
 

 

Development of best estimate numerical 
tools for LFR design and safety analysis 

A. Del Nevo, A. Cervone, G. Grasso, M. Tarantino 
T. Barani, A. Cammi, M. Cerini, S. Cervino, L. Cognini,  

L. De Luca, L. Luzzi, M. Giola, E. Macerata, M. Mariani,  
S. Lorenzi,D. Pizzocri 

R. Bonifetto, D. Caron, S. Dulla, P. Ravetto, L. Savoldi, 
R. Zanino 

L. Chirco, R. Da Vià, S. Manservisi 
G. Caruso, M. Frullini, F. Giannetti, V. Narcisi, A. Subioli 

M. Angelucci, G. Barone, N. Forgione, R. Lo Frano, 
A. Pesetti, C. Ulissi 

 
 

 
 
 

Report RdS/PAR2016/059 
     

Agenzia nazionale per le nuove tecnologie, 
l’energia e lo sviluppo economico sostenibile  MINISTERO DELLO SVILUPPO ECONOMICO 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 

 
DEVELOPMENT OF BEST ESTIMATE NUMERICAL TOOLS FOR LFR DESIGN AND SAFETY ANALYSIS
 
A. Del Nevo, A. Cervone, G. Grasso, M. Tarantino (ENEA) 
T. Barani, A. Cammi, M. Cerini, S. Cervino, L. Cognini, L. De Luca, L. Luzzi, M. Giola, E. Macerata, M. Mariani, S. 
Lorenzi, D. Pizzocri (POLIMI) 
R. Bonifetto, D. Caron, S. Dulla, P. Ravetto, L. Savoldi, R. Zanino (POLITO) 
L. Chirco, R. Da Vià, S. Manservisi (UNIBO) 
G. Caruso, M. Frullini, F. Giannetti, V. Narcisi, A. Subioli (UNIROMA1) 
M. Angelucci, G. Barone, N. Forgione, R. Lo Frano, A. Pesetti, C. Ulissi (UNIPI) 
 
Settembre 2017 
 
 

Report Ricerca di Sistema Elettrico 
 
Accordo di Programma Ministero dello Sviluppo Economico - ENEA 
Piano Annuale di Realizzazione 2016 
Area: Generazione di Energia Elettrica con Basse Emissioni di Carbonio 
Progetto: Sviluppo competenze scientifiche nel campo della sicurezza nucleare e collaborazione ai programmi internazionali per il 
nucleare di IV Generazione. 
Linea: Collaborazione ai programmi internazionali per il nucleare di IV Generazione 
Obiettivo: Progettazione di sistema e analisi di sicurezza 
Responsabile del Progetto: Mariano Tarantino, ENEA

 
Il presente documento descrive le attività di ricerca svolte all'interno dell'Accordo di collaborazione “Sviluppo competenze scientifiche 
nel campo della sicurezza nucleare e collaborazione ai programmi internazionali per i nucleare di IV Generazione” 
Responsabile scientifico ENEA: Mariano Tarantino 
Responsabile scientifico CIRTEN: Marco Ricotti 

 



 

  

Ricerca Sistema Elettrico 

Sigla di identificazione 

ADPFISS – LP2 – 144 

Distrib. 

L 

 Pag. di 

 1 300 

Titolo 

Development of best estimate numerical tools for LFR 

design and safety analysis 

Descrittori 

Tipologia del documento: Rapporto Tecnico 

Collocazione contrattuale: Accordo di programma ENEA-MSE su sicurezza nucleare  

                                                      e Reattori di IV generazione 

Argomenti trattati: Reattori Nucleari Veloci, Termoidraulica dei reattori nucleari 

 Sicurezza nucleare, Analisi incidentale 

 Sommario 

Nell’ambito della linea LP2, sono state condotte attività di ricerca al fine di sviluppare, aggiornare e convalidare codici di calcolo 
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- procedere con l’attività di sviluppo, convalida e applicazione in continuità con quanto fatto negli ultimi anni. 

Relativamente a sviluppo e convalida, riportate nella parte 2 del presente report, sono state effettuate attività relative a: 

1. termo-meccanica della barretta di combustibile – supporto allo sviluppo del codice TRANSURANUS. 
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1 INTRODUCTORY REMARKS  

The Lead-cooled Fast Reactor (LFR) technology brings about the possibility of fully complying with all the 

Generation IV requirements
[1]

. This capability being more and more acknowledged in international fora, the 

LFR is gathering a continuously increasing interest, with new industrial actors committing on LFR-related 

initiatives. 

 

In this context, the Italian nuclear community evaluates strategic to continue elevating the competences and 

capabilities, with the perspective of extending the support to the design and safety analysis of future LFR 

systems. 

 

The most appropriate framework for this advancement is the Accordo di Programma (AdP), within which 

ENEA and CIRTEN (the consortium gathering all Italian universities engaged in nuclear education, training 

and research) are already cooperating on the LFR technology since 2006, along with national industry as 

main stakeholder. 

 

Within the AdP, the LFR system chosen as reference for all studies and investigations is ALFRED, the 

Advanced Lead-cooled Fast Reactor European Demonstrator [2]. As a demonstration reactor, indeed, it was 

reckoned as the system best fitting with the research and development (R&D) nature of the activities 

performed in the AdP, being demonstration the step that logically follows R&D in the advancement of the 

LFR technology by readiness levels. Moreover, ALFRED is envisaged as the key facility of a distributed 

research infrastructure of pan-European interest [3], open to scientists and technologists for relevant 

experiments to be performed on a fully LFR-representative and integral environment, with the long-term 

perspective of supporting to the safe and sustainable operation of future LFRs, thereby fulfilling the general 

objectives of the AdP itself. 

 

The collaborative spirit behind the development of ALFRED is an inherent trademark of the project since its 

very beginning. As a matter of facts, it was originally conceived and initially developed within the LEADER 

(Lead- cooled European Advanced Demonstration Reactor) collaborative research project [4], co-funded by 

the European Commission through the 7
th
 EURATOM Framework Programme. After the conclusion of the 

LEADER project, the Fostering ALFRED Construction (FALCON) International Consortium was signed 

between Ansaldo Nucleare, ENEA and the Romanian research organization RATEN-ICN with the twofold 

objective of further developing the ALFRED design and of performing all the strategic, managerial, and 

financial activities required to set the consortium prepared for the realization of ALFRED in Romania [5]. 

 

A view of the ALFRED reactor block layout, and the main parameters of the reactor, as resulting at the 

conclusion of the LEADER project, are shown in Fig. 1 and Tab. 1, respectively. 

1.1 Objectives  

In the wide spectrum of possible activities to support the further development of the LFR technology, and 

exploiting the specific expertise acquired by the universities in the past years, within the scope of the 2016 

Piano Annuale di Realizzazione (PAR) it was decided to focus the cooperative efforts shared between ENEA 

and CIRTEN towards the development of an best estimate computational tools supporting the various 

stages of design and safety analyses of LFR systems, so to increase – or help in viewing how to fill the 

gaps – the modeling capabilities. 
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The first step in this process, which is also the objective planned for the first year of activity and accordingly 

included in the PAR2016, is thus to define what are the most important modelling needs and fundamental 

features that the desired platform and its tools should possess. This will permit, on one hand, to derive 

guidelines for the selection of tools to be embedded in the platform (should they exist), or for their 

development wherever a remarkable gap is found between the codes in the present landscape and those 

envisaged for the platform; on the other, to retrieve guidelines for the development of the integration 

platform hosting and managing the execution of the identified tools. 

 

 

Reactor specification  

Thermal power (MW) 300 

Fuel residence time (years) 5 

Coolant inlet temperature (°C) 400 

Average coolant outlet temperature (°C) 480 

Coolant mass flow rate (kg s
-1

) ≈ 25700 

Average coolant velocity (m s
-1

) ≈ 1.4 

Tab. 1 – ALFRED specifications. 

 

Fig. 1 – 3D cut view of the ALFRED reactor. 
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2 DESIGN AND SAFETY ANALYSIS AREAS IN SUPPORT OF LEAD-COOLED FAST 

REACTOR DEVELOPMENT  

Design is, very generally, the discipline aiming at determining the main parameters which unequivocally 

define a reactor configuration providing the desired performances while targeting all the desired 

performances and complying with all the constraints, both in nominal and accidental conditions. Given the 

very different nature of the performances and constraints, and the multidisciplinary essence of the task, 

reactor design is principally an art of engineering compromise and harmonization. 

 

Conversely, verification is the discipline aiming at determining the actual behavior of a reactor 

configuration, both in nominal and accidental conditions, so as to evaluate the extent to which performances 

have been achieved and constraints respected. Given the relevance of verification, notably when addressing 

the safety aspects of a reactor, the confidence on the obtained results is the principal objective of this task. 

Generally speaking, design and verification are the two sides of the same coin: while design translates target 

performances and constraints into a reactor configuration, verification analyzes the latter to retrieve the 

actual performances expressed, and constraints respected, by the configuration, eventually providing 

feedbacks to the design stage for optimization. In developing a reactor configuration (Fig. 2), these two 

activities are therefore iteratively performed until convergence is reached, with the final reactor 

configuration performing as desired and fulfilling all the imposed constraints. 

 

The apparent symmetry between design and verification is broken by the interface with safety authorities, for 

the certification of the reactor configuration obtained at the end of the iterative process. Licensing has indeed 

so strict rules, and is so a fundamental objective, to practically impose all verification activities during the 

iterative process to be performed with the same rules, and possibly codes, of the certification phase (the only 

possible most notable difference being the quality assurance requirements needed for fully complying with 

the safety authority demands during the licensing process, both from a software and analysis management 

procedures point of views). Design instead moves in a more free domain, thereby remaining the sole phase, 

in the development of a new reactor configuration, where actions to optimize the iterative process can be 

deployed. 

 

The development of new LFR systems must fulfill all the objectives put forward by the GIF 
[1]

. Extending 

the Generation IV safety philosophy also to the other areas (economics, sustainability, proliferation 

resistance and physical protection), provisions are to be “built in” the design, rather than “added to” 

configurations not yet scoring as aimed. As a matter of facts, this approach not only guarantees the 

fulfillment of the goals, but also top-scoring effectiveness and robustness, along with design simplicity, 

which is an asset for reliability and economics itself. For provisions to be built in, all the aimed performances 

and constraints are to be considered from early design stages, which is compatible with the degree of 

freedom of the design phase mentioned above. 

 

Practically, this implies achieving the target objectives by a proper combination of materials and design, in 

which the latter comes in aid when the former ends. In the specific case of LFRs such a process involves the 

examination of all lead properties so that all weaknesses are coped with, while all advantages are exploited. 

The design is then set orienting choices so to take profit of inherent features, thus making it more robust and 

the chosen configuration either directly target-embedding, or compatible with the achievement of the goals; 

finally, should any objective be not fulfilled, complementing engineering provisions can be easily foreseen. 

These general considerations define the first requirement for design and safety analysis. 
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The second main aspect defining the requirements for design and safety analysis is the complexity of a 

reactor. Like a human body, it is indeed a complex system, made of several sub-systems (apparatuses), in 

turn made of several components (organs); all these components and sub-systems differ in nature, but are 

altogether strictly interfaced and interdependent: the design and verification of a reactor, therefore, has to 

take into account the performances and constraints not only of every single component by itself, nor just of 

the single sub-systems, but also of the entire reactor as a whole. Moreover, for each component – and even 

more so for each sub-system – a number of analyses (during both design and verification) are required on 

different fields. In Tab. 2, an overview of the aspects encompassed in the design and verification of the main 

reactor sub-systems is presented. 

 

 

Reactor Encompassed aspect 

N TH TM C E 

S
u
b
-s

y
st

em
 

Core system × × ×   
Primary system  × ×   
Auxiliary and Ancillary systems  × × ×  
Instrumentation and control systems     × 
Reactor (integration) × × × × × 

Tab. 2 – Aspects encompassed in the design and verification of main reactor sub-systems 

(N: Neutronics; TH: Thermal-Hydraulics; TM: Thermo-Mechanics; 

C: Chemistry; E: Electronics). 

 

 

Fig. 2 – Iterative process of reactor configuration development 
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3 CHARACTERIZATION OF THE MODELING NEEDS FOR THE SELECTED AREAS 

The primary characteristic of the aimed platform is to effectively support the decision-making process. In 

practical terms, this can be translated in bringing to fruition the benefits of a rationale design or verification 

approach – logically the opposite of the trial-and-error one. Appropriate tools should be developed for each 

component or sub-system, and differentiated, wherever appropriate, depending on their application during 

the design or verification phase. It is worth stressing the fact that differentiating design- and verification-

oriented tools – besides the trivial benefit of optimizing each for the aimed purpose – has also the additional 

benefit of domain separation, that allows a double, independent check of the design aspects, which is in line 

with all safety recommendations and best practices. 

 

The last statement also defines the general philosophy for the development of the aimed platform in response 

to the modeling needs. Whilst specific requirements will be addressed in the following subsections, the 

general needs for tools of analysis in support to the design and verification, according to the specificities of 

these phases, are introduced. 

 

Design-Oriented Tools 

During the design phase, little or no information is available on the object itself of the design. Several 

scoping analyses are usually performed to down-select (screening) candidate options among all the possible 

ones. Corrective actions are often required to account for the impact of some aspects – related to one or more 

parameters – on the other parameters. 

 

All these things put together, a computational tool effectively supporting the design process has to possess a 

number of instrumental features like: 

 

 equilibrium, 

 low computational times and 

 a clear application domain. 

 

A code satisfying these prerequisites is called a Design-Oriented Code (DOC)
[6]

. It is also worth mentioning 

that these characteristics are synergistic, in the sense that they point in the same direction and, as such, they 

can effectively be met together. In the following, each of the mentioned features of a DOC will be discussed 

in more detail. 

 

Equilibrium 

With equilibrium it is intended a good balance between the ability of the code in reproducing experimental 

data on one side, and, on the other, the complexity of the implemented models and overall structure so to 

maintain a clear relationship among the various system parameters. It should therefore represent an clear 

improvement over analytical methods for what concerns accuracy and possibilities, while still keeping their 

clarity in relating constraints/performances to core parameters. This objective is believed to be crucial, since 

a very complex tool would hinder the user’s understanding of the system under study, while an inaccurate 

one would render unusable or less significant the results, reducing the confidence of the user in utilizing 

them. 

 

To better illustrate this concept, it can be assumed that the curve relating accuracy with model complexity – 

in the form of degree of completeness of the phenomena description – has the form reported in Fig. 2; the 

code general structure should therefore be placed on the point of optimal trade-off, where the minimum 

degree of complexity allows a satisfactory accuracy. 
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Even if vaguely introduced, the term “satisfactory accuracy” has actually a precise meaning. Equilibrium, 

indeed, also means that the various sources, contributing to the overall uncertainties, are balanced so to avoid 

excessive efforts to increase accuracy on terms that are already poorly contributing to the uncertainty on the 

final results. The terms in questions can be essentially divided in three categories: 

 

1. input data  

in terms of quality (and quantity) of the available input parameters; a DOC should indeed require 

a level of input detail fitting with the current design stage. Many input values are often not yet 

known and only a rough first estimate is usable in the early design stages; for such kind of 

parameters an extremely accurate (and thus complex) tool would be oversized, besides hindering 

the understanding of the relation between performances/constraints and configuration. 

 

2. material properties   

in terms of the only approximate knowledge stemming from measurement campaigns or the 

difficulty in reproducing particular conditions (e.g., irradiation effects, modification of the 

chemical environment). Depending on the specific physical field covered by the DOC under 

development, material properties can contribute significantly to the final uncertainties. 

 

3. models  

in terms of modeling errors; is the one directly under control of the DOC developer. Reducing 

this error, as previously discussed (see Fig. 3 – Hypothetical relation between complexity and 

accuracy of a model. 

4. ), implies a stronger modeling effort and thus code complexity. The contribution of this term 

should then be balanced with the effect of the other two so to avoid the coupling of a very 

refined and time consuming model with poor material properties or input data. This will enforce 

code homogeneity and modeling efficiency, both helping in keeping clear the link between 

performances/constraints and the resulting configuration. 

