In the future, it is planned to extend the safety analysis methodology to the stage
of core melting and melt retention in the reactor. For these tasks we will use the code
SOCRAT-BN.

This experience can be fully extended to any modern reactors with liquid metal coolant,
considering their design. It is worth noting that the experience of modelling severe accidents at
fast reactors has shown that, due to the complexity of the simulated phenomena, the time costs
greatly exceed the costs of modelling BDBA for VVER-type reactors. In this regard, it is
necessary to take a very balanced approach to the selection of representative scenarios and
parameters to be analysed.
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Abstract

Since the fast reactor core is not in the maximum reactivity configuration, a hypothetical core disruptive accident could
lead to prompt criticality due to a change in the core material configuration, and the resulting energy generation has been one
of the issues in fast reactor safety, and therefore appropriate measures are needed to mitigate and contain the effect of energy
generated in the accident. In order to assess the effectiveness of these mitigative measures, a set of computer codes to analyse
the event progressions and energy generation behaviour in the ATWS of fast reactors have been developed, maintained, and
improved under international collaboration in JAEA. Since the important physical phenomena, which govern the event
progression, vary along with the progression of the accident, the whole accident process is divided into several phases in the
analysis of accident, and dedicated analysis methods for each phase are provided to analyse the event progression in each phase.
The organization and overview of these analysis methods are described in the paper. As a representative example of the
validation approaches in applying these analysis methods to the reactor safety assessment in licensing procedure in Japan, the
validation studies to confirm the applicability to reactor analysis of the SIMMER code for analysing core material movement
and reactor power, which is important to analyse the energy generation in the accident, are presented in the paper. The validation
studies of the SIMMER code confirmed the applicability of SIMMER to the reactor analysis, while the critical phenomena for
which the effect of their uncertainty in the reactor analysis should be checked were also recognized.

1. INTRODUCTION

In the siting and installation of nuclear reactor facilities, it is assumed that severe accidents with
the potential to result in substantial releases of radioactive material may occur, and thus,
adequate safety measures are implemented to mitigate such incidents. For light water reactors
(LWRs), accidents such as a loss of coolant accident (LOCA) and station blackout (SBO) are
considered the primary sources of risk. These risks can be effectively managed by ensuring the
integrity of the containment vessel and demonstrating the efficacy of such measures through
comprehensive and conservative analysis. In contrast, sodium cooled fast reactors (SFRs) are
inherently stable and exhibit little deviation from their operating state, which means that there
is no direct impact on the primary system boundary or containment vessel, which serve as
barriers to the release of radioactive material during design basis accidents (DBAs). On the
other hand, since the core of a fast reactor is not designed to maximize reactivity, there is a
potential risk that fuel meltdown or relocation in core disruptive accidents (CDAs) could cause
the reactivity to exceed the prompt criticality and result in a large energy release. In other words,
CDAs encapsulate the unique risks associated with fast reactors, which are not covered by
DBA:s.

During the early stages of fast reactor development, the evaluation of the energy release
associated with prompt criticality was based on conservative scenarios and hypothetical initial
conditions [1, 2]. Subsequently, safety research utilizing in-pile facilities such as CABRI [3]
and TREAT [4], as well as a multitude of out-of-pile tests, has advanced our understanding of
accident phenomena. Furthermore, advancements in computer technology have facilitated the
development of safety analysis computer codes, such as SAS4A [5] and SIMMER [6], among
others. These mechanistic analysis methods have paved the way for more realistic assessments
of CDA event sequences, supplanting the previously used overly conservative evaluations that
relied on arbitrary initial conditions and hypothetical scenarios.

In the aftermath of the Fukushima Daiichi Nuclear Power Plant accident in Japan, new
regulatory standards [7] were instituted in 2013, requiring even fast reactors in the research and
development stage that possess high reactor power and the potential for significant
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consequences in the event of an accident, to implement measures aimed at preventing
containment failure against severe accidents and to confirm their effectiveness through safety
analysis. To this end, JAEA has developed analytical methods that demonstrate the
conformance of fast breeder reactors (LMFRs) to these new regulatory standards by combining
existing plant dynamics codes, commercial codes, empirical formulas, and safety analysis
codes, such as SIMMER, to perform safety analyses of fast reactors. This paper provides an
overview of these analysis methods and evaluates the applicability of SIMMER, a crucial
component of these methods, to actual LMFR plants as a representative example of other codes.

2. EVENT PROGRESSION OF CDA AND ANALYSIS METHODOLOGY

A typical scenario for a CDA in fast reactors is the failure of the emergency shutdown system
during a significant departure from normal operating conditions, commonly referred to as
anticipated transient without scram (ATWS). There are two common types of CDA,
unprotected loss of flow (ULOF) resulting from a failure of the reactor scram during loss of
primary coolant flow and unprotected transient over power (UTOP) resulting from a failure of
the reactor scram during uncontrolled control rod withdrawal. This section will outline the
progression of the ATWS event and the analysis methodology developed in JAEA.
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failure of wrapper |Energetics
tube

& SAS4A code

R-IV code
Initiation of ULOF/UTOP Structural analysis of reactor vessel
. (AUTODYN code) Effect of sodium
¢ Sodium leakage throu(gh shielding plugs leakage to CV
Initiating Phase (PLUG) (CONTAIN-LMR code)
# Phase from the Mechanical Containment Vessel
initiation of the Response Phase Response Phase

v

# Disrupted area

"\ Energetics

s

propagates to whole \ /
: core
| @ SMMER-IV and -1 | material Relocation and Heat Removal Phase |
code No Energetics
/ 4 Core materials

lower plenums and
decay heat is removed
— by sodium flow

4 Super-COPD and
FLUENT code

r..,.,..,_,l relocates to upper and
u—

]
T
(LRI

FIG. 1. Event progression of ATWS and computer codes used in safety analysis.

A schematic representation of the progression of an ATWS event is depicted in Fig. 1. As
illustrated in the figure, the ATWS analysis is carried out by partitioning the entire progression
into several stages, owing to the fact that the physical phenomena being analysed and the
necessary level of precision alters as the event advances. The Initiating Phase (IP), which
encompasses the process from the inception of the accident to the disruption of fuel resulting
in wrapper tube failure, is analysed using the SAS4A code. The Transition Phase (TP), spanning
from the wrapper tube failure to the full scale core meltdown, is analysed using the SIMMER
code. In the event of a substantial energy release due to prompt criticality in IP or TP, so called
energetics, the Mechanical Response Phase (MRP) is examined, comprising the analysis of
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mechanical energy generation, structural response of the reactor vessel, response of the
shielding plug, and sodium leakage. The mechanical energy generation behaviour is analysed
using the SIMMER code, the structural response of the reactor vessel using the AUTODYN [8]
code, and the response of the rotating plug and sodium ejection behaviour using the PLUG
code. If there is sodium leakage into the containment vessel, the Containment Response Phase
is analysed, comprising the examination of the containment vessel's response to the sodium
leakage, utilizing the CONTAIN-LMR [9] code. The Material Relocation and Heat Removal
Phase, regardless of the presence or absence of mechanical energy generation, entails the
analysis of the migration and relocation of molten core materials and the subsequent long term
decay heat removal by sodium flow. This process is analysed using the Super-COPD [10] and
FLUENT [11] codes. An example of reactor analysis using these codes can be found in the
analysis of ULOF in the Monju reactor [12]. Outlines of each code are presented below.

2.1 SAS4A

SAS4A [5] is a computational code that integrates modules analysing the various phenomena
that transpire in each assembly during the IP. The entire core is simulated through about
33 SAS4A channels, each channel being hydraulically linked at the interface to the upper and
lower plenum and neutronically linked through a point reactor kinetics analysis to study the
progression of the accident. Each SAS channel comprises a representative single fuel element
model divided by radial and axial meshes, where the fuel pellet, fuel-cladding gap, cladding,
coolant, and wrapper tube are coupled through the radial heat transfer model and axially through
the coolant thermohydraulic model. In voided channels, in which liquid sodium is lost by
vaporization, the motion of the molten cladding due to sodium vapour flow and the subsequent
fuel disintegration is calculated; in non-voided or partially voided channels, the fuel-coolant
interaction (FCI) following fuel failure and axial fuel motion are calculated. The behaviour of
molten fuel and other materials in the coolant channels following fuel failure is analysed by
solving the axial one-dimensional conservation laws of mass, momentum, and energy.

2.2 SIMMER-1V and SIMMER-III

SIMMER-IV and SIMMER-III [6] are computational codes that perform a comprehensive
analysis of the nuclear thermohydraulic behaviour of a damaged core. Both codes can simulate
a reactor system in three-dimensional Cartesian and two-dimensional cylindrical coordinates,
respectively. They are collectively referred to as the SIMMER code, as the physical models in
both codes are identical, apart from their geometric calculation systems. The SIMMER code is
employed to analyse the propagation of the disrupted area within the reactor core and the
consequent reactor power changes in the TP, with a particular focus on the energy generation
behaviour due to prompt criticality and the transformation of this energy into mechanical energy
by core expansion. The code incorporates a fluid dynamics module to calculate the
thermohydraulics of the mixture of degraded core materials, a neutron calculation module to
analyse space-dependent kinetics, and a structure module that considers the melting and failure
of structures. SIMMER treats core materials such as fuel, steel, sodium, and fission product gas
as different components in solid, liquid, and gaseous states. The fluid dynamics module
computes multivelocity field flow, multiphase. multicomponent flow, heat and mass transfer
between components, and momentum exchange. Solid particles are treated as fluid but are
treated separately from liquid components. The structure module calculates heat transfer and
melting/solidification/failure behaviour among fuel elements, assembly walls, and fluid, while
fluid convection is limited by the presence of intact assembly walls. The neutron calculation
module calculates reactivity and power from macroscopic cross-sections based on mass and
temperature distribution of the core material, neutron flux distribution based on multigroup
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transport theory, and kinetics of the improved quasi-static approximation. In the safety analysis
of LMFR, the initial condition of SIMMER is provided by automatic data transformation tool
from SAS4A [13].

23 AUTODYN

AUTODYN [8] is a commercially available software designed specifically for the calculation
of nonlinear time history responses of dynamic events, such as explosions and impacts. The
software integrates a computational mesh with Eulerian elements suitable for fluid dynamics
analysis of gases and liquids, and a mesh with Lagrangian and shell elements ideal for structural
deformation analysis, enabling the computation of interactions between the two mesh types.
The versatility of AUTODYN allows for its application to a wide range of explosion and impact
scenarios, including those where a fluid pressure source drives surrounding fluid and imparts a
pressure load on structural walls. Through the analysis of coupled fluid—structure behaviour,
AUTODYN calculates strains and displacements in the structure, taking into account the
geometry of the analysed object, structural material properties, and the properties of the applied
pressure source. In the safety analysis of LMFR, the code is utilized to assess the effects of
mechanical energy produced by a prompt criticality incident on the reactor vessel. The high
temperature core material after prompt criticality is treated as a pressure source and its
pressure-volume relation is provided to AUTODYN as an input from the preceding analysis of
core expansion behaviour by SIMMER.

24 PLUG

PLUG serves as a computational tool for modelling the dynamics of the plugs and bolts that
comprise a reactor vessel's shielding plug. It also analyses the amount of sodium that is expelled
onto the containment floor through the gap between the shielding plugs due to the pressure
difference between the top and bottom of the shielding assembly. The PLUG methodology
characterizes the individual shielding plugs as rigid bodies and the connecting bolts as
elastoplastic bodies, then solves the coupled one-dimensional equations of motion for each plug
to determine their relative motion. To determine the amount of sodium ejected from the gap as
a result of the relative displacement between the shielding plugs, PLUG employs Bernoulli's
equation, using the pressure difference between the reactor vessel and the containment vessel.
The input for PLUG is the pressure transients at lower surface of each plug and is given by the
preceding analysis of core expansion behaviour by SIMMER.

2.5 CONTAIN-LMR

CONTAIN-LMR [9] performs assessments on a range of phenomena that occur within the
containment vessel during a severe accident, including sodium combustion, hydrogen
combustion, sodium—concrete reaction, and others, evaluating the type and quantity of
radioactive material that may be leaked or released into the environment. The analysis system
of CONTAIN-LMR is divided into cells, and the physical quantities within each cell, including
pressure, gas temperature/composition, and aerosol concentration, are averaged and calculated.
Furthermore, multiple structures within the cell, such as floors, walls, ceilings, and internal
structures, can be incorporated into the analysis. As a modular code system, CONTAIN-LMR
integrates separate analysis codes for sodium combustion, debris—concrete interaction,
sodium-concrete reaction, and hydrogen combustion to offer a comprehensive solution for a
broad spectrum of accident assessments within containment vessels.
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2.6 Super-COPD

Super-COPD [10] is a general-purpose modular plant dynamics code for LMFRs, with
capabilities for analysing the dynamic behaviour of LMFR plants under various transient
conditions. It has functions for reactor kinetics, thermohydraulics of the cooling system,
operation of dynamic components (valves, pumps, etc.) and the reactor protection system. In
addition, the debris bed thermal calculation module, which is integrated into Super-COPD as
an independent module, calculates the temperature in the debris bed during the material
relocation and heat removal phases.

2.7 FLUENT

FLUENT [11] is a widely utilized commercial computational code that offers diverse physical
models for analysing heat and fluid flow, chemical reactions, and heat transfer in various
engineering problems. Its applications range from air flow around aircraft wings, combustion
phenomena in combustion reactors and bubble towers, to thermohydraulics analysis in nuclear
reactors and semiconductor manufacturing processes, as well as clean room design. FLUENT
has also been utilized to evaluate various thermohydraulic issues in sodium cooled fast reactor
plants, making it a valuable tool for safety analysis in fast reactors. Specifically, the code is
employed to analyse the temperature changes of various structural materials resulting from the
thermohydraulics of the coolant within the reactor vessel [14].

3. CONFIRMATION OF APPLICABILITY OF ANALYSIS METHOD TO SAFETY
ANALYSIS

This section describes the confirmation of the applicability of the SIMMER code, a crucial
component of the calculation codes previously discussed, to fast reactor safety analysis as an
example of the similar confirmation procedures for the other codes. The applicability of the
calculation codes to the safety analysis of LMFR plants is confirmed by identifying important
phenomena that dominate event progressions, validating the models of the analysis codes for
the important phenomena, and examining the applicability of the codes based on the validation
results.

3.1 Physical phenomena in the event progression in transition phase and assessment index

In the TP of a CDA in a fast reactor, which is the focus of the SIMMER code analysis, the event
progression is depicted as shown in Fig. 2, where the parenthesized numbers indicate the
physical phenomena impacting the progression. First of all, the event progression is dominated
by (1) the neutronic behaviour of disrupted core. In the early stages of the TP, a void reactivity
is inserted by (2) sodium voiding. As the reactor power is maintained, the area of fuel pin
disruption by (3) fuel pin melting and failure gradually propagates by (5) wrapper tube melting
and failure, and positive reactivity is inserted as the disrupted fuel densely accumulates by
gravity. The (4) fission product gas release may affect the fuel concentration behaviour. The
increase of nuclear power accelerates the failure of the remaining fuel elements, eventually
leading to the formation of whole core scale disruption.
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FIG. 2. Event progression in the Transition Phase and related phenomena.

Positive reactivity is inserted by the accumulation of disrupted fuel in the lower part of the core
as a result of gravity settling over a wide area, forming a molten pool. In the molten pool, a fuel
cohesive motion, i.e. (7) fuel sloshing, may result in a prompt criticality, leading to a large
energy release. Negative reactivity is inserted due to (8) fuel discharge into the pin bundle
channels above and below the core, or into the inter-assembly gap outside the core. On the other
hand, positive reactivity may be inserted due to radial fuel concentration caused by sodium
vapour pressure by (6) FCI when molten fuel contacts with residual coolant in the core
periphery. If the negative reactivity insertion by fuel discharge from the core prevails and deep
subcriticality is reached, the nuclear event progression in the TP will terminate.

If the insertion of positive reactivity due to fuel concentration prevails, it may result in an
excessive level of reactivity and prompt criticality, leading to a rapid release of thermal energy
through what is referred to as a power excursion and/or energetics. As a result of this very rapid
power excursion, the fuel within the core experiences nearly adiabatic heating, and the rise in
fuel temperature can serve as a gauge of the magnitude of released thermal energy and represent
the potential for mechanical energy generation in the subsequent MRP. In other words, the core
average fuel temperature can be utilized as a figure of merit in subsequent processes to identify
important phenomena in the analysis of TP.

On the other hand, with respect to the thermal effects of CDA, the distribution and state of core
materials are necessary for analysis in the subsequent Material Relocation and Heat Removal
Phase. As the TP event progresses, a portion of the molten core fuel may flow out of the core
along various flow paths, as described previously. The amount of fuel discharge from the core
is a determinant of the potential for prompt criticality and the initial conditions for the Material
Relocation and Heat Removal Phase, thus serving as a figure of merit in identifying the
important phenomena of TP.
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3.2 Extraction of important phenomena

The physical phenomena affecting the event progression discussed in the preceding section
were categorized as "High" (H), "Moderate" (M) or "Low" (L) based on the definitions provided
in Table 1. This classification was determined by the extent of their impact on the core average
fuel temperature and the amount of fuel discharge from the core, which serve as figure of merit
for TP. Phenomenon with a classification of "High" or "Moderate" for either figure of merit
was considered to be important phenomenon.

TABLE 1. DEFINITION OF RANK

Rank Definition of rank Treatment in the confirmation of applicability
of the analysis code

H Phenomena that are The uncertainty associated with physical
considered to have a phenomena is determined through the comparison
significant impact on event of experimental results and sensitivity analysis.
progressions The effect of the uncertainty on figures of merit in

the safety analysis of nuclear plant is evaluated
accordingly.

M Phenomena that are Although the phenomenon plays a certain role in
considered to have a simulating event progressions, it is a physical
moderate impact on event phenomenon whose impact on figures of merit is
progressions less pronounced than that of "H". Nevertheless,

this study evaluates the impact of uncertainty on
the figure of merit through sensitivity analysis
similarly to the assessment of "H."

L Phenomena that are Since this is a physical phenomenon that clearly
considered to have a small has a small impact on the figures of merit, the
impact on event progressions  verification/validation assessment is not needed.

The core average fuel temperature rapidly increases due to nuclear heating during prompt
criticality, which occurs upon the spatial concentration of fuel. Large scale fuel concentration,
resulting in a severe prompt criticality, is driven by the generation of localized pressure in whole
core molten pool. The energy release by prompt criticality ends on the quantity of fuel
participating in the concentration and the velocity of concentration. Hence, the ranking of
physical phenomena with regards to the "core average fuel temperature”, a figure of merit in
the TP, can be determined by evaluating the impact of each phenomenon on fuel concentration
quantity and concentration velocity during the formation of the whole core pool.

On the other hand, fuel discharge from the core during the TP occurs when the molten fuel
accesses discharge paths. These paths include the CRGTs, the pin bundle channels at the top
and bottom of the fuel assembly, and the gap between assemblies of the radial
reflector/shielding surrounding the lateral side of the core. The physical phenomena having
influence on the behaviour of the core material in the discharge paths are likely to have a
substantial impact on "the quantity of fuel discharge from the core", another important metric
in the TP.

The following are the outcomes of the discussion based on the above-mentioned ranking
methodology for each phenomenon that affects event transition. Given the page limit, this
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section presents a discussion of only three representative phenomena selected from Section 3.1,
ranked as "L," "M," or "H," respectively. It should be noted that the numbers in parentheses
correspond to the numbers depicted in Fig. 2.

(1) Neutronic behaviour of disrupted core.

Reactivity and reactor power exhibit dynamic variations that are contingent upon the
time-dependent distribution and temperature of materials. This physical phenomenon has a
certain influence in determining the core average fuel temperature, and its impact is considered
moderate ("M"). Conversely, its influence on fuel discharge from the core is minimal ("L").

(2) Sodium voiding.

This physical phenomenon pertains to the rapidity of core damage progression due to the
insertion of void reactivity, which arises from the expansion of the coolant boiling region and
the loss of its role as a coolant. Nevertheless, upon the formation of a molten core pool that
leads to extensive fuel concentration, there is no direct impact on fuel concentration as nearly
all of the core's coolant has become voided. As such, the significance of this physical
phenomenon is considered low ("L").

(6) FCL.

This physical phenomenon refers to the generation of coolant vapour pressure resulting from
the direct heat exchange between the coolant and hot core materials, caused by the failure of
structural components such as the CRGTs and assembly walls, as well as by the inflow of
coolant from the lower and upper peripheries of the core. This phenomenon can induce fuel
sloshing and affect the concentration of fuel, accompanying reactivity changes, and thereby
impacting the core average fuel temperature significantly ("H").

Based on the results of the aforementioned ranking, the following important phenomena were
extracted: (1) nuclear behaviour of the damaged core, (5) structural wall melting and failure,
(6) FCI, (7) fuel sloshing, and (8) fuel discharge, where their effect on the relevant figures of
merit was rated as high ("H") or moderate ("M"). The methodology for extracting important
phenomena based on their impact on figures of merit is analogous to that used in the PIRT [15].
However, while PIRT incorporates not only the impact of the phenomena on figures of merit,
but also the current level of knowledge, as criterion to prioritize future research needs, this
methodology only employs the impact of the phenomena as the criterion, given that the current
objective is to extract important phenomena to confirm the applicability of the SIMMER code.

3.3 Validation of the SIMMER code on the important phenomena

The validity of the SIMMER code was confirmed for the important phenomena identified in
the previous subsection through conducting analyses of existing in- and out-of-pile
experiments. Table 2 presents a list of these important phenomena and the experiments for
which validation was performed. Due to page limitations, only the validation results for (6) FCI
are described here as a representative example, since FCI directly affects energy generation in
the TP, with the discussion on the applicability of SIMMER to the FCI in the safety analysis of
an LMFR plant.
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TABLE 2. LIST OF EXPERIMENTS TO VALIDATE SIMMER ON IMPORTANT PHENOMENA

Phenomena with high impact on figures of ~ Experiments for Validation Analysis
merit

(1) Neutronic behaviour of damaged core FCA VIII-2 experiment [16]

(5) Melting and failure of structural wall EAGLE in-pile experiments [17]
(6) FCI THINA experiment [18]

(7) Fuel sloshing Sloshing behaviour experiment [19]

High liquid—vapour density ratio two-phase flow
experiment [20]

SCARABEE BF2 experiment [21]

(8) Fuel discharge GEYSER experiment [22], THEFIS experiment
[23]

In SIMMER, the FCI coolant vapour pressure is calculated as a result of the vaporization due
to heat transfer from the fuel to the coolant. The heat transfer rate is calculated from the
temperature of each material, empirical heat transfer coefficient, and the interfacial contact area
between them, which are determined by multiphase, multicomponent, multivelocity field
hydrodynamics analysis within the framework of SIMMER. Although it is not possible to
measure the interfacial area, inter-component heat transfer, nor mass transfer in the test, our
focus was on the pressure transients associated with the generation of coolant vapour as a result
of the integration of these physical phenomena, which is of prime importance in FCI.

3.3.1 Validation analysis using THINA experiment

THINA experiment is an out-of-pile simulation that aims to replicate FCI by introducing a high
temperature melt generated through thermite reaction into a sodium pool from the bottom. As
depicted in Fig. 3, the cylindrical vessel with an inner diameter of 30 cm and a height of 5 m
and was filled with 150 kg of sodium at an initial temperature of 770 K. The sodium was filled
with argon gas at a pressure of 0.11 MPa, and a high temperature melt, with an initial
temperature of 3,270 K and a mass of 5.5 kg, simulating the molten core material, was injected
into the sodium pool through a 3 cm inner diameter tube at a pressure of 2.5 MPa.

The sodium pool pressure at a height of 10 cm and cover gas pressure at a height of 4 m as
evaluated by SIMMER are compared with experimental results in Fig.3. The experiment reveals
that sodium vaporization, which is a result of the contact between the hot melt and the coolant,
frequently gives rise to sharp time-dependent pressure peaks between 1 and 1.2 s. On the other
hand, in the cover gas region, the pressure increases relatively gradually due to the generation
of sodium vapour at the bottom of the pool, bubble generation and expansion in the sodium
pool, sodium level rise, and compression by sodium surface. The pressure peaks after 1.6 s in
the sodium pool are attributed to compression by sodium slug, as the sodium, once lifted by
sodium vapour, descends due to sodium condensation.
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FIG. 3. Schematic of THINA experiment and the comparison of pressure transients.

The magnitude and timing of the sharp pressure peaks in the sodium pool, as observed in the
experiment, in the left graph of Fig. 3, are susceptible to slight variations in the test conditions.
Despite such uncertainty, the results of the test analysis accurately reproduce the onset time
within an error range of the order of 10 to 107 s, with a tendency to slightly overestimate the
pressure peak. The onset time of the pressure peak is also reproduced in the cover gas region,
as depicted in the right graph of Fig. 3, which signifies that the motion of the sodium slug,
driven by the sodium vapour generated through fluid-to-fluid heat transfer calculations, is
realistically simulated. The higher experimental value of the cover gas pressure is presumed to
be a result of the inflow of non-condensable gas along with the high temperature melt. If this
factor is taken into account, the simulation results are within a 10% error range.

The outcome that the pressure transient in the sodium pool and the cover gas pressure are
effectively replicated implies the adequacy of SIMMER's physical models associated with
evaporation/condensation, liquid-to-liquid heat transfer, and multicomponent, multiphase fluid
dynamics, further indicating the applicability of SIMMER to the simulation of FCI in the TP of
LMFR.

3.3.2 Discussions on the uncertainty related to FCI

Although SIMMER has a tendency to slightly overestimate the pressure values generated in the
sodium pool, it can approximately reproduce the order of magnitude of the pressure values
based on the THEFIS simulation. On the other hand, FCI affects the core average fuel
temperature by inducing fuel sloshing which may result in large fuel concentration and prompt
criticality. The FCI phenomenon in the TP itself has a large uncertainty on its magnitude and
occurrence timing, as the structure wall failure and the contacting geometry of fuel and coolant,
which are the precondition phenomena for FCI, have also a large uncertainty. In addition, it is
difficult to conduct demonstrative experiment of fuel sloshing caused by FCI around the core
utilizing reactor materials. As such, the application of SIMMER to the FCI in the TP should
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use conditions that conservatively encompass the uncertainty of FCI, which is discussed here,
in the safety analysis of LMFR plants.

THINA experiment is also concerned with the generation of mechanical energy in the MRP.
The pressure generation and cover gas compression behaviour observed in the test were
properly analysed by SIMMER. In addition, the situation of FCI occurrence in THINA
experiment is analogous to the FCI phenomena in the MRP, in which hot molten material is
injected from the bottom of sodium pool, and therefore, it is concluded that SIMMER is
applicable for the analysis of the mechanical energy generation in the MRP with small
uncertainty.

4. CONCLUSION

An analytical methodology for CDA of LMFRs has been developed to conform the
requirements of the Japanese new regulatory standards. The methodology encompasses the
entire CDA event sequences, from initiation to termination, by integrating existing plant
dynamics code, commercial code, empirical correlations, and a safety analysis code that
evaluates event progression in the CDA. This methodology can demonstrate the efficacy of
CDA mitigation measures, taking into account the impact of uncertainties associated with
important physical phenomena governing the progression of the accident.

In this paper, the procedure for confirming the applicability of the methodology for analysing
CDA in LMFR is described, with a focus on the SIMMER code, which plays a dominant role
in the methodology. The procedure involves extracting important phenomena based on their
magnitude of impact on event progression during the CDA transition phase. Subsequently,
validation analyses were performed on the SIMMER code for these important phenomena to
affirm its applicability and to identify uncertainties that their influence on the analytical results
of SIMMER needs to be assessed in the safety analysis of the LMFR plant.

The applicability of the methodology was not only confirmed for SIMMER, but also for other
analysis codes that make up the comprehensive analysis methodology for all event progressions
in CDA. The analytical methodology described in this paper lays a foundation for conducting
safety assessments of LMFR plants during the licensing procedure under the new regulatory
standards in Japan.

REFERENCES

[I] OKRENT, D., On the History of the Evolution of Light Water Reactor Safety in the
United States of America, US NRC/ACRS document, ML090630275 (1977).

[2] FUIJII-E, Y., History of Fast Reactor Safety in Japan, Proc. the 1990 Int. Fast Reactor
Safety Meeting, Snowbird, Utah, U.S.A., August 12—16 (1990).

[3] KUSSMAUL, G, et al., The CABRI Project-Overall Status and Achievements, Proc. of
Science and Technology of Fast Reactor Safety, Guernsey, Vol. L., p.103 (1986).

[4] WRIGHT, A.E., et al. Fast Reactor Safety Testing in TREAT in the 1980s, Proc. Int. Fast
Reactor Safety Meeting, Snowbird, Vol. II, p.233 (1990).

[5S] TENTNER, A. M, etal., The SAS4A LMFR Whole Core Accident Analysis Code, Proc.
International Meeting on Fast Reactor Safety, pp.989-998, Knoxville, TN (1985).

82



[10]

[11]
[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

TOBITA, Y. et al., The Development of SIMMER-III, An Advanced Computer Program
for LMFR Safety Analysis and Its Application to Sodium Experiments, Nuclear
Technology, Vol. 153, No. 3, pp. 245-255 (2006).

Overview Draft New Safety Standards for Nuclear Power Stations NRA, Japan, January
2013. https://www.nra.go.jp/data/000067120.pdf

ANSYS, Inc., ANSYS AUTODYN user's manual: release 15.0, Pennsylvania, USA
(2013).

MURATA, K. K., etal., CONTAIN LMR/1B-Mod.1, A Computer Code for Containment
Analysis of Accidents in Liquid-Metal-Cooled Nuclear Reactors, SAND91-1490 - UC-
610, Jan. 1993.

YAMADA, F. et al., Development of Natural Circulation Analytical Model in Super-
COPD Code and Evaluation of Core Cooling Capability in Monju During a Station
Blackout, Nuclear Technology, Vol.188, No. 3, pp. 292-321 (2014).

ANSYS, Inc. ANSYS Fluent User’s Guide, Release 17.2 (2016).

Suzuki, T., et al., A PRELIMINARY EVALUATION OF UNPROTECTED LOSS-OF-
FLOW ACCIDENT FOR A PROTOTYPE FAST-BREEDER REACTOR, Nuclear
Technology, Vol. 47, pp. 240-252 (2015).

Tobita, Y., et al., Development of SAME-II: A Connection Code between SAS4A and
SIMMERC-IIL, JNC TN9400 2002-018 (in Japanese), March (2002).

Tanaka, M., et al., Numerical Investigation of Thermal Striping near Core Instruments
Plate around Control Rod Channels in JSFR, Proc. of 13th Int. Topical Meeting. on
Nuclear Reactor Thermal Hydraulics, N13P1190 (2009).

Phenomena Identification and Ranking Table, OECD NEA No.7443, 2018.

NAKANO, M., et al., An Experimental Study of Reactivity Changes and Flux Distortion
in Simulated LMFR Meltdown Cores, Nuclear Science and Engineering, Volume 87, pp.
283-294 (1984).

KONISHI, K., et al., The result of a wall failure in-pile experiment under the EAGLE
project, Nuclear Engineering and Design, pp 2165-2174, Volume 237, Issue 22,
November (2007).

HUBER, F., et al., EXPERIMENTS TO THE BEHAVIOR OF THERMITE MELT
INJECTED INTO A SODIUM POOL, Proc. Int. Fast Reactor Safety Meeting, Volume
I1, pp.407-416, Snowbird USA (1990).

MASCHEK, W., et al., Simulation Experiments for Centralized Liquid Sloshing Motions,
KfK 5090 (1992).

MISHIMA, K., et al., Visualization and Measurement of Gas-Liquid Two-Phase Flow
with Large Density Difference Using Thermal Neutrons as Microscopic Probes, Nuclear
Instruments and Methods in Physic Research A, Vol. 424, pp.229-234 (1999).

83



[21] Seiler, J. M., et al., Synthesis on research on boiling pool thermal hydraulics at CEA and
KFK, IAEA meeting O-Arai, Japan, June (1994).

[22] SCHWARTZ, M., et al., Interpretation of out-of-pile experiments on the propagation and
freezing of molten fuel, Proc. 13th Meeting of the Liquid Metal Boiling Working Group,"
Winfrith, p.878, September (1988).

[23] FIEG, G., et al., Penetration and freezing phenomena of ceramic melts into pin bundles,
Proc. International Fast Reactor Safety Meeting, Snowbird, Volume 3, p.387 (1990).

GLOSSARY

Energetics Rapid release of thermal energy by prompt criticality that may affect the
integrity of primary boundary

Figure of merit Quantity used to characterize the performance of a device, system or

method, relative to its alternatives

Prompt criticality =~ Nuclear fission event in which criticality is achieved with prompt neutrons
alone

Unprotected Failure of reactor scram

84



3D THERMOHYDRAULICS-NEUTRONICS SIMULATION OF SFR CORE
DEGRADATION WITH THE SEASON FRENCH PLATFORM

E. DUFOUR!, P. GUBERNATIS!, L. TROTIGNON!
ICEA, DES, IRESNE, DTN, SMTA, LMAG, Cadarache, F-13108 Saint-Paul-lez-
Durance, France

Abstract

SEASON is a new platform developed by the French Alternative Energies and Atomic Energy Commission (CEA) in
order to simulate the core degradation of sodium cooled fast reactors (SFRs) during severe accident transients. It relies on a
multichannel formulation of the SIMMER-V thermohydraulics and core degradation code. It involves the chaining of
SIMMER-V with a fuel performance code (GERMINAL or SAS-SFR) as well as couplings of SIMMER-V with a spatial
neutronics code (PARIS which uses a flux solver that can be SNATCH, PARTISN or IDT) and a code modelling the primary
circuit (SIMMER-V or CATHARE). Contrary to the former computational scheme for calculating a severe accident transient,
SEASON allows to calculate the initiating phase and the generalized degradation phase of the accident with the same
SIMMER-V code by considering respectively a multichannel description of the core and a full core description. It manages the
transition between multichannel and full core calculations, with thermohydraulics coupled to neutronics. The paper describes
the architecture and the main features of the current version 4.2 of the platform. An example of calculation of an unprotected
loss of flow (ULOF) transient in an SFR simplified design core is provided. Eventually, perspectives for the future development
of the platform are given.

1. INTRODUCTION

In the framework of the Generation IV R&D programme on sodium cooled fast reactors (SFRs),
CEA is involved with its partners — for example, the Japan Atomic Energy Agency (JAEA)
— 1in the development of computational tools devoted to the simulation of the core degradation
during severe accident transients. The objective of the paper is to present the new SEvere
Accident SimulatiON (SEASON) platform whose development began in the framework of the
implementing arrangement between CEA, AREVA, JAEA, MHI and MFBR (2014-2019).

The SEASON platform is dedicated to the simulation of SFR core degradation during severe
accident transients, from the initial state of the irradiated core until the relocation phase of the
corium towards the core catcher. It is based on a multichannel formulation of the SIMMER-V
thermohydraulics and core degradation code. It involves the chaining of SIMMER-V with a
fuel performance code (GERMINAL or SAS-SFR) as well as couplings of SIMMER-V with a
spatial neutronics code (PARIS which uses a flux solver that can be SNATCH, PARTISN or
IDT) and a code modelling the primary circuit (SIMMER-V or CATHARE in preparation).

Contrary to the former computational scheme based on the chaining of the SAS-SFR and
SIMMER codes for calculating a severe accident transient (Fig. 1), SEASON allows to
calculate the initiating phase and the generalized degradation phase of the accident with the
same SIMMER-V code by considering respectively a multichannel description of the core
(which offers a good computing performance as long as the channels evolve
thermohydraulically independently) and a full core description. This allows to perform a more
easily achievable transition between the multichannel calculation of the initiating phase and the
full core calculation of the generalized degradation phase and offers at the same time a better
coherency of the whole sequence treatment.

In the paper, the architecture and the main features of the current version 4.2 of the SEASON
platform are described. Then, an example of calculation of the complete sequence of
degradation (the initiating phase computed in the multichannel approximation and the transition
to the core-wide degradation phase) coupled to neutronics is provided. This example is an
unprotected loss of flow (ULOF) transient in an SFR simplified design core in 3D Cartesian
geometry. Finally, perspectives for the future developments of the SEASON platform are given.
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FIG. 1. Historical and new computational schemes for calculating a severe accident transient in an
SFR.

2. DESCRIPTION OF THE SEASON PLATFORM (version 4.2)

The architecture of the SEASON platform is shown in Fig. 2.

= £

FIG. 2. Architecture of the SEASON platform.

The SIMMER-V code [1] is a fundamental component of the SEASON platform. SIMMER-V
is a three-dimensional multivelocity field, multiphase, multicomponent, Eulerian, fluid
dynamics code coupled with a fuel pin model and a space- and energy-dependent neutron
transport kinetics model. It is co-developed by CEA and JAEA within the framework of the
implementing arrangement between CEA, FRAMATOME, JAEA, MHI and MFBR
(2020-2024). JAEA is owner of the SIMMER-V code. SIMMER-V was derived from
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SIMMER-IV [2], a three-dimensional code based on the two-dimensional SIMMER-III [3]
technology, with the objective of improving numerical performance and addressing in a more
precise and consistent way the whole severe accident sequence from the initiating phase.
SIMMER-V benefits from (a) an in-development detailed model of fuel pin degradation (called
DPIN3) and a precise description of Pu isotope vector in order to describe irradiated fuel and
in-pin fuel motion, (b) a MPI (domain decomposition) thermohydraulics parallelization, (c) an
OpenMP neutronics parallelization, (d) a dynamical memory allocation, (e) in-development
standardized interfacing capabilities allowing the code to dialog and get coupled with other
codes. Within the SEASON platform, the SIMMER-V internal neutron kinetics and transport
model is not used, but an external neutronics code (PARIS which uses a flux solver that can be
SNATCH, PARTISN or IDT) is coupled to SIMMER-V.

The SEASON platform is based on a new tool that consists of a multichannel formulation of
the SIMMER-V code. It allows to calculate the initiating phase of a severe accident by
considering a multichannel modelling of the core. In this approach, the core is represented by a
partition of the core into several thermohydraulic channels. These channels are thermally
independent and each channel is computed separately by a different run of the SIMMER-V
code. The geometry of a channel can correspond either to a single assembly containing an
average fuel pin representative of the bundle or several fuel pins (such a channel is called a
‘simple channel’), or to a group of contiguous assemblies with one or more representative fuel
pins per assembly (such a channel is called an ‘extended channel’ and will allow the
representation of a local accident — as a total instantaneous blockage (TIB) — on a group of
assemblies). At this stage of development of the platform, the channels are simulated with user-
imposed conditions at axial boundaries of the core. They will be connected to the primary circuit
in a future version of the platform due to the ongoing development of two types of
thermohydraulic boundary coupling in SIMMER-V: on the one hand, an internal and total
SIMMER-V boundary coupling and, on the other hand, a hybrid boundary coupling
(SIMMER-V + another code such as CATHARE [4]).

The different channel degradation calculations performed with SIMMER-V are coupled to a
single spatial neutronics calculation, performed by the PARIS code [5], using an MPI
environment [6—8]. PARIS initially used the SNATCH flux solver [9]. In the framework of a
collaboration with KIT (ARDECO project), the parallelized neutron flux solver PARTISN [10]
was implemented in SEASON as an alternative to SNATCH [11]. PARIS can drive these two
flux solvers. The interface between the neutronics kinetics and the neutronics flux solver was
generalized. Owing to this, the implementation of another flux solver is greatly facilitated. In
addition, the introduction of the high performance parallel flux solver IDT [12] in SEASON is
currently underway and a first operational version of the coupling between SIMMER-V and
PARIS/IDT using a file exchange is available and being tested. The neutronics computing
process was also improved. In particular, the flowchart of the neutronics process was adapted
in order to be very close to the process in SIMMER-V (native computation of the neutronics in
SIMMER-V by the GRIND module). At this stage of development, only the shielding process
i1s missing in SEASON. This point is under investigation together with the question of the
update of the cross-sections during the degradation. In addition, the time management for the
coupling between neutronics and thermohydraulics was improved. The amplitude variation of
the power between two rendezvous times was linear until now. The new scheme allows now to
consider a higher order time definition of the amplitude.

The SEASON platform allows to take into account the state of irradiation of the fuel pins (as
initial condition before degradation) using the GERMINAL code [13]. The irradiation phase is
externally calculated by GERMINAL for each representative fuel pin of the core. The chaining
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between irradiation and degradation is managed by a SEASON functionality that processes the
GERMINAL results and stores in a SQL database the properties of the fuel pins for different
states of irradiation. This database is then directly read by SIMMER-V to initialize the
degradation phase. SEASON uses the cycle number of each assembly (as defined by the core
reloading) to identify the instant in the irradiation history of its fuel pins. The extension of the
irradiation—degradation chaining to the irradiation module of the SAS-SFR code [14] was done
in order to possibly replace GERMINAL. The irradiation—degradation chaining will be adapted
to the ongoing developments of the detailed pin degradation model DPIN3 of SIMMER-V in a
future version of the platform.

The SEASON platform relies on a central module called HMI that is a graphical user interface,
specifically designed for the reactor core representation constructed on a serializable specific
data model. The graphical interface allows the user to define the core (geometry and materials
at a given reference thermal state, irradiation, power, flow rate) and to perform the partitioning
of the core into channels based on several criteria (assembly geometry, assembly cycle number,
power overflow rate ratio in the assembly). The HMI module offers three other important
services. First, it allows the pre-processing of the SIMMER-V/PARIS coupled calculation of
the severe accident transient: (a) the creation of the irradiated fuel pin database from
GERMINAL calculation results, (b) the calculation of the neutronics cross-sections for the
nominal core geometry using the ECCO/ERANOS code [15], (¢) the generation of large parts
of the SIMMER-V input files (sim05 files) for the various channel calculations, (d) the
generation of the “SimmerParisCouplingData.xml” input file for the coupling between
thermohydraulics and neutronics. Then, it allows to run a multichannel or full core
SIMMER-V/PARIS coupled calculation. And finally, it manages the transition between the
multichannel calculation of the initiating phase of the accident and the full core calculation of
the generalized degradation phase.

Fig. 3 shows the principle of the transition between multichannel and full core simulations with
thermohydraulics coupled to neutronics. (1) SEASON generates the input data (sim05 and xml
files) for both the full core calculation and the multichannel calculation. (2) Steady state full
core and multichannel calculations, with thermohydraulics coupled to neutronics, are
performed by SEASON. A HDF5 dump file of the full core calculation is generated after the
initialization or later at the steady state. (3) Only the multichannel calculation of the initiating
phase is performed by SEASON until the stopping criterion. Currently, the multichannel
calculation is stopped as soon as one of the can walls located on the periphery of the simulated
domain completely breaks up in one of the SIMMER-V channels. This stopping criterion is
suitable for ‘single’ channels as well as for ‘extended’ channels. The HDF5 dump files of the
different channels are generated just shortly before the first assembly can wall break-up. (4) At
this point, SEASON merges the different HDF5 dump files of the multichannel calculation into
the corresponding full core HDF5 dump file. The unique neutronics dump file (.xml file) of the
multichannel calculation is also converted to a full core dump file. More precisely, the unique
neutronics dump file of the multichannel calculation contains a multichannel description of the
core and SEASON rearranges the file in order to have a description that corresponds to the full
core. (5) Then, SEASON starts the full core calculation of the generalized degradation phase.
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FIG. 3. Principle of the transition between the multichannel calculation of the initiating phase of the
accident and the full core calculation of the generalized degradation phase, with thermohydraulics
coupled to neutronics.

At this stage of development, the transition procedure is operational for ‘simple’ channels
having meshes that match exactly the full core mesh. It is foreseen to extend the transition
procedure to cases with one or several ‘extended’ channels and cases with different meshes for
the multichannel calculation and the full core calculation.

A functionality that allows to run the full core calculation of the generalized degradation phase
in a multiprocessor mode after the transition is under development. This functionality is based
on the domain decomposition procedure of SIMMER-V. It generates, from the unique full core
HDF5 dump file obtained by the merge of the different HDF5 dump files of the multichannel
calculation, several HDF5 dump files corresponding to the decomposition of the simulated
domain.

3. APPLICATION CASE: 3D CALCULATION OF AN ULOF TRANSIENT ON A
SIMPLIFIED CORE

The application case presented in the paper covers the complete sequence of an ULOF transient
(the initiating phase computed in the multichannel approximation and the transition to the
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core-wide degradation phase) in a simplified SFR core in 3D geometry with thermohydraulics

coupled to neutronics. This simplified core is a core invented to demonstrate the capabilities of
the SEASON platform.

Fig. 4 (left) gives the radial cut of the simplified core built in the graphical interface. It is
composed of 217 assemblies and contains 3 types of assembly: ZC1 (yellow) and ZC2 (pink)
are respectively inner core and outer core fuel assemblies while ZREFL (grey) represent
reflector assemblies. Fuel assemblies contain axially homogeneous fissile fuel pins, a longer
fissile zone for the outer core and a sodium plenum above the fissile area. Table 1 gives the
main characteristics of the core and fuel assemblies.

FIG. 4. Application case — Left: Radial cut of the core showing the different assembly types. Right:
Partitioning of the core into 12 ‘simple’ channels.

TABLE 1. APPLICATION CASE — MAIN CHARACTERISTICS OF THE REACTOR CORE AND
THE FUEL ASSEMBLIES

Core characteristics Valu Fuel assembly characteristics Value
Nominal thermal power (MW(th)) 450 Hexagonal tube thickness (cm) 0.5
Inner fissile zone height (cm) 105 Number of fuel pin rings 8
Outer fissile zone height (cm) 135 Fuel pin pitch (cm) 1.22
Assembly pitch (cm) 17.8 Central hole diameter (cm) 0.24
Inter-assembly coolant thickness 0.6 Fuel pellet diameter (cm) 0.994
Fuel/cladding gap (cm) 0.0125
Cladding thickness (cm) 0.05

For the multichannel calculation, assemblies are gathered according to their geometry and their
power overflow rate ratio. The core is then partitioned into 12 ‘simple’ channels as shown in
Fig. 4 (right).