 

Low computational times 

While it is true that a DOC can help in understanding the features of the system being designed, due the non-

bijective relation between the geometric configuration and the performances/constraints, a complete 

knowledge can never be achieved. This means that a DOC can help in rationally orienting choices for setting 

up a coherent configuration, but such a process would remain tentative in nature. Due to this, it could be 

desirable to test a number of configuration options and, as such, a DOC should be fast running with a low 

computational burden. Moreover, a sensitivity analysis could be performed to span the operational phase-

space looking for quantitative correlations substantiating intuitive optimization strategies or for 

understanding safety margins in key parameters; since these are all generally time consuming tasks, short 

computational times must be pursued. 

 

Clear application domain 

To enhance confidence in the DOC results, simplifying their interpretation phase – necessary in a rational 

design process –, to facilitate Verification and Validation (V&V) activities, and to enable a clear 

comprehension of the calculation flow by the user, the application and validity domain must be openly 

stated. To carry this concept to the extreme, the application domain can be decided beforehand, so that it is 

unequivocally known, and equations and models derived accordingly. The idea is therefore, not to solve a set 

of equations and models and to see a posteriori their validity range – the approach historically followed –, 

but to select the equations and models in order to be consistent with an a priori decided application range. 

This will maximize efficiency in code development and simplify V&V activities. 
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If the path of an a priori selection of the application range is not fully followed, the developer should at least 

make any effort engineeringly possible to make it as clear as possible. 

 

Verification-Oriented Tools 

During the verification phase, detailed information is available on the designed object. Single simulations are 

sufficient to evaluate each and every specific aspect whose knowledge is required. High-fidelity results are 

mandatory in response to the simulations, notably concerning safety-related aspects. 

 

All these things put together, and proceeding in parallel with the previously discussed DOC characteristics, a 

computational tool effectively supporting the verification process has to possess a number of instrumental 

features like: 

 

 accuracy, 

 reasonable computational times and 

 quality assurance. 

A code satisfying these prerequisites is called a verification-Oriented Code (VOC)
[6]

. In the following, each 

of the mentioned features of a VOC will be discussed in more detail. 

 

Accuracy 

The equilibrium requirement, for a VOC, is substituted by accuracy; a VOC indeed is meant at affording a 

higher degree of complexity (see Fig. 3) and at losing clarity in the name of accuracy. During the verification 

stage the system is fully characterized by the previous design phase and with the maximum degree of input 

information available; the real hindrance towards accuracy are bound to be material properties. 

 

Reasonable computational times 

Computational times, similarly to a DOC, should be as low as possible. Again in the name of accuracy, 

however, the increase of computational times can be afforded if this entails an increased precision. 

Compatibly with the available resources, and for those physical fields in which achieving considerable 

accuracy would require prohibitive computational times, techniques for refining only the more complex 

regions of the system while modeling in a simplified way their interconnections could be exploited. 

 

Quality assurance 

A point which is diriment for VOCs used in safety analysis for licensing purposes is the Software Quality 

Assurance (SQA). SQA is ideally important also for DOCs, but becomes mandatory for VOCs which 

produce results to be submitted to the safety authorities. When developing a VOC, therefore, all the best 

practices for managing the SQA must be put forward, significantly increasing the development effort as a 

whole; this is a strong incentive in moving towards already available qualified tools which, unfortunately, are 

generally not open source. 

 

SQA plays also an indirect role when, during development, a strong level of accuracy is pursued, as this 

almost certainly increases code complexity. Indeed, SQA becomes increasingly more difficult to manage for 

complex software, making the development process more expensive in term of human resources. This can be 

another consideration to take into account when performing a weighted decision for selecting an already 

existing code or starting development from scratch. 

 

Integration platform 

Finally, focusing on the platform meant for hosting all the tools (DOCs and VOCs) required for the aimed 

integrated system supporting LFR systems’ design and safety assessment, the following wish-list of features 

can be drafted: 
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A. to tackle the multi-physics, multi-scale and heterogeneous nature of the problem at hand, the platform 

must include a variety of codes, each responsible for one specific physical aspect and scale; ideally, 

even for the same aspect, different levels of modeling and computational complexity should be present 

so to make the platform more ductile relatively to the user needs; 

B. versatility must be pursued, meaning the ability to move from the necessities of a user design-oriented 

to the ones of a user verification-oriented so to support in full the LFR development chain; 

C. similarly to the previous requirement, inside the specific domain, be it design or verification, the 

possibility of freely and selectively (as much as physically and engineeringly possible) linking the 

available tools should be present, enabling the user to carry out specific tasks using the desired amount 

of complexity, from a physical, modeling and computational resources point of view; 

D. the flow of information between codes, handled by the platform, should be as efficient and clear as 

possible, to simplify the user understanding of the problem and aiding the final results interpretation 

phase, of the utmost importance in any rational endeavor; 

E. adding tools to the platform should be as easy as possible, helping in reducing the interface 

development time for any new tool to be added; 

F. to increase system portability and appeal, reliance on open software must be pursued as much as 

practicable. This requirement can battle with the need for qualified software accepted by safety 

authorities in the case of licensing applications, making the selection of codes and points A and C of 

this list non-trivial tasks. 

3.1 Core Design  

The design of the core is typically the first step in the process of developing a new reactor configuration. For 

the core, all the general arguments discussed in Sect. 2 hold; are anyhow worth mentioning, to complete the 

picture of this discipline, the heavily multi-physic, multi-scale and strongly heterogeneous aspects involved 

in this specific task. 

 

Due to the central role of core design, the philosophy adopted by the Italian research community gravitates 

around the concept of “holistic design approach”, somehow anticipated in Sect. 2, that is: the inclusion of all 

the target constraints and performances deeply within the process, so as to set a final configuration fulfilling 

all these goals by-design. This approach permits also to develop approaches adjusted so as to permit the 

optimization of the iterative process, even accounting for the strict verification rules. 

 

Due to the strong complexity of the problem, however, this simple statement to be put in practice requires 

mastering the process of translation of all the aforementioned constraints and performances – a priori known 

– in relations among the geometric, material and physical parameters defining a core configuration. As a 

matter of facts, the perfect, quantitative knowledge of these relations is the only key for the designer to 

properly setting-up a system configuration complying with all the requirements. Such relations can 

sometimes originate from experience or from the use of simple physical/empirical correlations; due however 

to the heavy interdependence among the many multi-physical, multi-scale and very different aspects 

encompassed in the core design, dedicated tools suitably developed as DOCs can be of great aid. 

 

Before substantiating the modeling needs deriving from this approach, according to the general scheme 

presented in Sect. 2, an overview of the components to be designed and aspects to be considered for each of 

the latter is presented. In fact, being the core a system-in-the-system, a number of elementary components 

can be identified, each with its specificities and thus requiring a dedicated approach for its design. The 

“core” entry in Tab. 2 can therefore be exploded as shown in Tab. 3. 



 

Title: Development of BE numerical tools for 

LFR design and safety analysis – Part 1 

Project: ADP ENEA-MSE PAR 2016 

Distribution 

PUBLIC  

Issue Date 

12.12.2017 
Pag. 

RICERCA SISTEMA 

ELETTRICO 

Ref. 

ADPFISS-LP2-144 
Rev. 0 21 di 300 

 

   

  
 

 

The logical scheme of the process of core design according to the holistic approach is also shown in Fig. 4 

specifically for the case of an LFR. 

 

The aspects encompassed in core design, along with examples of their application to the core components 

and proposed tools meant for inclusion in the simulation platform for supporting their design, are briefly 

discussed in the following subsections. 

3.1.1 Thermal-hydraulics 

Elementary cell 

The elementary cell design is heavily guided by thermal-hydraulics considerations: apart from the minimum 

operating temperature which is fixed by the margin to coolant freezing, all the upper bounds are actually 

established by the ability of the steel structures to safely operate in a lead environment, meaning to limit 

corrosion processes to acceptable levels. The elementary cell must therefore be sized to guarantee the respect 

of the clad temperature constraint – allowing also for uncertainty margins – and to limit coolant velocity and 

the consequent erosion dynamics. Another important, safety-related objective is to assure the onset of natural 

circulation at affordable temperatures; this is particularly important in the case of a Loss Of Flow (LOF) 

accident (notably under Unprotected conditions – ULOF) in order to avoid excessive cladding temperatures 

and the risk of a short time creep failure or even melting. To achieve this, low pressure drops through the 

fuel bundle are necessary; and a suitable dimensioning of the elementary cell must therefore be pursued. 

 

Proposed software: 

To aid the designer in this process, simplified codes able to simulate the dynamic behavior of the core in 

supposed transients can be used. The BELLA code
[7]

 is an existing tool possibly fitting this role, especially 

for the safety-related part, since it features the DOC characteristics, being able to simplify the problem 

description while preserving the salient relationship between the physical quantities of interest. Indeed it is a 

simplified tool acting as a bridge with system codes and so naturally suited for implementing the safety-

informed design approach mandatory for Gen-IV systems. 

 

For the verification phase, no specific code is required for the elementary cell, as its analysis is included in 

general system studies. 

 

Sub-assembly (S/A) 

The main objective during the S/A thermal-hydraulic sizing is to guarantee a uniform radial profile of the 

coolant temperature and adequate cooling for all the pins in the bundle. This is important, especially, for 

enclosed Fuel Assembly (FA) concepts. The primary objective is to avoid local hot spots, cold by-passes and 

to reduce thermal gradients which could create unwanted mechanical stresses. The pressure drops through 

the main components of the S/A such as spacers, foot and any other relevant area change or narrow paths 

must also be such that the benefits of a wide elementary cell are not overshadowed by excessive pressure 

losses in other S/A components. From the safety point of view, the threat of a flow blockage due to cooling 

channel plugging via corrosion/erosion products sedimentation, coolant solidification or any foreseeable 

occlusion agent must be prevented as much as practicable, or mitigated in the residual cases. 

 

Proposed software: 

To this aim the sub-channel code ANTEO+ 
[8]

 could be efficiently used, since it has been specifically 

developed following the guidelines of a DOC as discussed in Sect. 3. ANTEO+ has also been extensively 

validated making its use during the design phase even more meaningful with the concrete possibility of 

assessing uncertainties on the main quantity of interest so to allow for sufficient margins. 
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For validation purposes, the punctual analysis of specific aspects can be investigated by means of 

Computational Fluid Dynamics (CFD) codes as FLUENT 
[9]

 (or any other commercial code) or 

OpenFOAM 
[10]

, the former having the robustness and maturity of commercial codes, the latter the openness 

to modifications as required, being open-source. 

 

Core 

The core thermal-hydraulic design is, in a way, similar to the FA one; cold by-passes must be avoided, 

especially in the case closed FAs are used, but, at the same time, excessive thermal gradients among opposite 

faces of the FA ducts prevented. This means assuring a suitable coolant flow outside the FAs themselves, 

which has to be determined according to the inter-assemblies gap, established by the thermo-mechanical 

design. If a wrapped FA is used, the possibility of gagging arises, giving an extra degree of freedom to the 

designer for actually leveling thermal gradients at the FA outlet. During the core thermal-hydraulic design, 

the amount of pressure drops necessary to balance the coolant flow with the FA power must be calculated 

and a gagging zoning proposed so to achieve a lifetime optimum configuration, while still keeping low 

fabrication costs. 

 

Proposed software: 

No DOCs are available in the open literature to support the thermal-hydraulic design of an LFR core. For the 

by-pass problem, the development of a specifically dedicated tool has already been planned. For the gagging 

problem, due to the relevant connection with the FA and by-pass problems, it is sought a coupling between 

the future by-pass DOC with ANTEO+ to perform all the needed analyses. 

For the validation of the by-pass, the same CFD tools presented for the FA problem can be envisaged. 

Concerning the gagging problem, as for the elementary cell case, no specific tool is required, the analysis 

being part of general system studies. 

3.1.2 Thermo-mechanics 

Pin 

The pin thermo-mechanic design is aimed at ensuring on one hand that the fuel temperature be lower than 

the melting one, allowing margins for uncertainties, in nominal and accidental conditions (with particular 

regard to the Unprotected Transient of Over-Power – UTOP); on the other hand, at assuring the integrity of 

the cladding via its ability to withstand both the internal pin pressure, arising from gas release due to fission 

(in fuel pins) or boron captures (in absorber pins), and pellet-clad mechanical interactions stemming from 

swelling, thermal expansion and cracking of the pellet. Being in particular the fuel pin cladding the first 

engineered barrier against the dispersion of radioactivity, ensuring its integrity is of paramount importance in 

the overall design process. 

 

Proposed software: 

To what concerns the pin design, the TEMIDE code 
[6]

 can be employed on the platform, since it has been 

specifically developed for fuel pins following the DOC guidelines discussed in Sect. 3, and is also 

undergoing a preliminary validation. 

 

For validation purposes, no available code has undergone the requested extensive validation, as experimental 

information on pins irradiated in fast spectrum are not so abundant in the open literature. However, 

sophisticated codes such as TRANSURANUS 
[11]

 can be chosen for the purpose of fuel pins thermos-

mechanic verification. 

 

Sub-assembly 

The S/A is a complicated system from the thermo-mechanical standpoint, chiefly for the enclosed concepts. 

Any interaction among pins and between the pins and the wrapper, due to differential swelling and thermal 
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bowing, must be avoided or at least limited to acceptable values; this also includes the spacing means used to 

form the bundle, which have to restrain the pins while preventing (or reducing below the threshold for 

significant fretting) flow-induced vibrations. The structural skeleton of the S/A also has to provide the 

stiffness required for core stability and safe handling. 

 

Proposed software: 

This particular field is presently poorly covered and no DOC is available for inclusion in the platform; this 

suggests that for further advancing LFR projects development, work on this sector should be a priority. 

Due to the very peculiar nature of the phenomena to be accounted for, it is questionable that existing codes 

for thermo-mechanic analysis (such as ANSYS 
[12]

) can be applied to the extent required for validation 

purposes. 

 

Core 

The mechanical core design is strongly related to the mechanical design of the S/A. The collective behavior 

of the S/As under the actions of differential bowing can generate forces to be managed to ensure core 

integrity and the possibility of S/A handling; conversely, if gaps are allowed between the S/As to avoid 

contact forces, the possibility for positive reactivity insertion due to compaction appears, which is to be 

avoided or reduced to manageable values. The restraint of the core is achieved by properly designing the S/A 

support structures (upper and lower core plates, where present), the S/A structural skeleton and the structure 

perimetering the core (barrel). 

 

Proposed software: 

In complete analogy to the previous paragraph, no DOC is actually available, nor VOC fully applicable, for 

such tasks and competences in this field should be strengthen in the Italian framework. 

3.1.3 Neutronics 

Core 

The main purposes of the core neutronic design involve i) the definition of the fuel enrichment and/or 

enrichment zoning which guarantee the operability of the reactor for the foreseen time span, respecting all 

the constraints on the maximum burn-up along with requirements on the cladding and fuel temperatures; ii) 

the sizing and positioning of redundant, diverse and independent banks of control and safety rods, able to 

manage any reactivity excursion during normal operation (from startup/shutdown to criticality swing and 

power excursions) and emergency. On the fringes of the core neutronic design, there is the evaluation of the 

core reactivity coefficients so to allow safety analysis and dynamic studies to be performed. Although LFRs, 

thanks to the huge margins offered by the coolant, usually present a very forgiving behavior in accidental 

conditions, it could be the case that the optimization of the reactivity coefficients enters the core design 

process, mainly at the level of neutronics (even if also thermo-mechanics and thermal-hydraulics play 

important roles). 

 

Proposed software: 

To achieve all the mentioned objectives the code ERANOS 
[13]

 could be used, since specifically developed 

for fast reactors and with intentions going in the direction of a DOC. Moreover, the two-steps approach – 

with cells and core calculations – is still the most suited (in many cases) for preliminary design evaluations. 

The main limitation of ERANOS is its non-open-source nature; an alternative in this sense could be the 

DRAGON/DONJON suite 
[14]

. These tools, although not strictly DOCs nor powerful as ERANOS, are one 

rare example of open-source software in the deterministic neutronics field. 