The multichannel and full core SIMMER-V simulations are performed using an

ortho-hexagonal approach. In this approach, the hexagonal pattern of assemblies is modelled in
a Cartesian grid using staggered rectangular assemblies (Fig. 5). This approach enables to keep
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consistent mass, distance and neighbourhood between the hexagonal pattern and the Cartesian
grid. Each assembly is discretized with 1 mesh cell in X direction, 2 mesh cells in Y direction
and 30 mesh cells in the axial direction Z. The number of computational mesh cells for the full
core calculation is 17 x 34 x 30 (X, Y and Z direction respectively). Fig. 6 gives a view of the
discretization of the full core (note that green dotted lines outside the core mark out mesh cells
excluded from the calculation). Meshes of the different channels match exactly the full core
mesh.

FIG. 5. Application case — X-Y-Z Cartesian geometry: ortho-hexagonal approach with two mesh cells
per assembly.
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FIG. 6. Application case — Discretization of the full core with SIMMER-V: radial-azimuthal cut (left)
and axial-radial cut (right). Green dotted lines outside the core mark out mesh cells excluded from the
calculation.

In this application case, the state of irradiation of the fuel pins is not simulated (i.e. fresh fuel
is considered). Coupling with neutronics is performed with the SNATCH flux solver.

To establish initial conditions before SIMMER-V/PARIS transient simulation, the sodium flow
is piloted by the prescription of the core inlet and outlet pressures. The sodium temperature at
core inlet is kept constant at 673 K during the whole sequence. A pressure of 1.1 bar is imposed
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as outlet boundary condition. Coolant mass flow rate per fuel assembly is adjusted by fixing
appropriate orifice coefficients at the entrance of each assembly in order to homogenize the
sodium temperature at the outlet of the different fuel assemblies. After the calculation of the
steady state with the constant nominal conditions of power and sodium flow, the ULOF
transient is simulated by a sodium flow decrease at the core inlet with a pump halving time of
10s.

In order to validate the procedure of transition between the multichannel calculation of the
initiating phase and the full core calculation of the generalized degradation phase, two
simulations of the ULOF transient are performed: (1) a full core calculation of the whole
sequence of the transient, (2) a multichannel calculation of the initiating phase of the transient
followed by a full core calculation of the generalized degradation phase (with a transition
performed an instant before the first assembly can wall break-up that occurs in the channel n°1).
Fig. 7 compares the reactor power variation during the ULOF transient for simulations (1) and
(2). It can be seen that the power variation of simulation (2) is consistent with the power
variation of simulation (1) and that there is no power discontinuity at the time of the transition.
This validates the multichannel approach and shows that the transition between multichannel
and full core calculations is well managed by SEASON.

It should be remembered that the multichannel approach has several major advantages: (a) it
saves computation time as long as the channels evolve thermohydraulically independently, (b)
it offers the possibility of meshing some channels more finely (i.e. representing some
assemblies with several fuel pins per assembly), (c) the use of an ‘extended’ channel will allow
to represent a local accident (as a TIB) on a group of assemblies (the damaged assembly and
the ring of neighbouring assemblies).

Fig. 8 shows the core degradation state after the power peak in the simulation (2).
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FIG. 7. Application case — Core power variation during ULOF transient — Comparison between the full
core calculation of the whole sequence (red) and the multichannel calculation of the initiating phase
(green) followed by the full core calculation of the generalized degradation phase (vellow). The
transition between multichannel and full core calculations is performed at t = 43.75 s after ULOF onset.
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FIG. 8. Application case — Core state after the power peak (t = 46.6 s after ULOF onset) in the full
core calculation of the generalized degradation phase.

4. PERSPECTIVES
Short term perspectives for the future developments of the SEASON platform are:

e Adaptation of the irradiation—degradation chaining to the detailed pin model DPIN3 of
SIMMER-V.
e Implementation of the two types of thermohydraulic boundary coupling of SIMMER-V:
o The inner (SIMMER-V/SIMMER-V) boundary coupling (using MPI exchanges
and the MEDCoupling library), which will allow to embed a domain inside
another one with the possibility of local mesh refining (for example, a core finely
meshed into a vessel coarsely meshed);
o The hybrid (SIMMER-V/another code) boundary coupling (using
ICoCo/MEDCoupling exchanges), which will allow to couple SIMMER-V to a
code modelling the primary circuit as CATHARE.

e Implementation of the on-the-fly update of the macroscopic cross-sections during the
degradation.

Longer term perspectives are:

e Introduction of a simplified model describing the axial extension of the structures of the
core;

e Improvement of the neutron computing by introducing a shielding module (from the

neutronics platform APOLLO3 [16]) and taking into account the transport of fission
products and their delayed neutrons;

e Introduction of an advanced modelling of cross-sections in case of degraded geometry
(from APOLLO3).
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THE SIMPLIFIED RADIONUCLIDE TRANSPORT CODE FOR THE SOURCE
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Abstract

Mechanistic source term (MST) assessment, or the realistic evaluation of radionuclide transport and retention for
specific transient event sequences, is central to the licensing approach for advanced reactor designs. To aid MST assessments
for pool-type, metal fuel sodium fast reactor (SFR) designs, Argonne National Laboratory developed the Simplified
Radionuclide Transport (SRT) code, which is an integral SFR radionuclide transport analysis tool that assesses radionuclide
movement from the reactor fuel to the environment. The code includes models for phenomena associated with radionuclide
behaviour within the fuel pins, release from failed fuel, migration through the sodium pool, and behaviour in the cover gas
region and containment. SRT is purposefully designed to facilitate sensitivity and uncertainty analyses with off-site
consequences as the metric of interest. The paper provides an overview of SRT development, including a review of the latest
models and capabilities, current verification and validation status, and example analyses.

1. INTRODUCTION

A central aspect of the nuclear reactor licensing process is the evaluation of the potential release
of radionuclides to the environment and the possible impact on human health. For advanced,
non-light-water reactors (non-LWRs), the U.S. Nuclear Regulatory Commission (USNRC) has
established an expectation for the use of mechanistic source term (MST) assessments, which
realistically assess the transport and retention of radionuclides during potential accident
scenarios [ 1-3]. To support the design and licensing efforts of metal fuel pool-type sodium fast
reactors (SFRs), Argonne National Laboratory (Argonne) has developed the Simplified
Radionuclide Transport (SRT) code. The code provides an integral assessment of radionuclide
release and transport through the reactor system and is specifically tailored to address the
phenomena associated with potential severe accidents associated with metal fuel pool-type
SFRs. The paper begins with an overview of the predicted severe accident phenomena for metal
fuel pool-type SFRs and is followed by an overview of the SRT, with an example analysis.

2. POOL-TYPE METAL FUEL SFR SEVERE ACCIDENT BEHAVIOUR

In the U.S., the design of SFRs has evolved based on lessons learned through extensive design
and operational experience. While initial U.S. sodium reactors utilized metal fuel, they were
limited in the maximum achievable burnup level due to cladding stress from fuel swelling.
Subsequent SFR designs utilized oxide fuel and loop-type layouts, however, challenges were
encountered regarding the potential for energetic severe accident scenarios and its impact on
the licensing process. With further research regarding metal fuel, the issue of pin swelling was
addressed through the inclusion of fission gas plena, which reduced cladding stress. Therefore,
the U.S. shifted SFR design philosophy to leverage the inherent benefits of metal fuel and
pool-type SFR designs to address the challenges encountered during the licensing of oxide fuel
loop-type SFR systems.

Current U.S. SFR designs utilize passive and inherent features to both prevent and mitigate
severe accidents. The large thermal inertia of the sodium pool, along with passive heat removal
systems, aids in preventing accident scenarios with fuel temperatures exceeding cladding limits.
Similarly, the inherent negative reactivity feedback of the core with increasing temperature can
prevent fuel damage in accident scenarios that include a failure of the reactor protection system.
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In addition, the behaviour of molten metal fuel during very severe accident scenarios aids in
the benign termination of the events without further propagation of core damage. Further detail
on these topics and reviews of past studies can be found in Refs [4-6].

Recently, an Argonne study explored the phenomena associated with two types of potential
severe accident associated with metal fuel pool-type SFR designs [7]. While both scenarios are
extremely unlikely event sequences that are expected to be well outside of the design basis of
the reactor based on event frequency, they represent the most plausible pathways to fuel
damage, in terms of the realistic behaviour of the reactor. First, a prolonged, protected
loss-of-heat-removal (PLOF+)! scenario was analysed, which could represent extensive
damage occurring at the plant due to a severe seismic event or other external hazard. The second
scenario assessed a severe unprotected transient over power scenario (UTOP+). While a
mechanistic initiator of such a reactivity insertion could not be identified, the event represented
different fuel damage phenomena than the PLOF+. In the PLOF+ scenario, the sodium pool
and fuel in the core slowly increases in temperature over a period of multiple days. Due to
eutectic penetration of the cladding, fuel failure occurs at temperatures (700 — 800°C) far below
the melting temperature of the fuel (>1000°C). With fuel failure, the contents of the fission gas
plenum and bond sodium are released from the fuel pin, but the fuel matrix remains intact. In
the UTOP+ case, there is a rapid increase in fuel temperatures, resulting in melting of the fuel
matrix, but this is quickly (within seconds) terminated by the negative reactivity that is caused
by the movement of molten fuel. For this event, the molten fuel is ejected from failed fuel pins
but the temperature of the sodium pool remains near nominal. Following fuel pin failure, there
are multiple barriers to the release of radionuclides and a multitude of radionuclide transport
and retention phenomena, as outlined in Fig. 1. Both scenarios were explored with an early
version of SRT, which indicated off-site doses well within acceptable limits, including more
stringent criteria associated with the design basis level.

! The “+” was added to the acronym to denote that the severity of the event is beyond what is typically
considered for a PLOF or UTOP analysis.
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FIG. 1. Metal fuel pool-type SFR radionuclide barriers and transport and retention phenomena [8].
3. SRT OVERVIEW

The SRT code was developed to provide integral MST analyses for SFRs, with a specific focus
on the phenomena relevant for metal fuel pool-type designs. In addition, the code was designed
to perform rapid uncertainty and sensitivity analyses to aid in design and licensing calculations.
The following sections provide an overview of the code, including a brief description of the
phenomena models.

3.1 Calculation process

SRT performs a time-dependent assessment of radionuclide transport and retention, including
a simple assessment of radiological consequence. As outlined in Fig. 2, SRT does not perform
an analysis of the transient scenario, but relies on the output of systems analysis codes, such as
SAS4A/SASSYS-1 [9], or postulated information from the user. This information includes the
fuel conditions (temperature, cladding status, percent molten) and sodium pool temperature
over the transient time, which is then utilized to perform the radionuclide transport calculation.
The code is capable of tracking 770 isotopes of the 32 elements outlined in Table 1. This
includes stable isotopes, as they may impact chemical behaviour through the radionuclide
transport and retention process. SRT accounts for radioactive decay of all radionuclide isotopes
and the birth of daughter products for certain short-lived noble gases.
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FIG. 2. Overview of SRT Input, Calculation, and Output for SFR Calculation [10)].

TABLE 1. ELEMENTS TRACKED BY SRT

Elements

Kr Eu Pr

Xe Ru Sm

I Rh Y

Br Pd Cm

Cs Mo Am

Rb Tc Ce

Te Co Np

Sb La Pu

Se Zr U

Ba Nd Na

Sr Pm

3.2 Uncertainty and sensitivity analysis

To facilitate uncertainty and sensitivity analyses, almost all inputs to SRT can be identified as
uncertainties with specified distributions (uniform, log-uniform, normal, lognormal, and
binomial). The user can then select for the code to perform multiple iterations, which are repeat
calculations utilizing newly sampled values from the uncertainty distributions. Figure 3 outlines
the inputs, outputs, and execution structure of SRT, including the creation of multiple iterations
and outputs describing both individual iterations and summary data. As part of the summary
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data, SRT conducts importance measure calculations on the input uncertainties, including
Kendall and Pearson correlation coefficients. The “nominal output” folder is a new addition to
the SRT output that contains a combination of output files found in both the Summary and
Iteration folders. In it, a separate reference case utilizing nominal conditions (the mean value in
a normal distribution for an uncertainty input) is performed before the main calculation of the
code.

Input Files Code Execution Output Files
SRT Input File Summary Output

Multiple Iterations ﬁ
Fuel Data File

Iteration Output

Pool/Reactor Vessel D

Data File Nominal Qutput

FIG. 3. SRT input, output, and code iteration structure [10].
3.3 Phenomena models
3.3.1 Radionuclide migration in-pin and release from failed fuel pins

SRT utilizes a data-driven approach to assess radionuclide migration within the fuel pin during
irradiation, such as radionuclide movement to the fission gas plenum and sodium bond, along
with radionuclide release from the fuel during cladding failure events. For radionuclide
migration, the user supplies burnup-dependent tables for each radionuclide class of elements.
Such information can be obtained from past Argonne studies regarding metal fuel behaviour
[8, 11]. When fuel pin failure occurs, it is assumed that all radionuclides contained within the
fission gas plenum and bond sodium are available for instantaneous release to the sodium pool.
To determine additional radionuclide releases from the fuel matrix, the user supplies
temperature-dependent and melt percentage-dependent tables for the code to utilize.
Information to support these inputs is also available from Argonne studies [8, 11].

3.3.2 Bubble transport

The transport of radionuclides (both vapour and aerosol) within noble gas bubbles in the sodium
pool is a critical calculation for the MST assessment, as it represents a mechanism to bypass
the radionuclide retention properties of the sodium pool. When a metal fuel pin fails, there is a
large release of noble gases given the initial pin pre-load of a noble gas, along with those noble
gases produced during irradiation. SRT contains both a simplified and detailed model for the
bubble transport analysis. In the simple model, the user inputs a designated decontamination
factor (DF), which is the ratio of radionuclide aerosols entering the bubble versus those that
reach the surface of the pool and cover gas region.

100



In the detailed bubble transport model, SRT performs a mechanistic calculation to determine
the DF based on classical pool scrubbing theory, which includes condensation, Brownian
diffusion, inertial deposition, and gravitational sedimentation. Additional information on the
calculation performed by the detailed bubble model can be found in Refs [12, 13].

There have been recent improvements to the detailed bubble transport model and associated
validation case based on the findings of bubble transport experiments in sodium conducted at
the University of Wisconsin [14, 15]. Multiple options are now available to users of the detailed
bubble model, including the possibility to conduct an internal uncertainty analysis focused on
the bubble transport calculation, which is performed separately from the code’s greater
uncertainty iterations, described in Section 3.2. This allows the user to obtain further insight
into the influence of parameters such as radionuclide aerosol diameter and density on the bubble
DF, without the need to perform many iterations of the entire code.

3.3.3 Sodium pool vaporization

The vaporization models examine radionuclide vaporization from the sodium pool to the cover
gas region. To develop this model, thermodynamic equilibrium calculations were performed
utilizing the HSC Chemistry code [16], which resulted in release fraction response surface
functions that were incorporated into SRT. Different response surface functions are utilized for
each element and different temperature ranges. For each timestep of SRT, the vaporization
function within the code compares the radionuclide element vapour/gas inventory in the cover
gas region versus the quantity of the radionuclide element contained within the sodium pool.
Based on the sodium pool temperature for that timestep, the response surfaces predict the
elemental equilibrium vapour fraction, which is then compared to the current vapour fraction.
If the equilibrium vapour fraction is greater than the current vapour fraction, an additional
quantity of the radionuclide is vaporized from the sodium pool to the cover gas region.

The thermodynamic equilibrium assumption is thought to be conservative, as equilibrium will
likely maximize the number of radionuclides present in the cover gas region but typically takes
an extended period of time to occur. As part of this assumption, the cover gas temperature is
conservatively assumed to be at the same temperature as the sodium pool. The HSC Chemistry
calculations utilized a custom thermodynamic database that was developed by Argonne as part
of past SFR source term efforts [7, 17].

3.3.4 Transport within compartments

SRT assesses radionuclide behaviour within the cover gas region and the
containment/confinement (a future version of the code will allow the specification of additional
compartments for transport). Within these compartments, radionuclides may exist as an aerosol
or a vapour/gas. Based on user-specified options, radionuclides may transition between the two
classes. For example, Nal aerosols may exist within the cover gas region but may dissociate to
sodium oxide aerosol and iodine gas within the containment due to the presence of oxygen.
Maximum flexibility is provided to the user to explore the impact of such phenomena.

Radionuclides in the aerosol class undergo radioactive decay and also deposition. Exponential
decay is utilized to model aerosol deposition, with multiple options available to the user for the
determination of removal rates (decay constants). First, constant removal rates can be specified
by the user, with different removal rates possible for each element modelled by the code.
Second, a customizable power function can be used to calculate removal rates based on the
aerosol mass concentration within the volume. Lastly, the “Henry” correlation is available,
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which determines removal rates using correlations developed for sodium oxide aerosols based
on the results of the ABCOVE sodium fire experiments [18, 19]%. In addition, minimum aerosol
concentrations can be specified, below which aerosol deposition is halted. For aerosols within
the cover gas region, they may deposit into the sodium pool.

For the transport of radionuclides from the cover gas region to containment and from
containment to the environment, the code utilizes user-specified volumetric leakage rates. As
perfect mixing is assumed to occur within both the cover gas region and containment, the
volumetric leakage rates directly translate to radionuclide mass leakage rates.

3.3.5 Radiological consequence analysis

SRT provides two options for the assessment of radiological consequences. First, the
time-dependent radionuclide masses released to the environment are provided as outputs by
SRT and can be utilized within detailed consequence codes such as MACCS [21]. In addition,
SRT provides a dose calculation utilizing user-specified atmospheric dispersion factor (y/Q)
and breathing rate values. Based on this information, SRT calculates whole body dose, thyroid
dose, and total effective dose equivalent (TEDE) utilizing dose conversion factors (DCFs) from
U.S. Federal Guidance Reports 11 and 12 [22, 23]. In addition, the user may also specify custom
DCFs.

4. EXAMPLE ANALYSIS

An example SRT analysis from Ref. [24] is presented here as a demonstration of the capabilities
of the code. The examined scenario does not represent a specific SFR accident sequence and
should not be interpreted as indicative of SFR performance or potential consequences. The
example reactor system is described in Table 2. In this example, the core fuel is divided into
four fuel batches at different burnup levels, with 217 pins per assembly. The postulated transient
scenario, which is described in Table 3, is a rapid heat-up of the core fuel, which results in fuel
melting and cladding failure in three of the four fuel batches. Many radionuclide transport
characteristics were treated as uncertainties by the code, including the cover gas and
containment leakage rates, in-pin migration fractions, fuel pin release fractions, bubble
characteristics, and aerosol deposition options. For this example, the “Henry” aerosol
deposition model was selected to assess aerosol deposition in the cover gas region and
containment. To assess these uncertainties, 250 iterations of SRT were performed.

2 Additional information regarding the Henry model and its performance modeling sodium aerosol environments
can be found in Ref. [20].
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TABLE 2. EXAMPLE SRT PROBLEM REACTOR DESCRIPTION

Parameter Value
Reactor Power 500 MW(th)
Reactor Fuel U-Pu-Zr

Core Fuel Batches and 4 Batches (60 assemblies per batch), Burnup:

Burnup 2,4,6,8%

Fuel Pins Per Assembly 217

Pool Depth ~5m (Pool top to top of active core)
Cover Gas Volume 50m?

Containment Volume 1000m?

Sodium Pool Volume 250m?

TABLE 3. EXAMPLE SRT PROBLEM TRANSIENT DESCRIPTION

Parameter Value or Description

Transient Postulated fuel failure and melting scenario (not
based on a realistic event sequence)

Fuel Batch Failure Times (and 1: No Failure

Max Temperatures)
2: 3.5 minutes (~1350 °C)
3: 1.5 minutes (~1250 °C)

4: 0.5 minutes (~1200 °C)

Max Pool Temperature 650°Cat time = 5 minutes

Cover Gas Leakage Rate Normal Distribution (g, a): (0.1, 0.05) vol % per
day

Containment Leakage Rate Normal Distribution (u,0): (1.0, 0.5) vol % per
day

Atm. Dispersion Factor (y/Q)  1E-4 sec/m’

Code iterations 250

Other input uncertainties RN in-pin migration and release fractions, bubble
characteristics, RN vaporization multipliers,
aerosol deposition options, RN dissociation
characteristics (physical class changes)

SRT provides multiple options to examine the output of the calculations. For example, Fig. 4
contains a cumulative distribution function (CDF) of the TEDE estimate for the 250 code
iterations. The analysis resulted in a mean TEDE value of 5.2E-4 rem (5.2 micro Sv), with 5th
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and 95th percentile values of 6.9E-5 and 1.2E-3 rem (0.69 and 12 micro Sv). An example of
the time-dependent radionuclide inventory in the cover gas region is presented in Fig. 5, which
contains both radionuclide aerosols and vapour/gases. As the plot shows, those radionuclides
in the aerosol form quickly deposit back into the sodium pool or onto other structures within
the cover gas region, which rapidly reduces their inventory in the cover gas region. Those
radionuclides at least partially in the vapour/gas state, such as Kr, I, and Cs, remain within the
cover gas region and are available for further transport to the containment through reactor head
leakage.

FIG. 4. Example SRT analysis — TEDE CDF.
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FIG. 5. Example SRT analysis — inventory in cover gas for specific iteration.
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A key SRT output for each code iteration is the fractional release plot presented in Fig. 6. This
plot illustrates the inventory of the radionuclide isotope available at each stage of the transport
process. For this plot, surrogate TEDE values are utilized for each phase using point source
x/Q values to provide a point of comparison to the final location of interest (referenced as
“offsite dose” in the figure). This information is useful for visualizing where radionuclides are
retained within the reactor system. For example, a large portion of caesium is released from the
fuel pin and reaches the cover gas region. However, significant retention occurs within the cover
gas region and containment, likely due to deposition of caesium aerosols. This retention
mechanism reduces the caesium inventory released to the environment by several orders of
magnitude.
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FIG. 6. Example SRT analysis — fractional release plot for specific iteration.

As mentioned in Section 3.2, SRT also provides outputs regarding the importance of specific
input uncertainties. Figure 7 contains Pearson correlation coefficient raw values for each input
parameter uncertainty based on the results of the 250 code iterations. As the results show, the
greatest correlation was found to be with the cover gas region and containment leakage values
(leakage.cg and leakage.cont). Other potentially impactful input parameters were the assumed
aerosol fall height in containment (aerosol.height.cont), the aerosol particle diameter within
fission product bubbles in the sodium (d.par), and fraction of caesium and rubidium that was in
the vapour/gas form when entering containment (vapor.unc[Cs/Rb]). The Pearson correlation
coefficient is a measure of linear correlation, with the provided Kendall rank correlation
coefficients identifying non-linear correlations.
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TEDE Uncertainty Correlation — Pearson

0.8 -
06

0.4

0.2 I|
. O III

Abs Value Cor Coeff

II-JI_ _-II‘II I II I L
CT= YT = (e~ YT YT = YT = E oy YY) = ey~ L Yo Y3 3 N
e L A0 CHC O H oL 0 CHC 25 L 40 05 8m el L 30 Cn e dn L 806 o S8 8PEEE
SX=EXnLWT X=ExXnTlws XEXnNTIWS EX=XNWUT X=X nWs = =E E
B =000 0D Sl nni 80D Sl oani S0 a2 e S 5 8 0o el o mna B 00 28 O 200 2E GO
ggL)ng:ﬂ)::Q—xuggm:wc%xusgm:O):Q_mmoxusamcwchusmm:w:&m:: £590=¢
e G528 a5 R0 T5=28a5E RN 5528850520052 8a8T0E20T5=8aEET 3£ 58
T e LR ECoEZ el 0P oEZc RO s oEZ TP cgoEZ P ES0EZ 0 Q8 ==0

SESGoESEa2E 550585328502 5853%8 205 0o5858 00 00588 So00=8

EoccEeo30teeE3880a5322”880" @ 9Pgec09 80 >93>08509 SNGOBFT

ESESESZETTe2-05°2008 858 230 @ 9 g°D 2009 @29 2003 2 <°259w

T2gE8"2ceST oS Ccee >a Occ O QgaoC Qe o>Y Qcc OO R

STSE3S £532 2-2 £55 ®© €55 o £53 o 5§33 <3 ©O

s S Sow [] S > Saa S S3> =

© <EE > =t oS8 © c©® 2 > ® <g
2 Ez3 T 3T g>> 288 298 ®
2S5 S22 o ©
S22 2

FIG. 7. Example SRT Analysis — Pearson Correlation Coefficient Raw Values®.
5. SOFTWARE QUALITY ASSURANCE, VERIFICATION, AND VALIDATION

Given the importance of MST analysis as part of reactor design and licensing, extensive efforts
are dedicated to the SRT software quality assurance (SQA) programme, including verification
and validation. SRT development includes a suite of SQA documents outlining the software
requirements, software design description, user manual, verification tests, and validation cases.
Verification tests are developed for individual functions within the code, along with integral
verification tests that evaluate the cumulative performance of the code. The verification tests
compare the output of the code to hand calculations or calculations performed by alternative
methods, such as comparing a numerically derived solution to one derived analytically. Many
of the verification tests are provided to licensed users of the code, which can be utilized as

regression tests to confirm the accurate performance of the code when installed on a new
system.

The validation approach for the code varies depending on the type of model evaluated, as the
models within SRT range for data-driven models dependent on user input to mechanistic
evaluations based on physical or chemical models. For data-driven approaches, the evaluation
focuses on validation of the underlying assumptions of the model. As an example, the model of
radionuclide migration within the fuel pin during irradiation depends on burnup

3 Input parameters with no bar on the plot were supplied as a single input value with no uncertainty distribution.
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level-dependent tables supplied by the user. Therefore, validation of the model focuses on the
appropriateness of the assumption regarding burnup dependence of radionuclide migration.
This validation analysis is performed by examining available data on radionuclide migration
within metal fuel pins and assessing the dependence on burnup level. For mechanistic models
within the code, direct comparisons to experimental data are performed. As highlighted
previously, the detailed bubble transport model in the code has been validated using bubble
transport experiments performed in both water and sodium loops [14, 15]. Similar comparisons
with experimental data are performed for the radionuclide vaporization and aerosol deposition
models.

6. CONCLUSIONS

The SRT code developed by Argonne offers an integrated analysis of radionuclide transport
and retention for potential severe accident scenarios at metal fuel pool-type SFRs. The code has
been specifically designed to address the phenomena associated with metal fuel and pool-type
layouts and was informed by multiple past studies regarding accident behaviour of such
facilities. SRT 1is designed to provide maximum flexibility to the user, including facilitating
rapid uncertainty and sensitivity analyses. A multitude of output options are available to assist
the user in design and licensing calculations that are dependent on MST information. The code
has been licensed by multiple U.S. SFR vendors and was also utilized for conceptual design
and authorization activities for the US Department of Energy Versatile Test Reactor (VTR)
project, including calculations contained within the VTR Conceptual Safety Design Report
(CSDR), which was approved by the authorization body [25].
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Abstract

An ARDECo CEA-KIT cooperation project on ASTRID 1500 MW(th) safety studies and related code developments
was started in 2015 and planned till end of 2019, with the time for some tasks being later extended. The work programme
included 4 Task Sheets (TSs), TS1 was on analyses of unprotected loss of flow (ULOF) accident, TS2 was on simulations of
flow blockages in a fuel assembly, TS3 was on evaluation of sodium temperature in the lower plenum after molten fuel
discharge from the core under hypothetical severe accident conditions. TS1-TS3 simulations were performed with SIMMER,
a coupled fluid dynamics and neutronics code. TS4 was on development of SIMMER and its interfaces to other codes, such as
fuel performance ones. The paper focuses on several TS1 tasks and particularities of the KIT approach to transient simulations
with SIMMER. New SIMMER cross-section libraries, extended cross-section generation procedures, and additional reactivity
feedback models addressing thermal expansion effects are applied for ARDECo studies. The preliminary results show a
favourable impact of taking into account additional reactivity feedback on the ULOF accident evolution with an expected delay
in power excursions that may lead to a lower level of core degradation. Moreover, thanks to new SIMMER capabilities
developed at KIT, the impact of movement of absorber material into the core during the transient is also analysed. These results
bring insight into the impact of a B4C fall into the core during different ULOF instants. The absorber fall is triggered by
different criteria defined by CEA: hydraulic and Curie-point models determine triggering for the hydraulic and Curie-point
rods, respectively, while an upper neutron protection fall is due to vapour presence in the region. Only the neutronics impact
of B4C is considered in the paper, no thermo-chemistry model for simulation of B4C behaviour in the core under ULOF
conditions is applied in these preliminary studies.

1. INTRODUCTION

The paper is on the ARDECo cooperation project between CEA and KIT. It was planned for
2015-2019, with some tasks extended for a longer time. The objectives were sodium fast reactor
(SFR) safety studies for the ASTRID CFV v3 1500 MW(th) design [1] — CFV meaning core
with a low void effect — also development of the SIMMER coupled neutronics and
thermohydraulics (TH) code [2] and of related software tools for accident simulations in SFRs.
The focus was on simulation of a hypothetical ULOF (unprotected loss of flow) accident and
its consequences: they were studied in Task Sheet 1 (TS1) and are reported in the paper. Other
activities — related to fuel assembly blockage studies (TS2), sodium behaviour in the lower
plenum after molten fuel transfer to this location (TS3), and SIMMER-related developments
(TS4) in continuation of those described in Refs [3, 4] — are out of scope of this paper.
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CEA-KIT studies complement activities performed at CEA and in cooperation projects between
CEA and other CEA partners, see in particular Refs [5, 6].

2. MODELLING APPROACH

The ASTRID CFV v3 core includes inner and outer radial parts, with different axial heights
and enrichments, containing 180 and 108 fuel assemblies (SAs), respectively. Figurel shows
the radial core layout, Figure 2 shows the RZ SIMMER model, including the core, above core
structures, and other in-vessel components.
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FIG. 1. Radial layout of the CFV v3 core.
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FIG. 2. Set-up of RZ model at nominal conditions.

In Fig. 2, L1, L2, L3, L4, L7 stand for liquid fuel, liquid steel, coolant, fuel particles, fuel
chunks, respectively. They, except coolant, are not present at nominal conditions, but present
at accident ones: see Fig. 3.

The fuel SAs contain 217 pins with MOX fuel, with a low fertile blanket, and an internal axial
blanket in the inner core. The pin diameter is 9.7 mm. The core is surrounded by three rings of
reflector SAs with magnesium oxide, then by three rings of shielding SAs with boron carbide.
An internal assemblies storage at the core periphery is neutronically decoupled from the core.

The control and safety system are composed of nine control and shutdown devices (RBCs),
nine diverse shutdown devices (RBDs), and three hydraulic prevention devices (DCS-P-Hs).
The design includes 21 transfer tubes (DSC-M-TTs) referred as TTs later. TTs are dedicated
for transferring molten fuel and steel, present under hypothetical accident conditions, to the
core catcher below the core, to which TTs are connected. The mentioned devices and TTs are
represented as rings in the 2D model shown in Fig. 2. At nominal conditions and at the
beginning of ULOF, we consider the presence of TTs only above the inlet plenum, otherwise
the coolant cannot enter the SAs inside the TT rings due to limitations of the RZ model. In the
considered core at the beginning of life (BOL), the sodium void effect is negative due to a
sodium plenum above the core and other design features.

SIMMER application to SFR ULOF simulations at KIT in the past was mainly for transient
phases after the initiation one, i.e. after can wall melting. For the initiation phase, SAS4A [7]
and SAS4A-like codes were applied, then their simulation results were transferred to SIMMER.

112



This transfer is a complex procedure introducing uncertainties in SIMMER results because of
different modelling approaches in different codes.

Once-through ULOF calculations are often performed currently at KIT, so that SIMMER is
applied first for nominal conditions in order to achieve a steady state, then for the initiation and
later phases of the ULOF transient. To improve SIMMER applicability to the initiation phase,
the code was extended at KIT so that reactivity feedback due to thermal expansion of the core
and control rod drive lines (CRDLs) can be taken into account [8]. The core thermal expansion
feedback extension was tested for an experimental case of EBR-II [9]. SIMMER modelling
capabilities for the initiation ULOF phase may have to be extended further to match SAS4A,
but for studies focused on post-initiation transient phases, the established once-through
approach is often acceptable.

At KIT, using of an 11-group cross-section library [10] has been a standard option for a long
time. Also, a 72-group library with more recent JEFF 3.1 data is employed [11]. A new
SIMMER calculation option [12] makes possible the use of 72-group data without a significant
increase in the calculation time as compared to the 11-group case. When this option is used,
SIMMER computes 72-group self-shielded cross-sections and 72-group neutron flux spectra at
each time step in each mesh of the neutronics domain. These calculations are quite fast because
each mesh is treated independently from others as a homogeneous region. The computed
72-group self-shielded cross-sections for each mesh are condensed then to a smaller number of
groups at each time step while using the mesh-wise 72-group spectra as weighting functions.
The cross-sections for a smaller number of groups, e.g. 11, are then used in neutron transport
and reactivity calculations performed during transient simulations. The results are usually
similar to those obtained with 72-group transport and reactivity calculations, this is checked for
representative cases. In ASTRID studies, both 11-group and 72-group libraries were used, while
2D neutron transport calculations in SIMMER were always performed with 11 groups,
therefore the simulations took similar computer times.

The coolant void effect and Doppler constant values at BOL were computed with SIMMER for
the 2D model. They are less negative than those computed with a 3D deterministic code that
employs a variational nodal method for neutron transport calculations. The void/Doppler 3D
deterministic values are -371/-725 pcm. With 11-group data, the 2D SIMMER values
are -2/-551 pcm. With 72-group data, the values are -223/-598 pcm, in particular due to the use
of more recent nuclear data. Earlier, we observed a difference between sodium void effect
values obtained with the mentioned 3D deterministic code and a Monte-Carlo code for another
design with a sodium plenum, the 3D Monte-Carlo results were less negative, by 74 pcm,
probably due to limitations of the variational nodal method in treating low-density regions, such
as the sodium plenum above the core at voided conditions. The value of 74 pcm is half of the
difference between 2D/72 group and 3D void effect values. The void and Doppler effect values
increase with fuel burnup, therefore the SIMMER reactivity effect values appear to be more
representative for an irradiated state than for BOL.

After ULOF starts, the pump pressure head decreases rapidly from its nominal value to almost
zero, leaving only a natural sodium circulation. The power decreases just after the ULOF start
due to the Doppler effect, but this power reduction is not sufficient to prevent sodium boiling.
Then the reactivity and power oscillate due to voiding and rewetting by sodium in the upper
core part. Later, a clad break-up may occur. Then the damaged domain of the core may expand,
molten core material relocation may start and lead to a reactivity increase, thus inducing a power
excursion.
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The most conservative KIT results were obtained with 11-group data, without taking into
account thermal expansion feedback. Less conservative results were got with 72-group data and
this feedback. The least conservative results were obtained with 72-group data, this feedback,
and finer radial meshes in the core, including those for gaps between fuel SAs.

We do not observe a strong power excursion during a relatively long time after a ULOF start
for some less conservative assumptions. As our main objective is to investigate consequences
of a hypothetical core melting event, we consider in the following two simulation options: (1)
the most conservative one, with 11-group data and without thermal expansion feedback, (2) a
less conservative one, with 72-group data and with this feedback, but without fine radial meshes
in the core. Option 1 is the basis for assessment of the mechanical energy after a ULOF as
described in the next section. Option 2 is the basis for ULOF-related studies reported after the
next section.

3. ASSESSMENT OF THE MECHANICAL ENERGY RELEASE AFTER ULOF

Simulations were performed first for 60 s before the ULOF start in order to approach steady
state conditions. Then ULOF simulations were started. A molten core configuration, shown in
Fig. 3 for part of the core, which includes radial meshes from 1 to 19 and axial meshes from 21
to 58, was obtained with 11-group nuclear data at 80.9 s after the ULOF start. In Fig. 3 the total
simulation time is given, i.e. 140.9 s. As explained earlier, the molten fuel and molten steel
components are shown in red and green colours, respectively, occupying fractions of meshes
according to their volume fractions. At this time, the power is higher than the initial one, the
core region contains the maximum amount of mobile components of fuel and steel; and the
maximum core pressure is achieved after earlier narrow pressure peaks related to local FCI
events.

| ]
18 19
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FIG.3. Core at 80.9s after ULOF start.

Starting from this “coupling” time, thermohydraulics-only (TH-only) SIMMER calculations —
that simulate conversion of the internal energy into mechanical one — are performed. This is
done by employing a capability, which is referred to as SIMMER-to-SIMMER coupling (S2S).
This capability allows previously performed coupled neutronics and TH calculations to
continue while employing a modified geometry, in particular with a more detailed mesh outside
of the core. For the TH-only calculations, the increase in the internal energy due to nuclear
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heating is assumed to be negligible, because this increase is very small, by about 0.025% during
0.7 s, starting from the coupling time, to the time when the power decreases from its peak value
to about 0.3 GW. Two mechanical energy components are considered, to which the internal
energy converts: the kinetic energy of accelerated fluids, computed from the velocity values;
and the compression energy, computed from the pressure in the upper gas plenum. The results
of TH-only calculations are given in Fig. 4, the upper limit of the total mechanical energy is
currently about 10 MJ.
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FIG. 4. Mechanical energy (J), including kinetic and compression components, after the coupling point.

With additional analyses we evaluated uncertainties in the assessed values. The melt discharge
rate through the upper core structure is decisive for the energy amount added to the hot plenum,
in line with earlier results [13]. With calculation options reducing the viscosity of mobile
components, the mechanical energy is about two times higher as compared to the previous case.
Note that SIMMER does not include structure mechanics models and applies thermal failure
criteria; therefore, some structure components, such as upper plugs of fuel pins may remain in
place too long. By removing the plugs and then other structures, including the above core ones,
the energetic outcome increases further, but still remains quite low as compared to the internal
energy.

4. ASSESSMENT OF MOLTEN MATERIAL RELOCATION FROM THE CORE AFTER
ULOF

Figure 5 shows the ULOF progression starting from cladding melting, the results being obtained

with 72-group nuclear data. Figure 6 shows variations in time of the mass of liquid fuel and its
average temperature after ULOF.
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153.0 s: about 1.5s after power excursion

162.0 s: about 10.5 s after power excursion
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FIG. 5. ULOF progression obtained with 72-group data.
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FIG. 6. Mass of liquid fuel in the core region and its average temperature after ULOF.

The core snapshots in Fig. 5 represent core configurations after the clad melting onset. Before
this onset, sodium boiling occurs in the sodium plenum of the 16th ring, i.e. in the outer core,
at about 90 s, i.e. about 30 s after the ULOF start. At about 2 s after the first sodium boiling
event, a negative reactivity insertion — due to voiding of the sodium plenum and upper
shielding of the outer core — makes the reactivity negative, about -0.58$.

As the negative reactivity insertion dominates for some time, the power decreases further,
lowering the fuel temperature and inducing rewetting in/near the sodium plenum, thus
augmenting the reactivity and power. Due to further boiling/rewetting cycles the reactivity and
power oscillate. At about 110 s, the first cladding breakup occurs in ring 16. The fuel pellets
remain intact as the thermal criterion for fuel failure has not been reached. Further power
oscillations lead to voiding of almost all core rings.

The radial motion of steel becomes possible with the failure of the can walls in rings 16 and 17.
Voiding of the fuel region increases the reactivity so that fuel melts at 151.5 s with the reactivity
reaching the prompt criticality level. The power peaks exceed the nominal power by several
times. The last material distribution shown in Fig. 5 is for the end of simulation at 162.0 s. One
may see that soon after the power excursion, the fuel melting occurs, then the can walls are
melting, the discharge paths through TT and control guide tubes (Rings 6, 15, 19) are opening.
Fuel discharge through the mentioned paths reduces the core reactivity appreciably, then the
nuclear power production is stopped except the decay heat. These conclusions are confirmed
by sensitivity studies, which include two options: (1) application of a less conservative viscosity
model and (2) connection of TTs to the core catcher — instead of the inlet plenum — at the
beginning of melt discharge, the reason for introducing this connection during the transient
being explained in Section 2.

5. INTRODUCTION OF AN ABSORBER UNDER ACCIDENT CONDITIONS

In this section, we describe studies of the impact of a B4C-material fall in the core during the
ULOF transient. The SIMMER ULOF transient simulations are stopped and then continued for
a modified — after an absorber fall — geometry, due to application of the S2S tool. As B4C is
present in different devices, we consider cases for RBD, DCS-P-H and the absorber layer above
the sodium plenum above the core. This layer is referred to as PNS in the following.
Introduction of B4C is initiated by particular conditions or triggered by scenario events as
explained in the following.
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When absorber is introduced in the core, by using the S2S tool, the corresponding reactivity
variations are also introduced. They are evaluated from static calculations.

The insertion of the DCS-P-H rods follows a coolant flow criterion: when the flow in the core
decreases below a given value, the hydraulic rods start to fall into the core. The employed mesh
allows to put these rods in the simulation model at three different axial locations, at distances
of 0.4 m, 0.79 m and 1 m from the bottom of the fuel column (BFC). According to these
locations and the outcome of the hydraulic model for the ULOF, the coupling time for the S2S
coupling tool was selected at 23.5 s after ULOF start.

Two cases are reported here, simulating the insertion of 1 and 2 absorber rods, denoted as DCS1
and DCS2, respectively. The power variations for these cases are shown in Fig. 7.

I [

FIG. 7. Power evolution after DCS-P-H fall.

According to the simulation results, insertion of one rod with the timing provided by the
hydraulic model is sufficient to prevent the degradation of the reactor during ULOF, while
degradation is observed in the reference calculation procedure without rod introduction as
described in Section 4. The reactivity reaches the minimum value of -1.14$ at 26.5 s with a
power level of 450 MW(th). As the power goes down, the fuel temperature decreases,
increasing the reactivity and the power to about 490 MW(th). The reactivity remains negative,
leading to a steady decrease of the power. The power trend is similar after insertion of two
control rods, with an enhanced effect at the time of the insertion, affecting the power also at
later times.

The triggering events for the fall of RBD rods in different cases are selected using the Curie
point approach. The average outlet sodium temperature reaches 650 °C at 24 s. This time is
selected to perform the S2S coupling and to evaluate the insertion curves for the three cases:
(1) 3 inner RBD rods, (2) 3 inner and 3 outer RBD rods, (3) 3 inner and 6 outer ones, i.e., all 9
RBD rods. These cases bring the reactivity effects of -700, -2000, -3500 pcm after the full
insertion, respectively. The location of these rods in plane is shown in Fig. 1.
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The fall of the inner 3 rods into the core is sufficient to shut down the reactor without
consequences. An increase of the number of the inserted rods leads to a more rapid power
decrease. All 9 RBD rods were inserted in a scenario where the fall is triggered at 10 s after the
first clad rupture. The effect is strong enough to prevent the extension of the core degradation
domain to the surrounding rings, limiting the pin failure to the ring with the first clad rupture.

Two PNS fall scenarios were considered. In one case, the fall is triggered by the presence of
sodium vapour in the PNS region, for which a “10% volume fraction in one cell” criterion was
considered. This criterion was met at 30 s after the ULOF start. In this scenario, the reactor is
successfully shut down without further consequences. In a second case, the fall of the PNS into
the core region is triggered when the core reactivity reaches 18$. In this case, the reactor power
decreases after the absorber insertion, thus preventing further power excursions, but remains
high enough to extend the pin failure domain to other rings and the transient develops further.
These results are in line with those of earlier studies [14] on absorber introduction.

6. ASSESSMENT OF MECHANICAL ENERGY RELEASE FOR ASTRID IN THE
CONTEXT OF OTHER STUDIES AT KIT

At KIT, assessment of the mechanical energy release was done more recently after ULOF in a
large 3600 MW (th) SFR with a near-zero sodium void effect and transfer tubes. The mechanical
energy components evolve with time similar to those in the ASTRID case, while the mechanical
energy is larger for the larger reactor with higher power. The conversion (thermal to mechanical
energy) ratio is below 1%. This is in line with earlier studies for a 300 MW(e) class reactor
[13], giving the most probable ranges for the mechanical work and thermal-to-mechanical
energy conversion ratio as 10-20 MJ and 0.15-0.3%, respectively.

7. CONCLUSIONS

For ASTRID safety studies, we employed the SIMMER code and extended its calculation
capabilities. Old 11-group and more recent 72-group nuclear data libraries, the latter employed
with cross-section condensation mesh-wise at every time step, were used in SIMMER. New
reactivity feedback models for thermal expansion were applied in SIMMER calculations
starting from steady state conditions to molten core configurations.

The computed mechanical energy release is limited in the most conservative case. The
discharge tubes appear to be effective for all considered simulation options. Also, passive
absorber introduction into the core after sodium flow rate reduction or sodium outlet
temperature augmentation appears to be effective to stop the nuclear chain reaction. A fall of
the PNS absorber layer into the core region, which is located above the sodium plenum, may
also lead to reactor shutdown, provided that it starts not too late. If PNS falls too late, e.g. when
the reactivity is about 1$, a core evolution is more complex because a large accumulated energy
may enhance separation of molten fuel and other materials due to their different densities and
reduce the effect of absorber introduction. Results of later studies on mechanical energy release
after ULOF in a larger SFR and of earlier ones for a smaller SFR are in general consistent with
those for ASTRID.
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Abstract

During the last decade, France has carried out new emerging Sodium Fast Reactor (SFR) Projects, including the
advanced ASTRID project. Within this context, a significant work on SFR design has been achieved. The CEA’s methodology
considers the safety requirements regarding severe accidents at the earliest stage of the undergoing reactor design process. At
this point, the use of mechanistic tools (like SAS4A, SIMMER codes) encompassing the whole knowledge of the severe
accident phenomenology (making them capable of simulating any accidental sequence) requires an advanced knowledge of the
reactor design. Also, the associated calculation costs are too high to provide the rapid feedback that the early design process
demands. This motivated the development of fast running design-oriented physical tools, devoted to unprotected accidental
sequences from various initiators, and mostly based on low-dimensional modelling (mostly 0D and 1D). Allowing many
simulations in a reasonable computational time, they enable uncertainty propagation studies and sensitivity analyses. This
approach is highly consistent with the current trend to take into account uncertainties (on input data or models) in safety studies,
especially in the domain of severe accidents where many uncertainty sources remain. Various design options may be tested and
their influence on the margins from the safety requirements may be rapidly characterized. Sensitivity highlight cliff edge effects
which feature some major accident transient bifurcations which are of interest for safety. These design-oriented fast running
simulation tools are the object of the paper. Their specificities, since each of them is dedicated to a particular accidental
sequence, and main associated models are described. Their development is part of a quality process involving verification and
validation steps to ensure the consistency of their results with the reality. Their validation studies on separated and integral
tests versus experimental results or numerical results from mechanistic codes are summarized. Finally, illustrations of studies
performed with these tools to challenge and to improve the design of the reactor cores in other versions from ASTRID are
presented.