 

For validation purposes, Monte Carlo codes are usually chosen because of their superior capability at 

modeling the system than deterministic ones. Among the most advanced Monte Carlo codes available, 
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MCNP 
[15]

 outstands for the level of development and validation, even though its use is restricted by export 

control rules. Alternatively, Serpent 
[16]

, although less mature, can be considered as open-source code. 

 

Shielding 

Shielding analysis, mostly dealing with neutronics (or better, radiation transport), has the twofold objective 

of i) ensuring that the radiation-induced damage to the reactor structures remains below acceptable limits; ii) 

ensuring that the radiation levels in all the premises of the reactor (especially if human access is considered) 

remain below the limits set for radiation protection. 

 

Proposed software: 

Shielding analysis is an activity for which design and verification phases typically merge together. For close-

to-the-core analyses (e.g., structural damage), coupled deterministic and Monte Carlo codes can be used, to 

facilitate the latter in defining effective variance reduction approaches; for analyses far from the active zone 

(e.g., radiation protection), Monte Carlo codes by themselves are typically used. All the codes listed in the 

previous paragraph can be used as well for the purpose of shielding. 

 

3.1.4 A possible platform layout (limited to core design activities) 

Putting together all the requirements for the complete design and verification of the reactor core, and 

considering the codes available or to be developed to fill emerged gaps that were listed in the previous 

subsections, it is possible to draft a preliminary layout of the aimed platform, at least for what concerns the 

core. The general layout of the platform to what concerns core design/verification is shown in Fig. 5. 

 

According to the presented taxonomy, some possible utilizations of the platform are qualitatively illustrated 

in the following. 

 

Neutronic analysis with thermal-hydraulic feedback 

The impact of the temperature field on the core neutronics, meaning criticality and power distribution, plays 

a non-negligible role, and has to be investigated to understand how much the power flattening effect 

resulting from the thermal feedback can help in reducing gradients and hot spots inside the core. 

 

In the supposed platform, the problem could be tackled in a variety of ways, each with an increasing level of 

detail or focusing on a particular facet of the problem at hand. Having as reference Fig. 5, the following 

calculation schemes and interconnections could be exploited for design purposes: 

 

1. As depicted in Fig. 6 a simplified approach based on a cell code (ECCO or DRAGON) and the core 

code FRENETIC
[17]

 can be elaborated. The cell code is used to compute the macroscopic cross 

sections for a particular thermal state; these information are then passed to FRENETIC which 

computes the overall power distribution and, on this basis, a lumped-values the temperature field in 

the fuel, structures and coolant. At this point the new thermal state at each S/A level is passed back 

to the cell code to update the cross sections matrix. The process is repeated until convergence. 

2. A more elaborate and complete scheme could also be used by switching from FRENETIC to the core 

analysis modules in ERANOS/DONJON, and including the thermal-hydraulic feedback at sub-

channel, rather than S/A, level, by means of the ANTEO+ code. For even more accurate information 

the thermo-mechanic feedback at pin level can be included by means of the TEMIDE code. The 

mentioned coupling process is reported in Fig. 7. 

 

The platform also allows to perform the same analysis with verification purpose: in this case, the most 

detailed coupling scheme is used, as the one shown in the previous case, with all DOCs replaced by VOCs 



 

Title: Development of BE numerical tools for 

LFR design and safety analysis – Part 1 

Project: ADP ENEA-MSE PAR 2016 

Distribution 

PUBLIC  

Issue Date 

12.12.2017 
Pag. 

RICERCA SISTEMA 

ELETTRICO 

Ref. 

ADPFISS-LP2-144 
Rev. 0 25 di 300 

 

   

  
 

 

and respectively: from ECCO/ERANOS or DRAGON/DONJON to MCNP or Serpent for the transport 

solution, from ANTEO+ to Fluent or OpenFOAM for the thermal field in the coolant, and from TEMIDE to 

TRANSURANUS for the thermal field in the fuel, obtaining the new, equivalent scheme shown in Fig. 8. 

 

Core restrain system design 

To present the power of such a platform, one of the most complex calculation schemes is here presented, 

concerning the design of the core radial restraint, as it encompasses the neutronic, mechanic and thermal-

hydraulic fields. A possible code correlation is shown in Fig. 9: the power distribution computed by the 

neutronic DOC is given to thermal-hydraulic tools at both sub-channel and by-pass level in order to retrieve 

the main temperature field in the whole core; this information is then used by the thermo-mechanic codes at 

pin, S/A and core level to understand the radial and axial deformations of the components in order to provide 

relevant information to properly design the restraining system. 

3.2 Primary system design R&D development needs  

3.2.1 Identification of the key topics for the LFR development 

R&D efforts are necessary for completing the design, support the pre-licensing and starting with the 

construction of such systems. Such activities require the identification of the technological gaps, which are 

design dependent, and the key topics for LFR developments. The LFR technological issues have been 

divided into the following main topics
[25]-[31]

: 

 

 Material studies and coolant physical-chemistry; 

 Studies of core integrity, moving mechanisms, instrumentation, maintenance, in service 

inspection and repair; 

 Steam Generator functionality and safety experimental studies; 

 Thermal-hydraulics; 

 HLM pump reliability; 

 Instrumentations; 

 Advanced fuels and Irradiation Testing; 

 Neutronics; 

3.2.2 LFR material studies and coolant physical-chemistry 

Corrosion by liquid metal 

Corrosion of structural materials in lead is the main issue for the design of LFR. The topic is related to 

lifetime limits and circuit design. The following sub-issues are considered: 

 

 Corrosion in Lead of  

 fuel cladding, 

 vessel, 

 reactor internals, 

 components, and 

 heat exchangers; 

 Corrosion at high temperatures (related to development for long term perspectives); 

 Corrosion of pump impeller materials; 

 Corrosion inhibitors development (i.e. coating); 

 

Efforts have been devoted to short / medium term corrosion experiments in stagnant and flowing LBE. Few 

experiments were carried out in pure Lead (i.e. CHEOPE III at ENEA). Research activities are still needed 
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on medium/long term corrosion behaviour in flowing lead. The following list of facilities is available for 

investigating heavy liquid metals corrosion at ENEA: 

 

- LECOR (ENEA), Tmax= 500°C, vmax= 1 m/s, fluid Pb 

- HELENA (ENEA), Tmax= 500°C, vmax= 2 m/s, fluid Pb 

 

A specific Pb loop able to achieve higher temperature (at least 650°C) and 2 m/s is still missing and is 

identified as potential required infrastructure to cover long term development of the technology as well as to 

perform specific tests under particular conditions (i.e. DBA).  

 

Embrittlement and degradation of structures by liquid metal 

The condition represents the lower bound of mechanical properties of liquid metal exposed materials. It 

consists in the reduction of fracture toughness and of ductility of un-irradiated materials after long term 

exposure to lead.  

 

It is necessary to experience and to standardize (in order to be reproduced with a typical standard procedure) 

tests with respect to: 

 

 LME, 

 fatigue, 

 creep, 

 stress corrosion cracking, and 

 fretting in HLM. 

 

These experiments are necessary and must be conducted in testing machines where the specimens are 

exposed to the liquid metal effect, both static and flowing tests. There is only one facility available at ENEA 

for investigating fretting of structures by liquid metal:  

 

• GIORDI (ENEA), Tmax=550°C, Pb and LBE  

 

Pb facilities devoted to the investigation of embrittlement, fatigue, creep SCC up to 650°C in liquid metal, 

under oxygen control are still missing and represent required infrastructures. 

 

High temperature materials for long term perspectives  

Full development of GEN IV programmes foresees the future increase of reactors operating temperatures 

(beyond 550 °C). This evolution is aimed to enhance the thermodynamic efficiency and to allow the 

association of side energy production efficient processes. This challenging goal requires, to test: 

 

 “new” materials such as ODS steels, refractory alloys, SiC composites, “MAX” phase 

materials; 

 coated materials as developed by GESA treatment, PLD (@IIT), CVD-Ta. 

 

The testing conditions are: 

 

 650-800°C lead temperature, 

 1 – 2 m/s lead velocity. 
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Currently test can be performed by the RACHELE laboratory (ENEA) with these conditions in stagnant 

HLM. Since the existing facilities for corrosion testing are not able to achieve 650-800°C in flowing lead, 

new infrastructures are necessary to meet these requirements. 

 

Irradiation effects on materials 

The reactor pressure vessel, the structural materials, the internals and the fuel cladding are subjected, with 

different extent, to several degradation mechanisms such as neutron irradiation, thermal ageing and 

corrosion. In case of HLM systems, research activities are generally aiming at understanding, quantifying 

and predicting such effects on critical components of a nuclear power plant. Focus is given on the 

performances of the materials in terms of (neutron irradiation induced) embrittlement, on the behavior of 

stress corrosion, as well as neutron irradiation induced effects such as creep and swelling. The main 

objective is to determine whether or not irradiation will promote embrittlement and corrosion attack by 

HLM.  

 

The current status of knowledge is not completely addressed, and more experimental investigations are 

needed, providing high quality data on the material behavior. It is expected that assessments of fuel cladding 

and structural core materials, subjected to both high temperature in a lead environment and fast flux, are 

critical issues. 

Summarizing the following main issues on irradiation performance of candidate materials are of primarily 

importance for LFR systems development: 

 

 Corrosion in HLM under irradiation (coated and uncoated material); 

 Irradiation embrittlement of selected materials; 

 Irradiation creep; 

 Swelling. 

 

The effects of irradiation on materials is a critical issues for LFR system development. The experimental 

infrastructure needed to address these issues are currently available irradiation machines and research 

reactors. 

 

Impeller pump materials 

The relatively high speed between structural material and HLM implies that the pump impellers are 

subjected to severe corrosion-erosion conditions that might not be sustained in the long term. Tests are 

planned on specimens of materials. The materials of the pump impeller have to satisfy a couple of 

demanding requirements which deserve specific experimental installation: 

 

 capability to withstand to an exposure to high temperature lead (up to 480°C, and higher for 

long term perspective); 

 capability to withstand to corrosion/erosion effects due to high relative coolant velocity (10 

m/s, and up to 20m/s); 

 demonstration of reliability and performances of the pump for a long term application. 

 

A new infrastructure is under operation in ENEA: HELENA loop. It is aimed at investigating the issue 

above, testing the prototypical pump impeller (i.e. geometry and material).  

 

Coolant chemistry control 

Chemistry control of the coolant and cover gas is a critical issue of operating HLM systems. It is essential to 

control the concentrations of impurities, because of the potential for activation and also because of the 

possible effect on corrosion, mass transfer and scale formation at heat transfer surfaces. Therefore, coolant 
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chemistry control includes oxygen, but also pollution source term studies, mass transport and filtering and 

capturing techniques. The following specific issues are considered: 

 

 Coolant control and purification during operation (i.e. oxygen control, oxygen sensor 

reliability, coolant filtering, HLM purification, HLM cleaning from components); 

 Cover gas control (i.e. radiotoxicity assessment of different elements, migration flow path 

into cover gas, removal and gettering). 

 

Currently test related to oxygen control issues can be performed by the RACHELE laboratory (ENEA). 

Facility aiming to study metal evaporation is missing in ENEA. Other facilities are under design or planned 

to cover topics, such as the HLM purification. In this connection, it should be noted that specific issues, such 

as testing of filtering systems or corrosion products source term and transport, can be addressed in facility 

already available constructed for other purposes (i.e HELENA, NACIE, CIRCE).  

 

3.2.3 LFR studies of Core integrity, moving mechanisms, instrumentation, maintenance, in service 

inspection and repair 

Fuel manipulator 

The fuel manipulator (or handling) system is used for the purpose of controlling the reactor power 

distribution (by off-line shuffling). The system is also in charge of storing and handling the fuel assemblies 

during its overall lifetime (i.e. from the arrival up to the storage of spent fuel). In current LFR design, 

refuelling and shuffling are performed remotely. The design and the operation of such machine, has to be 

tested before the installation in the reactor, for demonstrating its capability to fulfil his functions in reliable 

and safe way. This requires the assessment in an experimental facility of the prototype machine as well of its 

component for qualification purposes. On this regard, the following sample experimental activities are 

considered: 

 

 cold testing of components (in air); 

 testing of submerged components; 

 reliability of fuel handler components; 

 integral test, including fuel recovery strategy and in core rescue strategy. 

 

In this frame CIRCE facility might be in principle suitable for addressing the issues, thanks it high flexibility. 

Nevertheless, considering the time schedule for testing the current designs, an new experimental 

infrastructure is compulsory for LFR development. 

 

Fuel assembly structure and support 

The fuel channel assemblies support and locate the fuel within the reactor core, facilitate the cooling of the 

fuel and provide shielding from radiation streaming from the core. Therefore, different issues need to be 

experimentally tested to verify the suitability of the design features, including ensure the structural integrity 

of the fuel assembly. The following list can be considered:  

 

 mechanical and structural integrity of fuel assembly, in connection with 

 fuel loading procedure, 

 wide range of operating conditions; 

 flow induced vibrations; 

 spacer grids fuel pin interactions. 
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The topics of investigations above are considered as part of the studies discussed in the previous section and 

in section related with fuel assembly hydro-dynamics.  

 

Core arrangement integrity and safety systems (control rods) 

The bases for the core design need to be investigated in connection with the influence of the neutronics on 

regulating and shutdown systems, which are designed to meet requirements set for the normal and abnormal 

(accident) conditions. The areas of investigations related to neutronics and reactor kinetic are described later. 

On the contrary, the present section consider all topics related to the issues, which involve the core cool-

ability, integrity and the behavior of the safety systems (i.e. control rods). The following areas of 

investigations are considered: 

 

 loss of core cool-ability and integrity 

 identification of the initiating events, including connections with control rods 

mechanisms design (e.g. control rod withdrawal and ejection) and integral tests; 

 fuel coolant interaction, 

 fuel degradation mechanisms and its behavior (up to its release in the primary 

system), 

 dispersion and relocation of fuel in primary system, 

 impact of seismic loads and sloshing; 

 control rod(s) design and mechanisms 

 testing of control rods mechanisms operation and performance, 

 reliability of control rods mechanisms and components, 

 impact of seismic loads and sloshing: demonstration that the system is qualified to 

Design Basis Earthquake to permit shutoff rods to drop into the core. 

 

The experimental infrastructures suitable to investigate the topics is the multipurpose facility CIRCE. This 

facility does not cover all issues connected with the LFR design development.  

In particular, instrumented hot cells are mandatory to address fuel-coolant interaction, fuel degradation, fuel 

dispersion and fuel relocation. 

 

Therefore, the availability of new facility is considered necessary for supporting the LFR system 

development. These infrastructures shall be devoted primarily to the study of the sources of core damage 

events including the assessment of severe accident, the investigation of the fuel coolant interaction, the 

testing of the control rods operation, the consequences of the seismic loads on core structures and the fuel 

dispersion in primary system. 

3.2.4 Steam Generator functionality and safety experimental studies 

LEAD-water interaction  

LFR designs are pool type reactors, which have the steam generators (or the heat exchangers) inside the 

reactor vessel. This implies that the interaction between the secondary side coolant and the HLM may occur. 

Thus, the primary to secondary leak (e.g. steam generator tube rupture) shall be considered as a safety issue 

in the design, but also in the preliminary safety analysis, of these reactor types. Two are the topics of 

investigation in case of Steam Generator Tube Rupture (SGTR) postulated event: to understand the 

phenomena involved in the accident scenario, and to study how to prevent or mitigate the consequences of 

the event, reducing the primary system pressurization. In synthesis, areas of investigation are: 

 

 Phenomena /processes: 

 pressure wave propagation across the primary system, 

 sloshing, 
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 steam transport in primary system, 

 steam entrainment into the core, 

 LEAD-water interface phenomena; 

 Rupture/leakage detection systems; 

 Tube rupture mitigation countermeasure. 

 

The existing facilities addressing the topic is LIFUS 5. Recently, experiments related to LBE/LEAD-water 

interaction were executed in LIFUS 5 facility. The tests are performed for understanding the phenomena and 

for developing and validating the numerical models at small scale. The results of the experiments, due to 

scaling effects, cannot be directly extrapolated to reactor scale. Analogously, the models developed and 

implemented in the computer codes require implicit assumption that they have the capabilities to scale up the 

phenomenon from test facility to full scale plant conditions: this is not ensured a priori.  