1. INTRODUCTION

Many countries actively pursue sodium cooled fast reactor (SFR) technology owing to its
energy sustainability and nuclear waste management capabilities. In France, new SFR projects
flourish in the context of energy transition and economic recovery. These new projects rely
heavily on the R&D works achieved by the advanced ASTRID project. ASTRID (Advanced
Sodium Technological Reactor for Industrial Demonstration) was initially a prototypical
reactor of a 600 MW(e) sodium cooled fast breeder reactor (GEN-IV) designed from 2010 to
2017. Based on past French fast reactors (Rapsodie, Phénix and Superphénix) operating
feedback, ASTRID presented breakthrough safety options such as, among others:

e A core presenting a low neutronics voiding effect in order to prevent and mitigate power
excursions at the beginning of any accident [1].

e Mitigation features such as the transfer tubes (called DCS-M-TT) [2, 3]. These tubes,
directly connecting the core to the core catcher, crossing the diagrid and the strong
backs, were designed to rapidly reduce the amount of molten fissile material inside the
core region in the case of a hypothetical accident. This would therefore decrease the
likelihood and the amplitude of a core power excursion.

e Mitigation features, such as an internal core catcher to collect and cool the materials
flowing from the molten parts of the core. This device safeguards the second safety
barrier which is the reactor vessel, by ensuring long term cooling of these hot molten
materials in order to prevent primary circuit failure and to ensure long term cooling of
the core materials [4].

e A design favouring decay heat removal and an improved gas system of energy
conversion based on a sodium/nitrogen exchanger and not sodium/water. The possibility
of a sodium—water interaction in the power conversion system was thus eliminated.
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Then to reduce costs, a smaller derived reactor of 150 MW(e) was proposed (called
New-ASTRID), at the beginning with a Superphénix (SPX) type fuel to reduce the project risks
and the fuel qualification.

During this period, accident simulations have been carried out at the earliest stage of the
undergoing reactor design process to support it [3]. This work was performed by CEA during
the CEA-JAEA collaboration [5]. At this early stage of the project, the use of mechanistic tools
(such as SAS4A [6] and SIMMER [7] codes), encompassing the whole knowledge of severe
accidents phenomenology and simulating any accidental sequence, is not realistic. Indeed, these
simulation tools require an advanced knowledge of the reactor design and their associated
calculation costs are too high to provide fast feedback that the early design process needs. This
motivated the development of fast running design-oriented physical tools, devoted to
unprotected accidental sequence from various initiators, and mostly based on a reduced order
model (ROM) (mostly 0D, 1D or multizone). These tools allow a large number of simulations
in a reasonable computational time and they enable uncertainty propagation studies and
sensitivity analyses essential to reinforce the reactor design and to assess design margins. This
approach is highly consistent with the current trend to take into account uncertainties (on input
data or models) in safety studies, especially in the domain of severe accidents where many
uncertainty sources remain. Various design options may be tested and their influence on the
margins from the safety requirements may be rapidly characterized to proceed to corrective
feedback. Sensitivity analyses lead to highlighting cliff edge effects that feature some major
accident transient bifurcations. An example of such a bifurcation could be the fact that boiling
can be restricted to the uppermost location of the core or will progress inside and induce flow
redistribution leading to core degradation. Another example is the possibility to cool down a
debris bed or its melting. Characterizing these bifurcations is thus of great relevance for safety.
Furthermore, owing to sensitivity analyses carried out with these fast running design-oriented
physical tools, the main physical parameters and design parameters causing these bifurcations
are highlighted as well as the phenomena likely to govern the choices of design parameters.
That allows direct feedback on the core design and may give some orientations for future R&D
studies. Finally, as uncertainty propagation studies are performed, these various accidental
sequences and their consequences in terms of safety may be quantitatively estimated in terms
of occurrence probabilities that might be inputs for future probabilistic safety assessments
(PSA).

This approach, combining mechanistic simulation tools and fast running design-oriented
physical tools, has been repeatedly presented on the course of the ASTRID project [8, 9].
Complete accidental sequences are calculated by mechanistic tools with an important
computation cost, considering mean values of uncertain parameters of design, the initial core
state when the accident occur, parameters of the accident transient (such as the pump halving
time in case of an unprotected loss of flow accident (ULOF) or time required for the delayed
neutrons detector (DND) to detect the variation of neutron emission rate from transported
precursors linked to an assembly failure in case of an unprotected sub-assembly fault accident
(USAF)) or parameters of physical models. Although fast running design-oriented physical
tools are validated on separate effects tests (SET) and integral effects tests (IET), it is then
verified that their simulation results are the same as those obtained by mechanistic tools, when
considering the same set of mean uncertain parameters. Following this verification, numerous
simulations are carried out using fast running design-oriented physical tools, due to their low
computational cost, taking into account realistic distribution laws of each uncertain parameter.
This approach enables the simulation of all the possible realistic transients (of the order of
thousands) of the considered accident (for example an ULOF or an UTOP) considering all the
uncertainties, and obtains the distributions of the results of interest (for example, if the transient
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ends to a flow redistribution and a core degradation or the final mass of molten material on the
core catcher or remaining in the core, etc.). Similar approaches, considering fast running
design-oriented physical tools, are not new. For decades, it has been internationally accepted
that robust safety demonstrations need to take into account not only a mechanistic approach,
but also a statistical approach using rapid simulation tools. This is due to the complexity of
severe accidents [10]. In France, the safety demonstration of nuclear reactors such as
Superphénix was based already based on 0D parametric tools. Thus the SUREX tool calculated
the evolution of the core power and of the core material temperature during the primary phase
of an UTOP and COMBUS evaluated the associated for the calculation of the mechanical
energy release [11].

An approach using the low-dimensional tool PROCOR, combining physical event modelling
with uncertainties treatment, has been developed for PWR severe accident analysis [12]. In
Japan, the methodology development review of Level 2 PSA for SFRs [13] involved
investigations with low-dimensional tools such as SuperCOP-D devoted to debris bed cooling
on the core catcher [14]. An analogous approach, based on low dimensional design-oriented
tools, is followed by IGCAR (Indira Gandhi Centre for Atomic Research) for the India fast
reactors in development. So in this context, Ravi et al. [15] developed models to investigate the
core damage due to the total instantaneous blockage (TIB) of an SFR fuel assembly (SA).
Dubey and Sharma [16] built an effective and validated simulation tool for proceeding to
informed design studies and succeeded in demonstrating the mitigating effect of in-pile molten
fuel motion on the reactivity during slow UTOP (resulting from a control rod withdrawal). They
derived valuable insights on top and bottom blankets design with aim of enhancing the inherent
safety of SFRs [17]. Moreover, Bala Sundaram and Velusamy developed a multiphase heat
transfer model for the optimization of core catcher design [18]. Finally, in Italy, an approach,
based on the development of informed-design thermohydraulics and thermomechanistic tools,
is also followed in the design of a Heavy Liquid Metal Cooled Reactor [19].

Thus, fast running design-oriented physical tools, part of the PROCOR-Na platform, have been
developed in the framework of the French ASTRID project. These tools are continuously
improved and their ability is widened and are used in ongoing and future French projects on
SFRs. They are currently introduced into the PROCOR platform of CEA [12, 20], already
including fast running tools dedicated to severe accidents in PWRs, which offers a more
consistent development frame and facilitates the coupling of these tools.

These French design-oriented fast running simulation tools are presented in this paper. Their
specificities, since each of them is dedicated to a particular accidental sequence, as well as their
main associated models are described. Their development is part of a quality process involving
verification and validation steps to ensure the consistency of their results. An insight of their
validation on separated and integral experimental tests or on numerical results from mechanistic
codes is summarized. Finally, illustrations of studies performed with these tools to challenge
and improve the design of the ASTRID reactor cores are presented.

2. DESIGN-ORIENTED FAST RUNNING SIMULATION TOOLS

Currently seven designed-oriented tools, displayed in Fig.1 are used for French SFR safety
studies.
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FIG. 1. lllustration of French designed-oriented tools devoted to SFR.

Some of the tools are specific to initiators of the accidental sequences and simulate the primary
phase of:

e USAF transients; BETINa tool;
e ULOF transients; MACARENa tool;
UTOP transients; OCARINa tool.

Additional designed-oriented tools are dedicated to the description of transients from a generic
already degraded state situation:

e MARINa tool, which is particularly devoted to mitigation studies;

e MOREINa tool (including former ICONa, devoted to FCI and DETONa tools) treats
vapour (fuel, steel, fission gas) expansion and related FCI causing vessel mechanical
degradation;

e Debris Bed cooling; LIDENa tool.

These tools are coupled with each other to simulate a full accidental sequence as it is illustrated
in Fig. 2 for the ULOF sequence. They are also coupled to advanced statistical methods to
proceed to global sensitivity analyses [21].
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FIG. 2. lllustration of fast running tool coupling to simulate a full ULOF accidental sequence [9].

The development of these fast running tools is based on the phenomenological event tree of
each major accidental sequence which is derived from a PIRT elaboration [22]. Following the
PIRT methodology, the level of importance each phenomenon in the considered accidental
sequences event is evaluated as well as its associated level of physical knowledge and of
modelling uncertainty. This PIRT underlines the compulsory phenomena that should be
modelled. A process of tool validation is carefully followed. In the following sections, main
physical phenomena (issued from the PIRT), solved equations and main assumptions,
validation are summarized for each fast running tool. These tools are all based on finite volume
methods (to ensure the energy conservation) and time and meshing convergence are verified.

2.1 Tools devoted to primary phase
2.1.1 BETINa tool: total instantaneous blockage sequence

The TIB [23] begins with the cessation of the sodium flow at the inlet of one sub-assembly
(SA). This accident is the extreme bounding case of an unprotected sub-assembly fault
accidental sequence (USAF) which is a local or progressive blockage accident. A complete
study and modelling is based on the sequences of events that occur during this particular
accidental transient, which can be illustrated by a phenomenological event tree describing the
full range of possible scenarios and their bifurcations [24]. During this transient, sodium
vaporizes in the blocked SA (without renewal of the sodium mass). Then, as nuclear power
continues to be released into the SA, the cladding melts at around 1700 K, followed by the fuel
at around 3000 K. These molten materials are immiscible and form pools whose geometry
evolves throughout the SA. Convective thermal heat transfers from these pools heat the walls
of the SA, causing them to melt. This leads to the failure of the blocked SA. The molten
materials may have formed a plug above this molten cavity, in which case, the pressure in the
cavity may increase significantly. In this case, the propagation of molten material into
neighbouring SAs is not only due to thermal effects (melting front driven propagations), but
also to dynamic ones (pressure driven propagations). The BETINa tool couples 1D axial models
for pins heating up before degradation and 0D models for the steel and fuel molten pools whose
localisations follow their associated material melting front. Details of models and important
uncertainties are given in Ref. [24].

Regarding its validation, intermediate results of the blocked assembly degradation phase have
been compared to experimental various front progressions: sodium boiling and dry-out, clad
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and fuel onset and end of melting fronts are consistent with results obtained in Superphénix
configuration and with SCARABEE BE3+ experiment (a 37 pins bundle) [24].

2.1.2 MACARENa tool: unprotected loss of flow

MACARENa [25, 26] is a tool dedicated to the primary phase of ULOF transients. It no longer
simulates the transient after the first hexagonal can failure. It provides coupled resolutions of
thermohydraulics and neutronics. It couples:

e For radial heat transfer in solid materials: a two-dimensional (along the SA height and
radially one mesh per material) transient heat equation in the various solids that make
up the SA;

e For the axial evolution of sodium state: one-dimensional mass, momentum and energy
balances resolved for sodium flow, considered as homogeneous (which can be
single-phase or two-phase flow) along the assembly height.

Moreover, to distribute the sodium flow coming from the lower plenum to the various SA, a
zero-dimensional momentum balance distributes the sodium mass flow rate according to
pressure drop of each representative SA. This phenomenon of flow redistribution at the bottom
of the core has to be well modelled, since it is of major importance in the ULOF transient. It
enables flow instabilities in the various SAs to be modelled.

Finally, all these models are coupled with a neutronics point kinetics model even its validity
becomes questionable in highly degraded core states. A more in-depth analysis of the validity
of such a 0D neutronic model in case of large core degradation is still to be carried out and a
0D neutronic model which does not assume constant axial flux shape over time could be
envisaged as done for the MARINa §2.2.4 tool.

The MACARENa results were validated on both experimental data of flow redistribution in
ULOF (GR19) and on complete degradation transients (SCARABEE) and also on the results
of integral degradation calculations (SIMMER-III mechanistic simulation) [25].

2.1.3 OCARINa tool: Unprotected Transient Over-Power

The UTOP transients, which are simulated by the OCARINa tool [27], are initiated by
unintended insertion of reactivity.

Since radial heat conduction (with temperature-dependent conductivity) is paramount in this
type of transient, OCARINa involves radial transient heat transfer modelling implicitly coupled
with axial resolution of sodium thermohydraulics. In addition, at each time step, the radial
resolution of the SA thermomechanics (based on analytical formulations) enables the prediction
of cladding failure (modelled on von-Mises criterion) and the calculation of molten fuel mass
and temperature inside the fuel pin during the transient.

To simulate the global core power evolution during the transient, these models are also coupled
to a zero-dimensional neutron kinetics model.

This OCARINa physical tool was validated on the separate effects tests (characteristic of a
particular phenomenon) performed on the CESAR (sodium dry-out) test loop and several
CABRI integral tests. Its results have also been compared with those of SIMMER-III, with
which a relative error of only 10% is exhibited [27].
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2.2 Additional tools for advanced accident phases
2.2.1 MARINa: Mitigation tool

This tool [28] is dedicated to mitigation studies in the advanced accident phases. Its initial state
is a generic degraded core, which could be parametrized based on the outputs of the primary
phase simulations [11]. Its models are derived from experimental observations of secondary
phase transient phenomenology. MARINa mainly solves zero-dimensional conservation
balances. To simulate the evolution of the molten immiscible materials in the pool in the core,
this OD tool simulates the evolution of the pool geometric configuration (which evolves from
mixed to stratified configurations and vice versa) and calculates the associated heat transfers to
the edges, where a crust of resolidified material is deposited. These heat transfers are
responsible for the radial thermal erosion of the hexagonal cans and their failure. This is
followed by the discharge of molten core materials into the transfer tubes towards the core
catcher. In order to obtain a realistic power evolution in the degraded geometry that evolves
during the transient, these models are coupled to a global neutron evolution model of the
degraded core. This special neutronic model takes into account the specific degraded core states
using surrogated models derived from ERANOS simulations [29]. This physical tool was used
to define the characteristics of the mitigation transfer tubes of ASTRID (number, influence of
absorbers falling into the degraded core, corium mass relocated on the core catcher, etc.).

As no experimental data are still available for complex mixed materials, possibly boiling, pool
behaviour and material discharge, pending the SAIGA programme [30], the results of this fast
running tool has been numerically validated on 2D SIMMERC-III results [28].

2.2.2 MOREINa: vapour expansion and mechanical energy, and ICONa: fuel-coolant
interaction

MOREINa and ICONa tackle the issue of the mechanical energy released on the vessel, which
i1s an important value to be calculated in order to assess the design margin of the vessel.
MOREINa [31] includes ICONa, which could also be considered in stand-alone to simulate
fuel-coolant interaction (FCI) [32]. MOREINa allows obtaining, from a mass of fuel
overheated at a certain temperature, the mechanical energy release on the reactor vessel as well
as the associated pressure impulse during the expansion phase of an energetic SFR severe
accident. This mechanical energy release is due to steel, fuel, fission gas and sodium
vaporization and their expansion. It implies several phases modelled in alD multizone
geometry. Thus, MOREINa models (issued on the former DETONa tool [33]) are based on
dimensional analysis leading to build the balance equations with only the influent physical
phenomena. In addition to various phase vaporizations, MOREINa simulates vapour and gas
simultaneous expansion related to the pressure difference between the bubble containing the
vaporized material and the cover gas. If this bubble expansion leads the molten materials to
contact the coolant, integration of the molten material droplet into the bubble vapour is
modelled as well as FCI phenomena.

Its current validation has been performed on EXCOBULLE tests [33], Cho and Wright FCI test
cases [31] and it has been compared to SIMMERC-III results.

2.2.3 LIDENa: debris bed cooling

The LIDENa tool is a 1D axial tool dedicated to debris bed cooling. It allows to study if
saturation conditions are locally reached inside the bed. This would result in a remelting of fuel
debris. Indeed to avoid further subcriticality on the core catcher, the geometry of the debris bed
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should remain stable. This tool models the two-phase thermohydraulic evolution in a 1D axial
representation of debris bed. It resolves a global energy balance where the equivalent fluid
properties include solid debris.

3. ILLUSTRATIVE RESULTS

In this section, some illustrative results, among the numerous results that supported the
ASTRID core design, are given. They were obtained with these design-oriented tools coupled
to advanced statistical methods.

3.1 Results in the primary phase
3.1.1 Total instantaneous blockage sequence

Developed within the framework of the ASTRID project, the BETINa tool takes into account
the specificities of its heterogeneous core, which presents a low void worth (called CFV). As
the CFV core presents axially two fissile zones separated by a fertile zone, molten pool
formation within each fissile zone is likely to occur during a severe accident. This formation of
two molten zones cannot be simulated by mechanistic tools like SAS4A. The BETINa tool
gives insight of global behaviour difference between homogeneous (SPX type) and
heterogeneous (CFV type) cores submitted to a TIB through uncertainty propagation studies.
Detailed analyses of the TIB scenario led to the identification of 27 uncertain input variables in
the SPX core [24] and 31 in the CFV core. They are related to the core configuration and reactor
features such as the power of the blocked assembly.

The second type of uncertainties is related to physical models. Their associated variable
probability density functions are detailed in Ref. [24]. The propagation of input uncertainty has
been performed via a Monte Carlo sampling of 1000 TIB simulations in the SPX core and 2500
simulations based on an optimized Latin hypercube sampling experimental design in the CFV
case. Among others, the repartition of equivalent numbers of molten assemblies at the end of
the transients is displayed in Fig. 3 and the related statistics for the SPX and the CFV cores in
Table 1. Regarding the SPX core, the mean output value is 5.5 final equivalent molten SAs with
a standard deviation of 7.5. From these results, it was highlighted the large variability of the
predicted final numbers of molten SAs, which range from 1.02 to 37. But, despite this
variability, the important result for safety is that in the great majority of realistic TIB transients,
the final molten SAs number would not exceed the safety criterion of 7 molten SAs. This
criterion value has been established to prevent general core melting in SPX and is reported in
its safety report. Thus, thanks to this design-oriented simulation tool, the probability of
exceeding this safety criterion can be estimated quantitatively to 18.1%. It could be noted that
the same TIB transient (presenting same modelling assumptions and uncertainties) leads to
reduced core degradation in the CFV core and shorter transients (the mean output value is 2.1
final equivalent number with a small standard deviation of 2.5). This result comes from
combined effects of various design features. In the case of the heterogeneous CFV core, the
empirical probability of having a final number above 3 molten SAs (taken as an illustrative
value) is estimated at 16%.
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FIG. 3. Distribution of equivalent numbers of molten sub-assemblies at the end of TIB transients in a
SPX core [24].

Global Sensitivity Analysis highlighted that, regarding the SPX case, the hydrodynamic
propagation is the most influential variable and, in case of CFV core, it is the time delay for
delayed neutron detection. This suggests R&D or design fields of research.

TABLE 1. SUMMARY STATISTICS OF EQUIVALENT NUMBERS OF MOLTEN
ASSEMBLIES FOR SPX AND CFV CORES

SPX Core CFV core
Mean 5.5 2.1
Standard deviation 7.5 2.5
Median 2.6 1.31
Min 1.02 0.58
Max 37 21.7

BETINa is a fast running tool that is indeed highly adaptable. It has been adapted to SPX and
CFV core design but also to other designs like the CADOR’s core presenting a reinforced
Doppler Effect.

3.3.2 Unprotected loss of flow sequence

A great deal of work has been done on ULOF sequence simulation thanks to the MACARENa
tool coupled to statistical methods.

A quantified distribution of ULOF transient end states have been obtained by considering
uncertainties linked to the scenario, input data and models [25]. Out of 2000 simulations,
boiling is observed in most of these simulated transients (around 90%). Also, these results
highlighted the paramount importance of taking into account the neutronics effect related to
thermal expansion of solid material (including control rods and vessel expansion which was not
modelled in SMMER-III until then) on global reactivity. When this effect is modelled (i.e.
corresponding to more realistic simulations), the ULOF sequences leading to core degradation
are reduced from 78% to 25%. In such cases, these ULOF transients end in stabilized boiling
transients in ~70% of cases and, in only 10%, in stabilized transients without boiling.
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The MACARENa tool has also been adapted to other core designs like the CADOR’s core
presenting a reinforced Doppler effect. Another result, illustrating the interest of these
design-oriented tools, lies in the realization of flow stability maps, which present the assembly
flow regime depending on the core power and on the assembly mass flow rate as illustrated in
Ref. [9]. These maps, which give the flow types, summarize the results of statistical analyses
carried out on the ULOF transients of the CFV and CADOR cores. The various flow types
could be: either stable region of either single-phase liquid flow or stabilized boiling or even a
region of unstable two-phase flow regime with risks of flow excursion. A mechanical integrity
limit, related to the temperature, is also included to characterize pin loss of integrity. From these
statistical studies, it has been demonstrated that the CADOR core presents a more extensive
range of operating conditions with starting boiling (low-quality) and that the unstable flow
region disappears when the power is under 35% of nominal power, whatever the operating
conditions. In case of the CFV core, these safe operating conditions only appear for power
under ~12% of nominal power. Thus, only based on this consideration, the CADOR core design
seems to cope better with ULOF transients.

3.2 Results in advanced accident phases

The last illustration of the importance of these design-oriented tools is on mitigation studies.
The MARINa tool had contributed to the conceptual design of mitigation devices DCS-M-TT
in addition to the SIMMER code [28]. The number of such tubes, the uncertainties linked to
their opening and their potential flow blockage and to the initial configuration of the molten
pool (mixed or stratified steel and fuel) as well as the amount of required neutron absorber to
avoid re-criticality have been assessed. Eight thousand simulations have been realized in order
to cover four various initial pool configurations: either the molten materials in the upper fissile
zone are initially mixed or stratified and the uppermost location could be blocked or not by a
plug constituted by ejected and frozen materials. This first investigation has provided quantified
results of importance to safety: a power excursion occurs in 8% of the simulated cases and
material ejection in 18%.

TABLE 2. SUMMARY STATISTICS (OVER 8000 SIMULATIONS) OF FINAL DISTRIBUTION
OF CORE MATERIALS RELOCATION AT THE END OF THE RELOCATION.

% Above the core Core-catcher CRGT foot Core
Fuel mass fraction 9.5 45 35 42
Steel mass fraction 11.5 51 35 34

Finally, these simulations inform the final region of core materials relocation. The results in
Table 2 show that about 50% of the fuel and steel masses are on the core catcher. From these
materials mass and average temperature results, MOREINa simulates the mechanical energy
releases as presented in Ref. [9].

4. CONCLUSIONS

Within the framework of the Generation IV SFR R&D programme of CEA, safety requirements
are already considered in the undergoing design process. Indeed, this enables an efficient design
evolution towards intrinsically safe concepts. Among other methods and tools to fulfil these
studies, several design-oriented tools are used. These fast running tools have been developed
as a complement to more complex mechanistic tool which require high computational costs.
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These tools allow a large number of simulations in a reasonable computational time and they
enable uncertainty propagation studies and sensitivity analyses essential to achieve a
satisfactory reactor design. These design-oriented physical tools are devoted to a dedicated
unprotected accidental sequence, compared to the mechanistic tools which encompass the
physical models enabling the simulation of any accidental sequence. They are mostly based on
ROM (mostly 0D, 1D or multizone). Currently, seven designed-oriented tools are available for
French SFR safety studies. Three of them are dedicated to the primary phase of each accidental
sequence: ULOF, UTOP and USAF. Additional tools are dedicated to the mitigation studies
from a generic already degraded state and specific situations; vapour (fuel, steel, fission gas)
expansion and related FCI causing vessel mechanical degradation and debris bed cooling. The
physical models of these tools and their validation have been summarized. Finally, example of
obtained results has been presented highlighting the great interest of these fast running tools in
the ASTRID design process. The integration of those tools into the PROCOR platform is under
progress.
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Abstract

After the end of ASTRID conceptual design studies, CEA has launched a long term R&D effort on several generic
Sodium Fast Reactor (SFR) issues including severe accidents. In support of modelling and expertise, an experimental roadmap
is being carried out on SFR severe accidents including in-pile integral tests, out-of-pile integral and separate effects experiments
with prototype materials and analytical experiments with simulant materials. In support of modelling and expertise, an
experimental roadmayp is being constructed on SFR severe accidents. The main issues under study are the efficiency of corium
transfer tubes to mitigate energetic power surges in the core region, interactions between materials, relocation from core region
to lower plenum, fuel-coolant interaction (FCI), short and long term behaviours of an in-vessel core catcher. An in-pile
experiment, SAIGA, is being prepared at NNC-RK Impulse Graphite Reactor (IGR) to study unprotected loss of flow with a
transfer tube. Concerning FCI, a separate effect experiment, SERUA, is to start in 2023-2024 at the CEA/IRESNE Cadarache
site to study the transition from film to nucleate boiling in sodium around a corium droplet. CEA is carrying out an updated
conceptual design of the newPLINIUS facility in order to be able to run experiments with 100-kg scale prototypic corium
mixture. The first test section that will be installed in newPLINIUS sodium hall will be devoted to the study of jet fragmentation
in gas and in sodium. Later, other test sections are planned for newPLINIUS, one to deal with melt relocation in a transfer tube
and one to study energetic FCI at significant scale. Another important topic, jet ablation of core catcher structures is being
studied in collaboration with LEMTA owing to European projects. Furthermore, interactions of B4C absorbers with stainless
steel and/or oxidic fuel is being studied at CEA. Experimental programmes have started at the CEA/IRESNE VITI facility in
Cadarache and the CEA/ISAS high temperature mass spectrometer furnace at Saclay. These experimental programmes have
been constructed in order to provide the necessary data to validate the calculation tools under development for SFR severe
accident modelling and to inform the design of severe accident mitigation devices. They will also concur to maintaining CEA
knowledge and knowhow on SFR technology in view of its future developments.

1. INTRODUCTION

After the end of ASTRID conceptual design studies, CEA has launched a long term R&D effort
on generic sodium fast reactor (SFR) issues including the severe accident field. In support of
SFR severe accident modelling and expertise, an experimental roadmap is being carried out
including in-pile integral tests, out-of-pile integral and separate effects experiments with
prototypic or simulant materials. The main issues under study are the efficiency of corium
transfer tubes to mitigate energetic power surges in the core region, interactions between
materials, fuel-coolant interaction (FCI), short and long term behaviour of an in-vessel core
catcher.

The SAIGA in-pile test programme simulating corium transfer tubes will be described. Then
the FCI experimental programme will be described. Finally, the experiments related to core
catcher issues and those for thermochemistry will be presented.

2. IN-PILE EXPERIMENTS: SAIGA EXPERIMENT

The SAIGA in-pile experiment [1] is being prepared at NNC-RK in the Impulse Graphite
Reactor (IGR) to study the degradation of two 16-fuel pins bundles having different power
densities and the propagation of a molten pool called corium from one fuel assembly to its
neighbour (assembly, transfer tube) in an unprotected loss of flow (ULOF) transient.
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The test device consists of three assemblies in a hexagonal tube (see Fig. 1): Two fuel
assemblies with a bundle of 16 homogeneous annular fuel pins and one transfer tube assembly.
Each argon-filled pin consists of a 0.8 m high column of 5.9 mm diameter pellets wrapped with
a 1 mm spacer wire. The test section is to be installed in the central channel of IGR.

The enrichment in 2*°U of the two assemblies leads to different power densities (120 W/g vs.
93 W/g in each fuel assembly respectively) representative of SFR fuels with different
burnups [2]. A 1.8 kg/s sodium flow rate (inlet temperature ~400 °C) will be provided into each
assembly in the initial ‘steady state’ phase of the test. The sodium circulation is indicated by
arrows in Fig. 1 left. Sodium in the transfer tube is quasi static.
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FIG. 1. Cross-sectional schematic view of the SAIGA multiassembly test: axial (on the left) and radial
(on the right) views [3].

The SAIGA test sequence will start by a thermalization phase by 400°C sodium without any
neutronic power. Then IGR will provide power to reach a steady state with a 150°C temperature
increase in the hot assembly. Keeping the reactor power constant, ULOF will be started by
cutting sodium flow over a 5 s period and the accident progression will be recorded.

The aim of this test is to qualify SIMMER-V calculations of transfer tubes operation [3]. In this
view, pre-calculations have already been carried out, indicating a cladding wall melting about
31 s after the start of the steady state, leaving more than 10 s of available reactor power before
the end of the test [3].

3. FUEL COOLANT INTERACTION EXPERIMENTAL PROGRAMME

CEA is developing the SCONE (Software for COrium-Na interaction Evaluation) software [4]
in view of having a validated fast transient multiphase multicomponent simulation tool. Even
though there is a large legacy of FCI experiments, some data are still missing and require
dedicated experimental programmes, as follows:

e SERUA, a small scale facility to give an insight on the transition from film to nucleate
boiling in sodium around a corium droplet;

e newPLINIUS (formerly PLINIUS2) to study jet fragmentation and explosion at larger
scales (30-100 kg).

3.1 SERUA

During FCI, the film boiling regime plays a major role in the vapour production, energetic phase
initiation and pressure buildup. Knowledge gaps in the understanding of this regime (and then
in the sodium boiling curve) have been clearly identified at CEA [5]. The SERUA facility aims
at filling these gaps by a careful assessment of the film boiling regime based upon a new
experimental programme for which a sodium quenching facility has to be built.
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This quenching set-up will be very similar to the Farahat experiment [6], the only available
sodium film boiling experiment. Farahat investigated film boiling heat transfer over a hot
tantalum sphere (1800 K < sphere temperature < 2633 K with a sphere diameter of 25.4 mm)
immersed into a stagnant sodium pool close to saturation (natural convection, 6.4 K < sodium
subcooling < 31.4 K). The detailed re-analysis of the Farahat results led us to suspect the
occurrence of two film boiling regimes: a low-flux stable film regime and a high-flux unstable
film (with contacts) regime. However, the Farahat experimental results were not precise
enough, due to some experimental limitations, nor representative enough of a FCI for CEA to
validate our first theoretical approach [7].

An illustration of the SERUA facility with the instrumented tantalum sphere is given in Fig. 2.
It gives a schematic representation of the various components of the SERUA facility:

¢ An instrumented tantalum sphere;

e An induction furnace in which the tantalum sphere will be heated;

e A sodium volume, capable of dealing with low subcooling.

e A pneumatic transfer system to relocate the sphere from the furnace to the sodium.

In the first phase of the programme, the facility needs to enable a hot sphere to be quenched in
sodium, and the data obtained will enable comparison with the experimental data published by
Farahat et al. [6]. New instrumentation based on Coef h™ sensors [8] will be used to measure
and monitor the heat fluxes and temperatures of the heating element in the sodium film.
Comparing our data with the previous experimental data will enable us to assess the reliability
of the facility. In the second phase, we will carry out quenching experiments with small hot
spheres, applying experimental conditions to assess the effects of the relevant parameters (e.g.
sodium temperature, flow around the sphere, size of the sphere). Lastly, providing experimental
data that is sufficiently reliable is the key to developing a heat transfer model of the boiling
behaviour of sodium in FCI conditions.

Pneumatic i 4y
eylinder Experimental conditions:
) - - Tantalum sphere size: 25.4 mm
- Sphere temperature: 1500 - 2300 °C
. gz wrrrEy - Sodium temperature: 400 - 850 °C
Protection
(Quartz)
Inductor
Sphere (Ta)
Insulation
valve
;;/;;////////////A'VA D
Heater Z / “
External
vessel
Liquid
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FIG. 2. Sketch of the SERUA facility.

The induction furnace design has been experimentally validated by tests conducted in the VITI
facility at Cadarache (France) [9]. In parallel, tests have been carried out to validate the heating
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procedures for sodium close to boiling temperature. The facility is planned to be constructed in
2023 so that it can be commissioned in 2024, starting with the comparison with Farahat’s data.

3.2 NewPLINIUS - LARGE EXPERIMENTAL PROGRAMME

CEA is carrying out an updated conceptual design of the newPLINIUS facility in order to be
able to run experiments with 100-kg scale prototypic corium mixture (depleted uranium oxide
based melts with, if needed, metallic melt). This facility is based on the large experience gained
from running the current PLINIUS experimental platform [9] and on the design phase of the
terminated PLINIUS-2 project [10].

The newPLINIUS versatile facility will be devoted to both water and sodium cooled reactor
severe accident experimental simulation. It will mainly be composed of:

A furnace, called FOURNAISE (Furnace for Oxides of URanium melting in New
Advanced Infrastructure for Safety Experiments), able to melt 100 kg of corium
including nuclear fuel (depleted UOy);

An experimental hall devoted to FCI tests with high energy X ray imaging [11];

A sodium circuit supporting experiments with corium and sodium;

A second experimental hall, including a steam quenching system, in which experiments
can be carried out with up to 500 kg of uranium thermite;

A corium load preparation workshop, storage and service rooms;

Small scale facilities to study thermo-physical properties of corium and material
interactions.

Figure 3 presents the current layout of the newPLINIUS platform design with FOURNAISE
and the large scale interaction hall at ground level and the FCI hall underground.
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FIG. 3. General Layout of newPLINIUS (provisional design) Top: 3D view, bottom: cut view.

Two test sections will be needed to study FCI for the sodium programme. An X ray imaging
system with a very rapid image acquisition system (coupled with accurate image processing
software) makes it possible to better understand the phenomena involved in the fragmentation
of corium and the phase distribution (liquid sodium, sodium vapour and corium) in the system.
However, implementation of the image acquisition system raised a number of issues with
respect to the design of only one test section. It therefore became necessary to design two
different test sections:

e A small test section (FR: fragmentation test section) in which an X ray image acquisition
system could be installed, while meeting all technical specifications (Fig. 4 left);

e A large test section (EXPLO: explosion test section) that can withstand more energetic
events but is too thick to be instrumented with X ray devices (Fig. 4 right).

The main difference between the two test sections is their size, as FR will only employ between
30 and 50 kg of corium interacting with 141 litres (0.3 m x 2m) of sodium while EXPLO
could use corium masses up to 300 kg (assuming an upgrade of FOURNAISE) interacting with
1500 litres (@1 m x 2m) of sodium.
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The FR test section is scheduled at the beginning of the newPLINIUS platform commissioning.
After the operation of this FR test section, the design studies and fabrication of the EXPLO test
section will be initiated. The test section commissioning will be made step by step to overcome
technical hurdles and to take advantage of the lessons learned from the future FR test series.
The phenomena that will be investigated are:

1.

Corium fragmentation mechanisms in subcooled sodium: In this case, we will focus on the
first corium flows (UO; at T~3100 K or steel at T~2000 K) exiting the discharge tubes into
the sodium at the bottom of the reactor vessel at a temperature of about 670 K. Though past
experiments have shown that a coherent flow of UO» could not penetrate subcooled sodium,
we still have limited knowledge about the physics involved in the first contact between these
substances under such conditions.

. Corium fragmentation mechanisms in sodium close to saturation point: Even though

successive and/or extended flows of corium will take place through the discharge tubes, the
sodium will be reheated — locally at least — and the corium is expected to penetrate the
sodium in a more coherent manner. The fragmentation mechanisms occurring at the top and
in the cylindrical part of the corium jet where the vapour flows counter-current, are expected
to be similar to phenomena involved in corium—water interactions, though this remains to be
confirmed. We should also be able to identify a break-up length in the jet.

. Physical conditions during which fragmentation phenomena evolve: We need to understand

the temperature (for sodium in particular) and pressure conditions during which the
fragmentation phenomena will take place (transition from mechanism 1 to mechanism 2).
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4. Formation and changes of sodium vapour, and general phase distribution (liquid sodium,
sodium vapour and corium) in the system: We are looking to understand how pockets of
sodium vapour form and how they can be hindered by structures, considering that these
pockets are likely to promote the penetration of a coherent jet of corium in the sodium.

5. Physical conditions leading to an explosive situation (fine fragmentation of corium):
e In subcooled sodium;

e In hot sodium, in particular, we need to understand why the pressure reached 60 bar in
the sodium pool during the FARO-TERMOS-T2 experiment [12].

6. Delayed interactions: This refers to the time between the moment the corium comes into
contact with the sodium and the development of the first pressure peak. It is assumed that
heat transfers between the fuel and the sodium during this time are insignificant since the
heat exchange surface between the two substances is insufficient. Past experimental results
do not reveal any clear trend between the duration of the delay and the initial sodium
temperature, though this point remains to be clarified.

7. Morphology of the debris bed: Regardless of the pressure levels reached during interactions
and the mechanical energy released, past experiments have always shown significant
fragmentation in the corium with a clear difference in morphology between the oxide debris
(irregular, fractured and average sized fragments of about several hundred microns in size
and massed together) and metallic debris (rounder in shape and average sizes of about a
millimetre). The characteristics of the debris bed (size and porosity as a function of axial and
radial extensions) will control its coolability during post-accident management.

4. CORE CATCHER EXPERIMENTAL PROGRAMME

This experimental programme is devoted to gaining relevant data for the simulation of the
phenomena occurring on an in-vessel core catcher and in particular the interaction between
corium and the core catcher material.

4.1 Jet ablation

A first issue lies with the ablation of the core catcher by a molten jet. This configuration is more
likely if a vapour bubble at the exit of the corium transfer tube prevents significant
fragmentation by liquid sodium.

Prototype experiments have been carried out with a metallic jet at the JIMEC facility [13] in
the Karlsruhe Institute of Technology. In this test, one ton of liquid steel is prepared using an
alumino-thermite reaction. The melt is then poured on a thick steel block (Fig. 5 left), the
ablation of which is monitored by thermocouples. It has to be noted that during both tests carried
out within the ESFR SMART European project, the 40 cm thick steel block has been ablated
and ablation rate shows that a pool effect has been reached.

It is planned to complement these metallic jet tests with tests dealing with prototypic oxide tests
and mixed oxide—metal jets. This new programme could start with FR facility commissioning
tests before filling the vessel with sodium in the newPLINIUS platform.

In parallel to these large scale tests with high temperature prototypic materials, a separate-effect
test series is being carried out in the HAnSoL O facility (Fig. 5 right) at LEMTA, University of
Lorraine, using water and transparent ice as simulant materials [14]. A first series of tests have
been carried out within ESFR SMART European project to study the cavity shape and the pool
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effect [15]. A new test series is planned within the new ESFR SIMPLE European project to
study the effect of mitigation systems on ablation processes.

FIG. 5. Left: Thermographic image of steel jet in JIMEC OKIT, 2019 — Right: View of HAnSoLO
experiment with water jet on an ice block ©Université de Lorraine, 2021.

4.2 Long term interaction of corium met with core catcher material

In the longer term of an accident scenario, a molten pool can interact with the core catcher. The
LIVE-CC vessel [16] has been installed in the LIVE facility at KIT Karlsruhe (Fig. 6). It has a
truncated cone geometry in its bottom and is cylindrical above, as are most SFR core catcher
designs. It is cooled from outside and can be cooled from the top. Two experiments have been
carried out in which the heating power and the pool geometry have been varied. The measured
temperature fields compared favourably with DNS calculations [16]. In a new programme,
within ESFR SIMPLE with pre and post calculations by CEA, more complex geometries will
be considered to simulate the effect of an ablation hole or the presence of a protective block
below the exhaust of the corium transfer tube.

In the future, the newPLINIUS interaction hall could be used to carry out experiments similar
to LIVE CC tests but using prototypic melts instead of molten salt simulant.
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FIG. 6. Top-view of the LIVE-CC facility filled with molten salt and heated by several layers of resistors.
5. THERMOCHEMISTRY PROGRAMME

Although most SFR codes do not currently deal with chemical evolution of melts during an
accident, there can be some thermochemical effects of importance. This is particularly the case
for interactions with B4C neutron absorbing material.

A first experimental programme is devoted to the study of the UO:-Fe-B4C system (as the major
subsystem of the UO»-Stainless Steel-B4C system of interest). Heat treatments are carried out
at Saclay in a high temperature tungsten furnace coupled with a mass spectrometer. Figure 7
left presents a view of the high vacuum vessel of this furnace. A series of five compositions is
to be studied at 1900°C to identify the relevant physico-chemical interactions between a mixture
of SS/B4C and UO; [17]. The first heat treatments have been carried out in 2022 showing a
strong effect of B and O content on the kinetic release of non-condensable gases (e.g. CO(g))
driven by a carbo-reduction reaction.
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FIG. 7. Left: High vacuum vessel of the Nabertherm® furnace. Right: View of the VITI facility with a
movable B4C rod.

A second point of interest lies with the interaction between B4C and molten fuel that may lead
to the vaporization of boron oxide, reducing the availability of boron as a neutron absorber.
After a first series of tests on the kinetics of the UO2-B4C interaction at UJV and CVR Rez [18],
a series of experiments in the VITI facility [9] has been launched. In these tests, B4C will be
introduced in an UO-CeO; molten pool simulating molten MOX. Tests are planned with and
without stainless steel cladding.

In support of these tests, a series of characterizations have started on the UO2-CeO; mixture:
determination of liquidus temperature using visual polythermal analysis [19]; measurement of
the melt density and surface tension by maximum bubble pressure technique [19]. Similar
characterizations are also planned on UQO,-CeO-fission product prototypes mixtures,
UO;-Ce0O; melt including dissolved boron and steel containing dissolved boron and uranium.

Finally, specific interaction tests are also conducted at Saclay in a furnace with B4+C crucibles
in which a SS316L disk is installed. In some of these tests, an UO; pellet is installed on top of
the stainless steel disk. This ‘sandwich’ configuration is representative of the possible
interaction of cladded pellets interacting with boron carbide. This test programme comprises
interactions at five different temperatures and has started in 2022.

6. SUMMARY

CEA has started a comprehensive experimental programme in support of its renewed SFR
severe accident R&D programme. This programme comprises experiments that are carried out
in facilities operated by our partners either through dedicated contracts such as the SAIGA test
at IGR or thanks to European projects (at JIMEC, LIVE and HaNSoLO facilities). Other
experimental programmes have been launched at existing CEA facilities: VITI at Cadarache
and the high temperature mass spectrometer furnace at Saclay. Finally, the SERUA facility is
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being built at Cadarache and a new conceptual design of newPLINIUS facility has been
launched.

These experimental programmes have been constructed in order to provide the necessary data
to validate the calculation tools] under development for SFR severe accident modelling and to
inform the design of severe accident mitigation devices. They will also help to maintain CEA
knowledge and knowhow on SFR technology in view of its future development.
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Abstract

The SAS4A/SASSYS-1 (SAS) safety analysis code was developed for the analysis of postulated severe accidents in
both oxide and metal fuel sodium cooled fast reactors (SFR). These are unlikely events, with extremely low probability well
below the beyond design basis limits. Advanced metal fuel models describing the behaviour of metal fuel cores during such
accidents have been implemented in the research version of SAS, named SAS-RES. The SAS-RES metal fuel models simulate
the metal fuel thermo-mechanical and chemical behaviour and track the evolution and redistribution of the fuel constituents
during the pre-transient irradiation. During postulated severe accidents leading to fuel melting and pin disruption the SAS-RES
metal fuel models continue to track the relocation and interactions of the metal fuel constituents, allowing a physics-based
description of the core behaviour during the postulated accidents. The paper describes recent extensions of the SAS-RES metal
fuel relocation module LEVITATE-M to allow the simulation of inter-assembly interactions, including the inter-assembly heat
transfer (IAHT) and post-assembly failure inter-assembly material contact and physical interactions. The implementation of
the post-assembly failure LEVITATE-M models significantly extends the ability of the SAS-RES code to analyse the extended
initiating phase of postulated severe accident sequences. Instead of terminating the SAS-RES calculations at the time of the
assembly wall failure, we can now continue the simulation of subsequent events in the framework of SAS-RES. The simulation
of a reference severe unprotected loss of flow (ULOF) which did not consider the inter-assembly heat transfer shows that even
if a failure of the lead assembly wall occurs, the damage to the neighbouring assemblies remains limited and the assembly
failure does not propagate to the neighbouring assemblies. When the inter-assembly heat transfer is considered, the coolability
of the damaged assembly is restored without failure of the assembly wall. Initial results of a simulation of an assembly blockage
(ASBL) accident are also presented. The IAHT provides an important mechanism for removing heat from the blocked assembly
and can prevent the fuel pin damage in the blocked assembly from extending to the neighbouring assemblies.

1. INTRODUCTION

SAS4A/SASSYS-1 (SAS) is areactor dynamics and safety analysis code developed at Argonne
National Laboratory (ANL) for the safety analysis of sodium cooled fast reactors (SFRs). While
the initial development and validation effort begun in the early 1960s was focused on SFRs
fuelled by oxide fuel [1], around 1985 a SAS4A metal fuel model development effort began
[2]. The development and upgrading of the SAS code continued at Argonne National
Laboratory with a focus on the analysis of inherently safe SFR designs. The latest distribution
version of the code SAS4A/SASSYS-1 Version 5.6 [3] was released in 2022.