 

A new European infrastructure having larger scale is necessary in view of the construction of LFR systems. 

The facility (i.e. ATHENA) will permit: a) reliable representation of safety parameters at reactor scale, b) to 

improve the knowledge of the phenomena / processes, in geometrical and operating conditions more 

representative of the real reactor, and, c) to address the scaling issue in connection with code applications for 

design and safety analysis purposes. 

 

Steam generator  

The steam generator has to be installed directly in the HLM pool. This solution implies the simplification of 

the design: nor loops in primary system, neither intermediate loops (such as in sodium fast reactor designs). 

For these reasons, the SG is of overall importance and deserves accurate studies and evaluations to be 

qualified. The main qualification studies regard: 

 

 design validation; 

 unit isolation on demand; 

 pressure drop characteristics; 

 component behaviour in  

 normal operation (e.g. forced, mixed and natural convection); 

 operational transients and accident conditions. 

 

The existing CIRCE facility (ENEA) is suitable for the tests, provided that enough safety is granted towards 

tube rupture, such as in case of double tube heat exchange. The DHR, with a double tube exchanger, has 

already been tested at 800 kW power. 

 

Adequate testing and qualification in lead (LFR) requires a new infrastructure, because CIRCE is operated 

with LBE and cannot deal with the tests involving the tube rupture risks of steam generator (at secondary 

side pressures typical of LFR design). For economic reasons, the issue connected with the steam generator 

qualification and the investigations on steam generator tube rupture might be carried out in a single complex 

facility, having a large scale (i.e. large volume like ATHENA).  

 

Auxiliary nuclear systems 

Apart from the steam generator, in a reactor there are several auxiliary systems which need to be qualified 

for nuclear applications. The following systems are mentioned: 

 

 Decay heat removal system (DHR); 

 Dip-coolers and isolation condenser; 

 Reactor vessel auxiliary cooling system (RVACS); 



 

Title: Development of BE numerical tools for 

LFR design and safety analysis – Part 1 

Project: ADP ENEA-MSE PAR 2016 

Distribution 

PUBLIC  

Issue Date 

12.12.2017 
Pag. 

RICERCA SISTEMA 

ELETTRICO 

Ref. 

ADPFISS-LP2-144 
Rev. 0 31 di 300 

 

   

  
 

 

 Fuel assembly transport system; 

 Spent fuel element transport and cooling system. 

 

The only facility identified to test and qualify the systems above is CIRCE (ENEA), but its application is 

undergone the availability of suitable test sections and instrumentation. Anyway it is mandatory to outline 

that due to the planned experiments, CIRCE will be not available to be used for investigating the auxiliary 

systems of LFR design. A new large scale multipurpose facility it seems mandatory. 

3.2.5 Thermal hydraulics 

HLM pool thermal-hydraulics 

Since several years, the research on heavy liquid metals thermal-hydraulics has been conducted in Italy and 

in Europe. Nevertheless, open issues are still pending for HLM system development. 

 

The objectives of the activities in relation to pool thermal-hydraulics is twofold: 1) gathering experimental 

data in geometry and with boundary conditions which may improve the knowledge of phenomena/processes 

at component and system levels; 2) generating databases for supporting the development and demonstrating 

the capability of computer codes to predict phenomena/processes relevant for the design and safety. The 

following not exhaustive list of topics is identified as relevant at component and system levels: 

 

 flow patterns in forced convection, including  

 mixing, 

 stratification (inducing thermal stresses), 

 stagnant zones, 

 surface level oscillations; 

 transition to buoyancy driven flow; 

 natural convection flow  

 pressure drop 

 surface level oscillations 

 fluid structure interaction, 

 thermal fatigue issue; and 

 sloshing due to seismic event tests. 

 

In Italy the only facility suitable to address the topics of investigations above, assuming that a suitable 

instrumentation is installed, is CIRCE (ENEA). Anyway the refurbishment and upgrade of the CIRCE 

facilities is not sufficient and a new facility has to be envisaged for pool thermal hydraulics. Regarding the 

seismic testing, existing earthquake vibrating platforms (e.g. in ENEA) are suitable to investigate the fluid 

motion in scaled down vessel filled with heavy liquid metal. A dedicated infrastructure addressing the issue 

might be required. In conclusion, the need of investigating issues connected with the pool thermal-hydraulics 

is considered a necessary prerequisite for developing LFR/ADS systems.  

 

Fuel Assembly thermal-hydraulics 

Thermal-hydraulic of nuclear fuel assemblies has the objective to develop such geometry of the assembly 

with spacers, which will provide optimal conditions for heat transfer between fuel rods and coolant. 

Moreover, the fuel assembly should demonstrate the capability to withstand to irradiation, high temperatures, 

mechanical loads and corrosion environment with minimal changes in stiffness characteristics and geometry. 

The areas of investigations include the fuel assembly thermal-hydraulics and hydrodynamics for a wide 

range of operating conditions. The objectives of the activities in relation to fuel assembly thermal-hydraulics 

and hydrodynamics is: 1) gathering experimental data for geometries and boundary conditions consistent 

with the design prototype; 2) generating databases for computer code development and validation. 
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For design purposes, it is important to test the fuel assembly on the basis of thermal-hydraulics parameters 

(i.e. pressure losses, flow distribution, velocity field, clad wall temperature distribution, etc.) and the 

geometrical features, such as: rod bundle lattice, sub-channel geometry, spacer grids. 

 

The following not exhaustive list of topics should be experimentally investigated for supporting LFR 

systems development: 

 

 heat transfer in forced and natural convection (including transition); 

 sub-channel flow distribution; 

 cladding temperature distribution and hot spot; 

 pressure drop; 

 fluid structure interaction; 

 flow induced vibrations; 

 grid-to-rod fretting; 

 fuel assembly bow 

 

The topics of investigations involve also the study of the sources and the consequences of core damage. No 

facility is available for investigating this issue. Moreover, some of the topics above are connected and 

already mentioned in section related to “Fuel assembly structure and support”. 

 

In ENEA three facilities are currently operated (i.e. CIRCE, NACIE and HELENA). These experimental 

infrastructures are suitable for investigating the issues above reported. On the basis of the fuel assembly 

design, specific test sections can be developed and installed in these facilities.  

 

Integral tests 

Integral tests data are, in principle, applicable to full scale nuclear plant conditions. Nevertheless, the data 

can be extrapolated to full scale, if the test facilities and the initial and boundary conditions of experiments 

are properly scaled, i.e. the scaling will not affect the evolution of physical processes important for the 

postulated accident scenario. This evaluation determines whether the data may be used in nuclear plant 

safety analyses. 

 

On the other side, integral tests are fundamental for supporting the development and demonstrating the 

reliability of computer codes in simulating the behavior of a NPP, during a postulated accident scenario: in 

general, this is a regulatory requirement. Applications of computer codes to accident analyses require the 

implicit assumptions that these codes have the capabilities to scale up phenomena and processes from test 

facilities to full scale plant conditions. However, the different scale, in terms of geometry, characterizing any 

facility and a nuclear plant does not ensure a priori that a code, which is able to reproduce a generic transient 

in a scaled facility, is also able to calculate with the same accuracy the same transient in NPP.  

 

These considerations implies that integral tests are unavoidable and complex activities, which involve the 

following objective and areas of investigations: 

 

 phenomena and processes of interest at system level and connected with design, safety and 

operation issues; 

 simulations and analyses of a broad spectrum of accident scenarios; 

 accident management procedures; 

 component testing; 

 scaling issue; 
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 generating databases for supporting licensing process; 

 codes assessment and validation. 

 

At present, only CIRCE facility is available and suitable to perform, with some extent, integral tests. Another 

experimental facility under design (i.e. ATHENA), for investigating the steam generator issues, has features 

suitable to perform successfully integral tests, if the necessary investments will be performed. The 

availability of these experimental facilities above has been evaluated satisfactory to address the issues 

connected with the integral testing.  

3.2.6 HLM pump and corrosion/erosion studies 

Main pumps 

The main pump is a critical component for the LFR/ADS development. The reasons are connected with the 

characteristics of the coolant, which flows in the system, and with the relevance of the component in relation 

with the reactor safety. Indeed, the main coolant pumps in nuclear technology are nuclear grade components. 

It refers to a process of rigorous manufacturing quality assurance for those components that are especially 

critical to reactor safety. Notwithstanding this, postulated initiating events in safety analysis and licensing 

refers to malfunction of main coolant pumps (e.g. single or multiple main coolant pump failure, locked rotor 

and shaft seizure). 

 

It implies that experimental investigations are needed on materials, characterizations of the mechanical parts 

(i.e. impeller, bearings and housing), performances tests and reliability of the component. The R&D 

activities related to the pump impeller material have been already outlined. Other activities are connected 

with  

 

 bearing characterization tests; 

 integral pump tests addressing 

 pump performances, and  

 long term reliability. 

 

Among the available facilities, only CIRCE appears adequate to perform tests related to the topics above, 

following a specific adaptation and upgrade. Another facility is under design, i.e. ATHENA, similar to 

CIRCE but with a volume about ten times bigger.  

3.2.7 Instrumentations 

Concerning instrumentations, HLM reactor, have higher requirements, due to the higher thermal loads, 

higher temperatures, high fast neutron flux, corrosion effects and the opacity of liquid metals. The main 

problems that reduce the choice significantly, however, are the harsh environmental conditions of reactors. 

Even higher than operational temperatures must be detected and recorded reliably in case of anomalies up to 

accident conditions. 

 

A common need for HLM nuclear reactor designs is therefore the understanding and development of 

materials and structures capable of functioning reliably for a long time in an environment described above. 

Moreover the position of instruments in a system have influence on their performance. 

 

Hereafter is reported a qualitative overview of available instrumentations for LFR/ADS (see Tab. 5). A green 

“OK” means “fit for purpose” and a red “OK” states that the technology is available, but R&D activities are 

necessary for adaptation and/or improvement to meet the specific needs. A red question mark “?” is an 

indication, that a lack of proven technology exists or that other limitation hinders application to reactor 
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application, or which has not yet been addressed. Three dashes “---“ indicate that no information are 

available in literature. 

 

As can be noted for most of the issued to be measured technical solutions exists for out-of-pile conditions or 

are presently in the status of improvement and qualification. For in-pile situations, the improvement and 

qualification has to be initiated and promoted, especially with respect to aging and size.  

 

Another issue is the very wide operational range required for in-core instrumentation for neutron sensors as 

well as for safety related instrumentation for the reactor protection system (RPS). Safety related 

instrumentation is focused on core monitoring and detecting early deviation from normal operation and/or 

local abnormal states, e.g. pin failure, local coolant voiding, sub assembly blockages, unintended control rod 

movements. These needs are on top of normal operational.  

 

For the understanding of the actual instrumentations available, and thus to plan R&D activities on this issue, 

the following items would be considered: Diversity, Uncertainty, Applicability, Robustness, Response Time 

and Required Space (in-core). 

 

For Diversity the possibilities are two: no diverse system available, and the sensing device is unique, or 

diverse system(s) available. The ongoing research on nuclear safety has shown that the safety gain by 

redundancy alone may be insufficient because of a possible common cause failure. Diversification is needed. 

Uncertainty includes the sensor error, errors during data processing and erroneous measurement due to 

integration. The available instrumentations can be classified as: 

– Low uncertainty (< 2 % normal operation and <5% accidental situations) 

– High uncertainty (only acceptable if no other system is usable) 

Instrumentations with high uncertainty would be avoided as much as possible. 

 

Applicability gives information whether this device can be applied to in-core situations with high neutron 

and Gamma fluxes. So far, four different fields of operation have been identified for critical nuclear systems: 

 

1. normal operation,  

2. accidental situations,  

3. normal inspection and maintenance (fuel handling), 

4. exceptional inspection and repair. 

 

The used instrumentations for in-core application would be qualified for any fields of operations. 

 

Robustness is the capability of the instrumentation to survive operation limit exceeding and/or to survive 

mechanical, thermal or electrical loads on the device. This is important for in-core instrumentation, since the 

ISI&R capabilities of HLM reactors are limited. Robust instrumentation is a key issue for safety 

requirements.  

 

Response time is the time delay between the physical signal at the sensor position and the response of the 

I/C system in the control room. There are different reasons for delay times such as, high thermal inertia, 

travelling time due to large distances to the sensor (sampling lines), sampling time to improve statistics, and 

computational time (tomographic sensors). The response time can vary between tenths to tens of seconds.  

 



 

Title: Development of BE numerical tools for 

LFR design and safety analysis – Part 1 

Project: ADP ENEA-MSE PAR 2016 

Distribution 

PUBLIC  

Issue Date 

12.12.2017 
Pag. 

RICERCA SISTEMA 

ELETTRICO 

Ref. 

ADPFISS-LP2-144 
Rev. 0 35 di 300 

 

   

  
 

 

Required space is easy to explain: two thermocouples (TC) as flow sensor require less space than an 

electromagnetic, a vortex or an orifice flow meter. The required space includes mounting, housing, supply, 

extra space for inlet conditions, cables, etc. This example shows that it is difficult to quantify the required 

space generally.  

 

Another issue to be considered is the interference/integration with the system in term of fluid dynamic, 

electrical signal (LM), neutronic, and mechanical arrangement. 

 

To gain a full qualification for the in-core innovative instrumentations, which were not applied to any 

nuclear system, need basic qualification in prototypic reactors. 

 

This is a critical step in the definition of a roadmap: in-vessel instrumentation and moreover core 

instrumentation, has to be qualified in two steps: 

 

1. under well defined conditions covering the whole operational spectrum to get the accuracy and 

2. together with different (diverse) instrumentation in a prototypic environment(e.g. temperature 

sensors at S/A exit, flow sensors at S/A entrance.) 

3.2.8 Fuel and Irradiation Testing 

 
Concerning LFR development has been already outlined that structural materials qualification under 

irradiation and the qualification of advanced fuel are an open issues. For the assessment of such issues, 

material testing reactors, transient testing reactors and hot labs are needed. In the follow are outlined the 

R&D needs for LFR development. The fuel is standard FBR MOX fuel cladded by 15-15 Ti Steel with 

coating, (T91 as alternative)  

 

Irradiation effects on cladding material 

It is necessary to complement the database on irradiation performance of candidate materials: 

 

 Coolant clad interaction  

o Corrosion in Lead under irradiation 

o behaviour of degraded cladding 

o Irradiation embrittlement of selected materials (e.g. T91, 15-15 Ti, AISI316L) 

 Irradiation creep (mechanical load, fission gas) (in principle covered by the use of proven 

technology excepts for the coating) 

 Irradiation swelling (in principle covered by the use of proven technology excepts for the 

coating) 

 Coating coolant interaction 

 Coating integrity 

 

A facility able to perform these tests is in Dimitrovgrad (Russia): BOR 60 reactor. 

 

Recently, irradiation with heavy ions have been widely used for preliminary/screening tests. Relevant 

neutronic irradiation are however still needed for the licensing assessment. 

 

Fuel R&D and qualification is considered to be fulfilled by existing sodium databases (since standard MOX 

has been adopted) with some adjustments due to the use of lead and of a different pin design geometry.  

 

These steps have been identified: 
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Screening: 

 Coolant-clad interaction (to be investigated) 

 Coating integrity (to be investigated) 

 Clad Irradiation tests (to be experienced) 

 Clad-fuel interaction (already proved for 15-15 Ti up to 100dpa, not relevant for ferritic/martensitic 

steels such as T91) 

 Fuel coolant interaction (to be investigated) 

 Fabrication: France, Japan, Russia,…? 