Starting in 2014, the interest in the analysis of severe accidents in SFRs fuelled by metal fuel
has led to renewed emphasis on the development and validation of the SAS metal fuel models
that describe the accident sequence of events. A significant metal fuel model development and
validation effort has been undertaken at Argonne National Laboratory as part of the
collaboration with Korea Atomic Energy Research Institute on the Prototype Gen-IV sodium
cooled fast reactor [4—6]. The new metal fuel models were implemented in the research version
of SAS referred to as SAS-RES. They will be gradually integrated in the distribution version of
the SAS code. An overview of the SAS-RES metal fuel models is presented in Section 2. The
results presented in this paper are obtained with the SAS-RES version of SAS.

Recent work has extended the SAS-RES metal fuel relocation module LEVITATE-M to allow
the simulation of inter-assembly interactions, including inter-assembly heat transfer, assembly
wall failure, and post-assembly failure inter-assembly material contact and physical
interactions. The SAS code has been developed initially for the analysis of the initiating phase
of postulated severe accidents in liquid metal fast reactors (LMFRs). The initiating phase is
traditionally defined as the sequence of events that occur before the failure of an assembly wall,
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when the transition phase of the accident begins. The implementation of the post-assembly
failure models significantly extends the ability of the SAS-RES code to analyse extended severe
accident sequences. Instead of terminating the SAS-RES calculations at the time of the
assembly wall failure, we can now continue the simulation of subsequent events in the
framework of SAS-RES. These are unlikely events, with extremely low probability well below
the beyond design basis limits. The new models describing the inter-assembly interactions are
presented in Sections 3 and 4. Results of extended simulations of a postulated loss of flow
(LOF) accident and a severe assembly blockage accident in a generic metal fuel core using the
new SAS-RES modelling capabilities are also presented and discussed in these sections.

2. OVERVIEW OF METAL FUEL PHENOMENA MODELLED IN SAS-RES

The response of the metal fuel reactor core during an accident is affected by several important
phenomena that occur in metal fuel pins but are not present in the oxide fuel pins: a) the
migration of the U-Zr and U-Pu-Zr fuel components during irradiation, which leads to the
formation of radial fuel regions with different composition and thus different thermo-physical
properties, b) the formation of fuel-cladding eutectic at the interface between the fuel and
cladding, which leads to changes in the local composition of both fuel and cladding, c) the
formation of fuel-cladding eutectic at the outer cladding surface and at the inner assembly wall
surface after the cladding failure and fuel ejection in the coolant channel, which affects fuel
freezing and cladding and assembly wall ablation, d) the presence of the in-pin sodium in the
molten fuel cavity which can affect the cavity pressure and molten fuel relocation both prior
and after the cladding failure, and e) the in-pin molten fuel relocation to the pin plenum prior
to cladding failure and re-entry from plenum into the pin cavity after the cladding failure. The
changes in the local composition of the metal fuel and cladding during irradiation can
significantly affect the local thermophysical properties of the fuel and cladding, including the
melting and freezing temperatures. These changes in turn can affect the timing and magnitude
of cladding failure and material relocation events, and therefore the reactivity feedback that
determines the core response. Mechanistic models describing these important metal fuel
phenomena have been developed and included in the SAS-RES code metal fuel modules: a)
SSCOMP-A: pre-transient metal fuel characterization, b) DEFORMS5-A: transient metal fuel
pin mechanics, ¢) PINACLE-M: pre-failure in-pin metal fuel relocation, d) LEVITATE-M:
post-failure metal fuel relocation.

To allow an accurate description of the local fuel composition, the new metal fuel modules
track multiple fuel components, including uranium, plutonium, actinides, fission products,
lanthanides, zirconium, and iron. The in-pin sodium and fission gas are also tracked. The
changes in the local composition of the fuel can lead to significant changes in the fuel
thermos-physical properties and can also affect the reactivity feedback calculation. The
reactivity feedback is now calculated by considering the axial distribution of each fuel
component and its corresponding reactivity worth, while in the previous SAS version the fuel
composition was assumed to remain unchanged and only one fuel component distribution was
used to calculate the reactivity feedback. The impact of the variable fuel composition on
reactivity becomes relevant after the onset of fuel melting and in-pin fuel relocation and can be
more pronounced after the cladding failure because the relocating molten fuel tends to have a
composition different from the stationary still-solid fuel. The integral validation of the
SAS-RES metal fuel models was performed through analyses of eight TREAT M-Series
Transient Over Power experiments [4]. In these analyses all the new SAS-RES metal fuel
models were used to calculate the fuel behaviour during the test and good agreement of the
calculated cladding failure and fuel relocation results with the observed corresponding
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experimental data was obtained. The new metal fuel models are part of the research version of
the code SAS-RES and are not included yet in the distribution version.

2.1 SSCOMP-A: the pre-transient metal fuel characterization models

The SSCOMP-A pre-transient models describe the metal fuel behaviour during the pre-transient
irradiation. The model captures essential physical phenomena taking place during normal
operation. The main processes simulated are redistribution of fuel constituents, fuel swelling,
porosity evolution, fission gas release, plenum pressurization, solid fission product swelling,
radial and axial stresses, strains, and displacements for the fuel and cladding, formation of the
fuel phases, lanthanide migration to the cladding and formation of brittle layer at the clad inner
surface, iron migration to the fuel surface and formation of complex iron bearing layers, sodium
infiltration to the fuel, burnup dependent formation of various nuclide groups and
corresponding reactivity feedback coefficients, and clad failure margin assessment. Some of
these processes are depicted in Fig. 1. The SSCOMP-A pre-transient models were validated
against EBR-II normal operation database using the real irradiation histories [4] up to 19 %
peak burnup. The module predicted satisfactorily essential parameters such as fuel swelling,
fission gas release behaviour, fuel axial elongation, fuel constituent redistribution, clad wastage
formation due to lanthanide attack, clad strain, and clad failure margin.

Upper Reflector

. Sodium bond above the fuel
Plenum Region

—» Clad Wastage

==p |ron rich region at fuel surface

Fission gas and sodium filled
porosity

- Fuel peripheral region operated in
o+b phase

Fuel Region
Zirconium depleted and Uranium rich
region in fuel middle-radial region

Zirconium rich and Uranium depleted
region in the fuel central region

Lower Reflector Sodium in the gap region

FIG. 1. Metallic fuel phenomena modelled in SSCOMP-A.
2.2 DEFORMS-A: the transient metal fuel pin mechanics models

The a+dDEFORMS-A transient models are an extension of the pre-transient models, addressing
transient-related issues such as rapid changing conditions during the transient, eutectic
formation between fuel and cladding, gas bubble behaviour, creep of the soft fuel and clad
failure. Several important models related to transient fuel modelling include:

e Fuel mechanics: During the transients, occurrence of fuel liquefaction at the fuel
cladding interface and formation of single gamma phase leads to frictionless and soft
metallic fuel, which is prone to expansion or contraction. The mechanical analysis
model captures these phenomena by allowing creep of the fuel driven mainly by the
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fission gas swelling and thermal expansion. This is an important axial relocation mode
for the metallic fuels.

e Fuel swelling and fission gas behaviour: The evolution of the fission gas bubbles is
captured by modelling three different groups of bubbles: small, medium, and large
bubbles are based on their atom number and phases present. The large bubble formation
takes place during the transient at elevated temperatures or upon the fuel liquefaction.

e Fuel—clad chemical interaction: Upon eutectic formation between fuel and cladding the
eutectic penetration of the clad is driven by iron dissolution and actinide diffusion. The
models are validated using the results of furnace tests [7].

e C(lad failure models: The failure margin for HT9 cladding is modelled using: 1)
combined cumulative damage fraction (CDF) and 2) mechanistic creep fracture (MCF)
models. The combined CDF is an empirical model, covering a wide range of data. MCF
is a constrained diffusion cavity growth model, tracking the nucleation, growth,
coalescence of the cladding grain boundary cavities. It is validated using the HT9 failure
database.

2.3 PINACLE-M: the pre-failure metal fuel in-pin fuel relocation module

PINACLE-M is a Eulerian, two-phase, transient hydrodynamic model describing the pre-failure
in-pin relocation of the molten fuel. PINACLE-M retains all the physical models of the earlier
oxide-fuel PINACLE model [8] but extends them to allow the mechanistic modelling of
metallic fuel specific phenomena. It describes the melting and relocation of the multiple fuel
components tracked by SSCOMP-A and uses the composition-dependent, thermo-physical
properties at each axial location. During a postulated severe accident, the fuel pin begins to melt
leading to the formation of an internal cavity. PINACLE-M uses the fuel composition provided
by the SSCOMP-A model to dynamically determine the geometry and growth of the molten
fuel cavity. This pressurized cavity is filled with a mixture of molten fuel, fission gas and
sodium and expands both radially and axially, due to continued fuel melting. As the cavity
continues to expand there is a competition between two effects:

1) The radial extension of the cavity and cladding melting which can cause fuel pin
cladding failure. The fuel ejection into the coolant channel and subsequent axial
relocation that occurs after cladding failure are modelled by the post-failure fuel
relocation model LEVITATE-M.

2) The axial extension of the cavity, which can cause the cavity to reach the top of the fuel
pin. When the fuel pin top is breached the pressurized molten fuel in the cavity is
connected to the lower pressure upper plenum and can relocate suddenly, leading to a
potentially significant insertion of negative reactivity. The rapid in-pin molten fuel
relocation prior to cladding failure is modelled by the PINACLE-M module.

2.4 LEVITATE-M: the post-failure metal fuel relocation model

The LEVITATE-M model describes the phenomena that occur in a metal fuel assembly after
the cladding failure and fuel ejection into the coolant channel. LEVITATE-M retains all the
physical models of the oxide fuel LEVITATE model [9] but extends them to allow the
modelling of metallic fuel specific phenomena. It describes the post-failure relocation of the
multiple fuel components tracked by SSCOMP-A and PINACLE-M, both in the coolant
channel and in the pin cavities, and uses the composition-dependent, thermo-physical properties
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at each axial location to determine the fuel phase transitions (melting and freezing) and the
corresponding mass exchanges between various LEVITATE-M fields. LEVITATE-M has also
been extended to model the metal fuel ejection into non-empty coolant channels replacing the
PLUTO-2 model still used in the oxide fuel version of SAS to simulate TOP accident
conditions. LEVITATE-M continues the PINACLE-M calculations after the cladding failure
but extends them to model the phenomena that occur in the coolant channel. As the accident
proceeds, molten fuel ejected in the coolant channel can relocate axially and freeze in the colder
regions of the channel, leading to the formation of blockages or/and solid fuel particles,
depending on the local conditions. LEVITATE-M describes a large spectrum of physical
phenomena which depend on the metal fuel composition and properties, including fuel pin
melting and disruption, cladding ablation due to melting or eutectic formation, multiple fuel
and steel flow regimes, fuel fragmentation and freezing, and channel blockage formation due
to freezing fuel or/and cladding. The local composition of the moving and stationary fuel fields
(molten fuel, fuel chunks/particles, frozen crust on cladding and structure) is carefully tracked,
allowing an accurate calculation of the time-dependent reactivity changes.

3. POST-ASSEMBLY FAILURE LEVITATE-M MODELS

The SAS code has been developed for the analysis of the initiating phase of postulated severe
accidents in LMFRs. These are unlikely events, with extremely low probability well below the
beyond design basis limits. The initiating phase is traditionally defined as the sequence of
events that occur before the failure of an assembly wall, when the so-called transition phase of
the accident begins. Thus, the LEVITATE code was designed to monitor the assembly wall
conditions and stop the SAS simulations with an appropriate warning when the failure of the
assembly wall was predicted. The transition phase is analysed with codes such as SIMMER [10]
which use a different core representation and less detailed thermo-physical models to represent
the fuel assembly phenomena. It was recognized for some time that terminating the SAS
calculations at the time of the first assembly wall failure may be too pessimistic, as the effect
of the failure may be limited, and the accident could still terminate with limited core damage to
the neighbouring assemblies. In this case the use of the transition phase codes may not be
necessary. Recent work has extended the capabilities of the SAS-RES code to the simulation
of events that occur after the assembly wall breach, during a period that we will refer to as the
pre-transition phase [11].

3.1 Post-assembly failure model implementation

In the initial implementation, the failure of the assembly wall is assumed to lead to local
expansion of the assembly and direct contact of the molten fuel and other components in the
coolant channel of the failed assembly with the outer surface of the neighbouring assembly
wall. The sodium in the inter-assembly gap is displaced by the walls of the failed assembly and
does not contact the coolant channel materials. The expanding assembly walls and/or local
freezing of the molten fuel/steel mixture due to contact with the colder neighbouring assembly
prevent the axial relocation of the molten fuel and other components in the inter-assembly
space.

The post-assembly failure (PAF) model is designed for the simulation of a SAS-RES lead
channel consisting of a single fuel assembly, surrounded by six identical fuel assemblies that
form another is assumed. The model requires that the SAS-RES lead channel contains only one
fuel assembly, surrounded by six identical fuel assemblies that belong to the neighbouring
SAS-RES channel. These restrictive conditions are necessary because the modelling of the PAF
conditions require the definition of physically neighbouring assemblies, as opposed to the
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conceptual channels previously used in SAS, which can contain assemblies that are not physical
neighbours.

The LEVITATE-M routines were extended to allow the continuation of calculations beyond
the breach of the assembly wall which traditionally marked the end of the initiating phase of
the accident and caused the termination of LEVITATE-M calculations. If the breach of the
assembly wall is predicted the accident simulation is allowed to continue. When the first breach
of the assembly wall occurs in a LEVITATE-M channel the following phenomena are
modelled: a) the inter-assembly heat transfer (IAHT) due to direct contact between the molten
fuel in the failed assembly and the neighbouring assembly wall is calculated; b) the assembly
wall temperatures in the neighbouring channel are calculated, considering the IAHT for the
assembly sides that face the failed assembly. The temperatures of the sides in contact with the
failed assembly are initially the same at those of the other sides of the neighbouring channel but
will start to increase faster than the other sides due to the IAHT; c) the wall penetration for the
neighbouring assembly walls in contact with the failed lead assembly is tracked. This
penetration occurs at the outside of the neighbouring assembly wall, for the sides that face the
failed assembly cells.

The penetration rate of the assembly wall is determined by the temperature of the fuel that
contacts the wall [11]. This is initially the temperature of the molten fuel ejected from the pin
cavity into the coolant channel. However, in the extended accident simulations performed to
study the assembly-wall failure, freezing of the molten fuel can lead to assembly conditions
where the amount of frozen fuel particles/chunks is significantly larger than the amount of
molten fuel. To capture the effect of the changing ratio between the molten and frozen fuel
components on wall penetration, the fuel temperature used to calculate the assembly wall
penetration has been modified to be a volume-weighted average of the molten and frozen fuel
components.

The selection of the appropriate temperature for the penetration rate has a significant effect on
the predicted assembly wall ablation and timing of the assembly-wall failure and the penetration
model will be further evaluated and enhanced in future work. It is also noted that the rate
correlation is based on fuel dipping tests where only one fuel species was in contact with the
cladding material, and all previous integral validation of this correlation was based on analyses
of the cladding failure in multiple metal fuel TREAT test analyses. However, the assembly wall
is in contact with multiple fuel components (molten fuel, frozen mobile fuel particles/chunks,
frozen stationary fuel crusts) which have different temperatures and contact areas with the
assembly wall. Validation analyses of this complex assembly wall penetration process have not
been performed yet but will be needed to ensure the correct simulation of the assembly-wall
failure and subsequent events. Initial data for such validation analyses is already available from
the initial MUSE metal fuel tests [12, 13] conducted at Argonne National Laboratory, and
additional enhanced validation data could be provided by future MUSE tests properly designed
for this purpose.

The accident simulation continues after failure of the assembly wall in the lead channel, with
LEVITATE-M tracking the penetration of the neighbouring assembly wall. Failure of the
assembly wall can occur in other axial cells, usually neighbours of the first axial cells to fail. If
full penetration of the neighbouring assembly wall is predicted the simulation stops with a
message from the LEPENE-M routine indicating that the models have to be further extended.
However, as the results in Section 3.2 illustrate, the temperatures of the fuel in the leading
channel continue to decrease after the assembly wall failure due to the decreasing power, and
the penetration rate of the neighbouring assembly wall decreases to low values approaching
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zero. The sodium coolant re-entry into the damaged lead assembly continues, and failure of the
neighbouring assemblies does not occur. This is an important result of the SAS-RES accident
analysis, indicating that even if failure of the lead assembly wall is predicted, the assembly
failure does not necessarily propagate to other assemblies and the accident can still terminate
with limited core damage.

3.2 Post-assembly-failure simulation results

To evaluate the post-failure simulation capabilities implemented in SAS-RES we performed an
extended simulation of a postulated unprotected loss of flow (ULOF) accident with a flow rate
halving-time of ~5 s, in a generic 600 MW(e) SFR metallic fuel core. The fuel pins consist of
U-10Zr metallic fuel with HT9 cladding. The core was initially modelled by dividing the fuel
assemblies into 14 SAS-RES fuel channels, with 7 channels containing a single fuel assembly
while the remaining 7 channels contained multiple fuel assemblies assumed to behave
identically. The fuel pin failure was found to occur first in Channel 11 which was assumed to
be the ‘hot’ or ‘peak’ channel in these calculations. To evaluate the effect of inter-assembly
interactions an additional channel 15 was defined consisting of 6 identical fuel assemblies taken
from channel 4. The number of assemblies in channel 4, which was previously 29, was reduced
by 6 so that the channel 4 now contains 23 assemblies and the total number of assemblies is
unchanged. The 6 assemblies of channel 15 were defined as neighbours of the peak channel 11,
as illustrated in Fig. 2. This 15-channel core model was used to evaluate the effect of the inter-
assembly interactions after the assembly wall failure in channel 11.

FIG. 2. The lead channel 11 and six neighbouring assemblies of channel 15.

The simulation was performed using the new structure penetration model described in Section
3.1 which accounts for the presence of fuel chunks and reduces the effect of the molten fuel
while increasing the effect of fuel chunks depending on the local volume fraction. To help
understand the simulation results the LEVITATE-M visualization program has been extended
to allow the visualization of post-assembly failure events. In addition to the traditional
LEVITATE geometry pictures that show the fuel pin, cladding assembly wall and the moving
material in the coolant channel at selected accident times, the picture now includes the assembly
wall failures, the neighbouring assembly wall, and the penetration of the neighbouring assembly
wall at the failure locations, as seen in Figs 3 and 4.

The fuel pin failure in the lead channel 11 and the initiation of the LEVITATE-M fuel relocation
module occur at ~32 s after the initiation of the ULOF accident. At this time the power is
P ~0.47 PO and the net reactivity is pret=-0.318. The negative reactivity is due mainly to the fuel
axial expansion, radial core expansion, and Doppler contributions. The assembly wall failure is
predicted at ~18 s after pin failure. At this time the power has decreased to P = 0.23 PO and
pnet=-0.628. The reactivity due to the fuel relocation is pre=-0.32$. One axial cell of the

154



assembly wall has failed, and a foamy molten fuel pool is present in the axial region where the
failure is located.

The channel 11 conditions at 14 s after the failure of the assembly wall (32 s after pin failure)
are illustrated in Fig. 3. Some of the fuel is now frozen in the form of particles/chunks that are
seen moving upward. Three axial cells of the assembly wall have failed at this time. The
penetration of the neighbouring assembly wall has advanced but remains less than 25% of the
wall thickness. Significant steel freezing is observed to occur at the location of the channel 11
assembly wall failure. The presence of this frozen steel was not yet included in the wall
penetration model and could significantly delay the failure of the assembly wall in the
neighbouring channel 15. In this simulation it was assumed that the frozen steel leaves a path
for the molten fuel to reach the neighbouring assembly wall.

Figure 4 shows the results of the extended simulation at 26.5 s after assembly wall failure
(44.5 s after pin failure) in channel 11. The penetration of the neighbouring assembly wall has
reached over 50% of the wall thickness, but the penetration rate is zero at this time due to
decreased fuel temperatures in channel 11. All the fuel in channel 11 is now frozen, either as
solid chunks/particles or frozen crust on the walls. Sodium coolant re-entry continues at the
channel inlet. Penetration of the fuel debris bed by the liquid sodium is slow but continues
monotonically. The power has decreased to P = 0.12 PO and pne=-0.758. The reactivity due to
the fuel relocation is pruc=-0.58$.

SAS4A ULOF BU=14.0 : Channel 11 at 32.023 s after pin failure
P(plenum)= 1.27 bar P(ch,max)= 2.38 bar P(cav,max)= 0.00 bar P(ch,in)= 2.16 bar P(ch,ex)=1.21 bar
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FIG. 3. LEVITATE-M results at 14s after assembly wall failure in channel 11(32s after pin failure in
channel 11) (No IAHT considered).
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SAS4A ULOF BU=14.0 : Channel 11 at 44.523 s after pin failure
P(plenum)=1.27 bar P(ch,max)=2.13 bar P(cav,max)=0.00 bar P(ch,in)=2.16 bar P(ch,ex)=1.22 bar
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FIG. 4. LEVITATE-M results at 26.5s after assembly wall failure in channel 11 (44.5s after pin failure
in channel 11) (No IAHT considered).

The simulation was extended for another 10s to observe the behaviour of fuel, assembly wall
penetration, and sodium coolant re-entry. At 37 s after assembly wall failure (55 s after pin
failure) the penetration of the neighbouring assembly wall has remained stationary, as the
penetration rate is zero. Sodium re-entry in the channel from the bottom plenum has continued
and increasing amounts of liquid sodium can be observed in the frozen fuel debris region.

These results show that even if failure of the lead assembly wall occurs, the damage to the
neighbouring assemblies can remain limited and the assembly failure will not propagate to other
parts of the core. As the reactor power is already low and still decreasing and liquid sodium
continues to re-enter the damaged lead assembly the postulated ULOF accident is expected to
terminate with only limited core damage.

4. INTER-ASSEMBLY HEAT TRANSFER MODELS IN SAS-RES

The ULOF accident simulations described above did not consider the IAHT through the
inter-assembly gap. Only the direct contact heat transfer which occurs after the assembly wall
failure was considered, as an inter-assembly gap heat transfer model was not available for the
analysis of postulated severe accidents. The SAS channels were assumed to be thermally
isolated from their neighbours prior to the assembly wall failure and an adiabatic boundary
condition was applied at the outer surface of the assembly walls. As the SAS-RES models for
the simulation of postulated severe accidents are extended, it was recognized that IAHT can
play a significant role during certain accidents, transferring heat from the hotter assemblies to
the colder neighbouring assemblies and mitigating the accident consequences. An example is
the assembly blockage accident, where the temperatures of the blocked assembly increase
rapidly after the blockage formation, leading to large temperature differences between the
blocked assembly and its neighbours even before the occurrence of boiling and fuel failure in
the blocked assembly. In other accidents such as the ULOF accident described in Section 3.2,
the temperature differences between the lead assemblies and their neighbours become
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significant after the fuel pin failure in the lead assembly if fuel failure did not occur yet in the
neighbouring assemblies with lower power.

An effort to extend the SAS-RES models to account for the heat transfer through the inter-
assembly gap throughout the entire accident sequence has been undertaken recently and is
described in Section 4.1. The new IAHT models are developed for the simulation of a postulated
assembly blockage accident, and preliminary results are presented in Section 4.2. However, the
new [IAHT models will also help improve the accuracy of SAS-RES simulations of other
postulated severe accidents.

4.1 Inter-assembly heat transfer model implementation

The recent implementation of the IAHT models in the SAS-RES code allows the definition of
the physical neighbouring assemblies of the lead assembly studied. The sidewalls of the
neighbouring assemblies that face the lead assembly are also identified, and their temperature
is tracked independently of the other sidewalls which are not facing the lead assembly (Fig. 2).
Previously the SAS models assumed that all sidewalls of an assembly have the same
temperature. It is noted that the SAS-RES accident simulation can be divided into several
phases: a) the pre-boiling phase, b) the boiling phase, and c) the fuel relocation phase. Each
phase of the accident is simulated by a different code module, and each module includes its
own heat transfer models. The new IAHT models have been implemented gradually for all three
phases, starting with the fuel relocation phase, continuing with the boiling module, and
completed recently for the pre-boiling module.

The IAHT between the blocked assembly and the neighbouring assemblies is considered for all
the axial cells in the reactor core during the assembly blockage accident simulation. For each
axial cell a heat flux boundary condition is applied to calculate the temperature of the outer cell
of the assembly wall of the lead assembly and that of the assembly wall of the neighbouring
assembly. The heat flux boundary condition replaces the previous adiabatic boundary condition
used in the SAS heat transfer models for these assembly wall cells. The heat flux between
assemblies is calculated as:

H(i,sr,nc) = h(i,sr,nc) X (T(i,sr,xx) - T(i,sr,nc)) (1)
Where:
H(; srnc)= heat flux in W/m?

h(i srnc)= heat transfer coefficient in W/m?%/K; it includes the heat resistance of the assembly

wall for both channels and the heat resistance of the inter-assembly space; currently a fixed
inter-assembly space is used, and it is assumed filled with liquid sodium. Only the heat
conduction through liquid sodium was considered for the results presented in Section 4.2, and
the sodium is assumed stagnant. The [AHT model has been recently enhanced to check for the
occurrence of boiling in the inter-assembly gap and modify the heat transfer coefficient
accordingly.

T(; srxx)= the temperature of the lead assembly wall outer cell (facing the neighbouring
assembly).

T(; srnc)= the temperature of the neighbouring assembly wall outer cell.
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The heat flux H; sy nc) 1s used to calculate the enthalpy removed from the outermost radial cell
of the assembly wall in the blocked channel axial cell I, and the reduced cell enthalpy is used
to obtain the reduced temperature of the wall cell in the blocked assembly. The enthalpy
removed from the blocked assembly wall cell is then added to the outermost cell of the
neighbouring assembly wall, leading to an increase of the temperature of that wall cell.

As the temperature of the neighbouring assembly wall that faces the blocked assembly can be
significantly higher than the temperature of the other assembly wall faces, the heat transfer
models for all three SAS-RES modules mentioned above have also been modified to account
for the presence assembly wall faces with different temperatures. The heat transfer between the
coolant in the neighbouring assemblies and the assembly wall faces and is based on the actual
temperature of each assembly face.

4.2 Assembly blockage accident simulation using the inter-assembly heat transfer model

To evaluate the assembly blockage capabilities of the SAS-RES models and the effect of the
IAHT models we simulated an assembly blockage (ASBL) accident in a generic 100 MW(e)
pool-type SFR with a metal fuel core at the beginning of life (BOL). The SAS-RES core model
consisted initially of 11 channels. Two additional SAS-RES channels were defined: channel 12,
which contains the blocked assembly, and channel 13, which contains 6 identical assemblies
that surround the blocked assembly, in an arrangement similar to that shown in Fig. 2. The
assemblies used for channels 12 and 13 were removed from some of the original 11 channels.
The inlet blockage in channel 12 is imposed by increasing the inlet coolant flow pressure drop
at the beginning of the accident simulation. For the case presented the original pressure drop
coefficient was multiplied by a blockage factor KBL=260. The initial simulation was performed
without considering the effect of the IAHT.

The coolant boiling begins at ~18 s after blockage initiation when the coolant flow rate was
reduced to W= 0.15*WO0. As boiling continues the flow rate becomes zero W=0.0 at 31 s and
displays small oscillations around zero afterwards. The first cladding failure occurs at 37.6 s
after blockage initiation, prior to fuel melting and triggering the plenum fission gas ejection
into the coolant channel. The post-pin-failure fuel relocation module LEVITATE-M is initiated
at47.47 s. The assembly blockage simulation was extended to ~30 s after pin failure. The status
of the blocked assembly at 28.5 s after pin failure is illustrated in Fig. 5.
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FIG. 5. Status of the blocked assembly at 28.5s after pin failure (No IAHT considered).

The fuel pins are largely disrupted, and molten fuel is present in the core region. A fraction of
the fuel in the form of frozen particles is seen both below and above the active fuel region.
Ablation of the assembly wall can also be observed. The maximum ablation at this time is
0.716 mm, or ~24% of the assembly wall. Based on the current penetration rate, assembly wall
failure would occur after another ~44 s. The fuel relocation in the blocked assembly leads to a
negative fuel reactivity contribution of -0.23§ at the end of the simulation. The core net
reactivity at the same time is -0.13$ and the relative power has decreased to Pri=0.64 P0. At
the end of the simulation, the maximum temperature difference between the wall of the blocked
assembly and its neighbouring assemblies is 1061 K, suggesting that the IAHT is likely to have
a significant effect on the accident sequence of events.

The assembly blockage accident simulation presented above was repeated after the
implementation of the IAHT models for the post-pin-failure phase. The simulation was
extended to ~45 s after pin failure. The status of the blocked assembly at 41.5s after pin failure
is illustrated in Fig. 6.

159



ASBL BU=0.22 at% : Channel 12 at 41.529 s after pin failure
P(plenum)= 2.21 bar P{ch,max)= 7.42 bar P(cav,max)= 0.00 bar P(ch,in)= 3.69 bar Pichex)=1.21 bar

Z{mm] B Malten Fuel
1509.0 B Solid Original Fuel
13584 B Solid Frozen Fuel
:ig;g Liquid Sodum
8034 Sodium Vapor | FG
;;:: B Solid Cladding or Structure
4527 B Ewtectic Penatration
32; g B Cladding Failura
0.0 W Molten Steel
B Frozen Steel

000 204 4.08 Rimmi
FIG. 6. Status of the blocked assembly at 41.5s after pin failure (IAHT considered after pin failure).

The fuel pin disruption region is smaller than calculated in the case without IAHT, and little
molten fuel is present in the core region. Most of the relocated fuel is in the form of frozen
particles seen both below and above the active fuel region. Ablation of the assembly wall is
limited and significantly smaller than calculated in the case without IAHT. The fuel relocation
in the blocked assembly leads to a negative fuel reactivity contribution of -0.10$ at the end of
the simulation at 92.3 s after blockage initiation and 44.8s after pin failure. The core net
reactivity at the same time is -0.02$ and the relative power has decreased to Pr=0.78 PO.

Recent simulations have examined the effect a more sever blockage with inlet pressure loss
multiplying constant KBL=520 and included the effect of the IAHT during the boiling and
pre-boiling phases of the accident. These simulations were extended to 73 s after the blockage
occurrence. At this time all the mobile fuel is frozen, only little ablation of the assembly wall
is predicted, and liquid sodium is re-flooding the damaged blocked assembly.

These initial results of the ASBL simulation including IAHT show that the IAHT can
significantly affect the accident outcome providing an effective path for removing heat from
the blocked assembly in the absence of the sodium coolant flow in the blocked assembly.

5. CONCLUSIONS

The paper reviews the status of the SAS-RES metal fuel models and describes two recent model
extensions focused on the simulation of the inter-assembly interactions during a postulated
severe accident: the post-assembly failure models and the IAHT models. The implementation
of the post-assembly failure LEVITATE-M models significantly extends the ability of the
SAS-RES code to analyse the extended initiating phase of postulated severe accident sequences.
These are unlikely events, with extremely low probability well below the beyond design basis
limits. Advanced metal fuel models describing the behaviour of metal fuel cores during such
accidents have been implemented in the research version of SAS, named SAS-RES. These
SAS-RES models will be gradually integrated in the distribution version of the SAS code.
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The implementation of the post-assembly failure models described in Section 3 allows the
SAS-RES code to explore the accident events that could occur after a potential assembly wall
failure. The preliminary results of a postulated severe ULOF accident show that even if a failure
of the lead assembly wall occurs, the damage to the neighbouring assemblies can be limited and
the assembly failure will not necessarily propagate to other parts of the core. As the reactor
power is already low and continues to decrease, the liquid sodium continues to re-enter the
damaged lead assembly and the postulated ULOF accident is expected to terminate with only
limited core damage. The use of a transition phase code which uses a coarser core description
to model large scale core disruption is not necessary in this case and the accident termination
can be simulated using the more detailed metal fuel models available in SAS-RES.

The TAHT models described in Section 4 are essential for the correct simulation of postulated
assembly blockage accidents where significant temperature differences between the blocked
assembly and its neighbours. These models will also help improve the accuracy of SAS-RES
simulations of other severe accidents such as the ULOF accident described in Section 3.2. Initial
results of assembly blockage simulation including the IAHT models show that the IAHT can
provide an effective path for removing heat from the blocked assembly in the absence of the
sodium coolant flow in the blocked assembly allowing the blocked assembly to reach a stable
coolable configuration, limiting the damage to the blocked assembly and preventing it from
extending to the neighbouring assemblies.
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STATUS OF NUMERICAL TOOL DEVELOPMENT FOR THE INITIATING
PHASE IN SEVERE ACCIDENTS OF SFR IN JAPAN

Y. FUKANO, S. ISHIDA, S. KUBO
JAEA
O-arai/Ibaraki, Japan

Abstract

The SAS4A code has been developed and used for the analyses of the initiating phase in severe accidents including
those for licensing of sodium cooled fast reactors (SFRs) in Japan. The SAS4A code had been originally developed in the
Argonne National Laboratory (ANL) in U.S. for thermal, hydraulic, and neutronic analysis of power and flow transients in
liquid metal cooled nuclear and flow reactors. It was further developed and improved for analysis of initiating phase during
severe accident in reactor core with oxide fuels in cooperation with the Japan Atomic Energy Agency (JAEA) and European
research institutes, including the addition of new models based on the findings from the in-pile CABRI test. In recent years,
the phenomena identification and ranking table (PIRT) method has been applied to select important phenomena to be verified
for unprotected loss-of-flow (ULOF) and unprotected transient over power (UTOP) in a medium-sized SFR. Through these
studies, 16 and 14 physical phenomena were extracted for ULOF and UTOP, respectively. Then 10 and 8 respective key
important phenomena were identified through the ranking of extracted phenomena. Furthermore, a validation test matrix was
created for the extracted important phenomena, and validation was conducted according to the validation test matrix. These
studies further improved the validity and reliability of the SAS4A code. The SAS4A code has been used in a lot of severe
accident analyses and for licensing of SFRs. Examples of the evaluation of ULOF event for a medium-sized SFR showed
that prompt criticality was avoided in the initiating phase, and net reactivity remained negative at the time of the wrapper
tube melting, which is the application limit of SAS4A. Compared to previous evaluations, the present SAS4A calculations
show that the elimination of mechanical energy release due to prompt criticality during initiating phase is possible even under
conservative conditions due to the reduction of excess uncertainty. The paper describes the status of development and
application of SAS4A code in JAEA and the future research plan.

1. INTRODUCTION

Since the core of a sodium cooled fast reactor (SFR) is not in the most reactive configuration,
positive reactivity can be inserted due to coolant boiling or concentration of degraded fuel.
Therefore, research and development of evaluation methods for severe accidents has been
conducted in the field of safety research for SFR. Unprotected loss of flow (ULOF) and
unprotected transient over power (UTOP) have historically been evaluated in licensing as
representative severe accidents in SFRs.

Figure 1 shows the analysis codes used for ULOF and UTOP evaluations in the Japan Atomic
Energy Agency (JAEA). After initiation of ULOF, fuel starts melting due to loss of coolant.
The SAS4A code [1-5] is used from steady state operation to fuel pin melting within the
wrapper tube. This phase is called the initiating phase. Then, the SIMMER code [6] is used for
the phase of core melt to the whole core scale. In this phase, molten material can be moved
laterally. This phase is called transition phase or early discharge phase. Although the design
goal of SFR is to apply design measures for non-energetics, evaluation methods for the core
expansion phase is also being developed since energetics were evaluated in the safety analysis
of Monju and Joyo. In the case of re-criticality and energetics in the transition phase or initiating
phase, mechanical energy and subsequent structure response are analysed. The SIMMER code
is used for the mechanical energy analysis, and based on this analysis, the structural response
of the reactor vessel is analysed by the AUTODYN code [7]. Sodium ejection through the
rotation plugs is also calculated by the PLUG code in this phase. In the non-energetic case in
the transition phase or after the core expansion phase, it moves to the material relocation phase
and heat removal phase. For these phases, Super-COPD [8] and FLUENT code [9] are used for
the analyses of cooling of residual core material in the core and relocated core material in the
bottom and upper plenum of the reactor vessel by coolant circulation.
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The status of development and application of SAS4A code in JAEA and the future research
plan in initiating phase are described in the following sections.

Core expansion phase /
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FIG. 1. Analysis codes used for CDA evaluation in JAEA.

2. BASIC MODEL DESCRIPTION OF THE SAS4A CODE

SAS4A is a calculation code developed at Argonne National Laboratory (ANL) in the United
States as a next-generation improvement of SAS3D [10, 11], which was used in the safety
analysis of the prototype fast breeder reactor “Monju”. It was further developed and improved
for oxide fuels in cooperation with European research institutes and JAEA, including the
addition of new models based on the findings from the in-pile CABRI test [11].

The following phenomena are modelled and incorporated in the SAS4A code: 1) thermal and
mechanical behaviour of fuel pin at a steady state and transient; 2) behaviour of coolant boiling
and cladding dry out; 3) failure prediction of cladding and subsequent behaviours; 4) fuel
disruption and relocation; 5) cladding melting and subsequent cladding motion. The reactivity
changes owing to fuel and cladding axial expansion, coolant density change and coolant boiling,
fuel and molten steel motion, etc. can be analysed based on a reactivity-worth map which is
given in advance as an input. Figure 2 shows a conceptual image of the modelling.
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FIG. 2. Conceptual image of SAS4A4 code.

In the SAS4A code, hundreds of fuel assemblies constituting the reactor core are grouped to
SAS channels according to their power-to-flow ratio, burnup, etc., and the entire reactor core is
represented by up to about 30 SAS channels. Each SAS channel is hydraulically coupled in the
upper and lower plenums and coupled by the point kinetics and reactivity coefficients in each
mesh to analyse the accident propagation behaviour of the entire core. One SAS channel
consists of a single fuel element heat transfer model divided in radial and axial directions. Fuel
pellets, fuel-to-cladding gap, cladding, coolant, and wrapper tubes are coupled by the radial
heat transfer model and axially via coolant thermohydraulics. The behaviour of molten fuel and
other materials after fuel failure in the coolant channels is modelled by solving the axial
one-dimensional mass, momentum, and energy conservation equations. In non-voided or
partially voided channels, the fuel-coolant interaction (FCI) behaviour and the fuel relocation
behaviour are calculated.

3. APPLICATION OF PIRT TO THE SAS4A CODE VALIDATION

The phenomena identification and ranking table (PIRT) method [12] has been applied to the
SAS4A code in order to select important phenomena to be validated for ULOF and UTOP in a
medium-sized SFR.

3.1 Steps of the validation process

The steps of the validation process are illustrated in Fig. 3 which are based on the generic PIRT
process. (1) Issue was obviously the SAS4A code. (2) The PIRT objective was defined as
extensive validation of the SAS4A code for severe accident analyses. (3) Monju was selected
as a typical medium-sized SFR plant design. (4) ULOF and UTOP were selected as
representative scenarios due to rapid event progression and potential of large energy release.
(5) The importance of the physical phenomena is determined by the figure of merit (FOM) and
each physical phenomenon is ranked based on the magnitude of its influence on the FOM. In
vessel retention (IVR) is important in SFR, so it is necessary to evaluate whether mechanical
energy is released that may affect the integrity of the reactor vessel in the evaluation of the
initiating phase. Since the mechanical energy was converted from the thermal energy which
could be represented by average core fuel temperature, the average core fuel temperature was
selected as the FOM. (6) As shown in the introduction and Fig. 1, the event scenario was divided

165



into several time phases, and evaluation methods were developed for each time phases. (7) The
range where the influence of ULOF and UTOP is limited to the reactor core region. Therefore,
only the core region was set as the physical region in this study. The remaining steps of the
validation process are described in the following sections.

FIG. 3. Steps of the validation process.
3.2 Identification of the phenomena

Figure 4 shows event progression of ULOF and UTOP. Based on this figure and hierarchical
architecture [13] for the system which comprehensively covered the phenomena in the defined
core region, 16 and 14 physical phenomena were extracted for ULOF and UTOP, respectively.
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FIG. 4. Event progression of ULOF and UTOP.

3.3 Ranking the important phenomena

The 16 and 14 extracted physical phenomena for ULOF and UTOP were ranked in terms of
importance. The ranks were defined as High (H), Medium (M), and Low (L) in descending
order of importance. The importance of each physical phenomenon was determined by its
influence on the FOM, which was the average core fuel temperature. Since the reactivity of the
reactor, the energy release, and the average core fuel temperature are highly related, the
importance of each physical phenomenon was determined and ranked by examining its
influence on these. As shown the results of the ranking in Fig. 5, following 10 key important
phenomena for ULOF were identified:

e Flow coast down characteristics;
e Reactor power behaviour;
e Coolant thermohydraulic behaviour within SAS;
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Fuel pin thermal behaviour;
Fuel pin mechanical behaviour;
Coolant boiling behaviour;
Fuel disruption;

FCI behaviour;

Fuel dispersal;

Cladding rupture.

The following key important phenomena for UTOP were identified:

e Positive reactivity insertion of control rod withdrawal;

e Reactor power behaviour;

e Fuel pin thermal behaviour;

e Fuel pin mechanical behaviour;

e Fuel disruption;

e FCI behaviour;

e Fuel dispersal;

e C(Cladding rupture.

Ranking*
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FIG. 5. Ranking table of ULOF and UTOP.

3.4 Code validation test matrix

An evaluation matrix was created for the important phenomena identified by ranking the
physical phenomena as shown in Fig. 6. The evaluation matrix describes the analytical models
corresponding to the important phenomena and the validation methods of the models in a matrix
form and confirms that the physical phenomena required for the evaluation of the targeted

accident scenario have been modelled without any deficiencies.

CABRI tests are invaluable for the validation of the SAS4A code. In the AI3 test, which was a
transient overpower (TOP) type test, the cladding rupture and subsequent ejection of large
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amount of molten fuel were observed. On one hand, cladding rupture took place in a partially
voided coolant channel before cladding melting in the BI4 test which was transient undercooled
overpower (TUCOP) type test. On the other hand, the power transient was triggered after
cladding melting in the BI3 test which was also TUCOP type test. Therefore, all test data were
used for the models related to coolant thermohydraulic behaviour, fuel pin thermal behaviour
and fuel dispersal. The models of fuel pin mechanical behaviour and FCI behaviour were
validated with AI3 and BI4 test data. The models related to coolant boiling behaviour and fuel
disruption were validated with BI3 test data. It is unnecessary to validate flow coast-down
characteristic and positive reactivity insertion of control rod withdrawal because they are
provided by inputs. It is also unnecessary to validate reactor power behaviour because the point
reactor kinetics equation is a general theory formula and material reactivity worth map is given
by input.

CABRI tests
No Important phenomena Related SAS4A models TOP TUCOP
Al3 | Bl4 | BI3

(D | Flow coast down characteristic Boundary condition - - -
& | Positive reactivity insertion of -

@ control rod withdrawal Lo Ly e e ) ) )
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; : : Fuel swelling model
r/_ -
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. Non-voided channel material motion model
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FIG. 6. Code validation test matrix.
3.5 Test analyses for validation

Analyses of the above-mentioned three tests were performed for the validation of the SAS4A
code. Figure 7 shows a comparison between the analytical result and the BI3 test data.
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FIG. 7. Comparison between analytical result and BI3 test data.

Concerning the coolant thermal behaviour and fuel pin thermal behaviour, the fuel pin heat
transfer model was validated by the coolant temperature profile because the radial temperature
distribution was obtained by the solving the one-dimensional heat conduction equation and the
axial power distribution was given by the input data obtained in the CABRI experiment.
Figure 7(a) shows axial coolant temperature profile of the BI3 test, in which a blue dotted line
indicates the analytical result and orange plots indicate experimental data of thermocouple.
Based on such comparisons, the validity of the fuel pin thermal behaviour model was
confirmed.

Coolant boiling model was validated with BI3 data. Figure 7(b) shows the coolant voiding zone
extension of the BI3 test, in which a red dotted line indicates the analytical result and blue plots
indicate experimental data. The good agreement between the analysis and the experiment
confirms the validity of the boiling model of the SAS4A code.

The fuel dispersal model was validated using the AI3, BI4, and BI3 tests based on the matrix.
This model is validated by the axial distribution of fuel mass after the fuel pin failure.
Figure 7(c) shows the axial fuel mass profile of the BI3 test, in which a green solid line indicates
the analytical result and red and blue lines indicate experimental data of neutron hodoscope.
Based on such comparisons [14], the validity of the fuel dispersal model is confirmed.

The physical mechanism of fuel pin failure differs between UTOP and ULOF, and UTOP has
a more complex mechanism. Using the relationship between fuel smear density and fuel areal
melt fraction at failure obtained by CABRI in-pile tests [15], setting a small areal melt fraction
for determining fuel pin failure results in a conservative evaluation. From the above points, it
was found that the use of the areal melt fraction model as a fuel failure prediction model for
SAS4A enables a conservative evaluation of the event progression of UTOP. The other models
were also compared with AI3, BI4 and BI3 test data in the same way. The test data and the
results of the analysis based on the code validation test matrix were in good agreement,
indicating that the SAS4A model was sufficiently validated for the evaluation of the initiating
phase.
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4. EVALUATION OF A ULOF EVENT FOR A MEDIUM-SIZED SFR

With regard to the licensing of Monju, SAS3D, the former version of SAS4A, was used to
analyse the initiating phase. As a result, a conservative evaluation showed that the prompt
criticality was exceeded and 330 MJ of mechanical energy was released [16].

Figure 8 shows histories of reactor power and reactivity under reference condition evaluated by
SAS4A. The net reactivity increased due to the increase of void reactivity caused by coolant
boiling, but after fuel disruption, the net reactivity decreased and remains below 0$ due to
negative reactivity feedback mainly caused by fuel dispersal. About 27 s after the onset of
ULQF, the net reactivity was almost stable, at which point the core region consists almost
entirely of coolant voids, and the transition phase takes over thereafter. Therefore, according to
the analysis results of SAS4A under the reference conditions, the prompt criticality was avoided
in initiating phase.

Figure 9 shows maximum net reactivity for various coolant void and Doppler reactivities under
conservative conditions. Even in any combinations of conservative void and Doppler
reactivities, the prompt criticality was avoided in SAS4A analyses.
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FIG. 8. Histories of reactor power and reactivity under reference condition.
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5. FUTURE RESEARCH PLAN

Different analysis codes have been applied to the initiating and transition phase as shown in
Fig. 1. In order to enable consistent analysis of these phases for various core designs, SIMMER-
V is being developed in cooperation with France. As part of this development, a detailed fuel
pin model (DPIN3) is being developed to simulate the failure behaviour of fuel pins in detail
during the initiating phase.

Figure 10 shows a conceptual image of the DPIN3 model in the SIMMER code. In this model,
the fuel assembly is modelled as a single fuel pin, which consists of fuel pellets, cladding,
fuel-cladding gap and other gases. In order to simulate the failure behaviour of the fuel pins,
the thermal behaviour, deformation behaviour and fission product gas behaviour are modelled.
In addition, the thermohydraulic behaviour in the centre hole and in the molten cavity formed
by the fuel melting is also modelled. This makes it possible to simulate the behaviour of the
molten fuel as it is released into the coolant channels due to fuel pin failure. This model can be
applied to axially heterogeneous core and can be used for various core designs.

A prototype of DPIN3 was developed and a verification and validation plan was formulated.
Based on this plan, we will proceed with model verification, validation, and applicability to
actual reactor core, and plan to develop DPIN3 as a tool that can be used for safety evaluation
of SFRs.
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FIG. 10. Conceptual image of DPIN3 model in SIMMER code.
6. CONCLUSIONS

The status of development and application of the SAS4A code in JAEA and the future research
plan have been described.

The PIRT method has been applied for ULOF and UTOP in a medium-sized SFR. Through
these studies, 16 and 14 physical phenomena were extracted for ULOF and UTOP, respectively.
Then, 10 and 8 key important phenomena respectively were identified through the ranking of
extracted phenomena. Furthermore, a validation test matrix was created for the important
phenomena extracted, and validation was conducted according to the validation test matrix.
These studies further improved the validity and reliability of the SAS4A code.

Examples of the evaluation of ULOF event for a medium-sized SFR showed that prompt
criticality was avoided in the initiating phase and net reactivity remained negative at the time
of the wrapper tube melting, which was the application limit of SAS4A. Compared to previous
evaluations, the present SAS4A calculations show that the elimination of mechanical energy
release due to prompt criticality during the initiating phase is possible even under conservative
conditions due to the reduction of excess uncertainty.

As part of the SIMMER-V development, a prototype of DPIN3 was developed. Based on
verification and validation plan, model verification, validation, and applicability to actual
reactor core are underway.
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Abstract

Severe accident analysis is carried out in three phases namely 1) pre-disassembly phase 2) disassembly phase 3)
mechanical energy release phase. The pre-disassembly phase calculations are carried out using the point kinetics-based safety
analysis code PREDIS, and the VENUS-II code is used for disassembly calculations. Recently, these computer codes have
been modified by adding improved models such as a clad relocation model, an in-pin fuel motion model, a post-disassembly
fuel expansion model, etc. One possible event that can lead to a severe accident is the unprotected loss of flow accident
(ULOFA). The accident is initiated when the power supply to coolant circulating pump fails, resulting in flow coast-down.
This leads to coolant voiding, and clad melting will soon be initiated. A single channel model for molten clad relocation based
on Ishii’s model has been developed and integrated with the safety analysis code PREDIS. The modified code is then used for
the ULOFA analysis of a prototype fast breeder reactor. A computer code called FEXPAN is used to model the time-dependent
fuel expansion following disassembly and to calculate the resultant work potential. The code calculates the dynamic behaviour
of the reactor during the hydrodynamic expansion based on the von Neumann-Richtmyer pseudo-viscous pressure method with
the assumption of a homogeneous fluid medium. An unprotected transient over power accident (UTOPA) can also lead to
severe accident condition in a fast reactor. In a UTOPA, fuel melts before initiation of clad melting. UTOPA analyses has been
carried out for a 600 MW(e) SFR core using a newly developed in-pin fuel motion module called MITRA, which is incorporated
in the code PREDIS. Recently the PREDIS code has been benchmarked against loss of flow without scram (LOFWOS) tests
conducted in the Fast Flux Test Facility; the results of the benchmark exercise are also discussed in the paper.

1. INTRODUCTION

Fast spectrum reactors can undergo core disruptive accidents (CDA) since they are not in the
most reactive configuration. Changes in core geometry or core collapse under a meltdown
accident can make the reactor highly supercritical and the consequences to such an event can
be severe. A proper analysis of such events is an important part of safety analysis. Sophisticated
computer codes are used for simulating such accidents and to study the consequences. The
recent advances in the safety analysis code PREDIS [1] are discussed in the paper. A clad
relocation model and in-pin fuel motion model have been incorporated in the PREDIS code and
the effect of those phenomena on the severe accident evolution has been studied. The fuel
expansion after core disassembly has been analysed using the FEXPAN model. The code was
then validated against results from literature. Finally, the benchmark analysis of PREDIS using
the loss of flow without scram test results from the Fast Flux Test Facility is also discussed.

2. ULOFA ANALYSIS WITH CLAD RELOCATION FEEDBACK

The unprotected loss of flow accident (ULOFA) is initiated when power supply to the coolant
circulating pump fails, resulting in flow coast-down along with failure of the plant protection
system. This leads to coolant voiding, and clad melting will be initiated soon after sodium
voiding. The molten clad may get displaced during the transient and cause reactivity feedback.
A lot of theoretical studies and some experiments have been performed to understand the overall
implications of clad relocation and sweep out in CDA. The STAR series of experiments,
CABRI-1 in-pile experiment and R4 and RS TREAT in-pile tests are a few examples of the
experiments carried out [2—4]. A lot of theoretical models have been developed to study clad
relocation phenomenon and they are used to verify experimental results. The CLAZAS model
in SAS2A and the CLAP model used in SAS3A are the two important ones used for clad
relocation dynamics analysis [5, 6]. A one-dimensional cladding relocation model, based on a
continuous film flow with flooding and de-flooding mechanisms, was developed by Ishii et al
[7, 8]. This is simpler compared to CLAZAS and CLAP and assumes uniform film thickness
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for the entire length of the film. In the present study, a single channel clad relocation model
based on Ishii’s method was developed and integrated with the existing transient analysis code
PREDIS.

Ishii’s model is based on a single channel film flow model and a simple thermal transient model
for fuel pins. In this model it was assumed that the coolant channel was voided prior to the
initiation of the molten clad motion, which is the case for ULOFA. During the initiation phase
of ULOFA, the sodium vapour phase is assumed to be incompressible, and no source of gas
either due to fission gas release or steel vaporization is included. The molten clad is assumed
to be moving as a film under the influence of gravity, the channel pressure gradient, the
frictional drag due to streaming sodium vapour and friction between moving cladding and the
fuel pin. Because of the high upward sodium vapour flow there will be an initial upward motion
of molten clad and it is possible that the molten steel reaches the blanket region and freezes.
This frozen layer of steel can block the vapour flow completely or partially. The reduction in
sodium vapour velocity due to the blockage can cause a clad film flow reversal, the film drains
down the channel and eventually it slumps into the cold liquid sodium. The necessary input
data for the calculation are the properties of sodium and cladding materials, geometry of the
fuel pins and flow channels, and the initial and boundary conditions. The initial and boundary
conditions consist of the information on the locations of the upper and lower ends of the melted
cladding section and the total pressure drop over the coolant channel. A new subroutine
RELOCS has been developed and integrated with the PREDIS code for the calculation. The
code is then used for the ULOFA analysis of 500 MW prototype fast breeder reactor (PFBR).

In PREDIS, the PFBR core is divided into 10 radial channels based on coolant flow rate. A
representative fuel pin is considered from each radial channel for heat transfer calculations. The
100 cm fuel region of the pin is divided into 10 axial meshes. The 30 cm long upper and lower
blanket regions are divided into two 15 cm long meshes. That is the core is divided into 10 radial
and 14 axial meshes. Ishii’s model uses a simple heat transfer model for temperature
calculations which assumes a fuel pin with no division into axial meshes (continuous along
z-axis). The model has been modified to suit the mesh wise calculations in PREDIS. The large
meshes are not suitable for simulation of clad relocation using the model and therefore finer
meshes are to be used. For clad melting and relocation simulation a mesh size of 1 cm is used.
The 14 axial meshes in a fuel pin is further divided into 160 meshes in the RELOCS subroutine.
The heat transfer equations are solved in PREDIS at 14 axial locations and clad temperatures
are available at those locations. To estimate the clad temperatures at the 160 mesh points from
the known 14 values a linear interpolation technique is used. Once the clad temperature at any
particular mesh (out of 160) reaches melting point that mesh is assumed to be melted. The
one-dimensional equation of motion for the sodium vapour and the molten clad are given by:

a 9 2) — _%0p _ ___ %P
ot (agvg) + EYA (agvg) - pg 0Z %9 Pg(Ag+Acm) (1)

d 0 1- d P, P;T¢
" [(1- ag)vc] +- [(1- ag)vcz] __( p‘:g)é + pi:z:A;n) —(1- ag)g (2)

To determine the molten clad velocity, it is necessary to solve Eqs (1) and (2) simultaneously.
The one-dimensional vapour continuity equation is:

) 2 )
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Where, a is the void fraction, v is the velocity, p is the density, P is the pressure, and 4 is the
flow area per channel. The suffix g denotes sodium vapour and ¢ denotes clad. The momentum
and continuity equations are solved by a simple Euler method to get the clad film velocity. The
net displacement of molten clad and the associated reactivity changes are estimated.

The clad removal worth in the core region of a PFBR is positive, while it is negative for the
blanket region. Therefore, clad relocated from core and freezing in the upper axial blanket will
add a considerable amount of positive reactivity into the system. The net positive reactivity
added to the system due to clad relocation is to be calculated to obtain an accurate prediction
of the transient propagation in such an accident case. The relative steel volume change in each
mesh is calculated from the clad thickness in each mesh and the film length and position in each
channel. The removal worth of each mesh is multiplied with the relative volume change in the
corresponding mesh and then added for all the meshes to find the net positive feedback added
to the system.

In a ULOFA, the drop in coolant flow leads to coolant boiling followed by melting of fuel and
clad. Once the fuel melts, slumping of molten fuel cause large reactivity addition, resulting in
a surge in power. Pre-disassembly simulation is terminated when the fuel temperature in the
highest rated mesh crosses the boiling point. The pressure due to fuel vapour expansion
disassemble the core and make it subcritical, terminating the accident. The disassembly phase
calculations were done using the VENUS II code [9]. Without a clad relocation model, the
duration of pre-disassembly phase was 78.84 s and at the end the reactor is at a power level of
14.59 x 10° W. The positive reactivity addition rate due to fuel slumping was 11$/s. The
disassembly phase calculations carried out considering the reactivity addition rate of 11$/s
resulted in a mechanical energy release of 0.02 MJ. Even though the mechanical energy release
was less than 1 MJ, the main vessel of the reactor is designed to withstand an energy excursion
of 100 MJ, which corresponds to an input reactivity addition rate of 65.6$/s for the disassembly
phase calculations.

The analysis was repeated using a modified version of PREDIS that contains the clad relocation
model. The important change was the inclusion of feedback due to clad relocation. Even if the
time duration from clad melting to end of pre-disassembly phase is much less, the positive
reactivity addition due to steel removal from the core region and its freezing in the upper axial
blanket affects the course of the transient. The positive reactivity addition due to clad motion
was found to be 1.46$ at the end of pre-disassembly phase. The duration of pre-disassembly
phase was reduced to 76.17 s with the clad relocation feedback. The reactor power at the end
of pre-disassembly phase was found to be significantly higher (93.42 x 10° W) compared to the
nominal analysis. The mechanical work potential depends on the temperature and pressure
distribution across the core. A closer look into the pressure and temperature at various meshes
revealed that, a greater number of meshes were at an elevated temperature with clad relocation
feedback. The thermal to mechanical energy conversion is more efficient in that case. The net
reactivity at the end of the transient was also relatively higher with the clad relocation model.
The results are compared in Table 1.
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TABLE 1. COMPARISON OF RESULTS OF ULOFA WITH AND WITHOUT CLAD
RELOCATION FEEDBACK

Without clad relocation With clad relocation

Parameter feedback feedback

At the end of pre-disassembly phase

Reactor power (W) 14.56 x10° 93.42 x 10°
Net reactivity ($) 0.881 0.993
Phase duration (s) 78.84 76.17
Reactivity addition rate ($/s) 10.5 21

At the end of disassembly phase

Reactivity addition rate Calculated Hypothetical Calculated Hypothetical
Input reactivity addition rate 10.5 65.6* 21 65.6%
($/s)

Phase duration (ms) 42.2 10.81 21.7 8.15
Fuel vapour fraction (%) 0.11 39.8 5.24 349
Thermal energy release (MJ) 298.8 5544 1495 5107
Mechanical energy release 0.02 100 209 103

(MJ)

*65.68/s is the reactivity addition rate corresponds to 100 MJ of energy release for which the
vessel is designed for.

Clad melting and relocation were observed in the first three radial channels (a total of 55 fuel
assemblies out of 181). The status of clad melting and relocation at the end of pre-disassembly
phase is depicted in Fig. 1, seven radial channels in the fuel region are represented by seven
pins. Clad melting in the first, second and third channel were initiated at 73.56 s, 75.73 s and
76.16 s, respectively. In the first radial channel 47 cm long portion of clad was found to be
molten at the end of pre-disassembly. Molten steel was moved upward and reached upper axial
blanket where it froze. In the second channel (30 FSAs) the clad was melted by 31 cm and for
the third channel (24 FSAs) the extend of clad melting was 20 cm. As in the R-4 and R-5 tests
there was an initial upward motion of clad and freezing observed but there was no draining
down of molten clad since the pre-disassembly phase ended before the molten clad flow
reversal. Reactor power and net reactivity change with and without the clad motion model are
compared in Figs 2 and 3.
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FIG. 1. Clad melting and relocation at the end of pre-disassembly phase.
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The positive reactivity addition rate due to both fuel slumping and clad motion makes the net
reactivity close to 1$. The time evolution of clad relocation feedback and other important
feedback are shown in Fig. 4. The large power and lower heat removal cause initiation of fuel
boiling and the fuel vapour thus produced causes disassembly of the core. During the
disassembly phase no heat transfer is assumed from fuel to coolant. The positive reactivity
addition due to fuel slumping and clad motion results in power rise leading to further fuel
boiling. The negative feedback from Doppler and fuel displacement brings the net reactivity
below zero and the power drops rapidly. The whole duration of this disassembly phase is a few
tens of millisecond. The mechanical work potential of the core at the end of disassembly phase
is calculated to be 2.098 MJ which is more than the value obtained without clad relocation
model. The two cases are compared in Table 1. Compared to the reference case the fuel melt
fraction and vapour fraction were also more in the present analysis. An energy release of
100 MJ is considered for the design of PFBR main vessel. To get such a high energy release
the reactivity addition rate during disassembly phase needs to be 65.6%/s. The disassembly
phase calculations were repeated with an input reactivity addition rate of 65.6$/s and the results
compared with the case without clad relocation feedback. As shown in Table 1 the duration of
the phase and fuel melt and vapour fractions are close to each other.
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FIG. 4. Total reactivity and feedback reactivity components.
3. FUEL EXPANSION MODULE IN THE DISASSEMBLY PHASE

The behaviour of the core in the disassembly phase depends on reactor parameters such as
power, net reactivity, reactivity addition rate, temperature distribution and the volume fractions
of vapour, liquid and solid phases of core materials at the end of the pre-disassembly phase.
The energy available from fuel expansion in a core disassembly accident in an LMFR has been
studied extensively. At the end of disassembly, i.e. when the neutronic excursion ends, the core
is left at a very high temperature and pressure. This condition is the beginning of core
disintegration. The core expansion due to pressure gradients and the work done by expanding
fuel were calculated by assuming isentropic expansion of the fuel to low pressure. The work
done by whole core expansion to a final pressure is the sum of the work produced by each zone
as the fuel in each zone expands independently of the final pressure. This is a time-independent
technique [10] for estimating fuel expansion work.

181



FEXPAN [11, 12] models a time-dependent hydrodynamic expansion of a homogeneous fluid
medium in a spherical geometry. The model calculates the core expansion surrounded by a
compressible medium. The high fuel pressures compress the surrounding medium. Shock
waves generate in such conditions, which are treated using a pseudo-viscous pressure method
developed by von Neumann and Ritchmyer [13].

The FEXPAN model was adapted in the present analysis and a study of post disassembly
hydrodynamic expansion for FFTF geometry was performed. The study is performed for
complete sodium out case. The calculations were carried out up to the time of impact of the
sodium column upon the cover. The calculations were carried out without a reflector. The time
history of work is compared in Fig. 5. The FEXPAN output provides the temporal and spatial
pressure distribution in the fuel bubble following disassembly. The spatial pressure
distributions at four times are shown in Fig. 6. The results show that the results of the developed
FEXPAN model agree with the results given in Ref. [12]. The new model is planned to be used
for the PFBR work calculations.

100 -+ _— - _— s S—
—
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FIG. 5. Cumulative work- time history, (a) calculated and (b) reference.

(a) (b)

FIG. 6. Spatial pressure distribution at various times for the present FEXPAN model, (a) calculated
and (b) reference.
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4. UTOPA ANALYSIS IN-PIN FUEL MOTION MODEL

Unlike ULOFA, in an unprotected transient over power accident (UTOPA), fuel melts before
initiation of clad melting. Based on international experimental results [14, 15], the use of
annular oxide pin is expected to provide an inherent shutdown mechanism during the
hypothetical LMFBR accidents by providing a pathway for molten fuel to be ejected from the
active core region to the top and bottom blanket. In-pin fuel motion is a multiphase
hydrodynamic movement of molten fuel inside the fuel pins of a fast reactor during a UTOPA.
The UTOPA analyses were carried out for a 600 MW(e) SFR core using a recently developed
in-pin fuel motion module called MITRA [16], which is incorporated in the code PREDIS.

The reactivity feedback due to in-pin fuel motion and its effect on the transient progression
were studied. It was deduced that in slow overpower, molten fuel hydrodynamics is dominated
by gravity and solidification blockage. The module goes through important sub-programs such
as: a heat transfer program to calculate temperature; a fission gas module to calculate the fission
gas release and cavity pressure; multiphase fluid dynamics to calculate fuel melt fraction,
changes in cavity radius due to melting, vapour and liquid density of fuel, vapour and liquid
velocity of fuel in the central hole; and a program to calculate the fuel motion feedback.

The UTOPA analysis of a medium sized MOX fuelled fast reactor of rated power 600 MW was
carried out and it was found that the accident does not lead to CDA. However, transient studies
were revised in the present study to consider the effects of fuel melting and its feedback due to
in-pin fuel motion. Based on the UTOPA studies, it is understood that the reactor stabilised at
41 % overpower and initiation of fuel melting was observed. Fuel melting took place in four
axial nodes and four radial nodes up to the time of complete withdrawal of control rods.
However, the feedback due to in-pin fuel motion of molten fuel was ignored. UTOPA analyses
were revised with in-pin fuel motion feedback.

The external reactivity insertion due to uncontrolled withdrawal of control rod was 432.27 pcm
(1.198%) with a peak addition rate of 2.77 pcm/s. With the positive external reactivity, the
reactor power and the reactor material temperatures started increasing. With the change in
power and temperature, feedback contribution becomes effective. The negative reactivity
contributions are from the Doppler feedback, fuel axial expansion and core radial expansion.
The coolant expansion gives positive reactivity contribution, which is very small, as there is no
coolant boiling. Reactivity feedback due to control rod driveline expansion and vessel
expansion were also considered. Under UTOPA, thermal expansion of the vessel was calculated
based on the difference in inlet temperature at any instant and the initial steady state cold pool
temperature. Feedback reactivities could balance the external reactivity and make the net
reactivity almost close to zero. Before melting the annular fuel cavity radius was 0.08 cm. With
melting the melt radius increased and the molten fuel was relocated to the central hole as shown
in Fig. 7. Once relocated, the molten fuel drops due to gravity, and when it reaches the lower
portion it solidifies, as the temperature in that location is much less than that of the fuel melting
temperature. Even though there was melting, outer part of the fuel was found to be in solid state.
Hence, it can be concluded that, there was no fuel pin failure. The peak clad temperature was
758°C as compared to 819°C without a fuel dynamics module, Similarly, the peak coolant
temperature was 756°C as compared to 817°C without a fuel dynamics module, which is smaller
than its boiling point. From the above analyses it was learnt that, considering in-pin fuel motion
feedback not only reduces the power at the end of the transient it also reduces the hot spot clad,
coolant temperature and also the number of radial channels undergo melting. At the end of the
transient it introduced reactivity feedback of about -0.432$. Various reactor parameters at 500 s
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after the initiation of the transient are compared in Table 2. The normalised power variation
with time is compared in Fig. 8.

Solid
Fuel

Annular
hole

Molten
Fuel

FIG. 7. Schematic representation of in-pin fuel motion.

TABLE 2. COMPARISON OF RESULTS OF UTOPA WITH AND WITHOUT IN-PIN FUEL
MOTION FEEDBACK

Parameter UTOPA without ~ UTOPA

(at 500 s) IPFM with IPFM
Power (%) 150 131
Peak clad temperature (°C) 819 758
Peak coolant temperature (°C) 817 756
Clad hotspot temperature (°C) 863 796
(COOC(;lant hotspot temperature 855 739
Inlet coolant temperature (°C) 492 471
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FIG. 8. Comparisons of Results of UTOPA with and Without Fuel Dynamics Module MITRA.
5. PREDIS CODE BENCHMARKING AGAINST FFTF LOFWOS TEST

The PREDIS code has been validated with many experimental results; recently the code was
benchmarked against The Fast Flux Test Facility (FFTF) loss of flow without scram
(LOFWOS) test [17]. FFTF is a 400 MW(th), oxide-fuelled, liquid sodium cooled test reactor.
In July 1986, a series of unprotected transients were performed in FFTF as part of the passive
safety demonstration programme. Among these were the series of LOFWOS tests. These tests
were useful in demonstrating the inherent and passive safety benefits of specific reactor designs
and also in confirming the safety margins and providing data for computer code validation.

LOFWOS Test #13 was initiated at 50% power and 100% flow and all three primary sodium
pumps were tripped simultaneously. With the loss of flow, the normalized flow falls. Code
PREDIS was used to analyse this transient. The core was divided into various radial and axial
meshes for temperature and reactivity feedback calculations. A point kinetics model was used
for the neutron kinetics. The axial and radial power distribution and the perturbation worths for
fuel, clad and steel were estimated and given as input to the safety analysis code PREDIS. Gas
expansion modules (GEM) were introduced for the LOFWOS tests to demonstrate their ability
to mitigate the consequences of unprotected loss of flow transients. Each GEM was inserted
into an assembly position within the inner row of the radial reflector region. Argon gas was
trapped by a plug at the top of the module and exposed to sodium at the bottom of the module.
At nominal full flow conditions, the pressure of the sodium compressed the gas to a level above
the top of the active fuel column. Due to loss of flow, the pressure exerted on the gas by the
sodium is decreased, allowing the gas to expand in GEM assemblies. The displaced sodium at
the periphery of the core led to increased neutron leakage and hence, there is negative reactivity
feedback, which takes the reactor to a substantially subcritical condition. The net reactivity
becomes negative and thus there is a drop in power. Transient analyses were carried out with
the PREDIS code and the net reactivity in the core is compared with the ANL result in Fig. 9.
The evolution of power is compared in Fig. 10. FFTF has a core restraint mechanism, which is
expected to give core radial motion during power transients, and result in an overall negative
reactivity feedback. In the PREDIS simulation, the negative feedback reactivity contribution
from radial expansion is neglected. This is the primary reason for the observed discrepancy
between calculated and measured values of power and reactivity.
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With the drop in power, there was a drop in fuel temperature. However, temperature of coolant
and clad increased for some time due to the drop in flow, then ultimately also falls due to the
drop in fuel temperature to a very low value, as shown in Fig. 11. Important reactivity feedback
contributing to the transients are: the Doppler, fuel axial expansion, GEM reactivity, clad and
coolant expansion, control rod drive mechanism (CRDM) and vessel expansion feedback. Since
FFTF is a small test reactor, the control rod worth at the banking is slightly high (7.8 pcm/mm).
With this control rod worth, there is a rise in contribution of CRDM feedback to a considerable
amount with all the six CRDM. However, with the dominating GEM feedback, the net reactivity
finally follows the GEM reactivity feedback. CRDM feedback through hot pool temperature
determination is small and hence, GEM reactivity feedback is the only controlling reactivity.
The net reactivity feedback and its components are plotted in Fig. 12. The peak clad temperature
is much less than 700°C and the coolant temperature is far away from its saturation temperature
which demonstrate that there is no concern for these under LOFWOS condition.
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6. CONCLUSIONS

A clad relocation model and in-pin fuel motion models were implemented in the safety analysis
code PREDIS and the effect of those phenomena in the severe accident characteristics of fast
reactors were studied. The ULOFA analysis for PFBR was carried out considering clad motion
feedback and the results compared against the reference case without a clad relocation model.
The mechanical energy release was found to be comparable in both cases. The UTOPA analysis
of a medium sized LMFBR was carried out with an in-pin fuel motion model and it was found,
that the in-pin fuel motion feedback reduced the total reactor power at the end of the transient.
It also reduced the hot spot clad, coolant temperature and also the amount of melting. Finally,
a benchmark analysis for the PREDIS code was carried out against the FFTF LOFWOS test
#13. The code could predict the net reactivity change and power evolution fairly well. Hence
the newly added models on clad relocation, in-pin fuel motion and the fuel expansion helped in
simulating fast reactor severe accidents in more detail. With these new capabilities the code can
simulate the accident more realistically removing conservative assumptions.
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Abstract

A hypothetical uncontrolled reactivity insertion or flow blockage in a fast neutron reactor may lead to a core disruptive
accident. A thorough understanding of the progression of core disruptive accident and estimation of core energy released during
the accident is necessary to find out the consequences of this event. TRAN-SCORE, a computer code, was developed
specifically to evaluate the pre-disassembly phase of sodium cooled fast breeder reactors that use MOX as fuel. The code
includes the modelling of neutronic, thermal hydrodynamic and simplified fuel deformation behaviour. The capability of code
was demonstrated by simulating a few test problems and comparing against SAS 1A results. The fuel deformation module has
been recently improved in TRAN-SCORE for the thermoelastic mechanical estimation for fuel and clad. Axial and radial
deformations from thermal expansion and mechanical stresses can be estimated using this module with and without cracking.
The paper presents the basic phenomena of the stress—strain equation, with and without a crack in a fuel pin. The code can be
used to analyse a spectrum of events involving flow and reactivity transients with more precise modelling of fuel deformation
following a core disruptive accident.

1. INTRODUCTION

Uncontrolled reactivity excursions or flow blockage in fast neutron reactors could lead to a core
disruptive accident (CDA), specifically if there is significant mismatch between the rate of heat
generation and the rate of heat removal from the core. This could be on account of a transient
overpower (TOP) event initiated by reactivity addition, such as uncontrolled withdrawal of
control and protection rods resulting in heat generation greater than heat removal, or by
deficient cooling transients initiated by loss of flow (LOF) or loss of heat sink (LOHS) events
resulting in a lower heat removal rate than the rate of heat generation. These accidents may lead
to core melting and consequent core disruption. For fast reactor systems, understanding of the
progression of a CDA and estimation of core energy released during the accident is crucial for
evaluating the actual damage caused to the main vessel and top shield, and the amount of
sodium that can come out into the reactor containment building. The extreme complexity of
modelling various underlying physical phenomena during a CDA poses a challenge for safety
analysis. In general, progression of a fast reactor CDA is modelled in three phases: accident
initiation (pre-disassembly phase), disassembly phase and post-disassembly phase. This article
presents modelling of fuel deformation phenomenon during the pre-disassembly phase of a
CDA.

The simulation of the pre-disassembly phase includes coupled modelling of core neutronics,
fuel heat transfer, coolant dynamics, sodium boiling, fuel deformation and dynamic behaviour
of the molten fuel during slumping. An in-house computer code (TRAN-SCORE) [1-3] has
been developed for analysing flow and power transient for the pre-disassembly phase in sodium
cooled fast breeder reactors that use MOX as fuel. The TRAN-SCORE code has different
models for analysing the pre-disassembly phase. It includes multichannel core descriptions for
realistic thermohydraulic simulation for different flow zone fuel assemblies. Different reactivity
feedback like fuel, clad and coolant temperature feedback are calculated using the temperature
obtained by solving heat transfer equations and two-phase coolant dynamic equations. A
deformation module has been recently incorporated into the code to find out the stresses and
strains for fuel and clad consistent with respective temperatures.
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The Doppler coefficient in a fast reactor becomes less dominant due to the neutron spectrum
being shifted with respect to absorption resonances. Additionally, fuel expansion also
contributes to the negative fuel temperature coefficient inside the core. The radial temperature
distribution inside the fuel pin also depends on the magnitude of gap conductance, which in
turn depends on radial expansion of fuel and clad. For realistic assessment of the accident
consequences, it is important to predict the fuel expansion and its integrity. The fuel
deformation module has been recently incorporated into the code to find out the radial and axial
stresses and strains for solid and cracked fuel. The governing equations for the fuel deformation
model for solid and cracked fuel are presented here and the computational approach is also
discussed. Sample problems from the SAS-1A test [4] have been solved and analytical results
are discussed.

2. MATHEMATICAL MODEL

The fuel deformation module developed in the TRAN-SCORE code estimates fuel pin stresses
and deformations occurring during transients and treats both elastic and plastic deformation of
the cladding. Mechanical deformations of the fuel and cladding are estimated in the elastic as
well as in plastic regime. The gap width 7 is calculated as a function of time, and when it
predicts that the fuel and cladding have come into contact, the thermal conductance of the bond,
gap conductance (hy,) is set equal to a maximum value Ay, ;4. The value of h), can be estimated
as a function of pressure as required during the transient.

Thermo-elastic deformation of the fuel and the elastic-plastic deformation of the cladding is
estimated using the fuel and cladding temperature profiles obtained from the heat transfer
module. Fuel and cladding stresses and deformations are calculated by assuming a stress-free
configuration at normal operating conditions. This assumption is justified if the stresses
produced by the change from room temperature to operating conditions are annealed out.
Therefore, in the following description, the temperature at a point is the difference between the
actual temperature and the temperature corresponding to the steady state operating conditions.

The fuel element is divided into axial segments as in the heat transfer module. Since the radial
temperature variations for a reactor fuel rod are significantly higher than the axial ones, the
field equations [5] of elasticity with the appropriate boundary conditions are solved exactly in
closed form with respect to radial variations. The fuel pin in an axial segment is divided into
different radial zones as required, i.e. the central void, the solid continuous fuel zone, the
cracked fuel zone, the fuel-cladding gap, and the fuel pin cladding. These zones are illustrated
in Fig. 1. Three deformation cases are considered in this module which refer to the elastic
deformation where solid fuel is presents, elastic plastic deformation where solid and cracked
fuel is present and plastic deformation where only cracked fuel is presents inside the fuel pin.
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CRACKED REGION

CENTRAL GAP

SOLID FUEL

FIG. 1. Pin geometry in r-direction with the presence of crack.

2.1 Elastics deformation (solid fuel)

The strain displacement equations for axisymmetric problems are as follows:

ou,
= or
u, 10ug
=—4—— 1
€6 T +r a0 M
_Ou,
7 0z

Hooke’s Law in Polar Coordinates can be written as follows:

€ = %[ar —v(gg + 0,)] + A(aT)
6o = 100 —v(o, +0,)] + A(aT) @
€, = %[O’Z —v(og + 0,)] +4(aT)

A(aT) = a(T)(T, = T,) — a(T)(Ty — T;)
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Where:

o,= radial normal stress,

oy r= radial normal stress from externally applied stress,
0y ¢, = 1adial normal stress due to thermal expansion,

og = circumferential (hoop) stress,

0g » = circumferential (hoop) stress from externally applied stress,
0g tn = circumferential (hoop) stress due to thermal expansion,
0, = axial normal stress,

0, = axial normal stress from externally applied stress,
0z ¢n, = axial normal stress due to thermal expansion,

o0,, =shearing stress on z planes,

u, = radial displacement,

uy = radial displacement from externally applied stress,
u;, = radial displacement due to thermal expansion,

u, = axial displacement,

ugy = circumferential displacement,

e,=radial strain,

€g= circumferential (hoop) strain,

€,—axial strain,

€,=axial strain from externally applied stress,

€,=axial strain due to thermal expansion,

€,,=shearing strain,

E=Modulus of elasticity,

v= Poisson’s ratio,

P,= Plenum Pressure,

T,=Reference temperature,

T, T;=Temperature at the final and initial states
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In this approach, the stress equation is solved in the radial direction taking axially average
properties over the node.

The equilibrium equation will be:

do, o0, — 0y

or o 0 )

The analytical solution of Eqs (1) and (3) will give radial and circumstantial stress and radial
strain as follows:

ouy
o = (1+v)(1 2v) [ Q-+ _V tve, —(1+ V)A(aT)] 4)

Ogo = m[ (—v)+ v+vez—(1+v)A(aT)]

1 T
I(r) = r_zf drr A(aT(r))

U, = U.f + Uep (5)
Uf _ (1 + V) 2 a_z 42 — b—z
Y _m[b 0:(b) {(1 ) +r2} a%a,(a) {(1 2v) m}l ©
- VEZ,f
w1+ 1(b)b? a’
% - El — :) I(r) + ( ) {(1 —2v) + }l VEztn (7)
Op = Opg + Optn
(8)
1 2 b2 9
Oy :mlbzar(b) {1 —%} — a*o,(a) {1 _r_z}l ®
OLS 2 10
T
Og = Og,f + Ogtn (an
1 2 b2 12
0o, = mlbzar(b) {1 + z—z} — a’ay(a) {1 + r_z}l "
p2 a2 13
oron = l o)+ ( )b { } A(aT)l (13)

Where:
o= linear thermal expansion coefficient

a= inner radius of fuel
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b= outer radius of fuel
n= outer radius of solid fuel which is not cracked

Egs (5) and (8) have been solved to find out the radial displacement and radial and
circumstantial stresses.

2.2 Plastic deformation (partially cracked fuel)

When circumstantial stress inside the fuel or clad exceeds the fracture strength of the fuel or
clad, a crack tends to begin inside fuel or clad. The stable boundary of the crack is estimated by
checking the value of circumstantial stress at different radial nodes. During this phase, there
will be two regions; a solid zone and a cracked zone, and the elastic deformation calculation is
performed for the solid zone. In the cracked zone, circumstantial and axial stresses will be equal
to negative plenum pressure and circumstantial stresses at the solid zone boundary will be also
same.

g =0, =k (14)

With these conditions, radial stresses for cracked region can be estimated by integrating Eq. (3)
from the outer boundary (R,,;) of fuel as:

Y 15
0y = =P+ (B + ) (15)
where 0, = —F; + %(Pg + 0Orc)

orc and oy are stresses at fuel cladding interface and outer boundary of solid fuel respectively.
The radial displacement, u, is obtained by solving stress equation. The final solution will be:
P, P, + o r r 16
ur=un+(2v—1)(r—n)—g+Mnln—+fdr A(aT) (16)
EC EC 77 n
2.3  Fully cracked fuel

As a crack progresses during a transient, solid fuel may achieve a fully cracked condition where
the stresses are governed by central cavity pressure and fuel cladding interface pressure. The
maximum fuel cladding interface pressure will be equivalent to the plenum pressure if there is
no fuel melting inside the fuel cavity. If there is melting, due to pressure of the molten cavity,
radial relocation of fuel will take place up to the cladding surface in the gap. The interface
pressure can be found using Eq. (15) with the assumption that cracked fuel will remain at
plenum pressure.

R; 17
UFCZ—%‘*‘R_l:(%‘*‘Uin) (17

where o;,, is molten cavity pressure at the inner radius of the crack. The radial displacement
will be calculated using Eq. (16) and radial stresses.

The radial expansion due to thermal stress of the fuel is estimated using Eqs (16)(15), (5), (17)
according to the crack inside the fuel.
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2.4 Fuel axial expansion

Stress strain equations are evaluated by rearranging Eq. (2) assuming the axial strain €, is
uniform all along the axial segments. The axial stress can be estimated by substituting Eq.  (8)
into Eq. (2) which will give:

2vE  [I(b)b* b?0,(b) —a’c,(a)] EA(aT) L E (18)
(b2 —a?®)|1—-v E 1—v €z
The axial force in any axial node can be estimated by integrating the axial stress over radial
nodes:

o, =

F; = —2nEa?I(a) + 2nv(b%0,(b) — a’0,(a)) + mE€, (b* — a?) (19)

To determine the axial stress, the axial force is calculated from the cavity force F,,,,, the axial
force due to plenum gas pressure F,, and the force from cladding F..

F,.q» = ma?P.,, where P.,, is molten cavity pressure and a is central void radius
F = m”pz Pyas where P4 is Fission gas plenum pressure and 7, is plenum radius

The force from the cladding will be zero with free axial expansion. The uniform axial strain can
be finally found with the help of above equation as:

€, = (e + M4, (20)
Where
ef = —2v  [b?0,(b) — a’a,(a) _ a*FPeay + 15 Fyas @1
2 = b2 = a?) E E(b? — a?)
o 21(b)b? (22)
SCErD

Where: Ayis fraction of axial expansion to be used in the model.
3. RESULTS

Analysis of a reactivity transient has been done using the TRAN-SCORE code for an SFR. The
fuel pin has been divided into 10 radial nodes and 16 axial nodes for analysis. Normalised power
and feedback reactivity have been calculated with TRAN-SCORE code for a 2.5$/s reactivity
insertion (the value is taken from the SAS-1A test problem) as shown in Fig. 2. The coolant
temperature and pressure distribution at a steady state at 0.5 s have been estimated and are
shown in Fig. 3. The estimated steady state radial fuel temperature is shown in Fig. 4.
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FIG. 3. Coolant temperature and pressure profile along the axial direction at a steady state at 0.5 s.

The radial mesh stress distribution for the fuel and clad are estimated using the deformation
module for different axial nodes. The radial and circumstantial stresses for the fuel and clad
have also been determined using the model developed. With increases in power, circumstantial
stress increases and exceeds the fracture strength value at a point where the crack will be
generated. The crack inside the fuel pin can be seen in the results. The radial crack progression
in fuel is presented in Fig. 5 for two axial nodes. The results are also given in Table 1 and it can
be seen that the crack inside the fuel is progressing from the outer radius to the fuel centre
region. At time t =0, the fuel is in solid region and circumstantial stresses are lower than fracture
strength. When the normalized power is ~3.6 at 0.3 s, the crack in the outer radial fuel meshes
can be clearly visible. After including this model, a crack in the fuel and clad can be estimated
and stress and strain for solid and cracked fuel can be found. Figure 6 illustrates the progression
of maximum fuel and clad temperature, as well as axial expansion feedback reactivity, with and
without the deformation module. Figure 6 shows that the deformation module can produce a
more realistic estimation of both the distribution of fuel mesh and the feedback reactivity caused
by axial expansion.
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The normalised power and temperature distribution across the fuel, clad and coolant can be
estimated with the TRAN-SCORE code. With the inclusion of the new deformation module,
analysis with TRAN-SCORE is more realistic in term of fuel mesh distribution which is very
important to find out axial expansion feedback reactivity and fuel temperature distribution.
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FIG. 6. Maximum Fuel, clad temperature, and axial expansion feedback reactivity progression with and
without deformation module.

4. SUMMARY

A core dynamic code, TRAN-SCORE, has been developed for pre-disassembly analysis of CDA
in sodium cooled fast reactors which has been augmented with a fuel deformation module. The
realistic fuel deformation module, incorporated in the code solves stress and strain equations for
solid and cracked fuel. Radial and axial meshes have been found for solid and cracked fuel
regions using this module. This module can be used for solving stress and strain equations for
solid and cracked fuel pins. The efficacy of the improved TRAN-SCORE code has been
demonstrated through a sample test problem. Incorporation of more realistic modules, such as
fuel swelling due to fission products, clad swelling, fission gas plenum pressure, molten fuel
cavity pressure estimation, and modification in fuel cladding gap conductance, for a realistic
solution is in progress.

ACKNOWLEDGMENT

We would like to express our sincere gratitude to Dr H. P. Gupta, Ex BARC, and Shri S. A.
Bhardwaj, former chairman, AERB for their invaluable contributions to this work. Dr H. P.
Gupta provided critical insights and understanding of the problem that helped shape the
direction of our research and provided valuable feedback throughout the process. Shri S. A.
Bhardwaj played a crucial role in the development of this work by assigning us the task that led
to the development of the ideas presented in this paper.

REFERENCES

[1] Amandeep Singh and H. P. Gupta, Pre-disassembly phase analysis for Sodium cooled
Fast breeder reactor, AERB/NSARG/TR/2019, Mumbai (2019).

[2] Amandeep Singh, Obaidurrahman K. and H. P. Gupta, Development of a Power and Flow

Transient Model for Sodium Cooled Fast Reactor Core, Proceedings of Advances in
Reactor Physics, Mumbai, 18-21 May 2022 (2022)

199



[3]

200

Amandeep Singh, Obaidurrahman K. and H. P. Gupta, Development of a coolant
dynamic model for Sodium Cooled Fast Reactor Core, Proceedings of Advances in
Reactor Physics, Mumbai, 18 — 21 May 2022 (2022).

J. C. Carter, G. J. Fischer, T. J. Heames, D. R. MacFarlane, N. A. McNeal, W. T. Sha, C.
K. Santhanan and C. K. Youngdahl, SAS1A, A computer code for the analysis of Fast
Reactor power and flow transients, Argonne National Laboratory (1970).

K. J. Miles, Chapter 8: Deform 4: Steady State and Transient Pre-Failure Pin Behaviour,
Nuclear Engineering Division, Argonne National Laboratory (2017).