Pre-qualification: to be done in laboratory scale  

Qualification approach: to be performed by a prototype in representative conditions 

Demonstration: to be done in Demo (innovative coolant & cladding) 

 

Feedback from sodium reactors & FBR R&D (Phénix, SNR, Monju, Superphénix):  

• Database on normal MOX fuel pin behaviour 

 Fission product release, fuel restructuring, and swelling  

 Clad swelling, irradiation embrittlement, corrosion (only fuel side), clad-FP interaction, clad 

fatigue, elongation (creep) 

 Fuel & clad evolution 

• Failure margin assessment  

 Limit to clad deterioration and failure in case of local hot spots, affordable fuel swelling, clad 

swelling, transient rate, start-up rates after scram, EOL embrittlement, … (to be adapted to the 

new geometry) 

• Establish envelope conditions for fuel  

 Normal operation conditions,  

 Anticipated operational occurrences  

 Postulated accidents in a regulatory context 

 

Additional R&D required  

• Clad-coolant interaction 

• Clad-coolant-fuel interaction  

• Corium-coolant interaction 

 Fuel dispersion and relocation in coolant 

 Chemical stability of corium 

• Failed fuel pin behaviour  

 insufficient previous experience 

 database on subassembly behaviour in case of small and large coolant flow blockage;  

• maximum acceptable damage in the subassembly 

 

For “advanced” fuels (MA mixed MOX fuel, nitride fuel, carbide fuel) all aspects related to fuel need to be 

redone 

 

A survey of the existing reactors within the EU for material and fuel performance testing, including their 

main experimental devices, is in the following: 

 

 OSIRIS (CEA-Saclay, France) 

 HFR (Petten, The Netherlands) 

 BR2 (SCK•CEN, Mol, Belgium) 

 LVR-15 (CV Rez, Czech Republic) 
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 TRIGA-SSR (INR, Pitesti, Romania) 

 BRR (KFKI AEKI, Budapest, Hungary) 

 

For safety studies, two facilities are available: the TRIGA-ACPR (INR, Pitesti, Romania) and CABRI 

(IRSN-CEA, France). Other facilities are available worldwide (e.g. BOR-60 in Russia and CEFR in China), 

and other facilities have been planned in EU like JHR, ASTRID, MYRRHA. It should be noted that 

alternative facilities outside EU can be considered to help solving most of the R&D needs: e.g. HFIR, ATR 

(USA); JOYO, MONJU (Japan); BOR60, BN600 (Russia); FBTR (India); CEFR (China). By the way, 

BOR60 is actually being used for material testing campaigns in the framework of the LFR/MYRRHA 

research (at a cost of about 0.5 M€ per one year campaign). However, their degree of suitability and their 

availability has to be checked on case to case basis. BOR60, for example, has a quite compact core, resulting 

in limited irradiation capabilities in terms of volume. Currently Japan has no fast neutron irradiation 

capabilities available, and access to Chinese installations is not straightforward. Moreover, the issues of 

transport authorization (mainly for irradiated material, but even for non-irradiated fuel samples) and 

insurance need to be clarified. 

 

Concerning the study of the mechanical behaviour under irradiation of structural materials for components, 

circuits and cladding, the tests should be performed at elevated temperatures. For most tests the integrated 

fluence (or the dpa level) is the main parameter, so the exact value of the fast flux is not crucial, but it should 

anyway be at least of the order of 10
14

 n/cm²s to reach the required fluence on a reasonable time scale. For 

some research aspects (corrosion, cladding-coolant interactions,..) irradiation in relevant coolant conditions 

is a must. 

3.2.9 Hot laboratories capabilities and needs 

Whereas our understanding of the behaviour of GenII/GenIII reactor fuels has reached a reasonable (yet not 

complete) level and such fuels have been qualified for GenII and GenIII operation limits, fuel operating 

conditions in the GenIV fast reactor systems will include much higher temperatures and fast-neutron flux. 

Most importantly, the objectives of improved safety combined with high burn-up targets up to 20% must rely 

on the development of new fuel types and high performance materials. In order to establish fuel and cladding 

operational and safety related properties and to improve the basic understanding of fuel behaviour under such 

conditions, a multidisciplinary scientific and technological programme has to be developed. This is 

especially true for the fuels for advanced recycling schemes in fast reactor systems (in heterogeneous or 

homogeneous minor actinides (MA) recycling strategies). Major fabrication and characterization R&D 

efforts are required to develop reliable, safe and viable fabrication routes and to assess the thermo-chemical, 

thermo-physical and thermo-mechanical properties of the new materials. Such information will help to 

validate models for fuel performance prediction under the conditions expected for Gen IV fast reactors. 

These issues will require the upgrade and/or construction of suitable hot laboratories for both sample 

fabrication and PIE testing of advanced nuclear fuels. 

 

Within this context, this task focuses on the analysis of future developments in facilities for experimental 

fuel sample fabrication and characterisation as well as post irradiation experiments (PIE). For LFR 

development is needed: 

 

• development/characterization of mixed U-Pu fuels with novel designs as driver fuel for 

prototypes 

• safety of Minor Actinides (MA) oxide bearing fuels and associated recycling processes 

(treatment, refabrication) for MA recycling modes (heterogeneous and homogeneous), 

• preparation/characterization of dense fuels (carbide, and possibly also nitride or metal) and 

associated recycling processes (treatment, partitioning, refabrication) to be qualified in a 
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second phase of operation of the LFR prototype as alternative fuels for this type of reactor 

featuring enhanced safety  

 

In the short-term, an essential goal is to confirm that ready-to-use technical solutions exist (with uranium-

plutonium MOX without minor actinides as the main candidate), so that fuel can be provided in timing with 

the ALFRED operation. Existing experience in MOX fabrication indicates that fuel with 15-35 wt% 

enrichment in reactor grade plutonium in pellets of 90-97% of theoretical density can be produced. Such fuel 

was indeed fabricated, qualified and used in a number liquid metal fast reactors and experimental fast 

reactors cooled by sodium.  

 

In the mid-term, the possibility of using advanced MA (Minor Actinide) bearing fuels as well as of achieving 

high fuel burn-ups have to be assessed. New fuels with 2.5-5 at% and later even 10-20 at% of MA in heavy 

metal will have to be developed; nitride fuels are considered as an option for this purpose. 

 

In the long term, the potential for industrial deployment of advanced MA-bearing fuels and the possibility of 

using fuels that can withstand high temperatures to exploit the advantage of the high boiling point of lead 

will have to be investigated.  

3.2.10 Neutronics 

In the following specific topics concerning neutronic issue related to LFR/ADS development, are reported. 

 

 Validation measurements for nuclear data improvement  

• Threshold processes : (n,n’) and (n, xn) reactions 

• MA cross-sections 

 

 Validation measurements for licensing & operation 

• Uncertainty reduction on cross-sections (Pb-MA-241Pu, 242Pu, in high energy range <1 

MeV) 

• Determination of flux gradients in fast spectrum 

• Reactivity effects (voiding of HLM coolant in MOX core, secondary scram system) 

 

The above areas and topics were identified for zero power reactor experiments. 

European zero power reactors are shown in Tab. 6. A simple relevance for SFR, LFR and GFR was included, 

based mainly on the spectrum and equipment. 

 

Additional reactors in the world, which could be considered for the SFR, LFR and GRF in case of future 

deficiencies. The list includes: 

 

1. BFS-2 (Russia) 

2. FBR-L (Russia) 

3. SPR-2 (USA) 

4. ZPR FAST (China) 

5. FCA (Japan) 

 

All above-mentioned reactors have fast spectrum with thermal power up to 5kW and fast flux up to 10
11

 

n/cm
2
s. The above areas and topics were identified mainly for zero power reactor experiments. Concerning 

data libraries and neutronic code validation, the task includes experiments producing benchmarking data for 

problematic materials: 
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– minor actinides cross sections validation and improving 

– non elastic neutron scattering thresholds 

– libraries for innovative materials (SiC, ZrC, Zr3Si2, …) 

 

At this aim the following facilities can be used: 

 

1. MASURCA (FRANCE) 

2. VENUS (BELGIUM) 

3. TAPIRO (ITALY) 

4. LR 0 (Czech) 

5. PROTEUS (SWITZERLAND) 

 

Concerning the operational and control issues 

 

– determination of flux peaks and gradients 

– absorber and reflector worth 

– degraded geometry studies 

 

the following facilities can be used: 

 

1. MASURCA (FRANCE) 

2. VENUS (BELGIUM) 

3. LR 0 (Czech) 

4. PROTEUS (SWITZERLAND) 

3.3 Auxiliary and ancillary systems design  

3.3.1 Decay heat removal system 

As DHR system, isolation condenser system is foreseen for ALFRED. The removal system uses the 8 SGs 

connected to the 8 isolation condensers. Each isolation condenser subsystem is composed of: 

 

1. An heat exchanger (Isolation Condenser, IC), constituted by a vertical tube bundle with an upper and 

lower header; 

2. A water pool, where the IC is immersed; the amount of water contained in the pool is sufficient to 

guarantee three incidental operation days; 

3. A condensate isolation valve (to meet the single failure criteria this function shall be performed at 

least by two parallel valves). 

 

As it has been said, each IC is connected to a steam generator where: the main steam line of a steam 

generator is connected to the upper header of the isolation condenser, and the lower header of the isolation 

condenser is connected to the main feed water line of a steam generator. This connection includes a 

condensate isolation valve which isolates the isolation condenser from the secondary system (isolation valve 

is full closed during normal operation). 

 

Isolation condenser solution is viable for all points of view, except for the diversification. A redundant, but 

diversified DHR is required to fully respect the safety rules. An experimental demonstration of system self-

regulation capability, to avoid lead freezing, is needed. A second DHR type will be developed and tested in 

near future. Two possible concept, completely diversified respect the Isolation Condenser are: 
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- Dip Coolers; 

- Reactor Vessel Air-Cooling System (RVACS). 

 

The two solutions are not fully analyzed and some drawbacks are known. 

For the dip cooler, natural convection into the pool, for ALFRED geometry, should be demonstrated and 

quantified; an additional water inventory into the pool is added and the containment function of the vessel 

should be guaranteed. For the RVACS, the pool dimension is a constrain for the heat transfer surface and, for 

this, experimental analysis for the validation of the concept is needed.  An option for the dip cooler could be 

the radiative-based passive system proposed in FP7-LEADER
[22]

. 

3.3.2 Fuel handling system for core assembly loading and unloading, irradiated fuel cooling during 

transfer and transport to the irradiated fuel pool 

This system is fundamental and not completely defined in this phase of the design. This system could be 

modify the design of the vessel head and the upper part of FA. The detailed design of Reactor vessel upper 

part will be taken into account the components suitable for sustaining main reactor vessel components (Inner 

vessel, Steam generators, Primary pumps, eventual DHR deep coolers, etc.). To allowing the operation of the 

fuel loading/unloading machine, actual solution is probably feasible but the ballast needed for each FA needs 

an accurate seismic analysis. An alternative solution could be  probably with rotating plugs. 

3.3.3 Other auxiliary systems 

Other system needs in a LFR plant are listed below: 

 

1. Irradiated fuel pool with coolant cleaning and cooling system 

2. Lead leakage protection systems: guard reactor vessel or stainless steel liner on the reactor vessel 

cavity, holding possible lead leakage, preventing in-vessel DHR heat exchangers uncover 

3. Instrumentation and control system 

4. Heating system to avoid lead freezing 

5. Insulation and cooling system beyond the stainless steel protection of the cavity (if this is the chosen 

solution), in order to prevent concrete damage 

6. Lead filling and draining system 

7. Lead purification system (regarding oxygen control and possible radioactive isotopes not gaseous 

and trapped in the covering gas) 

8. Monitoring and sampling systems in the reactor building 

9. Dedicated post severe accident management systems 

10. Storage, filling, purification, radioactive isotopes handling, cooling, recovery system for lead 

covering gas 

11. Seismic isolation system and other systems in support of civil works 

12. Conventional auxiliary systems including (the BOP is not taken into account in this list):  

a. HVAC in the reactor building, in the spent fuel building, in the control room, etc. 

b. Closed circuit water cooling system, with safety grade components for duty required by 

components relevant to safety (irradiated fuel coolant HX, Etc.) 

c. Essential Service water system, with safety grade components for duty required by 

components relevant to safety 

d. Electric generation (including Emergency diesel generators) and distribution systems, with 

appropriate safety level design 

e. Various monitoring systems, with appropriate safety level design 
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3.4 Instrumentation and control design  

The basic purpose of Nuclear Power Plants (NPPs), i.e., the generation of electrical power as cheaply as 

possible while ensuring the safety of the public and the operating staff, determines the requirements to be 

fulfilled in the development of control (and instrumentation) design. In particular, the objectives of control 

system are to i) assist the operator in controlling the plant consistently with specified economic, safety and 

pollution purposes; ii) monitor the plant and warn of divergences from normal; iii) provide independent 

safety and control actions (and shutdown actions if required); iv) prevent further undesirable consequences 

of an accident for a significant time (at least 30 min) without operator intervention and then provide 

appropriate facilities for whatever action is necessary
[18]

. On one hand, the control design includes all the 

open loop and closed loop controllers which are not related to the "safety-grade" components and process 

control during operational transients. Control systems are designed to maintain the reactor within operational 

limits for effective power generation and these limits are kept sufficiently below plant safety limits to ensure 

safety during power demand variations or anticipated operational disturbances (Fig. 10). On the other hand, 

safety actuation systems are designed to shut the reactor down, keep it shutdown and ensure core and system 

cooling if plant parameters exceed plant safety limits. As a measure of defense in depth, safety limits are set 

below calculated allowable limits to ensure that any unanticipated delays in protection system response will 

not cause unacceptable consequences. The introduction of digital systems in place of analog systems in some 

areas of the protection systems has simplified surveillance testing and reduced the duration of plant 

shutdown for testing. 

 

In the specific context of Lead-cooled Fast Reactor, the need to investigate in the I&C field arises from two 

main reasons:  

 

- the new technological issues brought by the use of lead as coolant
[19]

 do not make possible the 

adoption of the classic approaches retrieved from Light Water and Sodium Fast Reactor concepts 

since the different features result in different constraints on control and controlled variables and on 

the instrumentations (e.g., the spatial dependence plays a relevant role in the dynamics evolution, 

both in neutronics and in thermal-hydraulics environment).  

- the need of improving the plant availability and the present energy production situation require 

constantly enhanced performance for Nuclear Power Plants (NPPs), along with a more and more 

ability to follow grid demands
[18]

.  

 

Modelling needs in Dynamics and Control area 
The definition of the control design for a nuclear reactor is a multi-phase and multidisciplinary process 

whose final result is the implementation of dedicated instrumentation and controllers (Fig. 11). 

 

As shown in the Fig. 11, before starting to build up the control system and to implement controllers and 

devices, it is fundamental to have an exhaustive knowledge of the system being governed, i.e., characterizing 

the dynamics of the system. For this reason, during the development of nuclear reactor control design, a 

relevant role is played by the plant simulator whose purpose is: (i) to obtain detailed information on the 

dynamic behaviour; and (ii) to help the I&C system implementation for both its realization, validation and 

testing. This holds particularly true in the case of the LFR reactor concept for which no notable operational 

experience is available. In this sense, simulation-based choices, both in the control and in the instrumentation 

field, may help. Only after this preliminary stage, having characterized the governing dynamics of the 

system, it is possible to develop the control system and in particular on the: 

 

 pairing selection, i.e., which are the variable to be control and select which are the control variables; 
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 control scheme implementation, i.e., the selection of the control scheme and the implementation of 

the controllers; 

 definition of the operational modes, i.e., the definition of the behavior of the control devices during 

the different phases of the reactor operation (i.e., full power, startup, shutdown, …); 

 master control scheme design, i.e. the design of the supervisory control system which coordinate 

the several operational modes. 

 

As for the dynamics and control, two main modelling need can be identified, namely the development of a 

power plant simulator and the improvement of the classic control-oriented modelling approach.  