0 0 904968 ¢- 90+2000°¢- LO+HOSHY'T 90+969L°C- 90+°000°¢- 90+9Y€T ¢ 00+2000°0 0L9°LST 91
0 0 90+9€6S5°¢- 90+2000°¢- LO+HOSHY'T 90+3%€9°C- 90+°000°¢- 90+3YLE € 00+2000°0 9SS LY1 Sl
0 0 90+9¢€IL ¢ 90+2000°¢- LOHYYY T 90+98CSC- 90+°000°¢- 90+998Y°¢- 00+2000°0 8EY'LE] 4!
0 0 90+3€8'¢- 90+2000°¢- LOFOLIV'T SO+3SH0°L- 90+°000°¢- 90+9GLS G- 00+2000°0 18T LTI el
0 0 90+9896°¢- 90+2000°¢- LO+HR60Y'T ¥0+9019°6- 90+°000°¢- 90+9%0¢'9- 00+2000°0 I80°LTT 4!
0 0 90+°€01 ¥~ 90+2000°¢- LO+H00¥'T SO+2180°Y 90+°000°¢- 90+°198°9- 00+2000°0 L98°901 1T
0 0 90+99CC - 90+2000°¢- LOHRE6ET SO+HRIPY'8 90+2000°¢- 90+30LE L~ 00-+2000°0 1¥9°96 0l
0 0 90498V ¢ ¥~ 90+2000°¢- LO+206€°T 90+9¢€€T'T 90+°000°¢- 90+9T6L°L- 00+2000°0 01198 6
0 0 90+3TLY V- 90+2000°¢- LO+968E°T 90+3191°T 90+°000°¢- 90+961L°L- 00+2000°0 6L1°9L 8
0 0 90+3¢6S v~ 90+°000°¢- LOHRT6ET SO+H3YEL'S 90+°000°¢- 90+ 1¥'L- 00-+°000°0 £€56'S9 L
0 0 90+991L ¥~ 90+2000°¢- LO+986€'T S0+38€8'9 90+°000°¢- 90+3%ST°L- 00+2000°0 ovL'SS 9
0 0 90+°LEY V- 90+2000°¢- LO+HO80V'T YO+OLLY C- 90+°000°¢- 90+98¥¢'9- 00+2000°0 144854 S
0 0 90+96S6'¥- 90+2000°¢- LOHLIV'T SO+390C V- 90+°000°¢- 90+9L98°6- 00-+2000°0 99¢°S¢ ¥
0 0 90+96L0°6- 90+°000°¢- LO+H9V'T 90+3119°C- 90+°000°¢- 90+918¢ ¢~ 00+2000°0 ceTST €
0 0 90+9661°6- 90+2000°¢- LO+H9PP'T 90+31€L'C- 90+°000°¢- 90+979C ¢- 00+2000°0 9€T°CT 4
0 0 90+°0€¢°G- 90+°2000°¢- LOH9V'T 90+9698°C- 90+°000°¢- 90+3LTI ¢~ 00+2000°0 Sv0'S I
JdLNO YANNI avio avio dr1os dr1os dr1os ar1os TdN4d NOILVOOT ddON
J4LN0 JANNI J41LN0 YINNI J41LN0 JANNI d4dLTdN 40 TdN4d TdN4d
(qIgINNN HSTIN) (T ND/SANAQ) (T ND/SANAQ) (T ND/SANAQ) SNIAVY d9¥d TVIXV  TVIXV
SHSSHYLS
NOIOHA SASSHYLS TVIAVd TVIINTITINNDIID SASSHYULS TVIAvd
daLXOovaD sk AVTD s st e e e e sk sk sk s sk s s s sl ettt et LT L s s s s s s e e e ok st ot e sk sk sk ok
SYALHNVIVI NOILVINIOAdd
995 0001070 = aum S0’ I = YdMOd AAZT'TVINION

ase) aw djdures 10§ UOISII PIYIBID SII Y)IM PE[I PUE [9N) A0 SSII)IS [BIUIIJWNIIL ‘[eIpey :] dqeL

201



0 0 90+3T8Y €~ 90+9000°€-  LO+IT]ES 80431101~ 90+9000°¢~  80+SHE'T 00+2000°0 0L9°LST 91
0 0 90+9986°¢- 90+9000°€-  LO+II8E9 80+3120°1- 90+2000°¢-  80+3¥St'I 00+2000°0 9SS LY Sl
0 0 90+9T0L €~ 90+9000°€-  LO+368T'L 80+3L0T 1~ 90+9000°€-  80+91€9'I 00+2000°0 8P LT 4l
1 6 90+3178 €~ 90+9000°€-  80+3b8P1 LO+T89°G- 90+9000°€-  80+9818'I 00+2000°0 18T°LT1 €1
11 8 90+3€56°€- 90+2000°¢-  80+9809°1 LO+3STT°9- 90+2000°¢-  80+3S10°C 00+2000°0 180°L11 4!
1 8 90+3L80 1~ 90+9000°€-  80+3TEL'T LO+ISHS 9- 90+9000°€-  80+9I81°C 00+2000°0 L98°901 11
1 8 90+360T - 90+9000°€-  80+3508°T L0+9899°9- 90+9000°€-  80+9L9T7°C 00+2000°0 1¥9°96 01
11 8 90+31€E - 90+2000°¢-  80+98T8'1 LO+IE6S G- 90+2000°¢-  80+9¢81°C 00+2000°0 01¥°98 6
11 8 90-+34SY - 90+2000°¢-  80+2008°'1 LO+9SH €~ 90+2000°¢-  S0+3I¥6'l 00+2000°0 6L1°9L 8
1 8 90+3LLS - 90+9000°€-  80+30TL'T S0+9870°8- 90+9000°€-  80+9€TS'T 00+2000°0 €56'S9 L
11 8 90+3669 - 90+2000°¢-  80+9€6S°T LO+T98°€ 90+2000°¢-  80+°€00°I 00+2000°0 0vL'SS 9
11 8 90+3178 1~ 90+2000°¢-  80+3TTH'1 LO+I€88°L 90+3000°€-  LOHRL6TY 00+2000°0 vrS St S
1 6 90+3TV6 1~ 90+9000°€-  80+3HST'T 80+3+0T 1 90+3000°€~  LOHOEYS'T- 00+2000°0 99¢°G¢ v
0 0 90+3190°G- 90+9000°€-  LOHIL6EY LO+IST6'S 90+9000°€~  LO+HOELS €~ 00+2000°0 €TST ¢
0 0 90+98L1°S- 90+9000°€-  LO+HITOL'E LOHRLTTS 90+3000°€-  LO+0LS €- 00+2000°0 9€1°SI z
0 0 90+3L0€ 'S~ 90+9000°€-  LO+HI€06'T LO+960L"E 90+3000°€-  LO+AISST- 00+2000°0 STES I
Y4LNO YANNI avio avio arios arios arios arios T1dNn4d NOILVOOT AdON
Y41LNO MANNI y4LNo YANNI y4.LNo YANNI 4L TaN 40 T1an4d 1404
(JAGINNN HSTIN) (T4 ND/SANAQ) (T4 ND/SANAQ) (T4 IND/SANAQ) SNIAVY 4944 TVIXV  TVIXV
SASSHYLS
NOIOTY SASSAYLS TVIAVY TVIINTIHANNDEID SASSAYLS TVIAVY
SYALANVIVd NOLLYINIOAdd
098 0000€°0 =  QWn  /§9°¢ = YAMOd AAZI'TVINION

202



SESSION III

EXPANSION PHASE AND LONG TERM BEHAVIOUR FOR SODIUM COOLED FAST
REACTORS

Chairpersons

A. RINEISKI
India

C. JOURNEAU

France

203



ANALYSIS OF THE REMAINING CORE MATERIAL COOLABILITY IN AN
SFR CORE
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Oarai-machi/Ibaraki, JAPAN

Abstract

The achievement of in-vessel retention (IVR) against severe accidents caused by an anticipated transient without scram
is an effective and rational approach to enhance the safety characteristics of a sodium cooled fast reactor. After the termination
of the transition phase, in which the molten core pool which consists of the mixture of molten fuel and molten steel would be
formed and expand, the molten fuel in the core region would be solidified due to the heat transfer to the molten steel and
surrounding structures, and the remaining core material, which consists of the solid fuel and the molten steel, would be formed:
this is the initial state of the post-accident material relocation/post-accident heat removal (PAMR/PAHR) phase. To ensure that
IVR is possible, it is necessary to confirm that the disrupted core materials could be stably cooled over a long period in the
PAMR/PAHR phase, and the coolability of the remaining core material is one of the main evaluation items. The paper is
concerned with the case without sodium flow from the lower region. In this case, the decay heat generated from the fuel is
transferred to the surrounding structures through the molten steel, and the transferred heat is eventually transported to a heat
sink. Thus, it is necessary to solve the heat balance between the decay heat generated from the fuel and the heat transport. Then,
the effective thermal conductivity of the remaining core material, which is the main contributor to the heat transfer from the
remaining core material to the surrounding structures, is one of the dominant physical quantities. In the paper, the effective
thermal conductivity of the remaining core material is estimated based on the data of the ID3 test of the EAGLE experimental
series, in which the mixture pool of nuclear-heated solid fuel and molten steel is formed.

1. INTRODUCTION

A sodium cooled fast reactor (SFR) uses liquid sodium as a coolant with high thermal
conductivity and high natural circulation capability, which makes it stable against off normal
operating conditions and core damage can be prevented in a design basis accident. Despite this,
hypothetical core disruptive accidents (CDAs) beyond design basis accidents have been
assumed and evaluated as accidents with a large energy release [1, 2], including an anticipated
transient without scram (ATWS). One of the typical event sequences to lead to core damage is
an unprotected loss of flow (ULOF).

A typical core damage sequence of ULOF is shown in Fig. 1. The entire sequence is divided
into several phases: initiating, transition, and post-accident material relocation/post-accident
heat removal (PAMR/PAHR). One of the objectives of the CDA evaluation of the SFR is to
pursue the prospect of in-vessel retention (IVR), which is an effective and rational approach to
enhance safety characteristics. The following two points should be confirmed for the
achievement of IVR: 1) the absence of significant mechanical energy release, and 2) the stable
removal of decay heat generated from relocated fuels. Assessment of the initiating and
transition phases for a small scale SFR showed the absence of significant mechanical energy
release [3, 4]. For a large scale SFR, the introduction of the so-called FAIDUS (Fuel Assembly
with Inner-Duct Structure) as a design feature prevents re-criticality potential due to large scale
fuel compaction by realizing fuel discharge before the formation of a large scale molten core
pool [1]. The paper is to focus on the stable removal of decay heat generated from the relocated
fuels, especially a remaining core material, in the PAMR/PAHR phase.

The event progression in the PAMR/PAHR phase is shown in Fig. 2. A typical and probable
scenario in the transition phase is as follows. The core degrades gradually, a molten-core pool
which consists of a mixture of molten fuel and molten steel would be formed and expand due
to the failure of assembly (SA) walls, and then due to pressure increase in the core region, a
part of the molten fuel would be discharged outside the disrupted core region, e.g. a control rod
guide tube (CRGT) and/or the gaps of the assembly walls, resulting in the achievement of a
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subcritical state and the termination of the transition phase. After that, the molten fuel in the
core region would be solidified due to the heat transfer to the molten steel and surrounding
structures, and the remaining core material which consists of the solid fuel and the molten steel
would be formed, which is the initial state of the PAMR/PAHR phase. To ensure the possibility
of IVR, it is necessary to confirm that the disrupted core materials could be stably cooled over
a long period in the PAMR/PAHR phase, and the coolability of the remaining core material is
one of the main evaluation items.

Initiation of CDA by ULOF

| Containment response phase I-\

Initiating phase

Bl
Ul

’ ¥
Fuel sub-assembly ke :J

.

No energy release No significant mechanical energy

PAMR/PAHR phase ~\
—om Relocation of disrupted

core material

+ Decay heat removal
from relocated fuels
= Achievement of IVR

'whole core pool

FIG. 1. Typical ULOF core damage sequences.
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FIG. 2. Event progression in PAMR/PAHR phase.

The coolability of the remaining core material is assumed to occur in two cases based on the
disrupted core state: with or without sodium flow into the remaining core material from the
lower region. The paper is concerned with the case without sodium flow from the lower region.
In this case, the mechanism of heat transfer from the remaining core material to the surrounding
structures is shown in Fig. 3. The decay heat generated from the fuel is transferred to the
surrounding structures through the molten steel, and the transferred heat is eventually
transported to the heat sink by (1) the coolant inflowing from the upper region of the SAs, (2)
the coolant flowing inside non-destructive neighbouring the SAs, and (3) the coolant flowing
in inter-assembly gaps between the assembly walls. That is, it is necessary to solve the heat
balance between the decay heat generated from the fuel and the heat transport. Then, the
effective thermal conductivity of the remaining core material, which is the main contributor to
the heat transfer from the remaining core material to the surrounding structures, is one of the
dominant physical quantities.
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FIG. 3. Mechanism of heat transfer from remaining core material to surrounding structures.

The typical range of the uncertainty of the effective thermal conductivity of a mixture is from
the harmonic mean to the arithmetic mean. In the previous study, for the lack of experimental
knowledge, the coolability of the remaining core material was evaluated using conservative
conditions for the subsequent event progression [5]. In the evaluation in the PAMR/PAHR
phase, it was difficult to set the best estimate conditions, and the conservative evaluations
considering the uncertainty had been commonly performed. To establish the best conditions for
the effective thermal conductivity of the remaining core material, it is estimated based on the
data of the ID3 test of the EAGLE experimental series [6], in which the mixture pool of nuclear-
heated solid fuel and molten steel is formed.

2. TEST OVERVIEW

The ID3 test of the EAGLE experimental series [6] was selected to evaluate the effective
thermal conductivity of a mixture which consists of solid fuel and molten steel. This test was
selected because data on heat transfer from the disrupted core (solid fuel/molten steel mixture)
to a duct simulating the CRGT was obtained.

The description of the ID3 test is shown in Fig. 4. The ID3 test is an in-pile test using the
Impulse Graphite Reactor (IGR), which is an experimental facility at National Nuclear Center
of the Republic of Kazakhstan. The fuel assembly, which simulates the core region, consists of
approximately 6.0 kg of uranium dioxide (88 fuel pin bundles; 22 pin bundles arranged in a
four-ring configuration) and approximately 6.6 kg of a steel block. In the test, the steel block
was melted by fuel nuclear heating, generating the mixture of the solid fuel and the molten steel,
which simulates the disrupted core materials in the initial state of the PAMR/PAHR phase.
Then, data on heat transfer from the disrupted core materials to the duct was obtained by
thermocouple responses installed in the experimental facility. A schematic of the core
simulating vessel and the temperature transients measured by the thermocouples installed at the
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mid-height position in the core are shown in Fig. 4. The duct failure would take place by thermal
load from the disrupted core approximately 80 s after the test start. The effective thermal
conductivity in the disrupted core region is estimated using the test data on the amount of heat
transfer to the duct and the sodium, the temperature of the core region, and the temperature of
the duct surface on the core region side, as discussed in Section 3.

CRGT simulator | Axial center 1
A | | I
| Mixture of solid-fuel and liquid-steel |
Vessel | : I
1

Fuel I : Sodium Duct ATd - Fuel assembly I
/ Steel | i Temperature difference I

v | 1 between duct and thermocouple
|

|

|

1 — >
ry A .
II Thermocouples Xgf+
S Tt A f [ S A P S L Distance between duct and thermocouple
———————————————— -
L

—~Fuel assembly !
—Duct |
1
1

Blanket

*Duct failure
60 70 80 90
Time [s]

FIG. 4. Description of ID3 test of EAGLE experimental series.

3. ANALYSIS OF EXPERIMENTAL RESULTS

The effective thermal conductivity in the disrupted core region is estimated by the
following three steps, as shown in Fig. 5.

(a) Calculate the average heat flux ¢ to the duct using the amount of the heat transfer to the
duct and the sodium per unit area, which is derived from the change of temperature
measured by the thermocouple installed on the duct;

(b) Substitute g obtained in (a), 4x, and AT into the heat flux formula g=14-47/4x to estimate
the effective thermal conductivity 4, where Ax and AT mean the distance between the
duct and the fuel assembly and the temperature difference between the duct and the fuel
assembly;

(c) Confirm that the thermal conductivity developed in (b) is valid by a thermal
conductivity calculation in a one-dimensional cylindrical coordinate system.

Calculate the average heat flux to the duct:

The following equation is used to calculate the heat flux ¢ from the disrupted core material to
the duct using the test data, as in Ref. [6]:
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Experimental results
—— T, Temperature of duct
—— T,: Temperature of sodium
T Temperature of fuel assembly

— (a) g: Heat flux to duct

A

(b) A_. : Effective thermal conductivity of

mix:* e

solid fuel and molten steel mixture

A

(c) Test analysis using A

mix

FIG. 5. Process for estimation of effective thermal conductivity.

Y [(Dd +25,) —Ddz}Aid +p.D]AGL

1
A 4(D, +25,) M

q:

where Atyr is the heating time, p is the density, Dy is the duct inner diameter (35 mm), dq is the
duct thickness (5 mm), and 4i is the change of internal energy. The subscript d stands for duct
and s for sodium. The internal energies at each temperature are calculated by using the equation
of state adopted in the SIMMER code [7]. The time range to be considered is from
approximately 67 s when the rate of temperature increases in the duct and sodium is constant,
to approximately 80 s when just before the duct fails.

On the other hand, from the heat flux formula in the duct:

o
T'=T" +—~ 2
d Ty Y q (2)
where the superscript ¢ is the radial centre of the duct and m is the sodium side surface of the
duct. 7," is the temperature measured by the thermocouple. Equations (1) and (2) are repeated
to obtain a heat flux of approximately 1.1 MW/m?.

Estimate the effective thermal conductivity of the mixture:

The effective thermal conductivity Amix of the solid fuel and molten steel mixture is estimated
by substituting ¢ obtained at (a) into the following equation.

AT
q = ﬂ'mix - (3)
Axd_f

where AT4r 1s the temperature difference between the duct and the thermocouple installed at
the fuel assembly, and Ax.is the distance between the duct and the thermocouple installed at
the fuel assembly. The effective thermal conductivity is estimated at 87 W/(m-K).
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Confirm the developed thermal conductivity model:

The thermal conductivity calculation in the one-dimensional cylindrical coordinate system was
performed to confirm whether the temperature response of the ID3 test can be reproduced under
the condition of the developed effective thermal conductivity of 87 W/(m-K) for the mixture of
solid fuel and molten steel. The calculation geometry is shown in the upper right corner of
Fig. 4, with 1 mesh for the sodium in the CRGT simulator, 5 meshes for the duct, and 20 meshes
for the solid fuel and molten steel mixture (5 meshes per one ring of the fuel assembly). The
calculation starts at about 72 s when the measured fuel assembly temperature is above the steel
liquidus temperature of 1753 K. The calculation ends at about 80 s when just before the duct
fails (the same as the endpoint in the effective thermal conductivity estimation). The initial
temperatures of the sodium, the duct, and the solid fuel and molten steel mixture elements are
set based on the thermocouple measurements at about 72 s, respectively. The comparison of the
temperature changes of the fuel assembly and the duct by the experiment and the calculation
with the developed thermal conductivity model is shown in Fig. 6. The thermal conductivity
calculation results as shown by the dashed line, in which the effective thermal conductivity was
set to 87 W/(m-K), are confirmed to be in general agreement with the test results shown by the
solid line. Therefore, 87 W/(m-K) is obtained as the effective thermal conductivity of the
mixture of solid fuel and molten steel.

Solid line: experimental results
Dashed line: calculation results

2500
—Fuel assembly —Duct

= 5000 Fuel assembly ---Duct
S 1753 T
& 1500 /
(0]
o
GEJ 1000
l_

500 Target calculation time

Time [s]

FIG. 6. Comparison of temperature changes of fuel assembly and duct by experiment and calculation
with developed thermal conductivity model.

4. DISCUSSION

Using the developed thermal conductivity model in Section 3, quantitative evaluations were
performed for the impact on the range of phenomena in an actual reactor. For the calculation
for the ID3 test shown in Fig. 6, sensitivity calculations were performed with the following
parameters used as the effective thermal conductivities of the mixture of solid fuel and molten
steel.

e Case 1: Amix = 87 W/(m-K), which is the same calculation shown in Fig. 6.
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e Case 2: A\mix = 17 W/(m-K), which is equivalent to the thermal conductivity of molten
steel [8, 9] (value at 1850 K, the average of the temperature range of the mixture in the
ID3 test).

e Case 3: Amix = 2.2 W/(m-K), which is equivalent to the thermal conductivity of solid
MOX fuel [8, 9] (value at 1850 K).

The effective thermal conductivities of the mixture calculated by the arithmetic mean and the
harmonic mean are 8.1 W/(m-K) and 3.4 W/(m-K), respectively, under the fuel-to-steel volume
ratio of 6:4, which is equivalent to that of the actual reactor. The uncertainty range from Case
2 to Case 3 is set to account for larger than the typical uncertainty ranges from the harmonic
mean to the arithmetic mean.

The comparison of the temperature changes of the fuel assembly and the duct by the
calculations with developed thermal conductivity (Case 1) and liquid steel thermal conductivity
(Case 2) is shown in Fig. 7. The temperatures of the fuel assembly and the duct at the end of
the calculations are shown in Table 1. Because the heat transfer from the fuel assembly to the
duct is more enhanced in Case 1 than in Case 2, at the end of the calculations, the fuel assembly
temperature in Case 1 is about 50 K lower than that in Case 2 (Case 1: about 2010 K, Case 2:
about 2060 K) and the duct temperature on the fuel assembly side in Case 1 is about 90 K higher
than that in Case 2 (Case 1: about 1370K, Case 2: about 1280K).

The comparison of the temperature changes of the fuel assembly and the duct by calculations
with developed thermal conductivity (Case 1), liquid steel thermal conductivity (Case 2), and
solid fuel thermal conductivity (Case 3) is shown in Fig. 8, in which is added the results of Case
3 to Fig. 7. Table 1 also includes the results of Case 3. Comparing temperatures at the end of
the calculations in Case 2 and Case 3, the fuel assembly temperature is almost the same (Case
3: about 2060 K) and the duct temperature on the fuel assembly side in Case 2 is about 30 K
higher than that in Case 3 (Case 3: about 1250 K). Therefore, the impact on the subsequent
event progression of Case 1 which is based on the developed thermal conductivity model
described in this paper is greater than that of Case 2 and Case 3, which are examples of the
effective thermal conductivity of the mixture estimated by conventional ways.

The effective thermal conductivity of 87 W/(m-K) is about five times greater than the thermal
conductivity of molten steel, which is about 17 W/(m-K). One possible physical reason for this
is the convection of molten steel in the solid fuel at low velocity. A further physical reason for
this, and the impact on the subsequent event progression due to the several-fold increase in heat
transfer from the disrupted core material to the surrounding structures, should be considered.
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FIG. 7. Comparison of temperature changes of fuel assembly and duct by calculations with developed
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FIG. 8. Comparison of temperature changes of fuel assembly and duct by calculations with developed
thermal conductivity, liquid steel thermal conductivity, and solid fuel thermal conductivity.

TABLE 1.

COMPARISON OF TEMPERATURES OF FUEL ASSEMBLY AND DUCT BY

CALCULATIONS WITH THERMAL CONDUCTIVITIES

212

Thermal Temperature of ~ Temperature of
conductivity fuel assembly FA side of duct
)\amix (FA)
Case 1 87 W/(m-K) 2010K 1370 K
Case 2 17 W/(m-K) 2060 K 1280 K
Case 3 2.2 W/(m-K) 2060 K 1250 K




5. CONCLUSION

The effective thermal conductivity of the mixture of solid fuel and molten steel, one of the
dominant physical quantities which is the main contributor to the heat transfer from the
remaining core material to the surrounding structures, was estimated at 87 W(m-K) based on
the data of the ID3 test of the EAGLE experimental series, in which the mixture pool of
nuclear-heated solid fuel and molten steel is formed. The results of the sensitivity calculations
using the effective thermal conductivity of the mixture as a parameter showed that the impact
of the thermal conductivity developed in this paper was greater than that of the uncertainty of
the effective thermal conductivity of the mixture developed by conventional ways. The
effective thermal conductivity of 87 W/(m-K) is about five times greater than the thermal
conductivity of molten steel. In the future, it is necessary to consider the physical meaning of
this value and the impact of the several-fold increase in heat transfer from the disrupted core
material to the surrounding structures on the subsequent event progression.
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Abstract

The paper describes the analysis methodologies for the evaluation of an unprotected loss of flow accident in a sodium
cooled fast reactor of the Japan Atomic Energy Agency (JAEA), focusing on the mechanical consequences that would arise
during the expansion phase of the accident. The analyses of the expansion phase examine two major consequences of the
energetics: mechanical loads on the primary boundary including the reactor vessel (RV); and sodium and radioactive material
ejection onto the top shield through the gaps between shield plugs, which causes sodium combustion and damages the
containment vessel. Analytical evaluation of the process of such energetics is important for checking the capability of the
containment vessel against the source term release under a severe accident condition of a fast reactor. JAEA developed the
analysis methodologies for the evaluation of energetics and divided the analysis process into three: 1) using the SIMMER
code, analysis of heat conversion into the mechanical energy during core melt due to re-criticality, 2) using the AUTODYN
code, analysis of the structural response of the RV, and 3) using the PLUG code, analysis of the amount of sodium ejected
onto the top shield through the gaps between shield plugs. The pressure—volume relationship of a CDA bubble, which is a
mixture of gases (fuel vapour, steel vapour, and fission gas) and molten core materials, obtained by SIMMER calculation is
used as the input to structural response analysis that uses AUTODYN. The history of pressure exerted on the lower surface of
the top shield obtained by SIMMER calculations is used as the input to PLUG. These analysis codes are validated by simulating
the dominant phenomena that significantly affect the results of each calculation. These analysis methodologies developed by
JAEA were applied to reactor case analyses, which confirmed their applicability.

1. INTRODUCTION

Severe accidents in a sodium cooled fast reactor (SFR) can be divided into two: anticipated
transient without scram (ATWS), and loss of heat removal systems (LOHRS). ATWS, which
are unprotected accidents, are characterized by a short period of time from accident initiation
to core damage, whereas LOHRS, protected accidents, provides operators with a sufficient
period of time to implement core damage preventive measures. Core disruption involving
mechanical energy release is of particular concern in ATWS, and unprotected loss of flow
(ULOF) is the representative accident among ATWS for SFRs regarding its contribution to core
damage frequency [1].

Figure 1 shows the typical event progression of ULOF by connecting the accident phases
commonly used in safety evaluations. The first accident phase is the initiating phase, from
normal reactor operation to core damage. The path from the initiating phase is divided into two:
an energetic sequence leading to the expansion phase, and a non-energetic sequence leading to
the transition phase. If re-criticality occurs, the transition phase also may lead to the expansion
phase. In the analysis of the energetic sequence, structural integrity is evaluated using the value
of mechanical energy obtained by the expansion phase analysis. After the transition phase and
expansion phase, post-accident material relocation and heat removal are of concern. To bring
the effects of the accident under control, both decay heat removal and to withstand the
mechanical impact of the generated mechanical energy are crucial. Although the non-energetic
accident sequence is dominant using most probable parameter settings in the analyses, the
consequence of an energetic accident have been conservatively evaluated in Japan in order to
understand how much the plant can tolerate energetics.
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FIG. 1. Typical event progression of a ULOF core damage accident in an SFR.

Typical phenomena in the expansion phase are presented in Fig. 2. Fuel vapour and steel vapour
are generated due to heat generated in the transition phase. Then a CDA bubble, which is a
mixture of gases, fuel vapour and steel vapour, fission gas, and molten core materials, expands
into the upper plenum via the upper core structure. After that, sodium vapour is generated due
to fuel-coolant interaction (FCI) in the upper plenum. If the mechanical energy released by the
FCI is significant, a sodium slug impacts the lower surface of the top shield. One of the
consequences of energetics is that the reactor vessel (RV) will be mechanically loaded and
deformed. The other is that sodium and radioactive material are ejected onto the top shield
through the gaps between the shield plugs, causing sodium combustion and damaging the
containment vessel. These events may lead to a large scale source term release.
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FIG. 2. Typical phenomena in the expansion phase.

Development of methods for safety evaluation of the expansion phase and experiments
supporting it have been carried out in many parts of the world since the early stage of fast
reactor development. In Japan, evaluation methods have been developed and maintained
through safety evaluations against severe accidents for the experimental fast reactor Joyo, the
prototype fast reactor Monju, and a demonstration fast breeder reactor, and this is still ongoing.
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2. ANALYSIS METHODOLOGIES
2.1 Process of the analysis on mechanical consequence

JAEA developed the analysis methodologies for the evaluation of the energetics and divided
the analysis process into three: 1) using the SIMMER code, analysis of heat conversion into the
mechanical energy during core melts due to re-criticality [2], 2) using the AUTODYN code,
analysis of the structural response of the RV, and 3) using the PLUG code, analysis of the
amount of sodium ejected onto the top shield through the gaps between shield plugs (Fig. 3).
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FIG. 3. Process of the analysis on mechanical consequence.

First, analysis of heat conversion into mechanical energy is performed with SIMMER, which
is a code capable of coupling nuclear reactions and thermohydraulics including FCI. In this
analysis, the thermal energy produced by nuclear reaction is converted to mechanical energy,
which is represented by a pressure—volume relation (P—V relation) of the CDA bubble, through
the calculation of FCI. The input of the first analysis is the mass, temperature, velocity, and
pressure distribution in the core, which were calculated in the preceding phase (transition phase)
with SIMMER. Transition phase analysis and mechanical energy analysis are intentionally
divided, although analyses for both phases are conducted using SIMMER, because the
calculation cost accumulates much more in transition phase analysis which uses neutronic
modelling. In the mechanical energy calculation in the expansion phase, neutronic modelling is
no longer necessary because the FCI is the most important phenomenon in this phase and
neutronic reaction no longer occurs due to fuel dispersion into the upper sodium pool.

Next, structural response analysis of the RV is performed using AUTODYN, a commercial
code that enables analysis of the interaction between fluid flow and structural deformation. The
P-V relation obtained by the SIMMER calculation is used as the input to structural response
analysis.

Finally, analysis of the amount of sodium ejected is performed using PLUG, which calculates
the dynamic response of the shield plugs and the amount of sodium ejected onto the top shield.
The pressure history under the shield plugs is obtained by the SIMMER calculation and is used
as the input to the PLUG calculation.
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These methodologies have developed through the licensing application of the Japanese
experimental reactor Joyo and the Japanese prototype reactor Monju. In their licensing, safety
analyses against hypothetical severe accident were required in the past, even it was before the
accident at Fukushima Daiichi nuclear power plant. In the licensing, structural integrity of the
primary boundary and tolerability of the containment vessel against sodium combustion due to
sodium ejection onto the operating floor were evaluated.

2.2 SIMMER

SIMMER [3] has been developed by JAEA to evaluate the energy generated by a severe
reactivity insertion accident in SFRs. This code can calculate material relocation during the
accident together with the reactivity change due to the material relocation. The SIMMER code
consists of major three models: a fluid dynamics model, a structure model, and a neutronics
model.

In the fluid dynamics model, momentum and energy conservation equations use six velocity
fields at a maximum. SIMMER models the five basic SFR core materials: fuel, steel, sodium,
control materials and fission gas. The materials can exist as different physical states: For
example, fuel needs to be represented by fabricated pin fuel, molten liquid fuel, a crust refrozen
on the structure, solid particles, and fuel vapour. Thus, the material mass distributions are
modelled by 38 density components in the current version of SIMMER. The mobile
components, which include liquids, solid particles, and vapours, are applied to one of six
velocity fields so that the relative motions of different fluid components can be simulated.

The structure model represents the configuration, and time-dependent degradation of the fuel
pins and assembly can walls. The can walls at a cell boundary prevent radial fluid convection
and provide a surface on which fuel can freeze or vapour can condense. The break-up of
structure components depends on thermal conditions and temperature and the wall thickness
threshold for mechanical break-up.

The space-time-dependent neutron kinetics model in SIMMER is based on an improved
quasi-static method with a diffusion acceleration technique where the flux shape is calculated
by a standard Sn neutron transport theory based on THREEDANT [4]. Since the changes in
material number densities and temperatures are crucial, a cross-section model is included in the
code to perform self-shielding operations. By doing so, effective macroscopic cross-sections
can be determined whenever the reactivity is updated.

2.3 AUTODYN

AUTODYN [5] is a commercially available code for structural response analysis of nonlinear
problems such as explosion/impact problems. This code simultaneously handles a Eulerian-type
computational grid suitable for fluid (gas and liquid) flow analysis and a grid using
Lagrange-type and shell-type elements suitable for deformation analysis of structures and can
deal with interactions between these computational grids. This enables FCI analysis. The strain
and displacement of the structure can be obtained based on the geometry and material properties
of the structure, and the properties of the pressure source acting on it.

24 PLUG

PLUG, also developed by JAEA, models the dynamic movement of shield plugs and their
connecting bolts, and evaluates the amount of sodium ejected onto the top shield through the
gaps between the shield plugs. The code models shield plugs as point mass and their connecting
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bolts as elastoplastic elements and calculates their dynamic responses including the collisions
between shield plugs in a one dimensional coordinate. The amount of sodium ejected from the
gaps caused by the relative displacement between the plugs is calculated based on the modified
Bernoulli's equation using the pressure difference above and below the shield plugs. The major
inputs are the geometry and weight of the plugs, the geometry and material properties of the
bolts, and the history of pressure acting on the lower surface of the plugs. Vertical flow paths
are modelled as concentric rings, horizontal flow paths are modelled as a path with a rectangular
cross-section, and pressure loss in the flow paths and bends are considered. Based on these, the
dynamic response of the plugs and bolts and the sodium ejection rate are calculated.

3. VALIDATION OF THE METHODOLOGIES

3.1 SIMMER

SIMMER has already been validated in several papers. The FCI behaviour and the resultant
pressure development are of concern when hot molten core materials are released into the
coolant plenum in the expansion phase. The expansion phase analysis from this point of view
has been validated by Kondo [6], Morita [7], and Yamano [8].

3.2 AUTODYN

AUTODYN, a highly versatile calculation code, is widely applied to shock response analysis
and explosion analysis. Its validity and high reliability have been proven by many past records
in the industrial world and research institutes. AUTODYN has been used for the integrity
evaluations of a pressurized water reactor (PWR) containment vessel against a hydrogen
explosion [9], of the concrete structure of a PWR reactor cavity against a steam explosion [10],
and of the RV of a fast demonstration reactor under a severe accident [11].

To confirm the applicability and validity of AUTODYN, experimental analysis of the FV102
test [ 12] was conducted using a 1/30 scale test vessel of US Clinch River Breeder Reactor. The
FV102 test has been adopted as an international benchmark for structural response analysis
codes [13] and is widely analysed in Europe and the United States. In the analysis of the FV102
test by AUTODYN, the test rig was modelled in a two-dimensional cylindrical coordinate
system, and the expansion behaviour of the pressure source was given by the GASBAG model
[14]. The results show that the impulse acting on the cylindrical vessel and residual strain are
accurately reproduced, and that AUTODYN is applicable to the structural response analysis of
the RV under mechanical loads.

3.3 PLUG
Seven sample calculations were conducted to validate PLUG, which is used to analyse plug
response and sodium ejection. In this analysis, a simplified system was used to confirm its basic
functions.
e Dynamic response analysis of bolts and plugs
o Case-1: Bolt elasticity analysis

o Case-2: Bolt elastoplastic analysis

e The analysis of the amount of sodium ejection
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o Case-3: Sodium flowing through the vertical flow path
o Case-4: Sodium flowing through the horizontal flow path
o Case-5: Sodium flowing through the inlet and bend
e Plug collision analysis
o Case-6: Collision analysis between mutually independent plugs
o Case-7: Collision analysis of the integrated plugs

For Cases 1-5, the dynamic responses of the plugs fixed by the bolts were analysed by applying
increasing pressure. For Cases 6 and 7, the dynamic responses of the plugs and the behaviour
of their collision were analysed by giving an initial constant velocity. The theoretical solution
and the calculation results for all the calculation cases are in good agreement, validating the
code.

4. REACTOR APPLICATION

In this section, SIMMER and PLUG simulations are presented for a 500 MW(e) reactor, and
an AUTODYN calculation is presented for a 280 MW(e) reactor.

4.1 Conversion from thermal energy to mechanical energy

Figure 4 shows a sample result of the SIMMER code calculation for heat conversion into
mechanical energy [14]. The version of the SIMMER code used in this calculation is
SIMMER-IV Ver.2.G (CSF19) (AFF09). The target reactor is a 500 MW(e) pool-type SFR and
is modelled in a x-y-z three-dimensional mesh from the bottom of active fuel to the lower
surface of the top shield in a vertical direction. Components such as radial blanket assemblies,
radial shied assemblies, control plug (all in green in Fig. 4) were treated as rigid structures and
excluded from thermohydraulic calculation. The boundary of the calculation geometry as well
as the inner vessel were also treated as rigid structures. Initial fuel temperature and pressure
distribution in the core region were given as input values, the averages of which are 3530 K and
2.5 MPa, and the process of thermal energy conversion into mechanical energy was calculated.
This initial condition was given as the benchmark condition in a Coordinated Research Project
[14] assuming a conservative condition that the middle one-third of the core slumps and
occupies the bottom one-third, and the top one-third slumps and occupies the middle one-third.
However, in this calculation, fuel and steel are homogeneously distributed in the original core
region, because the volume fraction of the fuel and steel in the bottom one-third of the core
exceeds unity if the material motion mentioned above is adopted. The steel temperature is
assumed to be 3000 K as a parameter. This varies based on the power transient before the
expansion phase. The longer the power transient, the higher the steel temperature.
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FIG. 4. Material distribution during molten core material ejection into the upper plenum (reproduced
from Ref. [14] with permission of the IAEA).
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FIG. 5. Obtained P-V relation and pressure exerted on the lower surface of the top shield (reproduced
from Ref. [14] with permission of the [AEA).

Molten fuel and steel, together with fission gas, were ejected from the core region to the hot
pool through the upper core structure, which includes the upper blanket and upper shielding.
Then, hot molten core materials mix with the sodium at the lower surface of the control plug,
generating sodium vapour due to FCI. A CDA bubble expands until 270 ms at which its
maximum volume is attained, and a sodium slug impacts the lower surface of the shield plug
(but the impact is insignificant). After the first slug impact, the CDA bubble volume starts to
decrease, and at 430 ms, it increases again due to subsequent FCI starting from around 380 ms.
Then, the second slug impact occurs at around 580 ms. This volume expansion and contraction
continue in a repetitive manner.
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Figure 5 plots the obtained P—V relation up to the second slug impact, and the history of pressure
exerted on the lower surface of the top shield. The former is used as the input to the structural
response analysis of the RV and the latter to the plug response and sodium ejection analysis.

4.2 Structural response analysis of the reactor vessel

Figure 6 shows a sample result of the AUTODYN calculation for the structural response
analysis of the RV. The target reactor is a 280 MW(e) Japanese prototype SFR (loop-type) and
is modelled in an r-z two-dimensional mesh from the bottom of the RV to the lower surface of
the top shield in a vertical direction. Note that the target reactor is different from that adopted
in Sections 4.1 and 4.3. The upper sodium plenum is modelled with a Eulerian grid, and the
structure including the RV is modelled with shell elements. The pressure source is given with
a GASBAG model, for which a mechanical energy of 42 MJ at the maximum expansion is
given assuming hypothetical conditions. Coolant sodium impacts the lower surface of the top
shield at around 180 ms and the evaluated residual strain (effective plastic strain) at the upper
cylindrical part of the RV amounts to 1.5% at a maximum. Supported by other calculation cases
with varying mechanical energy values, this analysis shows that plastic strain remains if the
mechanical energy exceeds 30 MJ in this geometry.
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FIG. 6. A sample result of AUTODYN calculation for the structural response analysis of the reactor
vessel.

4.3 Analysis of sodium ejection through the top shield

Figure 7 shows a sample result of the PLUG calculation for the analysis of sodium ejection
through the top shield [14]. The target reactor is again a 500 MW(e) pool-type SFR. This reactor
has 16 flow paths on its top shield. Figure 7 plots the calculation results of sodium flow in a
flow path between the roof slab and large rotating plug (RS—LRP), together with the pressure
exerted on the lower surface of the top shield. This pressure history was obtained by SIMMER
in the calculation of thermal energy conversion into the mechanical energy.
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FIG. 7. A sample result of the PLUG calculation for the analysis of sodium ejection through the top
shield. Fig.7(a) is reproduced from Ref. [14] with permission of the IAEA.

Figure 8 illustrates the flow path of the RS-LRP divided into several parts in the PLUG
calculation. The calculated mass flow rate amounts to 460 kg/s at a maximum at flow path 1
(from ABI to RB2 in Fig. 8), and the amount of sodium that flowed into flow path 1 is 770 kg.
No sodium ejection onto the top shield via path 1 nor path 2 is evaluated because the gap
capacity of the path 1 in RS—LRP, which amounts to 796 kg, is greater than that the amount of
sodium that flowed into flow path 1 In this calculation, it was assumed that the flow path opened
at a certain width in advance (1 mm for path 1) as the calculation condition, and the width was
not changed during the calculation. In reality, though, the plugs including a roof slab are fixed
with their connecting bolts to prevent them from being missiles, and there is no open flow path
through the top shield. In order to calculate the opening or closing behaviour of the flow paths,
the dynamic movement of the plugs should be calculated with proper modelling of the shield
plugs and their connecting bolts.
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FIG. 8. Flow path model between the roof slab and large rotating plug (RS—LRP) adopted in PLUG.
This figure is reproduced from Ref. [14] with permission of the I[AEA.
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5. CONCLUSION

The analysis methodologies for the evaluation of an unprotected loss of flow accident in a JAEA
SFR have been described, focusing on the mechanical consequences that would arise during
the expansion phase of the accident. JAEA developed the analysis methodologies for the
evaluation of energetics and divided the analysis process into three: 1) using the SIMMER code,
analysis of heat conversion into the mechanical energy during core melt due to re-criticality,
2) using the AUTODYN code, analysis of the structural response of the RV, and 3) using the
PLUG code, analysis of the amount of sodium ejected onto the top shield through the gaps
between shield plugs. The P-V relation of a CDA bubble, which is a mixture of gases (fuel
vapour, steel vapour, and fission gas) and molten core materials, obtained by the SIMMER
calculation is used as the input to structural response analysis that uses AUTODYN. The history
of pressure exerted on the lower surface of the top shield obtained by the SIMMER calculation
is used as the input to PLUG. These analysis codes are validated by simulating the dominant
phenomena that significantly affect the results of each calculation. These analysis
methodologies developed by JAEA were applied to reactor case analyses and confirmed their
applicability.
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ATWS Anticipated transient without scram

P-V relation Pressure—volume relation
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FCI Fuel—coolant interaction

RV Reactor vessel

JAEA Japan Atomic Energy Agency

SFR Sodium cooled fast reactor
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Abstract

The French approach concerning the safety demonstration of a fourth generation sodium cooled fast reactor (SFR)
demands the resilience of new designed reactors to postulated severe accident (SA) sequences. The most severe situations come
from an unprotected degradation of the nuclear core, resulting in a molten mixture of fuel and core structures commonly referred
to as “corium”. For the ASTRID design developed in France before 2019, the safety demonstration relied on innovative reactor
designs exhibiting a low neutron void effect (CFV in French), along with specific safety devices dedicated to SA prevention
and mitigation, namely the transfer tubes and the core catcher, whose major role is to promote and accelerate the relocation of
the corium into the lower plenum of the primary vessel. This strategy enhances the interest in the modelling of the behaviour
of the corium in the lower plenum. The associated phenomenology is complex and involves i) fuel-coolant interaction (FCI),
which provokes a fragmentation of the jet and potentially violent vaporization of the sodium; ii) jet impingement on the core
catcher if the fragmentation is not total, which provokes a local ablation; iii) formation of a debris bed by sedimentation whose
coolability is not guaranteed; and iv) the formation of a liquid corium pool on the core catcher leading to severe thermal loads
on its structures.

FCI has been the subject of a continuous interest at CEA for the last decades, and motivates the development of the new SCONE
(Software for Corium Na Evaluation) calculation tool, dedicated to the evaluation of the consequences of FCI with a fine level
of description (compressible, transient, multiphase, multimaterial and multidimensional flows), associated with experimental
programmes at both integral (PLINIUS2-FR, PLINIUS2-EXPLO) and local (SERUA) scales. The study of jet impingement on
the core catcher combines small scale experiments with simulant system (ice/water) to access local ablation phenomenology,
and foreseen large scale prototypical experiments (PLINIUS2-FR) to study the scale transposition of this phenomenology and
CFD simulations to support the experimental work and derive accurate models at reactor scale.

An appropriate representation of the corium debris bed on the core catcher requires a dynamic model able to capture the changes
in its configuration over time: sedimentation of the debris resulting in a globally conic-shaped debris bed; potential re-melting
of the corium; possible neutron re-criticality; and intense convection and boiling into the debris bed that provokes the so-called
‘self-levelling’, which is of particular interest to prevent the re-melting of the debris and neutron re-criticality. A new model to
describe the main aspects of the self-levelling phase is under development in the framework of a Ph.D. thesis at CEA, with a
focus on the granular flow of debris. In parallel, the neutron criticality of postulated configurations of debris beds are under
evaluation. The promotion of corium transfer to the lower section of the reactor vessel increases the importance of the core
catcher, the increased corium inventory and thermal loads compared to past reactors. Therefore, the modelling of large corium
pools on the core catcher is the subject of renewed interest and the CEA is performing numerical simulations using Trio-CFD
to better characterize the turbulent flow structures and heat transfers in the corium pool.

1. INTRODUCTION

The French approach concerning the safety demonstration of a fourth generation sodium cooled
fast reactor (SFR) demands the resilience of new designed reactors to postulated severe accident
(SA) sequences. Among the many possible scenarios, the most severe situations occur in case
of unprotected degradation of the nuclear core, resulting in a molten mixture of fuel and core
structures commonly referred to as the corium. For the ASTRID design developed in France
before 2019, the safety demonstration relied on innovative reactor designs exhibiting a low
neutron void effect (CFV in French), along with specific safety devices dedicated to SA
prevention and mitigation, namely the transfer tubes and the core catcher, whose major role is
to promote and accelerate the relocation of the corium into the lower plenum of the primary
vessel. This strategy enhances the interest in the modelling of the behaviour of the corium in
the lower plenum. The associated phenomenology (Fig. 1) is complex. Immediately after the
arrival of the corium from the transfer tube, the fuel-coolant interaction (FCI) provokes a more
or less intense fragmentation of the jet and potentially violent vaporization of the sodium (steam
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explosion). In case of incomplete fragmentation, the corium jet may directly impact the core
catcher, the so-called ‘jet impingement’, leading to a local ablation of its structures at the point
of impact. The fragmented corium solidifies into fine particles, which settle down on the core
catcher and form a so-called ‘debris bed’ that exhibits a very complex behaviour involving
self-levelling and possible re-melting if the internal sodium flow is ineffective in extracting all
the decay heat from the debris. Ultimately, the formation of a liquid corium pool on the core
catcher, leading to severe thermal loads on its structures, appears as the worst case final state
of interest to demonstrate that the primary vessel is not damaged by the corium.

Primary Vessel
Core Structures

(1 Corium arrival through
the Transfer Tube

Core Catcher

Intense Fragmentation/ o \ Weak Fragmentation

Intense Fragmentation
Jet Rupture Length
Vapor Explosion

Weak Fragmentation

Jet Impingement —

Corium spreading
Debris fusion

Debris fusion I

'\‘ k ;!.'
Corium Pool = //
~: ~

Self-levelling

—

Self-levelling ‘ Cooling down ‘

\
Solid Corium k

Corium Debris Bed

FIG. 1. Overview of the states of interest describe the possible evolutions of the corium in the lower
plenum of a SFR.

The CEA is currently pursuing consistent research programmes dedicated to each situation
described in Fig. 1, including theoretical modelling, code developments and experiments. This
paper gives an overview of these programmes. Section 2 presents the actions on the modelling
of the FCI, while Section 3 focuses on the jet impingement. Section 4 gives an insight on the
current state of the modelling of debris beds on the core catcher, and Section 5 is dedicated to
the modelling of corium pools on the core catcher.

2. FUEL-COOLANT INTERACTION
2.1 Context

FCI has a significant impact on the safety of reactors. Indeed, it may generate a violent release
of mechanical energy, compromising the integrity of the vessel.
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For some years now, the CEA has been building a CFD tool, called SCONE (Software for
Corium Na Evaluation co-development at CEA Saclay and Cadarache), in order to finely
evaluate the consequences of a corium—sodium interaction (i.e. FCI) [1]. Since 2022, SCONE
has been linked to the TRUST multiphase digital platform developed at CEA in Saclay [2]. The
TRUST platform provides services and software tools used by dedicated applications
(designated as BALTIK in the platform terminology) to perform numerical simulations (see
Fig. 2). Five BALTIK currently exist, basically dedicated to multiphase flow simulation at
different scales: TriolJK performs two-phase flows DNS with front-tracking methods, and is
optimized for Cartesian meshing; TrioCFD performs CFD-scale multiphase flow simulations
with subgrid models, typically LES or RANS modelling of turbulence; FLICAS, TrioMC and
GENEPI+ perform simulations at the scale of a technological component, which is respectively
the LWR core, SFR core and steam generator. The new BALTIK SCONE will be a multiphase,
multicomponent simulation tool that aims at representing the main phenomena associated with
FCI as accurately as possible, relying on experimental results (past and future) to develop and

validate the necessary models.
SCONE
ICNa

TRUST platform :

Kernel / Code Coupling Interface (ICoCo) / V&V Tools / doc

FIG. 2. General organization of the TRUST numerical platform and its physical applications, including
SCONE.

In parallel to this simulation tool development, CEA is conducting experimental programmes
to feed the software with physical models and to validate it. Full scale tests are planned in the
SAFETy platform (initially called PLINIUS2 platform), to be constructed after 2026 [3]. Inside
the SAFETy platform, the PLINIUS2-FR programme will study the fragmentation of the
corium jet and PLINIUS2-EXPLO will study the steam explosion. Another local-scale
experimental facility, SERUA, is being designed at CEA-Cadarache. This experiment will
characterise the heat exchange in the film boiling regime between a hot sphere, representing a
corium droplet, and the liquid sodium, with a special focus on the stability of the sodium vapour
film. The first tests are planned for 2024. The MELT tests carried out by the JAEA and
interpreted with the SPECTRA tool [4] developed at CEA Cadarache will also be a source of
data for understanding the physics of FCI. All these tests will then serve as a basis for the
validation of the SCONE-TRUST simulation platform.