The first modelling need identified is then a power plant simulator specifically devoted to the control 

system development which can be used to represent the entire behavior of the power plant, Balance of Plant 

included. Besides control purposes, the latter can be useful for diagnostics and fault detection during 

operational transients[20] and safety insights as well. Differently from a system code for safety study, such a 

simulation tool has to fulfill some requirements. In particular, fast-running simulations, a comprehensive 

representation of the entire plant behaviour, and the possibility to couple the plant dynamics simulator with 

the control system model are the main requests. These goals could be accomplished by using an Object-

oriented modelling in order to take advantage from the hierarchical structure, the abstraction and the 

encapsulation features. By adopting this approach, the developed model could achieve the requirements of 

modularity, openness and efficiency that are required for a power plant simulator oriented to the control. In 

addition, the modelling approach used for the description of the power plant simulator should feature the so-

called acausal modelling, i.e., the direct use of equations without imposing the classic input/output 

declaration, enabling a more flexible and efficient data flow. In this way, models would be much easier to 

write and reuse since the burden of determining the actual sequence of computations required for the 

simulation can be left to the compiler. The main features and differences between causal and acausal 

approach are listed in Tab. 4. 

 

The second modelling need is related to the modelling approach used to represent the system. A poor 

detailed modelling precludes the possibility to exploit all the potentialities of the advanced control schemes 

and techniques. In particular, these techniques should adopt a detailed modelling in order to provide the 

control system design with spatial information regarding neutron flux, temperature, pressure, and mass flow 

rate. The control system usually adopted in nuclear reactors is based on Proportional-Integral-Derivative 

controllers (PID) in decentralized control scheme, which ensure simplicity in the implementation and 

robustness towards malfunctioning of single control loops, favoring the Operation and Maintenance 

(O&M)
[21]

. The choice of simple Single Input Single Output (SISO) control laws has brought to the 

development of simulators that implement simple models (zero-dimensional) for the description of the main 

physics of a nuclear reactor (e.g., the point kinetics for the neutronics). The classic control-oriented approach 

based on 0D/1D modelling is appropriate whether the spatial effects are not relevant and only the estimation 

of integral quantities is required as for the SISO control laws. On the opposite side, the 3D modelling is 

usually devoted to design purposes having a high level of detail but extremely expensive from a 

computational point of view (Fig. 12). In the light of the previous considerations, the research efforts should 

be devoted to combine a high-detail modelling featuring spatial capabilities (e.g., 3D modelling) with the 

requirements demanded for a control-oriented tool, firstly the computational efficiency. The high accuracy 

guaranteed by the adoption of high-detail modelling can allow solving some control issues related to 

modelling aspects, in particular the spatial ones, which otherwise could not be managed by means of the 

classic control-oriented approach. The practical application could be the improvement of a control-oriented 

simulator of an LFR plant, i.e., substituting some components based on zero-dimensional approach with 

high-detailed models ensuring a high level of accuracy and a better physical description without increasing 

the computational burden. The use of advanced modelling in the control-oriented simulation tools may allow 

adopting innovative control strategies, whose feasibility in the nuclear field cannot be adequately studied by 
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means of a zero-dimensional model and providing, at the same time, some safety insights. For instance, with 

a spatial neutronics model, an optimal control of the Control Rods (CRs) movement that minimizes the 

perturbation on the neutron flux can be assessed, since the model allows for the flux distortion due to the CR 

insertion. Another possible application involves the instrumentation in the reactor pool (e.g., for the oxygen 

control). 

3.5 Probabilistic Safety Analysis 

Three general safety objectives would be guarantee in Generation IV nuclear energy systems: 

 

1. in all conditions, reactor operations will excel in safety and reliability; 

2. to have a very low possibility and degree of reactor core damage; 

3. to eliminate the need for offsite emergency response, also in case of severe accident. 

 

The basic points for the GEN IV safety, as the GEN III+ LWR, are: 

 

 defence in depth; 

 “risk-informed” approach, starting from the design phase. 

 

In addition to prototyping and demonstration, modelling and simulation for should play a fundamental role in 

principle during the design and in near future during the assessment. 

 

Probabilistic Safety Analysis (PSA) offers a consistent and integrated framework for safety related decision-

making. Furthermore, PSA is a conceptual tool for deriving numerical estimates of risk for nuclear plants 

and industrial installations in general and also for evaluating the uncertainties in these estimates. PSA differs 

from traditional deterministic safety analysis in that it provides a methodological approach to identifying 

accident sequences issued from a broad range of initiating events, and it includes the systematic and realistic 

determination of accident frequencies and consequences. 

 

In GEN III/III+ reactors, at the present time, a PSA is used: 

 

- during the design process of new nuclear plants, complementary to the deterministic approach; 

- for periodic safety reviews; 

- in the decision process of plant specific changes to the current licensing process. 

 

Specific objectives and corresponding uses of PSA for the objective of assessing plant safety to assist plant 

operation are: 

 

- evaluation of plant technical specifications and limiting conditions of operations; 

- prioritization of inspection/testing activities; 

- evaluation of operating experience; 

- accident management. 

 

Its role is to study the accident sequences with multiple failures and to verify target values given by the 

designer or by the safety authorities. The targets internationally recommended for LWR are a core melt 

frequency of 10
-5

/(reactor*year) including external events and a frequency of high release of fission product 

of 10
-6

/(reactor*year). 

3.5.1 PSA levels 

The Probabilistic safety analysis, also for fast reactors, is divided in three levels: 
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1) The assessment of plant failure leading to the determination of “core damage frequency” 

2) The assessment of containment response leading; together with level 1 results, to the 

determination of containment release frequency. 

3) The assessment of off-site consequences leading, together with the results of Level 2 analysis, to 

estimate the public risk. 

 

Level 1 deterministic analysis in support to PSA was carried out in past EU projects and this is a solid base 

for future steps, and level 3 is similar to LWR plants. Instead, for Level 2 PSA, no computer programs are 

available for a detailed analysis. R&D for a tool able to make deterministic safety analysis in lead and the 

validation of this is required. This would be a fundamental step needed in the LFR technology development 

roadmap. 

3.5.2 Complements for the PSA application in a safety analysis 

For the application of PSA into a licensing processing, a complete regulation and rules are needed. In 

particular, is needed to define: 

 

 Design Basis Category 

 Acceptance criteria 

 Safety category 

 

The starting point is from the EUR (Tab. 7). 

3.5.3 PSA application in preliminary safety analysis 

The safety analysis will be a fundamental point for the project development.  The analysis performed in past 

projects are a good starting point, but a detailed Probabilistic Safety Analysis (PSA) following the state-of-

the-art approach for advanced reactors will be carried out. 

 

The PSA complement deterministic safety studies because DSA: 

 

 do not have quantitative risk assessment of severe accidents; 

 do not analyze complex sequences of accidents; 

 do not necessarily process the interdependencies of support systems (instrumentation, power supply, 

etc). 

 

The PSA, like any model (thermo-hydraulic , neutronic and others) includes uncertainties especially in the 

degraded mode of operation (e.g. addressed through sensitivity analysis), and on the estimation of reliability 

ratios (addressed through distribution of random variable), which are incorporated in the calculations. This 

should allow modulating the decisions based on the results. 

 

One difficulty for safety is the inability to control statistically the predictions accidents with very low 

probability. This does not allow to completely validate the studies, the overall results such as "practically 

eliminated" (deterministic approach), or probabilities such as 10
-7

 per reactor year (PSA approach) are either 

not demonstrable in the mathematical way. 

3.5.4 ISAM methodology 

ISAM methodology [23] should be used for the full development of the new systems and components. In this 

approach, all design aspects are safety oriented. This approach is needed into the developing of new systems 

or components, and for the upgrading of safety features for the existent systems. Thanks to this additional 
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step, the iterations during the final safety analysis are reduced and the time spent in this phase is recovered in 

next steps of design. 

 

The ISAM tools, described also in [24], are the following: 

 

1. Qualitative Safety Features Review (QSR) 

2. Phenomena Identification and Ranking Table (PIRT) 

3. Objective Provision Tree (OPT) 

4. Deterministic and Phenomenological Analyses (DPA) 

5. Probabilistic Safety Analysis (PSA) 

3.5.5 PSA modelling needs 

PSA will be developed and enriched by successive stages throughout the development of future reactors, 

they bring: 

 

 Assistance in the design of safety systems: a comparison of technical solutions, impacts of 

redundancy, diversification, separation, etc. 

 The evaluation of the gain, with respect to safety, provided by the provisions in the event of a severe 

accident, 

 The participation in the demonstration that situations which may lead to early and large releases are 

"practically eliminated" 

 The comparison of the safety level versus reactors in operation or other reactors under development. 

 

The needs for a PSA applied to LFR are focalized in level 2 PSA modeling, where it is necessary to develop 

a tool for calculating the source term. For the phenomenology side, not equal in comparison to LWR reactor, 

new aspects will have to be taken into account, as steam ingress into the core, flow blockage, and others. 

3.6 Deterministic Safety Analysis  

Within the defense in depth concept, the DSA (or accident analysis)
[32]

 is a tool for assessing the adequacy 

and the efficiency of provisions for the safety of a nuclear installation. This tool is employed to demonstrate 

that fundamental safety functions of the nuclear installations
[33]

 (i.e. control of reactivity, removal of heat 

from the fuel, confinement of radioactive materials and control of operational discharges, as well as 

limitation of accidental releases) are achieved in operational states and accidental conditions
[34]

. Therefore, a 

list of initiating events is established to bound the possibilities for the loss and/or degradation of fundamental 

safety function. The identification of initiating events is challenging and requires the use of OPEX, 

engineering judgement, PSA studies and deterministic analysis of accidents. Accident analysis is applied to 

determine the course and the consequences of the event and to evaluate the capability of the plant and its 

personnel to control or to accommodate such conditions.  

 

The initiating events are typically grouped into categories, based on  

 

• Principal effect on potential degradation of fundamental safety functions
[35]

,  

• Principal cause of the initiating event,  

• Frequency and potential consequences of the event (i.e. Tab. 7),  

• Relation of the event to the original NPP design). 

 

Acceptance criteria
[36]

 are used to evaluate
[37]

 the acceptability of the results of the safety analyses. They are 

applied to licensing calculations, and to the results of severe accident analyses. For instance, Acceptance 
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Criteria for each Plant Condition are defined on the basis of NRC Standard Review Plan and of 10CFR50, 

Appendix A, General Design Criteria
[38]

. The acceptance criteria are anyway dependent by the jurisdiction 

where the nuclear installation is constructed. In general, the Acceptance Criteria depend by the frequency of 

the initiating event, the reactor design and the plant conditions. Higher probability of occurrence implies 

more stringent criteria. 

 

The verification of the acceptance criteria can be demonstrated with different approaches: from conservative 

to best estimate approaches. These approaches (Tab. 8) have been tailored by the national regulations thus 

different options and applications are possible. Present regulations
[39]

 permit the use of best estimate 

codes
[42]

, but requires conservative input assumptions, sensitivity studies or uncertainty studies
[43]

. 

Applications of BE codes is broadly accepted around the world: an extensive database exists for nearly all 

power reactor designs and best estimate plant calculations are well documented. In case of new designs, such 

as the LFR, it is important to consider the applicability of the code models, developed for LWR technology, 

and their associated uncertainties. 

 

DSA has different applications and the results are used at different project stages (from preliminary design to 

decommissioning) with different scopes
[32]

. They are: 

 

• Design analysis. Design analysis is used in the design of a new plant or in modifications to the 

design of an existing plant. It is done to assist in setting: 1) equipment sizing, including those safety 

related; 2) approximate determination of set point values (e.g. Ref. [40]); 3) assessment of dose to 

the public. 

• Licensing analysis. It is used in the design of a new plant, or in modification of the design of an 

existing plant (e.g. SG replacement, power up-rate, etc.), to provide evidence to the regulatory body 

that the design is safe. 

• Validation of emergency operating procedures and plant simulators. The development and 

validation of EOPs are carried out by using computer codes. They can be performed using best 

estimate code, models, data and assumptions. The development consists in analyses and sensitivities 

for assessing time margins and the optimization of procedures. Then, the validation confirm that the 

actions specified in the procedures could be followed in the appropriate time and manner by a 

trained operator and that the expected response of the system is achievable, resulting in the final safe 

state of the reactor system.  

• Analysis related to probabilistic safety analysis. DSA related to PSA is relevant 1) to give an 

accurate measure of the risks associated with different scenarios; 2) to assist in the development of 

EOPs; 3) to determine whether an event sequence is successful or not. 

• Support for accident management and emergency planning. Analysis of accidents for supporting 

accident management (e.g. Ref. [41]) describes the plant behaviour in conditions for BDBAs. 

Operator actions are normally accounted for in the assessment of BDBAs. The results from analyses 

of BDBAs are used to develop operator strategy, the main goals being to prevent severe core damage 

and to mitigate the consequences of an accident in the event of core damage. On the basis of such 

analyses, guidelines for accident management could also be developed. 

• Analysis of operational event. Accident analysis is frequently used as a tool for a full 

understanding of events occurring during the operation of NPPs, as part of the feedback of 

operational experience. 

• Regulatory audit analysis. Analyses used by regulatory bodies 1) for performing an independent 

verification of DBAs; 2) for supplementing the task of reviewing and assessing the design and 

operation of NPPs; 3) for checking the completeness and consistency of accident analyses submitted 

for licensing purposes. 
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DSA is performed using different types of computer codes, ranging from specialized reactor physics codes to 

coupled codes. BE computer codes have various levels of qualification: this depends by the availability of 

experimental data or NPP data, and the extent of independent assessment. Experimental data are fundamental 

for supporting the development and demonstrating the reliability of computer codes in simulating the 

behavior of an NPP during a postulated accident scenario: in general, this is a regulatory requirement
[44]

. 

However, the user always has the responsibility of the appropriate use of such codes. The following main 

categories of codes for BE analyses are identified 

 

(a) Core physics codes; 

(b) Component specific or phenomenon specific codes 

a. Fuel behaviour codes; 

b. Sub-channel codes; 

c. Porous media codes; 

d. Containment analysis codes, with features for the transport of radioactive materials; 

e. Atmospheric dispersion and dose codes; 

f. Structural analysis codes 

(c) System thermohydraulic codes 

(d) CFD  

(e) Coupled codes 

 

Validation and verification are essential steps in qualifying any computational method and are the primary 

means of assessing the accuracy of computational simulations. 
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Core Encompassed aspect 

N TH TM 

C
o

m
p

o
n
en

t 

Pin (fuel, absorber, shield, etc.)   × 

Cell (fuel, absorber, shield, etc.)  ×  

Sub-assembly (fuel, absorber, shield, etc.)  × × 

Restraint system   × 

Shield (thermal, radiological) × × × 

Core (integration) × × × 

Tab. 3 – Aspects encompassed in the design of core components(N: Neutronics; TH: Thermal-Hydraulics; 

TM: Thermo-Mechanics).. 

 

Causal approach Acausal approach 

System input and output variables have to be 

established at the beginning 

It is not necessary to establish a priori input and 

output variables 

Equations have to be rewritten for each specific 

application in state space representation 

Causality remains unspecified as long as 

equations are solved  

Low flexibility in changing the model 

configuration 

More realistic description of components and 

modularity 

Low reusability of previous work. Problem 

formulation in a series of operations must be 

performed by the user, according to the particular 

applicative context  

Possibility of easily reusing previously developed 

models. Models of components are defined 

independently of their potential connections 

Block diagram representation (physics-oriented) Plant representation (component-oriented) 

Integration algorithm for ordinary differential 

equations (lower computational cost) 

Integration algorithm for differential algebraic 

equations (higher computational cost) 

Low order modelling, easy to linearize (stability 

analyses) 
Potentially high number of equations involved 

Tab. 4 – Main features and differences between causal and acausal approach. 

 LFR 

Neutronics and Gamma OK 

Pin Failure Detection OK 

Thermal Hydraulic Data OK 

Fluid Chemistry Control OK 

Displacements / Vibrations OK 

Leak detection of primary/secondary system  OK 

In vessel structure topology ? 

ISI&R OK 

Remote Handling OK 

Tab. 5 – Summary of available instrumentations. 
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Facility Brief characteristics Availability GIF Relevance 

EOLE Thermal reactor for studying moderated lattices ? Low 

MINERVE Reactor with both thermal and fast lattices – 

measurements on various actinides and absorbers 

? Med 

MASURCA Fast reactor for fast lattice measurements – reactivity 

feedbacks, compact shielding and reflectors, 

2017 High 

VENUS Fast reactor optionally driven by accelerator for mock-

ups of SFR, LFR and ADS 

2011 High 

LR-0 Thermal VVER reactor with multi-zone configurations 

including fast spectrum zones 

Now Med 

VR-1 Thermal training reactor with two vessels (possibility to 

implement accelerator driven system) 

Now Low 

TAPIRO Fast reactor used for fast neutron dosimetry and 

shielding studies 

Now High 

PROTEUS Thermal reactor with multi-zone capability ? Med 

Tab. 6 – Summary of the European zero power reactors. 

 

Design Basis Category Definition 
Frequency of initiating event 

(per year) 

1 Normal Operation 
 

2 Incidents f > 10
-2

 

3 Accidents (low frequency) 10
-2

 > f > 10
-4

 

4 Accidents (very low frequency) 10
-4

 > f > 10
-6

 

Tab. 7 – EUR Design Basis Category. 

# Option Computer code Availability of systems 
Initial and boundary 

conditions 

1 Conservative Conservative Conservative assumptions  Conservative input data 

2 Combined Best Estimate Conservative assumptions Conservative input data 

3 Best Estimate Best Estimate Conservative assumptions 

Realistic plus uncertainty; 

partly most unfavourable 

conditions 

4 Risk informed  Best Estimate Derived from PSA 
Realistic plus uncertainty 
(a)

 
(a)

Realistic input data are used only if the uncertainties or their probabilistic distributions are known. 

For those parameters whose uncertainties are not quantifiable with a high level of confidence, 

conservative values should be used 

Tab. 8 – Options for Combination of a Computer Code and Input Data
[32]

. 
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Fig. 3 – Hypothetical relation between complexity and accuracy of a model. 

 

 

Fig. 4 – LFR core design process with the main physical interconnections highlighted. 
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Fig. 5 – List of candidate codes for the aimed core design/verification platform. 

 

 

Fig. 6 – Simplified coupling scheme for thermal-hydraulics feedback evaluation in design. 

 

 

Fig. 7 – Detailed coupling scheme for thermal-hydraulics feedback evaluation in design. 
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Fig. 8 – Detailed coupling scheme for thermal-hydraulics feedback evaluation in verification. 

 

 

Fig. 9 – Platform utilization in the case of core restraint design. 
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Fig. 10 – Configuration of the operational control system in terms of functions (please note the 

connection with protection and limitation systems 
[18]

 

 

 

Fig. 11 – Control strategy road map. 
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Fig. 12 – Different approaches in modelling, 0D/1D modelling (control-oriented) vs 3D modelling (design-

oriented). 

 

 

Fig. 13 – ISAM methodology representation [23] 

 

  

Detail
Simplicity

3D modelling0D/1D modelling

Control-oriented 

Modelling: 

Fast-running, ODE based,  

integral information 

Design-oriented 

Modelling: 

High-detailed, PDE 

based, spatial 

informationCourtesy of Argonne 

National Laboratory
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4 OVERVIEW OF THE MODELING ACTIVITIES IN 2016 (PART 2) 

Category Type Code  Section  

Core physics  

Continuous Cross Section 

Databases 

-- -- 

Problem-dependent 

Multigroup XSecs 

-- -- 

Fuel Assembly Transport 

Calculations & XSec 

Libraries Generation 

-- -- 

Burn-up Calculations -- -- 

3D NK  -- -- 

Spent Fuel Disposal – 

Criticality & Shielding 

-- -- 

Component specific or 

phenomenon specific 

Fuel behavior TRANSURANUS Section 1 

Sub-channel -- -- 

Porous media -- -- 

Containment analysis -- -- 

Atmospheric dispersion 

and dose codes 

-- -- 

Structural analysis -- -- 

Material molecular 

dynamics 

CALPHAD method Section 6 

 
Multi-fluid / Severe 

accident  

SIMMER-III Section 9 

System thermohydraulic -- 
RELAP5-3D Section 2 

Section 5 

CFD -- -- -- 

Coupled codes 

3D NK – SYS/TH   

neutronics, fluid dynamics, 

heat transfer, and thermal 

expansions 

COMSOL Multiphysics 

SERPENT 

Section 8 

3D NK – sub-assembly/TH FRENETIC Section 7 

SYS-TH - CFD 

FEM-LCORE/CATHARE 

RELAP5/Mod3.3–Fluent 

 

Section 2 

Section 4 

Tab. 9 – Development, validation and application of computational tools: summary of the activity 

performed in the framework of PAR-2016. 
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1.1 Background and references 

This activity is twofold: first, we present the derivation of two new correlations based on available literature 

data for helium diffusivity in oxide nuclear fuel; second, we present a model describing the evolution of the 

high burnup structure porosity observed in oxide nuclear fuel. Both these contributions are intended for 

implementation and use in the TRANSURANUS fuel performance code, in particular for its application to 

fast reactors.  

1.1.1 Helium diffusivity 

The knowledge of helium behavior in nuclear fuel is of fundamental importance for its safe operation and 

storage
[1.1], [1.2]

. This is true irrespectively of the particular fuel cycle strategy adopted. In fact, both open and 

closed fuel cycles tend towards operating nuclear fuel to higher burnups (i.e., keeping the fuel in the reactor 

for a longer time to extract more specific energy from it), thus implying higher accumulation of helium in the 

fuel rods themselves 
[1.3]

. Moreover, considering open fuel cycles foreseeing the disposal of spent fuel, the 

helium production rate in the spent nuclear fuel is positively correlated with the burnup at discharge, and the 

production of helium (by α-decay of minor actinides) progresses during storage of spent fuel
[1.4], [1.5]

. On the 

other hand, closed fuel cycles imply the use of fuels with higher concentrations of minor actinides (e.g., 

minor actinides bearing blankets, MABB), thus being characterized by higher helium production rates during 

operation 
[1.6]

. 

 

Helium is produced in nuclear fuel by ternary fissions, (n,α)-reactions and α-decay 
[1.7], [1.8], [1.9]

. After its 

production, it precipitates into intra- and inter-granular bubbles and can be absorbed/released from/to the 

nuclear fuel rod free volume
[1.10], [1.11]

. Helium thus contributes to the fuel swelling (and eventually to the 

stress in the cladding after mechanical contact is established), to the pressure in the fuel rod free volume, and 

to the gap conductance (giving feedback to the fuel temperature)
[1.12]

. 

 

Among the several properties governing the behavior of helium in nuclear fuel, its diffusivity and solubility 

govern the transport and absorption/release mechanisms
[1.13], [1.14], [1.15]

. Compared to xenon and krypton, 

helium presents both a higher solubility and a higher diffusivity in oxide nuclear fuel
[1.16], [1.17], [1.18]

. A 

considerable amount of experiments has been performed with the goal of determining the diffusivity and 

solubility of helium in nuclear fuel
[1.13]-[1.16], [1.19]-[1.28]

. In particular, several measurements have been made to 

determine the helium diffusivity as a function of temperature
[1.14]-[1.16], [1.20]-[1.28]

, whereas few experiments are 

available to characterize the Henry’s constant
[1.13]-[1.16], [1.19]-[1.21], [1.29]

.  

 

The experimental procedures available for measuring helium diffusivity differ mainly in the way in which 

the helium is introduced in the fuel samples. In particular, three introduction techniques are used:  

(i) infusion
[1.14], [1.16], [1.20], [1.21]

, in which the sample is kept in a pressurized helium atmosphere for a certain 

infusion time, (ii) ionic implantation
[1.22]-[1.24], [1.26]-[1.28]

, in which a beam of 
3
He

+
 hits and penetrates the 

sample, and (iii) doping
[1.15], [1.25]

, in which α-decaying elements are introduced in the sample, resulting in an 

internal source of helium. These introduction techniques originate in the samples different helium spatial 

distributions and induce different levels of damage to the crystal lattice of the sample
[1.15], [1.30].

 

 

In the light of the profound differences in experimental techniques and in microstructure of the samples, the 

correlations derived from rough data fitting must be critically analyzed. In fact, the spread of available 

diffusivities is extremely large. Nevertheless, the correlations for the helium diffusivity currently 

implemented in the TRANSURANUS code, as well as those available in the open literature, are derived 

from rough data fitting 
[1.14], [1.15], [1.24], [1.25], [1.28]

 or are intended to be upper/lower boundaries enveloping the 

data
[1.7], [1.25]

. 
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1.1.2 High burnup structure porosity 

In the peripheral region of light water reactor (LWR) UO2 fuel pellets and in fast reactor MOX fuel as well, 

when the local burnup exceeds 50-60 GWd/tHM, a microstructural transformation starts to take place, as a 

consequence of enhanced accumulation of radiation damage, fission products and inhibited thermal recovery 

(temperature < 1273 K)
[1.31]

. The newly formed structure is commonly named High Burnup Structure 

(HBS)
[1.32]

. One of the main characteristics of the HBS is the large increase in local porosity, which can 

exceed the pellet average porosity by a factor 2-3
[1.33]

. The newly formed micron-size inter-granular pores are 

surrounded by fine-grains (with average size 1∙10
-7

-3∙10
-7

 m), which give them a faceted appearance
[1.33], [1.34]

. 

These spherical pores trap most of the created fission gas depleted from the fuel matrix
[1.31]

. The HBS pores 

largely contribute to fuel swelling at high burnup and act as a thermal barrier, which contrasts the increase of 

lattice thermal conductivity following the reduction of point defect concentration inside the grains
[1.35], [1.36]

. 

The gaseous fuel swelling increases the stresses on the cladding
[1.37]

, whereas a degradation of the fuel 

thermal conductivity, due to the poor thermal conductivity of fission gas bubbles, could result in enhanced 

fission gas release
[1.38]

. The fission gas accumulation in the HBS region has therefore relevant implications to 

fuel performance
[1.39]

, and should be taken into account in fuel performance codes
[1.40]

. 

 

At present, the TRANSURANUS code contains a model for the depletion of fission products
[1.32]

 in the HBS, 

and a separate model that describes the porosity increase in the HBS linearly dependent on burnup
[1.40]

. Here, 

a first step is taken to describe the evolution of both phenomena in a more consistent manner. The modelling 

approach is based on a compromise between a physics-based treatment and a semi-empirical one to obtain a 

level of complexity suitable for future application to integral fuel performance codes. 

1.2 Body of the report concerning the ongoing activities  

Sect. 1.2.1 provides a complete overview of all the experimental results obtained for helium diffusivity in 

oxide nuclear fuel. The experimental results are classified according to the helium introduction technique 

used. At last, we derive empirical correlations and recommend the most suitable values of the helium 

diffusivity in the main cases of interest (e.g., in-pile, storage or annealing condition). The derivation of 

empirical correlations is complemented by an uncertainty analysis. 

 

Sect. 1.2.2 describes a model for the evolution of high burnup structure porosity. This model extends the 

model for the formation of the high burnup developed as part of the POLIMI activities for the PAR 2015. 

The model presented here is preliminary validated against experimental data. 

1.2.1 Helium diffusivity 

Early measurements of the helium diffusivity in oxide nuclear fuel have been performed since the 1960s. The 

growing interest in determining helium behavior in nuclear fuel to assess its performance in storage 

conditions translated in several new experiments performed in the last twenty years.  

 

Helium can be introduced into oxide nuclear fuel sample by infusion
[1.14], [1.17], [1.21]

, ion  

implantation
[1.22]-[1.24], [1.26]-[1.28]

 or by doping the matrix with short-lived α-emitters
[1.15], [1.25]

. Fig. 1.1 shows a 

sketch of the different experimental techniques herein considered. Depending on the helium introduction 

technique, the crystalline lattice suffers different levels of damage. Crystalline lattices with different damage 

levels show different helium behavior. Moreover, each technique used to introduce the helium in the sample 

has a corresponding specific technique to measure the amount of helium introduced. 

 

Belle
[1.16]

 first studied the diffusivity of helium in a UO2 powder. After his work, the helium diffusivity in 

oxide nuclear fuels was estimated by Rufeh
[1.17], [1.20]

 and Sung
[1.21]

 using UO2 samples (some in powder form 

and some single-crystals) with helium introduced through the infusion technique.  
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In a more recent study, Trocellier et al.
[1.22]

 measured the thermal diffusivity of 
3
He implanted in different 

nuclear materials. Subsequently, also Guilbert et al.
[1.23]

 and Roudil et al.
[1.24]

 performed similar experiments 

in similar temperature ranges (around 1173–1373 K), both using samples of polycrystalline UO2. Ronchi and 

Hiernaut
[1.25]

 focused their activity on the mixed oxide fuel (U0.9,
238

Pu0.1)O2, exploiting the plutonium content 

as a doping of the sample itself (
238

Pu is a convenient α-emitter). This is the first experimental work about 

helium diffusivity in mixed oxide fuel. Martin et al.
[1.26]

 measured helium concentrations in disks of 

polycrystalline UO2, using the implantation technique. Pipon et al.
[1.27]

 applied the implantation technique to 

determine the diffusivity of mixed oxide samples with stoichiometry (U0.75,
239

Pu0.25)O2. 

 

Furthermore, Nakajima et al.
[1.14]

 determined the helium diffusivity in single-crystal UO2 samples. They 

adopted the infusion technique and measured the helium infused concentration through a Knudsen–effusion 

mass-spectrometric method (KEMS). Garcia et al.
[1.28]

 measured the helium diffusivity in samples of 

polycrystalline UO2 implanted at a fluence of 10
20

 
3
He·m

-2
. They also estimated the diffusivity of helium at 

grain boundaries by comparing their results to those obtained from single crystals sample. Talip et al.
[1.15]

 

used 
238

Pu-doped UO2 samples. They measured the helium release rate as a function of the annealing 

temperature and used this information to derive the diffusivity of helium single atoms and of helium bubbles 

as well
[1.15]

. Moreover, this study leveraged on the TEM technique, employed to obtain images of the sample 

before and after the introduction of helium. TEM provides additional qualitative and quantitative 

information, which is very useful for the interpretation of the outcome of the experiment (e.g., the amount of 

helium that precipitates into bubbles, the size of these bubbles and their location)
 [1.15]

. 

 

A recent study by Talip et al.
[1.41]

 investigated the diffusivity of helium in non-stoichiometric UO2 fuel 

samples. This is of major interest because the fuel gradually transitions into a hyper-stoichiometric 

composition during storage
[1.5]

, and during operation if high burnups are achieved
[1.42]

. The results of this 

work indicated that the diffusivity of helium is higher in non-stoichiometric samples compared to the 

diffusivity in stoichiometric ones, for both single-crystals and polycrystalline microstructures
[1.43]

.  

 

Ending this brief overview, it is worth mentioning the important contribution to these studies arising from 

molecular dynamics (MD) calculations
[1.26], [1.44]

. In particular, Yakub et al.
[1.44]

 investigated both hypo- and 

hyper-stoichiometric UO2. They concluded that small deviations from stoichiometry significantly accelerate 

helium diffusion, in agreement with the experimental results for hyper-stoichiometric samples
[1.45]

. The 

strength of this effect appears to be more pronounced in the hypo-stoichiometric domain
[1.44], [1.46]

. 

 

Tab. 1.1 to Tab. 1.3and Fig. 1.1 to Fig. 1.3 collect all the diffusivity data discussed in this overview. 

 

Considering the two clusters observed in the relevant experimental data (see Fig. 1.4), we propose two 

distinct empirical correlations for the helium diffusivity: one based on the data for infused samples and 

another one based on the data for implanted and doped samples. This implies that one correlation is suited 

for applications with no (or very limited) lattice damage, whereas the other is more suited for applications 

with significant lattice damage. 

 

The proposed correlations for the diffusion coefficient D (m
2
 s

-1
) are in the form D = D0 exp[-Q/kT]. Tab. 1.4 

collects the derived fitting parameters and the uncertainties related to each fitting parameter and to the 

diffusivity prediction as well. We can notice that the parameters for the correlation for ion implantation and 

doping data is affected by high uncertainty, related to the wide spread of the experimental data. Every 

comparison between the two correlations, in terms of activation energy Q (eV) and pre-exponential factor 

D0 (m
2
 s

-1
), represents an indication of a tendency. In fact, the available data are not sufficient to statistically 

support conclusions. On the other hand, since we included all the available data in the fitting procedure, 

these correlations are the best available at this time. 
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By fitting separately the two clusters of data (i.e., data from samples with no or very limited lattice damage and 

with significant lattice damage, respectively), we obtain an improved fitting quality. In fact, if data clustering is 

disregarded, the fit of all the data has a coefficient of determination of the linear regression R
2
 = 0.43. 