2.2 Preliminary results

At this early point of the developments of SCONE, the capabilities of the TRUST platform
have been tested to evaluate which developments are specifically required to extend its
applicability to the simulation of FCI (SCONE application). For example, the phase separation
problem, proposed by Coquel et al. (1997) [5], focuses on the separation of two phases with
different densities that are initially mixed under the effect of gravity. This test case serves as a
stiff and yet useful benchmark for testing numerical schemes of simulating problems with phase
appearance and disappearance. In the case of FCI, it is of interest to evaluate the ability of the
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platform to treat phase mixtures, as the fragmenting jet will be described as a mixture of
particles, liquid jet, liquid sodium and sodium vapour.

Starting from a homogeneous mixture, the liquid fraction and liquid velocity profiles at t =
0.5 s obtained with the Bestion model (the pressure correction term in CATHARE [6]) are
compared in Fig. 3 with the analytical solution, and exhibit a satisfactory agreement. This is an
encouraging indication concerning the relevance of the TRUST platform to support the
simulation of FCI by the SCONE application.

1.0 ' = Numerical result - Bestion Model 0 . = Numerical result - Bestion Model
® Analytical solution ® Analytical solution
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FIG. 3. Phase separation problem with TRUST. Comparison between simulation and the analytical
solution.

3. JET IMPINGEMENT ON THE CORE CATCHER

3.1 Research strategy

As described in the introduction, the worst jet configuration regarding core catcher ablation is
a coherent jet undergoing no fragmentation surrounded by a gaseous phase. Furthermore, past
studies, summarized in Ref. [7], highlighted that the core catcher ablation is faster when the jet
and the core catcher are of similar composition [8] (metal/metal or oxide/oxide). Indeed, in case
of oxide jet and metallic core catcher, a protective crust at the ablation surface reduces the
ablation [9]. Furthermore, correlations for the heat transfer at the jet impingement, in close
configurations of those encountered in ASTRID, exist [8, 9] but are not valid for a pool regime.
This regime corresponds to the collapse of the liquid film in the cavity formed by ablation. The
heat transfers at the jet impingement are thus reduced because the cavity is filled. This effect is
thus of great importance to realistically predict the core catcher ablation. In order to better
understand this phenomenology and model it, a research programme has been launched [10]
and continued which aims to go from the experiments to modelling and finally to numerical
simulations. The first simulation (water/ice) experiments have been carried out after having
estimated their representativeness, and advanced models were derived. Also, to transpose this
work to the issue of metallic jet impinging on metallic core catcher, CFD simulations are being
set. First, the CFD simulations are calibrated using the simulant experiments. Then calculations
will be conducted on the low Prandtl number system, trying to reproduce available experimental
data [8, 11]. When the CFD is fully validated using these experiments, CFD simulations of steel
jet impinging a steel core catcher will be assured.
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3.2 Experimental results and advanced models

The first step of the research programme on the ablation of a core catcher by a corium jet was
to improve physical knowledge on the ablation when both the jet and the solid are of the same
nature, which is considered to be the most penalizing case [7]. To do so, an experimental set up
called HAnSoLO has been built [7], to study the water/ice system. This system delivers
turbulent water jets on a block of transparent ice [11] allowing for real-time tracking of the
cavity produced by ablation within the solid, as well as the recording ablation from new points
of view [7]. Figure 4 shows examples of shadowgraphy observations of a cavity in the film
ablation regime (left) and the pool regime (right). Note that only the projection of the cavity
shape is visible using this technique. In particular, the water film cannot be observed directly
in the left picture, but it is clearly identified due to the irregularities in the ablation front that
indicate the laminar to turbulent transition in the film flow regime. Experiments performed with
this setup provided information on the ablation: the shape of the cavity was revealed and
explained, the pool regime was directly studied and measured, a new type of correlation was
proposed, and improved modelling of the pool regime was achieved [7, 12].

In film regime In pool regime

FIG. 4. Examples of cavity visualization with HAnSoLO in the film ablation regime (left) and in the pool
regime (right).

From there, numerical simulation work was started. To support an incremental logic for the
research project, the setup was modified to study the ablation of transparent ice by a water jet
when the system is submerged in water. This is an important first step for CFD code validation
as the effect of the gas/liquid interface is removed. Validations on such cases give a strong basis
for further validation on cases for which the jet is surrounded by gas.

3.3 Preliminary simulation results in water/ice

As stated above, the simplified case of an immersed jet of water impinging an ice block is
studied to validate the melting model in the code.

The code used is OpenFOAM®. A large eddy simulation (LES) approach is used, with a wall
adapting local eddy-viscosity (WALE) [13] model for the turbulence. Turbulence is already
simulated at the inlet of the jet with a synthetic turbulence method called the divergence-free
synthetic eddy method (DF-SEM) [14]. An enthalpy method [15, 16], based on a penalization
method, is used for the simulation of solid melting.

The case without melting was first studied and compared to results in the literature to determine
meshing requirements in order to solve correctly the heat transfers at the solid—fluid interface.
The case with melting is now under investigation and is giving encouraging results. Fig. 5
compares the evolutions of the molten depth of ice, scaled by the jet diameter, in the simulation
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and in HAnSoLO experiments. The effect of mesh refinement is showed, but further analysis
is needed to assess the validity of the calculations.

In the longer term, the models developed in the framework of this exploratory research will be
integrated into a CEA software platform.
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FIG. 5. Dimensionless depth of molten ice versus time for an experiment and corresponding numerical
simulations.

4. DEBRIS BEDS ON THE CORE CATCHER
4.1 Context

At its arrival in the lower plenum, the corium undergoes a more or less intense fragmentation
into solid particles due to the FCI. After sedimentation, these fragments then form a so-called
debris bed, which includes fuel and steel particles. The extraction by the sodium of the heat due
to the decay of fission products is essential to avoid the re-melting of the debris bed, which
would result in a liquid corium pool interacting with the core catcher structures (see Section 5
for further details). Another important issue concerning the debris bed is to evaluate its neutron
reactivity. A positive neutron reactivity would certainly result in a brief but violent power
excursion, implying partial re-melting of the debris, dispersion of the corium beyond the core
catcher, and possible mechanical loads on the structures.

The coolability of the debris bed (i.e. the capacity of the sodium to evacuate all the decay heat
from the debris bed), and the neutron reactivity of the debris bed present common dependencies
on several coupled aspects. The sodium thermohydraulics inside the debris bed directly impacts
its coolability, because the amount of sodium that penetrates into the centre of the bed drives
the amount of energy that can be extracted from it, and indirectly influences the neutron
reactivity, through the void effect due to sodium vaporization and the Doppler effect induced
by the variation of temperature. In addition, the particles close to the surface of the debris bed
are moved by the sodium flow, producing self-levelling, i.e. progressively flattening of the
debris bed from a globally conical shape. The self-levelling of the debris bed has a positive
impact, from the safety point of view, on both its coolability and its neutron reactivity, because
of the induced increase of the surface to volume ratio, but it may be counterbalanced by the
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effect of late corium discharges, in case of several corium relocation phases, which increase the
mass of corium in a non-levelled configuration in the lower plenum, and therefore bring the
debris bed closer to neutron criticality.

These considerations enlighten the need for a simulation tool able to quantitatively characterize
the behaviour of the debris bed and its evolution in terms of temperature, internal configuration
(sodium void fraction, material repartition) and shape, and to evaluate the neutron reactivity of
the debris bed. Those axes are both explored at CEA and the corresponding actions are
described in the next paragraphs.

4.2 Development of a new CFD model for the debris bed coolability and preliminary
results

Historically, coolability assessments have been performed at CEA with use of integral fast
calculation tools. LIDEB [17] then LIDENa implement 1-D modelling approaches to evaluate
the temperatures, void fraction and eventually re-melting in a fully levelled debris bed. They
appear inadequate to describe the phenomenology presented in the previous paragraph, which
requires at least a multidimensional and multiphase transient approach.

A new modelling is being developed in the framework of a Ph.D. thesis to reach this objective.
Considering the debris bed as an unconsolidated granular medium with an internal heat source
exchanging with an internal boiling flow of sodium, homogenized equations are derived from
the micro-scale boundary-value 3-phases problem by using the volume averaging method [18],
taking advantage of its successful applications to various similar (and simpler) problems:
single-phase viscous and inertial flows in porous media [19], multiphase viscous [20] and
inertial [21] flows in porous media, heat and mass transfers in porous media [22], and dense
particle flows in single phase viscous flows [23]. The implementation of the macroscopic
equations is under progress in the OpenFOAM® platform.

(a) (b)

FIG. 6. Preliminary test of debris bed gravity collapse in water. Volume fraction of debris (a); Debris
velocity (b).

Figure 6 shows the results of a preliminary verification test of a partial implementation of the
model where an isothermal debris bed collapses into air under the action of gravity. The debris
bed phase macroscopic viscosity is considered to follow Mohr-Coulomb rheology [24]. Figure
6(a) shows the volume fraction of debris. It does not exceed 63 % (37 % porosity), which is
consistent with the implemented viscosity law where the equivalent viscosity increases when
the volume fraction of debris approaches a maximal value (63 %). Figure 6(b) shows the
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corresponding velocity field (norm). Only the surface of the bed is moving, which is consistent
with expectations because this is where the volume fraction of particles falls below the
maximum occupation rate, and so where the viscosity of the particle phase reduces.

As for the developments for the jet impingement simulation, the physical models assessed in
the framework of this programme are intended to be integrated into a CEA software platform
in the future.

4.3 Characterization of the debris bed reactivity

Monte Carlo evaluations of the neutron reactivity of the debris bed are performed using
Tripoli 4 [25] on postulated configurations. The effect of the bed geometry, temperature,
material masses (fuel, steel, sodium, neutron absorbers) and internal repartition (stratification,
mixture, local compaction) have been investigated. Neutron criticality may be reached on some
cases, underlying the importance of its evaluation for a safety demonstration.

As an illustration, Fig. 7 compares the evolution of the effective multiplication factor k¢ with
fuel mass for a debris bed globally homogeneous and with a cylindrical shape with various
diameters. The four curves figure the evolution of the k, ¢ factors with the mass of the bed for
four different bed diameters: 150 cm (yellow), 200 cm (red), 250 cm (blue) and 300 cm (green).
For a given diameter, the increase of mass results in a higher and higher bed and brings the
system closer and closer to neutron criticality, which is obtained when ks = 1 (critical mass).
For a given mass of the debris bed, an increase in diameter results in a flatter and flatter debris
bed, which increases the surface to volume ratio, and therefore reduces the ks factor. For
example, Fig. 7 shows that the critical mass of the 150 cm bed is ~7500 kg, while the critical
mass of the 300 cm debris bed is ~25 000 kg. Therefore, in this configuration, increasing by a
factor 2 of the diameter of the bed leads to increase its critical mass by a factor of ~3.3.

These calculations are intended to form the validation basis of a faster calculation module,
which will have to be coupled to a thermohydraulic module based on the work described in the
previous paragraph. Ultimately, the objective is to integrate those models into the PROCOR
platform.
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FIG. 7. Example of ks calculations as a function of the corium mass for a postulated debris bed

configurations on the core catcher: cylindrical bed with variable diameter and height, porosity 40 %
and fuel/steel ratio 74%/26%.

5. CORIUM POOLS ON THE CORE CATCHER
5.1 Context

The modelling of large corium pools on the core catcher is a subject of interest in order to
guarantee the long term safety criteria. The important related safety issues concern the turbulent
flow structures and heat transfers within the corium pool, and the potential melting of thermal
structures of the core catcher which has to resist to the heat transfer from the corium. In this
context, the CEA is performing numerical simulations using Trio-CFD [26] to characterize the
turbulence and heat transfers in the liquid corium pool. In addition to the numerical simulations,
experiment tests (with a KNO3—NaNOs3 eutectic mixture as simulant material for the corium,
and a metal plate for core catcher) are performed on the ESFR-LIVE facility at KIT (with a
length scale of 1:6 of a large scale prototype reactor), in order to study the interaction between
the simulant material and the core catcher [27, 28]. The pool thermohydraulics, the heat
transfers and the dissolution kinetics by ablation of the refractory material of the core catcher
have started to be investigated.

To evaluate the thermal load distribution on the core catcher walls and the temperature wall
resistance, dimensionless correlations for the convective heat transfer are usually used. Several
types of dimensionless correlation are provided in the literature [29, 30] for different geometries
and ranges of the similitude criteria (internal Rayleigh (Ra;) and Prandtl (Pr) numbers) but
none of them is fully adapted to the expected conditions: the specificities of the corium captured
in the core catcher are the large aspect ratio, which is expected to decrease the downwards and
lateral thermal loads on the core catcher while favouring the upward loads, and the pitched
lateral wall, which has not been considered in previous works. The new experiments, associated
with numerical studies, are expected to provide new adapted correlations for the convective
heat transfers.
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5.2 Preliminary results and perspectives

Preliminary numerical simulations have been performed to calculate the ESFR-LIVE
experiments with a KNO3-NaNOs3 eutectic mixture. Figure 8 shows a snapshot of the horizontal
and vertical slices of the temperature field obtained from a direct numerical simulation under a
partial geometry of the ESFRLIVE facility (1:2 of scale with a- r/6 angle) performed with the
code Trio-CFD and with use of the HPC resources of the CEA's Very Large Computing Centre
(TGCC). The physical properties of the eutectic mixture are used. The temperature is imposed
at all boundaries at the fusion temperature of the material, figuring a liquid pool surrounded by
its crusts which are not explicitly represented. Internal Rayleigh and Prandtl numbers are
respectively 108 and 10.

z |
-0.02 k.

-0.04:|
-0.06]

-0.08+495.0 496.6 498.2 499.7 501.

SUN
[y Temperature (K
02y _ i _ :
0.55 0.60 ° 0.65 0.70
(a) (b)

FIG. 8. DNS simulation of a liquid pool of NaNO3-KNOj eutectic mixture with Ra; = 108 and Pr = 10
using Trio-CFD. Snapshot of the temperature field.

In Fig. 8(a), the flow exhibits convective vortices of a natural Rayleigh-Bénard convection
sustained by an internal ‘in volume’ power density and the external wall cooling (imposed
temperature). The fluid properties are representative of the KNO3—NaNOj3 eutectic mixture used
in the LIVE-ESFR experiments. The observed structures are transient, but the average
behaviour corresponds to a steady state. Figure 8(b) shows the stratification of the temperature
field with two distinct zones: a lower region of thermal conduction (corresponding to the low
velocity region) with a temperature stratification and an upper region with uniform temperature
(corresponding to the convective region). The fluid in contact with the lateral pitched surface
is cooled and due to a buoyancy effect quickly falls down to the lower region.

The short term perspectives of this work focus on extending these results to the case of a
prototypical corium, whose physical properties differ from the eutectic mixtures, in particular
concerning the Prandtl number (0.5 instead of 10), which has an impact on the hydrodynamic
and thermal flows [31].

In the longer term, the efforts will be dedicated to the realization of simulations with higher
Rayleigh numbers, closer to the expected prototypical conditions (~10*, which is strongly
turbulent). This requires a modelling of the turbulence (LES and RANS approaches) within
homogeneous natural convection flows.
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6. CONCLUSIONS

This paper gives an overview of the research programmes pursued by CEA to characterize the
behaviour of the corium in the lower plenum of a SFR during the late phase of a severe accident.
These programmes concern the FCI, jet impingement, the debris beds, and the corium pools on
the core catcher. They include both code development and dedicated experiments.

Experiments dedicated to FCI are included in the PLINIUS2 experimental programme, and the
SERUA analytical experiments for film boiling in liquid sodium. The programme for the
simulation of FCI mainly consists of the development of SCONE. Since 2022, SCONE has
been linked to the TRUST multiphase digital platform developed at the CEA.

The jet impingement has been studied both experimentally, with the HAnSoLO analytical
experiments, and numerically, with use of an OpenFOAM® solver. An LES approach using a
WALE model for the turbulence and coupled with an enthalpy method for the simulation of
solid melting is giving encouraging results compared to HAnSoLO experimental data.

Another OpenFOAM® solver has been developed at CEA to characterize the thermohydraulic
behaviour of subcritical debris beds on the core catcher. In parallel, the neutron criticality of
debris beds is also studied numerically with TRIPOLI4 simulations on postulated
configurations. Both axes require further developments in the short term. In the longer term,
the coupling of those aspects will be investigated. In the future, when primary and exploratory
research will be completed, all these developments will be integrated into CEA software.

The behaviour of a corium liquid pool on the core catcher has been studied numerically with
the TRUST platform. A comparison between DNS simulations and small scale experiments
with a simulant fluid is under progress. In the longer term, efforts will be devoted to larger scale
simulations with more representative conditions, notably in terms of turbulence intensity, which
requires specific developments of new LES and RANS models.
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Abstract

Lead fast reactor (LFR) technology is considered as the key option in Romania. The demonstrator of this technology,
ALFRED (Advanced Lead Fast Reactor European Demonstrator) will be hosted by the country. Currently the project is in the
preparation phase, including the pre-licensing activities aimed to create good conditions for the authorization phase. The
pre-licensing phase was started in 2017. An important effort was dedicated to the improvement and enlargement of
experimental facilities for LFRs in order to create the conditions for an extensive demonstration and authorization programme.
Six large facilities were identified as necessary to be built on the reference site of ALFRED in Romania: ATHENA, ChemLab,
HELENA-2, ELF, Hands-ON, and Meltin’Pot. ATHENA and ChemLab are in the construction phase, supported by a project
funded by European structural funds (22 million Euro), and will be operational at the beginning of 2024. The other four facilities
are approved to be funded and the implementation period is 2023-2026. For severe accident conditions, the analysis has
concluded it is important to address, experimentally and analytically, the following issues: (1) fuel fragmentation and
re-distribution in the melt, (2) fuel-coolant interaction, (3) fission products retention in lead, migration in the cover gas, gas
and steam stripping phenomena, investigating the risk of release of radiotoxicity in the cover gas and potentially in the
environment. The paper is focused on the experimental facilities and scientific programme devoted to the investigation of the
phenomena associated with severe accident in pure lead environment, including the preparation of the conceptual design for
the facilities grouped into the Meltin’Pot research infrastructure.

1. INTRODUCTION

The development of a nuclear power sector includes cutting-edge advanced reactor designs with
high performance in terms of safety, economics, minimization of radioactive waste, resistance
to proliferation, and adaptability to the new energy markets. Generation IV nuclear reactors
includes six technologies: Sodium cooled fast reactor (SFR), Lead cooled fast reactor (LFR),
gas cooled fast reactor (GFR), supercritical water reactor (SCWR), very high temperature
reactor (VHTR), and molten salt reactor (MSR). In the Europe Union, the three first
technologies are currently supported by ESNII (European Sustainable Nuclear Industry
Initiative) [1]. After the conceptual design stage, a demonstrating phase is followed. The lead
fast reactor (LFR) is very promising due to the properties of the lead coolant and the
development of passive system solutions.

To demonstrate the technical and economic viability of LFRs, a demonstrator of 125 MW(e),
ALFRED (Advanced Lead Fast Reactor European Demonstrator) was designed [2, 3]. In 2011,
Romania expressed, by a government decision, the availability to host ALFRED. In 2013 an
international consortium, FALCON, was set-up to coordinate the implementation in Romania.
The existing nuclear platform in Mioveni is considered as the reference site due to some
important advantages, such as the existing networks, proximity of specialists, use of existing
nuclear facilities.

The envisaged financing scheme is based on a mix of European structural funds, national funds

and contribution from industry. The implementation was structured into four phases: viability
(dedicated to investigating the feasibility of implementation in Romania), preparatory,
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construction, and operation [4]. The project is currently in the preparatory phase, with starting
of the pre-licensing in 2017.

Based on the efforts of the FALCON consortium and of the ARCADIA project [5], a detailed
investigation on the needs for the licensing process was performed. Additionally, the
identification of the experimental activities to support the development of solutions for the open
issues of LFR technology was considered. As a main outcome of these efforts, the definition of
a set of new experimental facilities was done. These facilities are grouped into the LFR
experimental infrastructure of the nuclear platform at Mioveni. The platform is in the
construction process and will serve as the main experimental basis for the licensing of
ALFRED.

2. LFR MAIN FEATURES

LFRs and the ALFRED demonstrator use a pure lead coolant, and pool configuration. Based
on the inertness of the lead in relation with water and air, a very compact design is possible due
to the elimination of the intermediate loop. The steam generators are directly installed inside
the reactor vessel with a great reduction of the complexity of the primary system (Fig. 1).
Consequently, there are no primary pipes to be considered in a LOCA type accident [6, 7].

DHR HEAT EXCHANGER

STEAM GENERATOR
REACTOR COOLANT Pump

Hot PooL
INNER VESSEL

INTERNAL STRUCTURE

SUB-ASSEMBLIES CoLb PoolL

igiia |1 ¢

CORE MAIN VESSEL

FIG. 1. Geometrical configuration of the ALFRED demonstrator.

Due to the absence of water in the primary system, in LFRs there are no hydrogen generation
challenges (such as flammability, explosion or acceleration, or reaching the threshold pressure
for containment failure). The primary system cannot affect the design pressure of the
containment system.

In contrast to other coolants used for fast reactors, lead has a very low moderating power
allowing a hard neutron spectrum and better conditions for circulation of the coolant, i.e.: (i)
large flowrate at low velocity, (ii) low pressure drop, and (iii) effective natural convection. In
addition, lead has low absorption cross-section, and the activation is highly reduced in
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comparison with other coolants. As a consequence of the low moderating the fuel assemblies
can have fuel rods spaced large apart.

With regard to postulated accidents, the good properties of lead in the retention of different
fission products acts as a powerful component of the primary system barrier. In this way, the
large amount of lead in the pool will prevent the dispersion of radionuclides in the containment.
As aresult, even in the case of a severe accident, the LFR is expected to have no impact on the
environment outside the containment building.

Lead has a higher density than the oxide fuel (for example UO2, 10.97 g/cm?, lead, 11.34 g/cm?).
In accident conditions, any fuel fragments from fuel-coolant interaction, will be driven by a
complex balance between buoyancy and transport forces, resulting in specific parts being
collected in the upper part of the pool. Some simplifications appear, such as: no needs for a core
catcher to deal with core melt, and no risk of re-criticality in the case of core melt. However,
some complexity is introduced at the level of the control and safety rods handling system. In
the ALFRED reactor, two independent systems are designed: (1) control rods (CRs) with
injection from the bottom (CRs are extracted downward and rise up by buoyancy in case of
scram), (2) safety rods (SRs) extracted upward and inserted downward against the buoyancy
force. The absorber gets inserted by the actuation of a pneumatic system. In case of loss of this
system, a tungsten ballast will force the absorber down by gravity in a slow insertion.

Lead has a high boiling point (1745°C) and low vapour pressure (3:10” Pa, at 400°C) creating
better conditions to avoid a severe accident. However, the melting point (327.5°C) of lead may
introduce concerns in relation to the possibility of freezing of the coolant in conditions of an
excess of heat extracted from the primary system by an abnormal functioning of the secondary
system. However, such concerns are more connected to economics, not safety.

For LFR technology, one of the most important concerns is related to the formation of polonium
by activation. The effect is important in the case of the use of lead-bismuth eutectic (referred
as LBE technology) as coolant. It is not the case for ALFRED, but it should be noted that
bismuth remains as an impurity in pure lead and may produce ?°Po. Even if bismuth-free lead
is used, the formation of polonium remains possible. It may be produced (in a very reduced
amount) after an extended operation time of the reactor because of the bismuth generation by
the (n, gamma) reaction with 2%®Pb (52.3% abundance).

Finally, it should be noted that lead has an chemical toxicity. It can accumulate in the body and
cause serious health problems. Lead and its compounds are toxic and are retained by the body,
accumulating over a long period of time (cumulative poisoning, until a lethal quantity is
reached). There are narrow limits already established for the maximum allowed concentrations
in the bodies of adults and children [8§].

3. EXPERIMENTAL INFRASTRUCTURE FOR ALFRED AND LFR

An important experimental effort is planned for the licensing process of ALFRED, consisting
of testing of materials, components and equipment, demonstration of full control of the
phenomena, qualification activities, validation and verification of computer codes.
Additionally, the infrastructure will support R&D efforts addressing open issues of LFR
technology, including studies on materials, corrosion, erosion and degradation of structural
materials, pool thermohydraulics, fuel assembly thermohydraulics in normal and postulated
accident conditions, chemistry of the coolant and of the cover gas. A very stringent issue for
the nuclear community of fast reactors is the need to investigate irradiated structural materials.
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The siting of ALFRED at the Mioveni nuclear platform will allow the efficient use of the
existing facilities, such as the research reactors and post-irradiation laboratories, and the LFR
experimental facilities and the demonstrator itself.

The LFR experimental infrastructure consists of the following facilities: (1) ATHENA, a large
pool to test the main components in different thermohydraulic regimes; (2) ChemLab, a
chemistry laboratory coupled with ATHENA to investigate lead and cover gas chemistry; (3)
HELENAZ2, a loop type facility to test components and equipment in relevant thermohydraulic
conditions, in particular, the ALFRED hottest fuel assembly; (4) ELF, a large scale pool-type
facility, to test the endurance and reliability under both forced circulation and natural circulation
regimes; (5) HandsOn, a pool-type experimental facility, to demonstrate the fuel handling of
fuel assemblies; and (6) Meltin’Pot, a set of facilities to investigate severe accident phenomena.

The experimental infrastructure and, at a later stage, the ALFRED demonstrator itself, will be
highly valuable to the scientific and technological communities due to the expected valuable
and representative experimental data. From this perspective, there is a crucial need for the
management of the information associated with the experimental data. This need is not only
expressed by the FALCON consortium, but also by the international R&D organizations that
will be involved in the cooperation programmes stemming from the availability of the ALFRED
infrastructure. In such context, the appropriate solution is to build a coordination centre (entitled
Hub) to support of the scientific management of the experimental infrastructure. The Hub will
ensure centralized services for the management of all the experimental data resulting from the
operation of the LFR experimental infrastructure, including the hosting of the related logistics.
The LFR experimental facility will be operated in the option of open access allowing the
participation of international projects and scientists based on their applications.

The selection of the appropriate site for these experimental facilities was based on the following
criteria: (1) proximity of the existing networks, (2) grouping in a cluster for all the installations
using common services, (3) using of existing buildings and facilities of the platform. A siting
with four experimental facilities grouped in a cluster and two in existing buildings was the
result. The cluster is formed by ATHENA, ChemLab, HELENA2, and ELF, together with an
auxiliary building to supply common services. Meltin’Pot will be hosted by the hot cells of the
Post-Irradiation Laboratory. HandsON will use the existing tower of the out-of-pile testing
department (see Fig. 2).
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FIG. 2. Siting of the components of the LFR experimental infrastructure.

ATHENA and ChemLab are in the construction phase, based on a European structural funds
project (22 MEuro). The facilities are planned to be operational mid-2024. For the other four
facilities, an important effort was performed by the national support (PRO-ALFRED project,
supported by Ministry of Education and Research, approx. 2.5 MEuro) with the main outcome
the achievement of the conceptual design and supporting documentation for future applications.
In 2022 the four facilities were accepted to be financed by the European programme POCIDIF
(Operational Program Smart Growth, Digitization and Financial Instruments), with a total sum
of 105 MEuro. According with the planning the facilities will be operational at the end of 2027.

4. SOME CONSIDERATION ON SEVERE ACCIDENTS IN THE LFR SYSTEMS

According with the provisional System Steering Committee of GIF [9], LFR technology can
demonstrate excellent safety features to avoid a set of severe accident scenarios. However, even
if the probabilities are very low, any licensing process will consider them in the analysis.
Demonstrations should be performed to understand the different phenomena, their
interconnections, and to collect experimental data to build the necessary knowledge.

Form the point of view of the relevant scenarios for severe accidents it should be noted:
(1) LFR is very resilient to an extended blackout condition; this capability is offered by the
natural circulation capabilities in primary configuration, and by the passively operated Decay

Heat Removal (DHR) system with long grace; in such circumstances, LFR does not need
backup power.

(2) The loss of primary coolant (LOCA) is very improbable in an LFR due to the low operating
pressures, and the pool configuration with double structure vessels (Fig. 3). Even in the event
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of a failure of the reactor vessel, the guard vessel will keep the lead inside. The solidification
of lead below 327°C facilitates the stopping of any leakage.

(3) The oxidation of the cladding by steam, an important phenomenon with high impact in the
acceleration of severe accidents in water cooled reactors, is not present in LFR; hydrogen
generation does not occur in the LFR containment.

(4) A steam generator tube rupture (SGTR) introduces some concerns and needs investigating.
The entrance of the high pressure steam in the primary circuits may produce pressure waves
and bubbles with consequences that need to be clarified by experiments [10].

(5) Special attention should be devoted to possible coolant flow blockage, generated mainly by
corrosion and erosion of the materials. Such a situation may produce hot spots and the issue has
to be clearly documented and the impacts determined. Presently, the approach was a drastic
reduction of the corrosion by limiting the cold coolant temperature to below 450°C, and the use
of coatings for sensitive components exposed at high temperature. The issue of erosion is
approached by limiting the lead velocity to a maximum of 2.0 m/s.

(6) Similar concerns to those for water cooled reactors remain for severe accidents connected
with the spent fuel pool (SFP), such as the loss of cooling.

Steam

DHR — —
Generator

Concrete

Cover gas
structure ’

Main vessel

Guard vessel

s

FIG. 3. Main hypothetical release paths in LFR systems.

(P1) main vessel rupture, (P2) SG tube rupture, (P3) top vessel penetrations
failure, (P4) DHR rupture

(7) in Fig. 3 the hypothetical paths for the release are presented; the first path consists of the
failure of the main vessel and transfer of lead and a part of source term in the gap between the
reactor vessel and guard vessel; the second consists of the rupture of the tubes of the steam
generator; the third is the rupture of the DHR; the fourth consists of the accidental opening of
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top vessel penetrations. Even low probable all of the paths should be considered in the future
analysis.

The high boiling point of pure lead (1780°C) makes voiding of the core, through coolant
boiling, very unlikely. Also, the low operating pressures contribute to a reduction of the risk of
a LOCA. On the other hand, the natural circulation capacity of pure lead and configuration is
excellent [11], offering enough capacity to evacuate the heat during a loss of forced pumping
power.

The numerical simulations [11] of the entire spectrum of accidents under design extension
conditions performed by using RELAPS5, CATHARE, SIM-LFR, TRACE, and SPECTRA
computer codes didn’t predict any clad failure excepting “the unprotected fuel assembly flow
area blockage greater than ~85%, which might be excluded by design (many orifices at the FA
inlet)”. On the other hand, for all the investigated accidents, the simulations show enough grace
time for corrective operator actions, and it was concluded that for “all analysed unprotected
transients there is no risk for significant core damage and then for transient evolution towards
severe accidents” [11].

However, there are uncertainties concerning: (1) the materials (including existing coatings)
behaviour under corrosion and erosion phenomena at higher temperatures higher than 600°C
and lead velocity greater than 2.5 m/s, (2) consequences of steam generator tube rupture with
pressure waves induced in the lead and steam bubbles movement, (3) severe blockage of the
cooling producing local damage of the cladding and initiating the interaction between lead and
fuel.

Since the fast reactors are not designed in the most reactive configuration, re-criticality is a
significant issue, and any fuel relocation should be evaluated. Due to the great differences in
the melting temperatures of lead, clad material and fuel the release of solid fuel fragments is
possible before lead boiling. It introduces the need for re-criticality evaluation. The blockage
of an assembly is considered the reference scenario initiating the core degradation [12].

Considering the previous elements and the discussions generated by the pre-licensing process,
some needs for experimental activities are defined as following: (1) fuel fragmentation due to
interaction with the lead coolant, (2) the resulting typical configuration of fragments released
into the lead pool, (3) retention in a large pool of lead, deposition and transport of fission
products (FP) to the cover gas, (4) chemistry of FP in the lead pool and cover gas, and transport
of different species, (5) polonium formation in the large pure lead pool and the transport to
cover gas, and (6) interaction between stem and lead.

The next section is devoted to present the experimental configurations aimed to cover the
identified needs.

5. CONCEPTUAL DESIGN OF LFR FACILITIES FOR SEVERE ACCIDENTS
INVESTIGATION

Even if it is challenging to imagine severe accident scenarios for the ALFRED design, some
demonstrations for the licensing process are compulsory to prove there are no paths to severe
accidents, or that passive systems can prevent such accidents. At the same time, experimental
data for the supposed dangerous situations should be collected to be used in the computational
models for severe accident simulation.
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Taking into consideration the main phenomena that appear in accident conditions and
hypothetical severe accident scenarios, a set of facilities are defined, called Meltin’Pot. The
main objective of Meltin’Pot is to provide a suitable experimental configurations to investigate:
(1) fuel—coolant interaction, (2) fuel dispersion and relocation in a severe accident scenario, (3)
retention of fission products (PF) in lead and/or migration in the cover gases, (4) retention of
polonium isotopes in molten lead, (5) interaction of FP with water vapour and cover gas, (6)
stripping of polonium in the cover gas.

Meltin’Pot consists of four experimental modules that operate independently of each other
aimed to investigate:

e (MIl) Fuel—coolant interaction;

e (M2) Fuel fragmentation and relocation;

e (M3) Fission products transport and retention;
e (M4) Polonium retention and dispersion.

The modules will be designed to be hosted inside dedicated post-irradiation cells (among those
existing in the Post Irradiation Examination Laboratory (PIEL) of RATEN ICN) or to be
operated in a glovebox located in a non-nuclear area. The experimental modules can be
introduced into the cell after irradiation with the help of the crane and by placing/mounting in
the cell with the help of the remote handling system, which is part of the cell. Also, the existing
cell penetrations will be used for the cables of the required sensors. Some initial constraints
were defined based on the existing configuration of the hot cells and their possibilities for
instrumentation and manipulation.

All of the modules will operate with nuclear-grade lead to investigate the main phenomena
associated with severe accidents, such as the fragmentation and dispersion of the fuel,
deposition and transfer of FP. The target is to obtain the experimental data needed to be used
in the qualification of simulation tools for severe accidents and also for the correct
understanding of phenomena and the development of reports for the regulator.

In addition to the four installations, two storage tanks will be located inside the hot cell: (1) the
lead storage tank that supplies the experiments, (2) the drain and storage tank that will collect
the contaminated lead resulting from experiments.

The tanks are permanently installed in the hot cell and are connected hydraulically, at different
times, to the modules, by means of quick connection/disconnection systems. A shield for
radiation protection is provided for the exhaust tank. The operating conditions will cover the
applicable operating modes of the ALFRED demonstration reactor.

The main challenge is connected with the complexity of severe accident phenomena. During
such accidents, different phenomena occur. Moreover, the phenomena are strongly
interconnected. Therefore, suitable solutions are to be developed to reduce the complexity
(separate effect facilities), but without diminishing the value of experimental data for the
characterization of a real accident. From this perspective, the modular solution (four
independent modules/small facilities) was chosen. The second challenge is the work in a
radioactive environment. For this purpose, three modules will be placed in hot cells of the post
irradiation laboratory. The third challenge is the experimental acquisition of data and the
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experimental configuration, by adequate sensors/detectors and signals, together with their
transfer from hot cells to the computers placed outside.

5.1 M1, Fuel-coolant interaction

The first module is devoted to investigating the chemical interaction between the fuel and the
lead coolant. The experimental facility consists of a main vessel containing 10 I of pure lead,
operating in a temperature range of 400—750°C, having a cover gas (argon) system (Fig. 4). The
small size was chosen due to the contamination of the lead and the need to replace it after each
experiment, while being large enough to accommodate the device for the injection of irradiated
MOX fuel pellets.
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FIG. 4. Meltin’Pot Module 1, Fuel-coolant interaction.

Two storage tanks are used for operational purposes, the first one for filling, and the second for
the storage of the contaminated lead from the experiments. A heating system of the main vessel
is used to reach the lead temperature range required for the experiments. The facility has
dedicated systems for the injection of fuel pellets inside the main vessel device and to keep
them in fixed positions and a system to control the oxygen concentration in the lead between
107 and 107 %w.
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The main vessel, the two storage tanks and the filling and draining lines (i.e. piping and valves)
are thermally insulated to minimize the heat losses to the environment and equipped with
electrical heating cables, installed on the bottom and lateral surfaces, in order to avoid cold
points for the freezing of the lead.

Instrumentation will be installed to allow the control of the operational parameters: (1) bulk
thermocouples for monitoring the temperature in the lead and cover gas, (2) wall thermocouples
for the temperature on the vessel, storage tanks and walls of the pipes, (3) pressure transducers
for the pressure inside the cover gas. Various instrumentation is added to collect the
experimental data to characterize the interaction between fuel and coolant such as: X ray
diffraction, optical microscopy, scanning electron microscopy, gas chromatography,
inductively coupled plasma mass spectrometry (for lead samples), quadrupole-mass
spectrometer gas analyser (for gas chemical composition), energy dispersive X ray
spectroscopy.

5.2 M2, Fuel fragmentation and relocation

The second module is dedicated to the investigation of fuel fragmentation and relocation of the
fragments in the coolant. Since the objective is to work both with fresh and irradiated fuel, M2
is placed in hot cells.

The main part of the facility consists of a slab representing a slice of the vessel, filled with lead,
in which the reactions of interest take place (Fig. 5). The volume of lead is about 5 1. A cover
gas (argon) system is used controlling the pressure and the composition for the gas. The
temperature range for the experiments (400—750°C) is obtained and controlled by electrical
heating cables.
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FIG. 5. Meltin’Pot Module 2, Fuel fragmentation and relocation.

Two storage tanks, one for filling the main volume with pure lead, the other for the draining of
contaminated lead, are used. The slab, the two storage tanks and the filling and draining lines
are thermally insulated to minimize the heat losses to the environment.

A dedicated system is used to inject the fuel inside the slab.

Instrumentation will be installed to allow the control of the operational parameters: (1) bulk
thermocouples for monitoring the temperature in the lead and cover gas, (2) wall thermocouples
for the temperature on the slab, storage tanks and walls of the pipes, (3) pressure transducers
for the pressure inside the cover gas. Various instrumentation is used for the experimental data
acquisition such as gamma scanning for monitoring the fuel concentration and deposition along
the slab and/or dispersed in the lead.

5.3 M3, Fission products transport and retention

The third module is devoted to experimental investigation of FP retention in the lead, deposition
on the structures, and transport to the cover gas. The use of stable isotopes, representing the
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radioactive FP, is foreseen. In such conditions the module can be hosted in a glovebox, outside
of the hot cell.

The main part of the facility (Fig. 6) consists of a small vessel (about 5 1) filled with lead and
covered by a cover gas system (argon) able to control the pressure and its chemical composition.
The facility will work in the temperature range of 400-750°C with the aid of an electrical
system consisting of heating cables.

Similar with the other modules, two storage tanks, one for filling the main volume with pure
lead, the other for the draining of contaminated lead, are used. A dedicated system is responsible
with for the injection of isotopes inside the vessel.

For the control of operational parameters the facility will use: (1) bulk and wall thermocouples
for monitoring the temperature in the lead and cover gas, and the temperature on the vessel,
storage tanks and piping walls, (2) pressure transducers for monitoring pressure inside the cover
gas. Scanning electron microscopy (SEM), gas chromatography, X ray powder diffraction
(XRD), mass spectrometry, differential scanning calorimetry (DSC) will be used to obtain the
envisaged experimental data.
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FIG. 6. Meltin’Pot Module 3, Fission products transport and retention.
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5.4 M4, Polonium retention and dispersion

The fourth facility is designed for polonium formation, its retention in lead, and the transport
to the cover gas. The volatility at different Po concentrations in lead will be investigated in
order to obtain the necessary knowledge for the behaviour of Po in the ALFRED configuration.
A water loop and a gas loop will be available to be connected to the lead pool in order to
investigate the influence of water (steam) and gas (Ar) on the volatilization of Po isotopes in
lead by stripping.

The facility (Fig. 7) has a main vessel of small volume, about 5 1, filled with pure lead and
covered by a gas system (Argon). The range of operational temperatures is 400-750°C. A
heating system consisting of electrical cables is used. Similar with the configuration of the other
modules, two tanks will ensure the filling, respectively the storage of contaminated lead.

A dedicated system is used for the injection of the Po inside the lead of the main vessel. For the
control of operational parameters, bulk and wall thermocouples will be used for monitoring the
temperature (lead, cover, tanks, walls of pipes) and transducers for monitoring pressure inside
the cover gas. Various instrumentation for chemical analysis of the lead and of the cover gas,
e.g. scanning electron microscopy (SEM), gas chromatography, X ray powder diffraction
(XRD), mass spectrometry, differential scanning calorimetry (DSC), thermochromatography
(TC), will be used, together with instrumentation for the dose measurement to take into account
the capability of lead to shield polonium decay.
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FIG. 7. Meltin’Pot Module 4, Polonium retention and dispersion.

6. EXPERIMENTAL PROGRAMME

The design and construction of all the four modules of the Meltin’Pot facility will provide
suitable experimental configurations to investigate:

(1) Fuel—coolant interaction (Module 1) — to obtain experimental data on: the fuel integrity, the
interaction compounds formed and their quantities, how the fuel and cladding microstructures
are affected by interaction as well information about fuel composition after its interaction with
the molten lead.

(2) Fuel dispersion and relocation in a severe accident scenario (Module 2) — to obtain
experimental data on: the distribution of fresh MOX fuel fragments in lead as well as on
irradiated fuel fragments dispersion in lead (for various burnup levels) to understand the fuel
dispersion behaviour which may lead to re-criticality and the influence on the heat removal
under core damage conditions.

(3) Fission products (FP) dispersion/retention in lead and/or their migration in the cover gas
(Module 3) - to obtain data on: the retention of fission/activation products in lead, on the
migration of volatile elements in the cover gas, the chemical form of the volatile elements in
lead and/or cover gas, the kinetics of the fission/activation products in liquid lead as well as
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data on the solubility of other elements that form different species (e.g. Fe, oxides of the
structural materials, etc.).

(4) Polonium isotopes’ retention/dispersion in molten lead (Module 4)— to obtain experimental
data on: the retention of Po in lead, on its volatilisation in the cover gas, on the kinetics of
different Po forms in liquid lead as well as data on the volatilisation of Po isotopes in lead by
steam stripping and by Ar gas stripping.

It is planned that the four facilities will be operational at the end of 2026. A preliminary
scientific programme was defined in 2022. It will be detailed and harmonized with the evolution
from the conceptual to the detailed design.

The preliminary scientific programme supposes a stepwise approach. The experiments will start
by using fresh fuel (uranium oxide and MOX) and, in a second stage, irradiated fuel, at different
burnup levels (from 10 MWd/kg to 100 MWd/kg). The different phenomena will be
investigated at different temperatures (at least 5) relevant for the ALFRED demonstrator in the
range 400-750°C.

The fuel fragmentation and the resulting configurations of fragments are planned to elucidate
the re-criticality issue. Later the compatibility of lead coolant with advanced fuels (for example
uranium nitride) will be investigated to understand the potential for the development of future
LFRs.

The experimental data on the retention capabilities of lead are crucial for the construction of
realistic simulation computer codes to be used in further investigations on severe accidents. The
existing theoretical evaluations should be completed by the use of more accurate experimental
data on the retention of the radionuclides in pure lead under representative temperature and
oxygen concentration. Special attention will be given to the toxicity of the lead produced by the
retention process, and in this context to the development of appropriate techniques for the
cleaning of components extracted from the coolant.

The analysis of the existing codes and models will provide the necessary support to decide
which is the most suitable. Additionally, the discussions with code developers will be important
in making a final decision.

7. CONCLUSIONS

(1) Based on an extensive analysis for the expected needs of ALFRED licencing process and
for the estimated R&D activities devoted to the open issues of LFR technology, looking to the
capabilities of the existing experimental facilities and also to their availability, a set of six large
experimental installations was defined to be built at the Mioveni nuclear platform, the reference
site for the LFR demonstrator. The installations are grouped in the LFR experimental
infrastructure and will be served by a Hub for the coordination of the activities.

(2) Special attention was given to the identification of the phenomena relevant to the
hypothetical conditions of severe accidents. A dedicated facility, Meltin’Pot, consisting of four
modules, was defined with the role to create the necessary knowledge to be integrated in the
analysis and in the computer codes. The modules are dedicated to the investigation of
fuel-coolant interaction, fragmentation of fuel and configurations of fragments in the lead pool,
retention and transport of radionuclides in pure lead, and polonium formation, chemistry and
transport in the lead environment and cover gas.
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(3) The construction of experimental infrastructure was started in 2020 with the ATHENA large
pool facility and the coupled chemistry laboratory, ChemLab based on a project supported by
European structural fund programme. The facilities will be operational in 2024. The other four
facilities, including the modules of Meltin’Pot are grouped in a second project approved to be
financed by structural funds (POCIDIF), with 2026 as the planned operational stage. In 2027
the first set of experiments will be supported by POCIDIF.

(4) The conceptual design of facilities ELF, HELENA2, HandsOn, and Meltin’Pot was
produced based on the national PRO-ALFRED project. The technical design is a part of the
POCIDIF project. A preliminary experimental programme was drafted in support of the
clarifications for the instrumentation and data acquisition. This programme will evolve with the
progressing of the design. It is expected to be finalised at the end of 2025.

(5) Meltin’Pot will offer significant possibilities to improve existing knowledge on some
relevant phenomena associated with severe accident conditions in a pure lead environment. The
experimental data will be complementary with the data collected for a lead-bismuth
environment.
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Abstract

The EUCLID/V2 multiphysics computer code is designed for the safety analysis and justification of the new generation
NPPs with liquid metal cooled (with sodium, lead or lead-bismuth coolant) fast reactors under normal operating conditions,
anticipated operational occurrences, design basis and beyond design basis accidents, including severe accidents.
BREST-OD-300 is the Russian project of the test and demonstration lead cooled fast reactor facility. The BREST-OD-300
high pressure steam drum depressurization with additional failures in the safety system of the primary and secondary loops
has been modelled by means of the EUCLID/V2 code. In this beyond design basis accident the high pressure steam drum
depressurizes, which results in an increase of steam flow and consequently an increase of heat removal from the primary loop
with the lead coolant freezing in the steam generators. It has been shown that at the beginning of the scenario the lead coolant
temperature in the steam generators decreases to the lead coolant freezing point and the solid lead formation starts on the heat
exchange tube surfaces. After a while the solid lead occupies most of the flow area at some axial sections in the steam
generators. When scram happens and the reactor pumps shutdown the core outlet temperature falls but then begins to rise. The
peak cladding temperature increases by 109 K but does not exceed design limits and radiological consequences are absent.

1. INTRODUCTION

The Russian development strategy for nuclear power engineering proposes a transition to a
two-component nuclear power structure including thermal and fast reactors with a closed
nuclear fuel cycle [1]. The key milestones of the development of two-component nuclear power
are:

e Completion of research work on the BN-1200M reactor;

e Development of the pilot demonstration energy complex including the
BREST-OD-300 reactor facility, the fuel fabrication/refabrication facility and the
reprocessing facility.

For mathematical modelling of the BREST-OD-300 and BN-1200M innovative fast reactor
facilities with liquid metal coolants, the EUCLID multiphysics code is being developed under
the project “Codes of a new generation” [2]. The code has two versions: the first (EUCLID/V1)
and the second (EUCLID/V2). EUCLID/V1 is designed to simulate normal operating
conditions, anticipated operational occurrences and the initial stages of accidents. EUCLID/V2
is aimed at modelling of severe accidents with disruption of the core and release of radioactivity
into the environment.

The paper presents the results of simulation of the BREST-OD-300 high pressure steam drum
depressurization accident with additional failures in the safety system of the primary and
secondary loops by means of the EUCLID/V2 multiphysics code.

2. EUCLID/V2 MULTIPHYSICS CODE

The EUCLID/V2 multiphysics computer code is designed for the safety analysis and
justification of the new generation NPPs with liquid metal cooled (with sodium, lead or lead-
bismuth coolant) fast reactors under normal operating conditions, anticipated operational
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occurrences, design basis and beyond design basis accidents, including severe accidents [3, 4].
The EUCLID/V2 code includes the modules responsible for modelling of:

Thermohydraulics, including steam generator tube rupture of a reactor facility with lead
coolant, lead freezing (HYDRA-IBRAE/LM and CELSIST);

Neutronics (DN3D/CORNER);
Processes in fuel rods (BERKUT);
Burnup and decay heat (BPSD);

Fission, activation and corrosion products transport in the primary loop and gas system
of a reactor facility (AEROSOL-LM);

Tritium migration (TRITIUM);

Solid phase impurities transport in the primary loop of a reactor facility with the heavy
liquid metal coolant (OXID);

Lead melt—concrete and corium—concrete interaction (CORCONIT);
Fission product source in the primary loop (BERKUT);

Fuel rod and core disruption including nitride fuel dissociation (SAFR);
Secondary criticality (SECRIT);

Corium in-vessel retention (HEFEST-FR);

Mass transfer and fission product transport in the reactor containment compartments
(HYDRA-IBRAE/LM with AEROSOL-LM);

Offsite radiological situation (ROM).

The verification and validation of the above modules have been carried out using analytical and
numerical tests and experimental results.

The EUCLID/V2 multiphysics code structure is presented in Fig. 1.
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SECRIT+MCU-FR: CORCONIT: Lead melt
Secondary criticality and congcrete interaction

FIG. 1. EUCLID/V2 multiphysics code structure.

3. BREST-OD-300 REACTOR FACILITY

BREST-OD-300 is the Russian project of the test and demonstration lead cooled fast reactor
facility [5]. BREST-OD-300 has an integral layout: the primary circuit equipment is located in
the central and four peripheral cavities of the metal-concrete vessel. The primary circuit has
four hydraulically identical loops. The central cavity contains the core with the side reflector,
the control and protection system elements, the storage of spent fuel assemblies, and the core
barrel. Steam generators, reactor pumps, heat exchangers of the emergency heat removal
system, and other auxiliary equipment are situated in the peripheral cavities. The circulation of
lead coolant is performed due to the difference of lead levels in the central and peripheral
cavities created by the reactor pumps. Mixed uranium-plutonium nitride is used as nuclear fuel.
Fuel rod claddings are made of low-swelling ferrite-martensitic steel. Fuel rods are bundled in
jacketless fuel assemblies.

4.  BREST-OD-300 SIMULATION MODEL

The EUCLID/V2 multiphysics code model has been developed for the BREST-OD-300 reactor.
The BREST-OD-300 core model consists of 169 fuel assemblies, including the central and
peripheral zones, and the lead and steel baffle blocks.

The model of the coolant circuit has four independent loops and all the key reactor elements
such as the central and peripheral cavities of the reactor, the steam generators, the reactor
coolant pumps, the heat exchangers of the emergency heat removal system. The lead coolant
flows from the core to the steam generators, flowing out of them it goes into the pump suction
and then through the downflow part of the central cavity comes to the core inlet chamber.

5. ACCIDENT SCENARIO

In the initial state, the BREST-OD-300 reactor facility is in full power operation. The high
pressure steam drum depressurization is postulated. A complete failure of the shut-off and
control valves of all steam generators sensitive to the pressure drop in the steam pipelines and

261



feedwater mixing heater is postulated, that leads to continuation of the feedwater supply and
additional cooling of the lead coolant. It is also postulated that the normal heat removal system
and two of the four loops of the emergency heat removal system failed. The scenario is
presented in Table 1.

TABLE 1. ACCIDENT KEY EVENTS

Time, s Event Result
0 High pressure steam drum Increase in the flow rate of the coolant of the
depressurization second circuit, lead freezing in steam
generators
72 Steam generators shutdown for Lead freezing stops

steam and water, steam discharge
into the atmosphere

73 Reactor pump shutdown, reduction Transition to the natural circulation mode
of reactor power
6500 Activation of the emergency heat ~ Reactor cooling

removal system

6. CALCULATION RESULTS

The steam generator cross-section is blocked 80 s after high pressure steam drum
depressurization; at the end, the cause of freezing is the mass of solid lead cooled below the
melting point (Fig. 2).
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FIG. 2. Normalized steam generator flow area versus time.

As lead freezes, the hydraulic resistance of the circuit increases, as a result of which the flow
rate through the core drops even before the pumps shutdown (Fig. 3).
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FIG. 3. Normalized core flow rate versus time.

The temperature at the core outlet behaves as follows: first, due to a decrease in coolant flow
rate it increases, then, it decreases because of the rapid power reduction; after the forced
circulation stops, it increases due to residual heat, which causes natural circulation (Fig. 4). The
circuit gradually warms up, which leads to the start of the emergency heat removal system.
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FIG. 4. Core outlet temperature change versus time.

The peak cladding temperature increases by 109 K but does not exceed design limits (Fig. 5).
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FIG. 5. Peak cladding temperature change versus time.
7.  CONCLUSION

The BREST-OD-300 reactor facility is a key element of the pilot demonstration energy
complex developed under the “PRORYV” project in the Russian Federation. The
BREST-OD-300 high pressure steam drum depressurization with additional failures in the
safety system of the primary and secondary loops has been modelled by means of the
EUCLID/V2 multiphysics code. It has been shown that the core outlet temperature and the peak
cladding temperature increase by 84 and 109 K, respectively, but does not exceed design limits
and radiological consequences are absent.
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Abstract

The paper contains a description of calculation models for fast neutron reactors with sodium and lead coolant, the
results of cross-verification of the calculated values of the main parameters of reactors with sodium and lead coolant in a steady
state with the design values of the BN-800 and BREST reactors. An analysis of a design basis accident of the BN-800 reactor
with complete blocking of the flow in fuel assembly (FA), including failure of the emergency protection system, was performed
using the developed calculation model of core melting. Calculation of reactivity effects and the analysis of accidents with a
decrease of flow rate, freezing of the coolant and boiling of the lead coolant were performed using the developed calculation
model of the BREST reactor.

1. INTRODUCTION

In accordance with the federal rules and regulations in the field of the use of atomic energy,
when justifying the safety of nuclear power plants, the operating organization analyses severe
accidents, i.e. beyond design basis accidents. Based on its results the planning of emergency
response measures is carried out and manuals for accident management are developed.

SEC NRS is a TSO of Rostechnadzor, and performs expert assessments of safety justifications
submitted by the operating utilities.

To conduct expert assessments of safety justifications, models are developed, in particular, for
fast neutron reactors with sodium and lead coolants the recommendations of the [AEA Safety
Standards Series No. GSG-13, Functions and Processes of the Regulatory Body for Safety [1]
are taken into account. Models developed by SEC NRS are used for independent analysis of
severe accidents.

When developing models, domestic and foreign software tools are used (SOCRAT-BN [2],
SERPENT [3], ATHLET [4]). SOCRAT-BN was developed at IBRAE RAN for simulation of
neutron-physical and thermohydraulic processes in sodium cooled fast neutron reactors during
abnormal operation, including design and beyond design accidents and accidents with fuel
melting. The SOCRAT-BN was certified by Rostechnadzor in 2019. SERPENT and ATHLET
have been successfully applied to sodium cooled fast neutron reactors. In this work an attempt
1s made to use previously tested codes for calculating the neutron-physical and thermohydraulic
characteristics of sodium cooled reactors (BN-800) to lead cooled reactors (BREST).

2. MODELING OF SEVERE ACCIDENTS FOR SODIUM COOLED REACTOR
2.1 Reactor BN-800 with sodium coolant model

The development of calculation models for an independent analysis of the safety justification
of a fast sodium reactor was carried out taking into account the design features of the BN-800
reactor. At the first stage of development of calculation model of BN-800 reactor, a
thermohydraulic model of the core (with partial loading of MOX fuel), the primary, second and

266



third circuits of the reactor were prepared and subsequent verification of the calculation results
obtained using the program SOCRAT-BN with design data [5, 6] was done.

According to Refs [5, 6], the core of the BN-800 reactor with a partial load of MOX fuel
contains the following types of fuel assembly:

e FA with enriched uranium dioxide pellets and depleted uranium dioxide pellets in the
upper and lower breeding zones (FA UTT);

e FA with vibrocompacted MOX fuel and depleted uranium dioxide pellets in the upper
and lower breeding zones (FA SVUT);

o FA with pellet MOX fuel and pellets of depleted uranium dioxide in the lower breeding
zone (FA STT).

Models of fuel elements of fuel assemblies of the core for the code SOCRAT-BN are shown in
Fig. 1. In the calculation, model thermal elements (fuel rods) were divided in 13 layers along
the height of the core. The height of the layers was chosen in accordance with the axial profile
of the energy release in the reactor. The fuel part of the core in the calculation model was
divided into 8 axial segments.
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a) fuel rod of FA UTT b) fuel rod of FA SVUT  ¢) fuel rod of FA STT
FIG. 1. Models of fuel elements for fuel assemblies of the core of BN-800 reactor plant.

The SOCRAT-BN program provides for the possibility of using both point and
three-dimensional neutron kinetics in the calculation of severe accidents [7]. A decision was
made to use the point kinetics model at the stage of testing and verification of the
thermohydraulic model of the reactor.

To calculate the characteristics of the steady state of the BN-800 reactor, nodalization schemes
of the core, primary, second and third circuits were prepared. The core nodalization scheme is
shown in Fig. 2.
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FIG. 2. Nodalization scheme of the BN-800 reactor core.

The mathematical model for calculation of the thermohydraulic characteristics during reactor
normal operation in SOCRAT-BN is based on solving a system of heat and mass transfer
equations at a one-dimensional approximation.

When developing the model, the dimensions and hydraulic characteristics of the core, main
equipment and pipelines, flow pressure characteristics of MCP-1, MCP-2 (main circulation
pump) were used; thermophysical properties of BN-800 design materials and fuel were also
used [5, 6, 8].

To confirm the correctness of the developed calculation model for the analysis of severe
accidents, test calculations of the BN-800 parameters were performed when the reactor was
operating at the nominal power level. The fitting of the hydraulic parameters of the calculation
model was carried out by changing the reactor parameters (in particular, the values of the
coolant flow rate and the hydraulic resistances of the core elements) within allowable operating
ranges. When fitting of the hydraulic parameters of the secondary and third circuits, the flow
rates and temperatures at the outlet of the intermediate heat exchanger were changing.

The following parameters were calculated: for the first reactor circuit — the total sodium flow
through the core, average sodium temperature at the outlet of the fuel assembly, and the average
sodium temperature at the inlet and outlet of the intermediate heat exchanger (Fig. 3); for the
second reactor circuit — the total sodium flow through the section of the steam generator,
average sodium temperature at the outlet of the intermediate heat exchanger, and the average
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sodium temperature at the outlet of the steam generator sections (Fig. 4); for the third reactor
circuit — the flow of feedwater in the steam generator, average temperature of the feedwater at
the inlet to the steam generator, average steam temperature at the outlet of the steam generator,
and the feedwater pressure at the inlet to the steam generator (Fig. 5).

According to the calculation results, the maximum deviations from the design values were: for
the coolant temperatures of the first circuit - 1.4%; for the second circuit - 3.7%, for feedwater
temperature in the third circuit - 0.5%; for sodium flow in the first circuit - 0.7%, in the second
circuit - 4.5%, for feedwater flow in the third circuit - 5.1% (Figs 3-5). The results of the
calculations confirm the correctness of the developed calculation model for the stationary states
of the BN-800 reactor.
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FIG. 3. Relative deviations of the results of calculating the thermohydraulic characteristics of the first
circuit between SOCRAT-BN and design data.
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FIG. 4. Relative deviations of the results of calculating the thermohydraulic characteristics of the second
circuit between SOCRAT-BN and design data.
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Thermal-hydraulic characteristics of the third circuit
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FIG. 5. Relative deviations of the results of calculating the thermohydraulic characteristics of the third
circuit between SOCRAT-BN and design data.

An attempt was made to use the calculation model developed by the authors to analyse the
accidents involving failure of heat removal from the core of the BN-800 reactor. If heat removal
is finished, the temperature rises and the sodium coolant boils, and a positive sodium void
reactivity effect in the BN-800 reactor leads to a power surge and the probability of destruction
and melting of the core.

The model developed for analysis of accidents takes into account the possibility of destruction
and melting of the core, as well as the possibility of moving part of the melt upward due to the
high speed of sodium vapour. The model of melt displacement along the fuel rod axis is used,
which considers melt friction in drop and film flow with an upward flow of sodium vapour,
implemented in SOCRAT-BN.

2.2 Calculation of a severe accident with core elements melting in a sodium cooled
reactor

Using the developed thermohydraulic model and the core melting model, the calculation of the
characteristics of the core for a design basis accident with blocking of the flow pass section of
one FA when the reactor is operating at the nominal power level was performed.

The BN-800 reactor project provides for the conversion to full scale loading with tablet MOX
fuel (FA STT). So, for the analysis of the accident, just such a fuel assembly was chosen, located
in the area of maximum energy release by the reactor.

To simulate the blocking of the flow section at the inlet to the FA, a valve is modelled in the
region of the FA shank. It is postulated that the blocking of the flow pass section of the FA
starts from 118 s from the start of the calculation. Complete blocking of the flow pass section
of the FA occurs for 120 s. The FA characteristics before and during the accident are presented
in Figs 6-8. These characteristics are presented in relative units.
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As follows from the analysis of Figs 6-8, boiling of sodium in the inter fuel rod space of the
FA as a result of blocking the flow pass section occurs in 1.78 s after the complete blocking of
the flow pass section of the FA (121.78 s from the beginning of the calculation). After that, for
three seconds, there is an intense release of sodium from the FA. As the inter fuel rod space
dries, sodium films shed from the surface of the fuel rods, which leads to a fast increase of the
fuel rod cladding temperature and their melting. Fuel melting begins in the central part of the
fuel element along the height corresponding for the maximum fuel energy release, then
7 seconds later after the complete blocking of the flow pass section of the FA.

The change in the mass of the molten fuel and steel of the fuel cladding (Fig. 8) during the
accident occurs due to the moving and transfer of part of the melt by the sodium flow on the
fuel rod sections with lower temperatures. The change in the configuration of FA STT fuel rods
during the accident is shown in Fig. 9.
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FIG. 9. Distribution of materials in the fuel rods of emergency fuel assemblies with MOX pellet fuel.

According to Fig. 9, the collapse of the upper layer of the fuel part due to the runoff of fuel and
fuel cladding steel occurs at 143 s, when the fuel and fuel cladding temperatures reach melting
points. In this case, the collapse occurs in the region with the highest energy release in height.

3. MODELING OF SEVERE ACCIDENTS FOR LEAD COOLED REACTOR
3.1 Lead cooled reactor core model (BREST)

To carry out calculations of the neutron-physical characteristics and reactivity effects of the
BREST reactor, calculation models were prepared for modelling a core loaded with mixed
uranium-plutonium nitride fuel. Calculations included sequential thermohydraulic and
neutron-physical calculations.

To carry out neutron-physical calculations in three-dimensional geometry by the Monte Carlo
method we used the code SERPENT v2.32 [3] developed at VTT (Finland). The
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thermohydraulic calculation was performed using the ATHLET v3.2 program as part of the
AC2 code [4] developed at GRS (Germany).

The initial load of the BREST reactor core was taken from Refs [9—11] and includes: FA of the
central zone (CZ); FA of the peripheral zone (PZ); the rods of the control and protection system
(CPS rod); reflector channels (RC); reflector channels with a passive feedback system (RC with
PFES); steel channels of radiation protection (PC). Assemblies of reflector channels with a
passive feedback system are designed to control the leakage of neutrons from the core and are
filled with lead coolant and argon. With a decrease in the level of lead in the core, the amount
of argon in this assembly increases. This increases the leakage of neutrons from the core.

Initial data has been prepared for two design states of the core of a lead cooled reactor:

e "Cold" state, corresponding to a shutdown reactor with a constant temperature of the
fuel, coolant, structural elements (the state with the maximum reactivity margin). The
coolant level in reflector channels with a passive feedback system is set at the minimum
level (the rest space is filled with argon). Thermohydraulic calculation for this state was
not carried out.

e Operating ("hot") state corresponding to the operation of the reactor at the nominal
power level. The critical state is provided by the position of the automatic CPS rods.
The other CPS rods were fully removed from the core. The temperature distribution of
the fuel, coolant and structural materials, as well as the density of the coolant in the fuel
assemblies, was determined from the results of thermohydraulic calculation. The FA
placement step was determined taking into account the thermal expansion of the header
pressure chamber due to a change in temperature at the core inlet.

The cartogram of the initial load of the BREST reactor core is shown in Fig. 10.

RC with PFS

a) Section along the XY plane through the core centre.
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FA PZ - FA of the peripheral zone; FA CZ- FA of the central zone; CPS rod - the rod of the control
and protection system,; RC - reflector channel; RC with PFS - reflector channel with a passive
feedback system; PC - protection channel.

FIG. 10. Calculation neutron-physical model of the BREST reactor core in operating state.

The geometry of the core elements basically corresponds to the design. For some structural
elements (in particular, elements of fuel rods and spacer grids), the following simplifications
were used: homogenization with maintaining of the mass ratio of materials; modelling of
equivalent volumes of structural elements with maintaining of the volume fractions of
materials.

To assess the correctness of the results obtained when modelling the core using the
SERPENT/ATHLET programs [3, 4], a cross-verification of the calculated values of the reactor
characteristics with the design values of the same characteristics, which were obtained using
the certified MCU-BR program [12], implementing the Monte Carlo method. Cross-verification
carried out showed that the deviations of the calculation results obtained using the
SERPENT/ATHLET programs and the certified MCU-BR program do not exceed the errors
specified in the MCU-BR certificate [12].

Deviations of the efficiencies of the shutdown system' and of the heat resulting from the decay
of fission products are not more than 7% and 4%, respectively. The results obtained demonstrate
the correctness of the application of the models developed using the codes SERPENT/ATHLET
in assessing the safety of the BREST reactor.

! The efficiency of the shutdown system is calculated as the change in reactivity due to rods insertion in the
core.
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3.2 Calculation of the states of the core of a lead cooled reactor under conditions of
possible accidents

To demonstrate the application of the calculation model for the BREST reactor, reactivity
effects were calculated for "cold" and "hot" states of the initial core load under conditions of
possible accidents. The selection and subsequent analysis of these states were carried out taking
into account the hypothetical possibility of:

e Core cooling followed by coolant freezing;
e Changes in the coolant level in the core;
e Removal (floating) of fuel rods structural materials from the core.

3.2.1 Cooling of the core with subsequent freezing of the coolant

The "cold" state of the reactor with CPS rods fully inserted into the core was used to evaluate
the reactivity effects upon freezing of the coolant in the core. Coolant freezing can occur mainly
during the reactor commissioning stage, because in a core with fresh nuclear fuel the source of
heat is only external. For example, this can be due to a long term electrical blackout. The
reactivity effect in this case is associated with a change in the density of the lead coolant when
it freezes and a decrease in the temperature in the core (a decrease to 20°C is conservatively
assumed in the calculations). The SERPENT calculation of the corresponding state of the
reactor showed that the introduced positive reactivity reduces the subcriticality of the shutdown
reactor by 6.81% from the initial level; however, the efficiency of the CPS rods is sufficient to
ensure the subcriticality of the reactor.

3.2.2 Change in coolant level in the reactor and core

The "cold" state of the reactor with the CPS rods fully inserted into the core was used to evaluate
the reactivity effect upon changes in the coolant level in the core. This choice of the placement
of the CPS rods is based on the assumption that the possible transient process associated with
loss of coolant is realized for a long time, sufficient to shut down the reactor.

The effect of reactivity due to the coolant level in the reactor changing, was assessed taking
into account the possibility of complete or partial exposure of the fuel part of the core. Despite
the fact that, in accordance with the safety concept adopted in the design of the BREST reactor,
the loss of such an amount of coolant is practically eliminated, the analysis of the state of the
reactor with a change in the level of lead coolant in the core is of interest due to, in particular,
the fact that sodium cooled reactors are characterized by a positive effect on reactivity from the
removal of coolant. The dependence of injected reactivity from the level of lead in the core
calculated using SERPENT is shown in Fig. 11.
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FIG. 11. Dependence of injected reactivity from the level of lead in the core.

An analysis of the calculation results showed that the reactivity introduced during the loss of
coolant has a variable nature. When the coolant level decreases from mark 1 to mark 2, negative
reactivity is introduced, which is associated with an increase in neutron leakage through the
upper of the core. When the coolant level decreases from 2 to 3, the positive component of
reactivity prevails, associated with a decrease in the absorption of neutrons in the core during a
decrease the amount of lead coolant. A further decrease in the coolant level leads to leakage of
neutrons through the lower of the core and an increase in the subcriticality value. The efficiency
of CPS rods is sufficient to maintain the reactor subcriticality in all states associated with the
loss of coolant without changing the configuration of the core.

3.2.3 Removal (floating) of structural materials of fuel rods from the core

In the case of initiating events associated with the loss of heat removal or the introduction of
positive reactivity, the temperature of the lead coolant can reach the melting temperature of fuel
cladding steel (1400—1500°C) [8]. For reactors with a lead coolant, its boiling point (1745°C)
exceeds the melting point of fuel claddings [8]. Thus, the melting of structural materials begins
before the boiling of the coolant. Due to the fact that the density of structural materials is lower
than the density of the lead coolant, and also due to the fact that during forced and natural
circulation the lead coolant moves from bottom to top of the core, conditions can be created for
floating of the fuel rod structural materials during their melting.

Using the SERPENT program, calculations of the reactivity effect associated with the removal
(floating) of cladding steel from the core were made:

e During floating of the fuel claddings of the seven central FAs (2.26% of the total fuel
rods);

e During floating of the fuel claddings of all FAs in the central zone, including FAs with
CPS rods (61.97% of the total fuel rods).
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The calculation of the neutron-physical characteristics of the core showed:
e When fuel claddings float, the reactivity effect is positive.

e The positive reactivity introduced during the melting and floating of the fuel claddings
of all FA ofthe central zone reduces the reactor subcriticality by 37% of the initial value;
however the design requirements for the minimum subcriticality value are met.

Due to the fact that the value of the subcriticality of the reactor decreases by a significant
amount, it can be concluded that the amount of structural materials in the core has a significant
impact to the course of such accidents as ULOF (accident with loss of coolant flow in the core)
and UTOP (accident with uncontrolled injection of positive reactivity).

4. CONCLUSIONS

Calculation models were developed for fast neutron reactors with sodium and lead coolants.
The results of cross-verification of the calculated values of the main parameters of the reactors
with sodium and lead coolants in the steady state with the design values of the BN-800 and
BREST reactors indicate the correctness of the developed models.

Using the developed calculation model of core melting, an analysis of the course of a design
accident of the BN-800 reactor with the blocking of the passage section of one fuel assembly,
including without operating of the CPS was performed.

The characteristics of the core of the BREST lead cooled reactor were calculated using the
codes SERPENT/ATHLET. The cross-verification carried out for stationary neutronic
characteristics of the BREST reactor showed that the differences between the calculation results
obtained using the SERPENT/ATHLET programs and the certified MCU-BR program do not
exceed the calculation errors indicated in the MCU-BR certificate. The results obtained indicate
the correctness of the use of codes SERPENT/ATHLET for assessing the safety of the BREST
reactor.
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Abstract

ENEA Brasimone Research Centre hosts different experimental infrastructures for research on severe accident initiators
in Generation I'V lead cooled fast reactors (LFRs), in particular regarding steam generator tube rupture (SGTR) events and flow
blockages. The experimental activities are performed in the framework of the EU Euratom H2020 projects: PATRICIA,
PASCAL, ANSELMUS, INNUMAT. In the context of the collaborations of ENEA with third parties, as universities, research
institutes and industries, the paper contains an overview of the ALFRED (Advanced Lead Cooled Fast Reactor European
Demonstrator) project and the FALCON consortium (Fostering ALFRED Construction). In addition, the pre-test analyses for
the LEWIN facility, performed with the SIMMER-III (S-III) code, are reported; LEWIN is a separate effect test facility built
by Westinghouse Electric Company (WEC) under the supervision of ENEA Brasimone. The collaboration between UNIPI and
ENEA has led to a modification of the S-III code for the simulation of the lead—water interaction. The S-III LEWIN simulation
shows that the code represents the phenomena characterizing the high pressure water injection into molten lead pool: pressure
wave generation and propagation; water flashing; two-phase critical flow blowdown; displacement of the liquid lead as the
vapour bubble keeps growing; sloshing motions of the lead; solidification of lead particles.

1. INTRODUCTION

Since 2000, ENEA has been actively involved in supporting the design, safety evaluation, and
technological advancement of innovative nuclear systems cooled by heavy liquid metals
(HLMs), with a recent focus on lead cooled fast reactors (LFRs). ENEA is building expertise
in fast spectrum core design and operates one of the largest arrays of experimental facilities in
Europe, dedicated to studying HLM thermohydraulics, coolant chemistry control, structural
material corrosion behaviour, and material properties in HLM environments. Additionally,
ENEA is involved in the development of corrosion resistant coatings, components,
instrumentation, and innovative systems. The organization also focuses on developing,
validating, and integrating numerical tools specific to these applications, including neutronics
codes, system and core thermohydraulic codes, computational fluid dynamics (CFD), and fuel
pin performance codes.

2. ENEA Brasimone Research Centre experimental facilities

CIRCE (CIRColazione Eutettico) is a lead-bismuth eutectic (LBE)-cooled pool type facility, in
operation since the early 2000s. The large scale of the plant makes it suitable to perform integral
experiments. CIRCE comprises a cylindrical main vessel filled with LBE, with a total capacity
of approximately 70 tons. The facility includes LBE heating and cooling systems, a storage
tank, a transfer tank, and auxiliary systems for LBE circulation and gas recirculation. The main
vessel is designed to accommodate prototypical test sections (TS), which are customized for
each experimental requirement. In particular, the THETIS (Thermal-hydraulic HElical Tubes
Innovative System) TS [1] (Fig. 1) is currently under development: it will be composed of a
fuel pin simulator (FPS), a main circulation pump and a helical coil steam generator (HCSG).
Despite the HCSG concept being promising, its application in HLMs is still prototypical:
dedicated R&D activity is mandatory to test the suitability for Gen-IV nuclear power plants.
The experimental campaign foreseen in CIRCE-THETIS aims to investigate the
thermohydraulic behaviour of the system in steady state operation (forced circulation regime)
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during operational and accidental transients (postulated scenarios) and in the natural circulation
regime.

The HERO (Heavy liquid mEtal — pRessurized water cOoled tube) TS [2] differs from THETIS
in that it has a steam generator bayonet tube as the main cooler (mock-up 1:1 in length); it has
been designed and implemented to perform integral effect tests to study steam generator tube
rupture (SGTR) and protected loss of flow accidents. A large scale test section (TS) has been
designed specifically to experimentally investigate postulated SGTR events, using a
configuration relevant to the primary heat exchanger (HX) of the MYRRHA reactor. The
post-test analysis has been performed by the SIMMER code in 3D version (SIMMER-IV). The
code can estimate the right timing and amplitude of the pressure oscillations in the cover gas
due to sloshing in the main LBE pool. SIMMER-IV can also predict the steam flow path in the
tube bundle, separator, and main pool.

Also regarding SGTR initiators, LIFUS 5/Mod2 [3] is a separate effect test facility which is
focused on HLM/water interaction investigations (i.e. PbLi, LBE, Pb), designed to study
dynamic effects of energy release on tubes and shell structures relevant in SGTR scenarios (e.g.
pressure wave generation and propagation and lead sloshing). SIMMER-III and SIMMER-1V,
RELAP5/Mod3.3 and FEM codes have been largely used for validation purposes.

Concerning flow blockage initiator studies, the NACIE-UP (NAtural Clrculation Experiment
Upgraded) facility [4] (Fig. 2) is designed to characterize the thermohydraulic behaviour of an
HLM cooled fuel assembly during transition from forced to natural circulation. NACIE-UP is
a rectangular loop cooled by LBE; a prototypical wire-spaced fuel pin bundle simulator is
installed in the bottom part of the riser, while a shell and tubes HX is placed in the right
descending vertical branch. The blockage FPS test section installed into the NACIE-UP loop
facility aims to fully investigate the different flow blockage regimes in a 19-fuel pin bundle.
An experiment has been designed to analyse the thermohydraulic behaviour of a simplified
version of a fuel assembly (FA) during an internal flow blockage accident. This was achieved
by intentionally closing some holes in the first spacer grid, located at the beginning of the heated
length.

CFD models and simulations of the ALFRED FA, both in its nominal configuration and with
various types of internal blockage, were developed and executed. Specifically, different
blockage scenarios at the spacer grids were examined using CFD RANS simulations. Currently
an IAEA benchmark activity is ongoing since NACIE loop tests provide an excellent
opportunity for validation of the physical and mathematical models and numerical simulation
codes. The overall objective of the Coordinated Research Project is to improve the member
states' analytical capabilities in the field of simulation of fast reactors cooled by HLMs.
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3. WEC LEWIN FACILITY

The LEad-to-Water INteraction (LEWIN) facility is designed to assess the effects potentially
resulting from failure of a primary HX in the Westinghouse LFR [5]. The SGTR is of substantial
interest for the safety assessment of the Gen-IV LFRs design, as both a design basis accident
and severe accident (SA) precursor. The main phenomena to be studied are the pressure wave
generation and propagation, the lead sloshing and the pool level variation. The physical
quantities to be assessed are the subcooled and supercritical water blowdown flow rates, and
the lead and steam jet impingement loads on the vessel walls.

3.1 SIMMERC-III pre-test analysis

With respect to the original version of the code, SIMMER-III Ver. F [6] has been modified in
such a way that the liquid lead can be used as a coolant simultaneously with water. Then, a
model of the LEWIN interaction vessel has been set up (Fig. 3), including the following
geometries (with associated initial conditions) into the nodalization grid: the injection line,
filled by high pressure subcooled water at 190 bar and 303°C; the lead pool, filled with lead at
415°C and 1.1 bar; the cover gas region with argon at 1.1 bar.

The 23 s transient simulation shows the water flashing as it enters the molten lead, the growing
of the steam bubble, the displacement of the lead and the variation of the pool level. The mass
flow rate of the choked flow characterizing the water injection is predicted consistently with
the Henry-Fauske Subcooled Model. The first pressure peak due to the pressure wave
generation soon after the injection is correctly simulated.
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FIG. 3. §-1I fluid model nodalization view (note: the real proportions are not preserved): a) Water
volume, b) Long Capillary Tube, c¢) Cover gas region, d) Lead pool, e) Dump line, f) Orifice.

4. CONCLUSIONS AND PERSPECTIVES

The Experimental Engineering Division (FSN-ING) of the ENEA Brasimone Research Centre
has decades of scientific expertise in experimental and numerical research activities in
supporting LFR technology development. The SGTR and the coolant flow blockage should be
taken into consideration for SA scenarios in LFRs. CIRCE, LIFUS5 and LEWIN are the
facilities designed to investigate phenomena related to SGTR, while NACIE-UP is designed to
study the coolant flow blockage. In parallel with the experimental activities, Validation and
verification (V&V) activities are ongoing on the SIMMER code, with the perspective of using
it as a SA safety analysis tool. The experiments described above are intended to support the
deterministic approach required for the licensing of an LFR. Additionally, they aim to establish
an experimental database that can be used for code validation. The design of each experiment
needs to consider these specific objectives, enabling a faster licensing process and aiding in the
overall design and development of LFR systems.
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Abstract

The heat transfer characteristics in the reactor core are of significance importance for the proper design and safety
assessment of all types of reactor including liquid metal cooled fast reactors. The heat transfer characteristics of liquid metal
are different from other fluids due to the extremely low Prandtl number. In the early studies, thermohydraulics calculations
with respect to heat transport in the core of a liquid metal fast reactor (LMFR) were dependent on one-dimensional codes and
based on experimental data. With the increased computational resources, three-dimensional computational fluid dynamics
(CFD) simulations allow adequate details about the heat transfer characteristics of liquid metals. In the present work, a full
three-dimensional CFD study is conducted for 5x5 vertical rods bundle cooled with liquid lead as coolant. The wire wrap spacer
in LMFR acts as a momentum exchange promoter in addition to its main function for keeping the inter-rods spacing for the
fuel bundle. A wire wrap spacer with twisting pitches ratios of 5, 10, 20, 30, and 40 of the rod diameters is considered in this
work. A wide range of turbulence models is tested to better reflect the results of the available experimental work. The effect of
rods wire wrap spacer on heat transfer characteristics is reported. A slight increase of temperature in the wake regions of the
wire is detected and reported.

1. INTRODUCTION

Nuclear energy production in the world is one of the lowest CO> emitting energy sources [1].
The current ability of nuclear energy to meet the global demand for electricity depend mainly
on the resources of natural uranium and U-235 as nuclear fuel. The relatively low percentage
of this fissile isotope in natural uranium is a restriction on the progress of nuclear power when
only depend on the current light water reactors (LWR) which, with its low conversion ratio,
cannot make use of more than 2% of the energy available in natural uranium. Therefore, the
fundamental value of nuclear energy in the long term may not be fully employed unless more
reserves of natural uranium are found or until significant progress is conducted for effective
using of uranium [2]. Fast breeder reactors provide an opportunity of dealing with this issue in
the near future.

Many of the present issues for fast reactors require extended and reliable knowledge of the
characteristics of turbulent flow and heat transfer in liquid metals; Among these issues are, in
particular, the thermohydraulic design of liquid metal cooled fast reactors (LMFRs). The
research gaps and modelling challenges in LMFRs are mainly related to two points. Firstly, the
heat transfer characteristic of liquid metal is clearly different from that of the conventional
fluids (air and water) because of its very low value of Prandtl number. The low value of the
Prandtl number makes the conventional turbulence models invalid under certain conditions [3].
Secondly, the pool-type design causes thermohydraulic phenomena like natural circulation and
stratification to have a great impact on LMFRs. In addition, there is no adequate benchmarking
data because of the difficulties associated with measuring the fluid velocity and temperature
fields in liquid metal. The high boiling point of lead as a liquid metal is of significant safety
importance for effective cooling of the reactor even at a very high temperature above normal
operating conditions. The thermohydraulic characteristics of liquid metal are an important area
of research because it’s the main working fluid for breeder reactors, i.e. reactors that produce
more fissionable material than they consume to generate nuclear energy [4]. This special type
of reactor is constructed to prolong the nuclear fuel supply for electric power production.

This study presents the results of three-dimensional parametric computations of turbulent flow
and heat transfer of liquid metal for longitudinal flow through a fuel bundle with a wire wrap
spacer at different twisting pitches. The wire twisting pitch plays a significant role in the heat
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transfer characteristics for LMFRs. The low momentum diffusivity of liquid metal makes it
inevitable to use turbulent and momentum mixing capabilities. The wire wrap spacer enhances
the heat transfer characteristics but increases the pressure drop The calculations were carried
out based on the Reynolds equations (the RANS method) using the ANSYS Fluent
computational fluid dynamics software.

2. MATHEMATICAL MODELING

The geometry of the physical model is illustrated in Fig. 1. The thermal and flow fields are
calculated numerically with commercial CFD software ANSYS FLUENT 19 R3. The flow is
assumed steady state, turbulent, and the effect of thermal radiation is included.

The equations in the present model are:

d

a_xl-(p”i) =0.0 ¢y
O )= 2P 4 g+ 2
O V.(E +P) = 6<K6T> 3
axi l(p N axi axi ( )

where k,p,V,and P are the fluid thermal conductivity, density, velocity, and pressure
respectively.

The SST (shear-stress-transport) k — w turbulence model (Menter, 1994) [5, 6] has been
adopted for turbulence modelling. The SST model combines the k — w turbulence model near
the wall and k — ¢ away from the wall as a unified two equation turbulence model. The
simulated domain boundary conditions are reported in Table 1

TABLE 1. SIMULATION DOMAIN PARAMETERS AND BOUNDARY CONDITIONS [7]

Physical domain boundary conditions e Mass flow inlet boundary condition at inlet to the
bundle
e Pressure outlet at bundle outlet
e Wall (No slip conditions) at all other boundary of
the simulation domain.

Wire wrap spacer pitch 5d, 10 d, 20 d, 30 d, and 40 d. where d is the rod diameter
Bundle power 16 KW, chopped cosine shape distribution

Inlet mass flow rate 5.6 kg/s

Liquid lead inlet temperature 693 K

The study was conducted for wire wrap spacer pitches of 5d, 10d, 20d, 30d and 40d. where d is
the rod diameter.

For liquid regions (the lead coolant), the following material properties are required over the
range of temperatures encountered in the analysis:

e Thermal conductivity
e Specific heat
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e Density
e Dynamic viscosity, as shown in Table 2

TABLE 2. LIQUID LEAD THERMOPHYSICAL PROPERTIES USED IN THE MODEL

Property Correlation Applicable range
p 11441 —1.2795T 600 < T <1500
176.2 — 4.923x1072T 600 < T <1500
Cp + 1.544x107°T?2
—1.524x10°°T 2
k 9.2 +0.011T 600 <T <1300
B 4.55x 10~ *¢1069/T 600 < T < 1473

The average heat transfer coefficient of the rods bundle is calculated as follows:

h=—"1— 4)

A (Tave_Tin)

where q is the bundle power, Ty, is the average rods bundle temperature computed from the
simulation results.

500mm

a) 3D view of the test section b) Smooth rods ¢) Wire wrap pitch
of 5d
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d) Wire wrap pitch e) Wire wrap pitch 1) Wire wrap g) Wire wrap pitch
of 10d of 20d pitch of 30d of 40d

h) Zoom view of the rods bundle
FIG. 1. Physical domain of the model.
2.1 Sensitivity to the mesh

In this work to get numerical results that are independent of the grid density, the numerical
study was conducted with different mesh densities. When the number of nodes increased from
1898572 to 2747858 a deviation of about 1 % in bundle maximum temperature was obtained.
Whereas, when the number of nodes increased from 2747858 to 3702215, only 0.01% variation
in bundle maximum temperatures was obtained. The case with node numbers of 3875496 was
found to be within Y+ of the order of 1 to accommodate the flow and temperature fine gradients
in the vicinity of the rods’ surface. A polyhedral mesh was generated with inflation layers on
the rods surface for all cases. Starting with course mesh, the simulation was conducted in
FLUENT. Then, the Y+ values on the clad surfaces were checked. If the Y+ values were greater
than 1, a new fine mesh was generated and solved in ANSYS FLUENT and Y+ was checked
again. This cycle was repeated until the final acceptable mesh was approved. The generated
mesh is demonstrated in Fig. 2
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a) 3D mesh view of the smooth b) Cross-sectional elevation mesh view of the
bundle bundle pitch 5d

¢) Plane sectional mesh view of the smooth bundle
FIG. 2. Generated mesh characteristics.
3. RESULTS AND DISCUSSION

The results of the CFD model are postprocessed and presented in this section. Figure 3 shows
the temperature profile for the tested bundle without the wire wrap effect. All temperature
values are in K.
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K Temperature Temperature
985 985
965 965
946 946
926 926
907 907
sl 887
o 868
829 648
809 829
790 809
770 790
751 770
731 751
712 731

712
a) 3D temperature contour for smooth bundle b) 3D temperature contour for smooth
rods
Temperature
985
965
946
926
907
887
| 868
| 848
829
| 809
| 790
770
751
731
712

¢) Plane sectional temperature contour at mid-height of the smooth bundle
FIG. 3. Temperature distribution for bundle without wire wrap effect.

Figure 4 illustrates the temperature profile for the central rod for different wire wrap pitching.
Decreasing the wire wrap pitching results in a decrease in the rods maximum temperature as
demonstrated in Fig. 4.
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Temperature
985 Temperature
965
946
926
907
887
868
848
829
809
790
770
751
731
712
a)  Smooth rod b)  Wire wrap pitch of 5d
Temperature
Temperature

977
973 958
954 939
935 921
917 902
898 883
879 1 864
861 845
842 826
823 | 807
805 1 788
786 769
768 750
749 731
730 712
712

¢) Wire wrap pitch of 10d d) Wire wrap pitch 20d
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Temperature

980
961
942
923
903
884
865
846
827
808
789
769
750
731
712

e)  Wire wrap pitch 30d

FIG. 4. Temperature contour for central rod for different wire wrap pitching.

Temperature

980
961
942
923
903
884
865
846
827
808
789
769
750
731
712

Wire wrap pitch 40d

Figure 5 shows the temperature profiles at the surface of the central rod for different wire wrap
pitching. The average rod surface temperature decreases with decreasing the wire wrap pitching
as depicted in Fig. 5. This is attributed to the fact that the heat transfer coefficient increases
with decreasing the wire wrap pitching as shown in Fig. 6. The wires act as a momentum
exchange promoter in addition to its main function for keeping the inter rod spacing for the

bundle.
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FIG. 5. Rod surface temperature for central bundle rod at different wire wrap pitching.
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FIG. 6. Variation of average Nusselt number for different wire wrap pitching.

Figures 7 and 8 show the temperature in the middle coolant gap of the central rod in the bundle.
These two figures show the effect of wire wrapping in enhancing the process of heat transfer
from the rods. The wires act to increase the momentum diffusivity of the liquid lead. Liquid
lead has a relatively low Prandtl due to its low momentum diffusivity. The wire wrap spacer
leads to an increase in the momentum exchange of the liquid metals.

292



Velocity (m/s)

750

- * * PltCh, 5 )
+——¢ Pitch, 10 . 3
i , ¢ *%
740 +—e Pitch, 20 zz" "01:‘“
L e——o Pitch, 30 1 :'35’0‘ :
+—¢ Pitch, 40 . 1 \"‘I
Q 730 . Io J8 l ‘\.":
~— 5,3 * ‘0 | 4 ",-
(D] - K28 ' ‘e \ 0. o) “
- T < ! i) el
E 1‘ * X I’ l” e
8 720 — .'0’\ ,. Q‘ 'li\‘\ .‘\\ :
: T b l&”"&’o 8
o, L ol 1l o \ o | %
: i \ I % \‘ i'."'o’%:" de8
O] 4 o® |lo 0\)'9. h. 90646
- b \ .I 1 \0“«&’
8 ‘\ N I pid H
L - tol)e ,t,qo o ’.
§ || Rl e
« * 7. ’é.’ ’:‘?
700 q
A
I SO % o4
R oo
00 L1 1
-0.1 0 0.1 0.2 0.3 0.4 0.5

1.8
- Q’Q .9‘0
16 L % 0 o &% 3 8L e
: 302 Whasen Seresie '?‘,3"‘!‘2‘«3
Ve ot P $o27 0 o006 lg¢
i AR F AT glR ( .0’,»"3
14 2 et i
: Alager™ 1 I#é §o
- o e S
Ng .
12 kL }j‘;ol X ||,* .’: +——-+ Pitch, 5
- K .
3 <‘lf’.' il i [t +——¢ Pitch, 10
e ||’ .i sy .
1+ I,’t 0 )3 | +—¢ Pitch, 20
- il ) +— Pitch, 30
< .
0.8 - Ks W i +—+ Pitch, 40
O 6 I *
. i
L | |
0.4 -
r P> g
02 |
0+ “«e o 4 @ L IR I PR 3
_O 7 1 I 1 I 1 I 1 I 1 I 1 I 1
-0.1 0 0.1 0.2 0.3 0.4 0.5 0.6
Y (m)

FIG. 8. Variation coolant velocity in the middle coolant gap of the central rod of the bundle for different

wire wrap pitching.

4. CONCLUSION

This study presents the results of three-dimensional parametric computations of turbulent flow
and heat transfer of liquid metal for longitudinal flow through bundle with wire wrap spacer at
different twisting pitches. The wire twisting pitch plays a significant role on the heat transfer
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characteristics of LMFRs. The low momentum diffusivity of liquid metal makes it inevitable
to use turbulent and momentum mixing capabilities. The effect of decreasing the wire twist
pitch is to increase the momentum exchange between the boundary layer flow of the liquid lead
and the bulk flow and therefore the heat transfer coefficient increases. Therefore, the rods’ pitch
acts in the same way to the enhance the overall heat transfer coefficient. A slight increase of
temperature in wake region of the wire is detected and reported. So, the wires act as a
momentum exchange promoter in addition to their main function of keeping the inter rod
spacing for the bundle.
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