 

The best estimate correlation for the cluster of data with no or very limited lattice damage is 

 

 

whereas for the cluster of data with significant lattice damage we get 

 

 

We calculated the uncertainty on the prediction of the diffusivity by propagating the uncertainty of each 

fitting parameter. The resulting uncertainty is of the order of a factor of ten (x10) for the correlation relative 

to no or very limited lattice damage (Eq. 1.1) and of a factor of one thousand (x1,000) for the correlation 

relative to significant lattice damage (Eq. 1.2). For comparison, the uncertainty of the fit made with all the 

data is a factor of ten thousands (x10,000). The proposed categorization therefore allows for a reduction of 

uncertainties of a factor of one thousand/ten, respectively. 

 

Fig. 1.4 collects the experimental results shown in Fig. 1.1-Fig. 1.3. The overall range of temperature 

covered by the available data is 968–2110 K. The range of the diffusivity itself is roughly five (5) orders of 

magnitude. 

 

The experimental diffusivities are categorized depending on the technique used to introduce the helium in the 

samples (i.e., infusion, ion implantation and doping, with the color code green, blue and red, respectively). 

With this categorization, two clusters of data become evident: the measurements performed via the infusion 

technique are in the lower region of the diffusivity range, whereas the measurements performed via the ion 

implantation and doping techniques lie in the upper region. 

 

We ascribe this major clustering of the data to the different level of lattice damage induced by the different 

experimental techniques used to introduce helium in the samples. In particular, ion implantation and doping 

introduce additional defects in the crystal lattice of the sample
[1.41]

, enhancing diffusion. This conclusion is in 

line with the studies showing enhanced diffusion in hypo- and hyper-stoichiometric samples
[1.41], [1.44]

, i.e., in 

samples characterized by somewhat damaged crystal lattices. Fig. 1.4 reports two distinct correlations fitting 

each cluster of data. 

1.2.2 High burnup structure porosity 

According to the model for the fission gas depletion presented in Ref. [1.47], the average grain size in the 

HBS reduces exponentially with the local effective burnup
1
. The increase in the concentration gradient 

within the fuel grains results in a depletion of fission gas from the grain interior. During the grain 

subdivision, it is assumed that pores are formed proportionally to the increase in the grain surface-to-volume 

ratio, namely: 

                                                      

 

 

1
 The local effective burnup is defined as the local burnup integrated below 1273 K

[1.61]
. 

                          
 

 

 

(1.1) 

                          
 

 

 

(1.2) 
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(
 

 
) (1.3) 

 

where    (m
-3

) is the pore number density,   (s) is the time,   (m
2
) is the grain surface,   (m

3
) is the grain 

volume, and   (m
-2

) is an empirical constant, chosen to fit the experimental data. 

 

In agreement with the experimental observations, the gas depleted from the fuel matrix precipitates in the 

pores via grain boundary diffusion. The diffusion towards the pores is based on a cell model without source 

term
[1.48]

. Each pore is assumed to be the center of a spherical Wigner-Seitz cell. Every pore is characterized 

by a spherical shape and radius   , whereas the unit cell has an equivalent radius    depending on the pore 

number density. 

 

The diffusion proceeds in the spherical cell according to the following: 
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 (1.4) 

 

where   (wt%) is the inter-granular gas concentration,     (m
2 

s
-1

) is the grain boundary diffusion 

coefficient,    and    (m) the pore and cell radius, respectively. 

 

The HBS is characterized by large values of porosity and pore density. At high density of trapping sites, 

competition between sinks should be taken into account. The effective rate constant   for gas precipitation in 

the HBS pores (e.g., see Ref. [1.48] for the complete set of equations considered in the cell model without 

source term) is written according to the work from Gösele
[1.49]

: 

 

         (         ) (1.5) 

 

where    ,    have the same meaning as before and P (/) is the porosity calculated as: 

 

    

 

 
   

  (1.6) 

 

The accumulation of fission gas in the pores causes pore pressurization. The pore overpressure is given by: 

 

     (
  

  
   ) (1.7) 

 

where   (J m
-2

) is the specific surface energy at the interface UO2 and pore surface, set equal to
[1.50]

 1 J m
-2

, 

and    (Pa) represents the external hydrostatic pressure. 

 

The pore pressure   (Pa) is calculated according to the Van der Waals gas law: 

 

 (      )         (1.8) 
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where    (/) is the number of gas atoms per pore,   (m
3
) is the is the xenon Van der Waals atomic volume 

equal to 8.50∙10
-29

 m
3
,    (J K

-1
) the Boltzmann's constant,   (K) the temperature, and    (m

3
) the pore 

volume, given by: 

 

        (1.9) 

 

where    (/) is the number of vacancies per pore and   (m
3
) is the vacancy volume in the pore, assumed 

equal to
[1.23]

 4.09∙10
-29

 m
3
. 

 

The model of Speight and Beere
[1.51]

 describes the growth (or shrinkage) of bubbles as proceeding by 

absorption (or emission) of vacancies in grain boundaries, induced by the bubble overpressure. The model of 

Speight and Beere was adapted to a spherical geometry to obtain the vacancy absorption/emission rate at a 

bubble: 

 
   

  
  

      

    
   (1.10) 

 

where    (m
2
 s

-1
) is the vacancy diffusion coefficient and F (/) is calculated as: 

 

   
   (    )

            
 (1.11) 

 

The inflow of vacancies causes a variation in the pore growth given by: 
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 (1.12) 

 

It was shown by Torquato et al.
[1.52]

 that for a system of random penetrable spheres (i.e., Poisson distributed), 

sphere contact can occur at volume fractions above 0.085. Since in the HBS porosity fractions can exceed 

such value, possible coalescence by geometric interference of the growing pores is considered in the 

model
[1.53]

. In the coalescence event, the volume of the interacting pores is conserved as assumed in 

Ref. [1.50]. Following the same argument as in Ref. [1.50], the pore growth and coalescence leads to a 

decrease in pore number density which in 3D is: 

 

   

  
  

   
 

       

   
  

 (1.13) 

 

The rate change of the pore volume accounts both for the growth contribution and a contribution due to the 

coalescence
[1.50]

: 
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The additional term owing to solely coalescence is: 
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 (1.15) 

 

No release from the HBS is considered in this model, according to experimental evidence that support that 

most of the gas is retained in the HBS. 

 

The model for the fission gas depletion presented in Ref. [1.47] and the model for the pore growth 

introduced above were coded as stand-alone computer program. All the relevant information about fuel 

fabrication data (e.g., initial porosity    and fabrication grain size   ), local fission density, temperature and 

hydrostatic stress are given as input. The model parameters used are listed in Tab. 1.5. 

 

For the grain boundary diffusion coefficient of the gas, the model by Turnbull
[1.54]

 was used, based on the 

values reported by Matzke
[1.55]

: 

 

           ( 
         

   
)            √ ̇   ( 

         

   
)        ̇  (1.16) 

 

For the vacancy diffusion coefficient, the expression is
[1.53], [1.56]

: 

 

               ( 
          

   
)        ̇  (1.17) 

 

In Fig. 1.5 to Fig. 1.7, the model predictions are compared to the experimental data from Refs. [1.57] and 

[1.58]. The pore growth model correctly predicts the pore density drop starting at approximately 100 

GWd/tHM (Fig. 1.5), but the pore density decrease is largely underestimate. The increase in the pore volume 

is underestimated (Fig. 1.6). As a consequence of the first two, the porosity is largely overestimated        

(Fig. 1.7). In particular, the model fails in reproducing the change in slope in the porosity increase rate 

experimentally seen
[1.57], [1.58]

 from  110 GWd/tHM, resulting in a large over-estimation of the porosity. This 

is likely due to an underestimation of the diffusion coefficient in the HBS, thus leading to an underestimation 

of the rate of precipitation of gas and vacancies. On the other side, it has to be mentioned that the model does 

not account for the pore size distribution, rather the pores are assumed to be monodispersed with 

characteristic size   . This assumption might not be suitable for burnups above 150 GWd/tHM, at which the 

pore size distribution is very poly-disperse, and might influence the coalescence rate. Further development in 

the coalescence model seems necessary. 

1.3 Role of the activity, general goals and future development 

The activity represents an ideal continuation of previous efforts carried out in modeling the impact of inert 

gas behavior on the thermo-mechanical performance of oxide nuclear fuels and for the advancement of 

available numerical tools for the simulation of oxide fuel in LFR conditions
[1.59], [1.60]

. In this picture, helium 

diffusivity plays a fundamental role in determining oxide fuel swelling and fuel rod pressurization, thus 

affecting its thermo-mechanical behavior under both normal operation and transient conditions. Moreover, 

since high burnups are attractive from an economical perspective, modeling the formation of the high burnup 

structure and its peculiar thermo-mechanical behavior is of the utter relevance to the safe operation of oxide-

fueled rods in LFR systems. 

 

The exposed advancements in the modeling of helium diffusivity and HBS behavior represent two 

mandatory steps in the enhancements of the available numerical tools, and contribute to overcome the 
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substantial limitations in the state-of-the-art fuel performance codes for the analysis of the inert gas behavior 

in oxide nuclear fuel in fast reactor conditions. 

 

Near-term efforts will be devoted to further improvements of the description of helium behavior. In 

particular, an analysis of intra-granular helium solubility in the mixed U-Pu oxide matrix is envisaged, aimed 

at deriving new and accurate correlations for the Henry’s constant of helium. The latter aspect will complete 

the here begun characterization of intra-granular helium behavior, and paves the way to the development of a 

complete, physically-based model for intra-granular helium behavior. This calls for a dedicated numerical 

tool to be included in the available fuel performance codes. In fact, in contiguity to the work done in the past 

years
[1.60]

, the development of a new numerical method to efficiently solve the mathematical problem 

represented by helium intra-granular model is of interest. 
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 Sample Diffusivity (m
2
 s

-1
) Temperature (K) 

Belle[1.16] UO2 powder (0.16 μm) 9.05·10
-22

 968 

Belle[1.16] UO2 powder (0.16 μm) 1.01·10
-20

 1070 

Belle[1.16] UO2 powder (0.16 μm) 4.08·10
-20

 1166 

Belle[1.16] UO2 powder (0.16 μm) 1.86·10
-19

 1268 

Rufeh[1.20] 

Rufeh et al.[1.17] 
UO2 powder (4 μm) 1.5·10

-17
 1473 

Sung[1.21] UO2 single-crystal (1 μm) 6.14·10
-18

 1473 

Sung[1.21] UO2 single-crystal (1 μm) 9.15·10
-18

 1623 

Sung[1.21] UO2 single-crystal (1 μm) 12.57·10
-18

 1773 

Nakajima et al.[1.14] UO2 single-crystal (18 μm) 9.50·10
-10

 exp[-2.05/kT] range  

1170–2110 

Nakajima et al.[1.14]  UO2 single-crystal (18 μm) 4.88·10
-10

 exp[-1.93/kT] range  

1390–2070 

Tab. 1.1 – Summary of the experimental helium diffusivities in oxide fuel obtained via the 

infusion technique. 

 

 Sample Diffusivity (m
2
 s

-1
) Temperature (K) 

Trocellier et al.[1.22] UO2 poly-crystal (3.7±0.74)·10
-18

 1273 

Guilbert et al.[1.23] UO2 poly-crystal (8 μm) 6·10
-17

 1373 

Roudil et al.[1.24] UO2 poly-crystal (10 μm) 
8·10

-9
 exp[-(2±0.1)/kT] 

range  

1123–1273 

Roudil et al.[1.24]  UO2 poly-crystal (10 μm) 
4·10

-10
 exp[-(2±0.1)/kT] 

range  

1123–1273 

Martin et al.[1.26]  UO2 poly-crystal (24 μm) 2.25·10
-17

 1073 

Martin et al.[1.26] UO2 poly-crystal (24 μm) 7.6·10
-17

 1373 

Pipon et al.[1.27] (U0.75,
239

Pu0.25)O2 poly-crystal 9.2·10
-18

 1123 

Pipon et al.[1.27]  (U0.75,
239

Pu0.25)O2 poly-crystal 1.6·10
-16

 1273 

Garcia et al.[1.28] UO2 poly-crystal 5·10
-10

 exp[-(1.4±0.2)/kT] range 

973-1373 

Tab. 1.2 – Summary of the experimental helium diffusivities in oxide and mixed oxide fuel 

obtained via the ion implantation technique. 

 

 Sample Diffusivity (m
2
 s

-1
) Temperature (K) 

Ronchi and 

Hiernaut[1.25] 
(U0.9,

238
Pu0.1)O2 poly-crystal (8±2)·10

-7
 exp[-(2.00±0.02)/kT] N/A 

Talip et al. 

[1.15] 

(U0.999,
238

Pu0.001)O2  

poly-crystal (10 μm) 
10

-7
 exp[-2.59/kT] 

range  

1320–1800 

Tab. 1.3 – Summary of the experimental helium diffusivities in oxide and mixed oxide fuel 

obtained via the doping technique. 
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Data Log D0 (m
2
 s

-1
) Q (eV) Range (K) R

2
 

Infusion [1.14], [1.16], [1.17], [1.20], [1.21] -9.7 (-11, -8.4)  2.12 (1.77, 2.56)  968–2110 0.93 

Ion implantation[1.22]-[1.24], [1.26]-[1.28] 

and doping[1.15],[1.25]
 

-9.5 (-13, -5.8) 1.64 (0.74, 2.56) 973–1800 0.52 

Tab. 1.4 – Summary of the information concerning the fit of correlations. 

 

Parameter Value Reference 

  2.9∙10
10

 m
-2

 [1.57] 

    0.25∙10
-6

 m [1.57] 

 ̇ 10
19

 m
3
s

-1
 [1.56] 

  900.15 K This work 

   -20 MPa This work 

   13.5∙10
-6

 m This work 

   0.04 [1.58] 

Tab. 1.5 – List of parameters used in the HBS porosity model. 
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Fig. 1.1 – Plot of the experimental helium diffusivity in oxide fuel obtained via the infusion 

technique. 

 

Fig. 1.2 – Plot of the experimental helium diffusivity in oxide fuel obtained via the ion  
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Fig. 1.3 – Plot of the experimental helium diffusivity in oxide fuel obtained via the doping 

technique. 

 

Fig. 1.4 – Plot of the experimental helium diffusivity in oxide fuel. The measurements performed 

via the infusion technique (green) are clustered in the lower part of the plot, whereas in the 

upper part emerges a cluster of those measurements performed via the ion implantation (blue) 

and doping (red) technique. This clustering is ascribed to the different level of lattice damage 

caused to the sample by the different experimental techniques. Each cluster is fitted by a distinct 

correlation (magenta and light green). 
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Fig. 1.5 – Comparison between the pore density obtained from experimental data and the model 

prediction. 

 

Fig. 1.6 – Comparison between the pore volume values obtained from experimental data and the 

model prediction. 
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Fig. 1.7 – Comparison between the porosity measured by image analysis and the model 

prediction. 
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2.1 Background and references 

In this report we develop and validate the multiscale software FEMLCORE-CATHARE in the framework of 

the open-source SALOME platform. In particular we develop the 1D-3D coupling software and simulate the 

evolution of an unprotected loss of flow going from forced to natural circulation flow in the experimental 

TALL-3D facility. In this unprotected loss of flow the system is initially in fully working conditions, then the 

pump stops while the supplied power is not switched off. We consider, by using a defective coupling 

algorithm with overlapping meshes, a one-dimensional circuit and a three-dimensional test section. In order 

to evaluate the behavior of the coupling system we have studied the system by using up-wind and supg 

algorithms in laminar natural convection regime or by introducing simple momentum (κ-ω) and energy 

turbulent models (with constant and non-constant turbulent Prandtl number). 

2.1.1 The multiscale / multiphysics platform 

An open-source multiscale and multiphysics platform has been developed with joint effort between ENEA 

and UNIBO. This platform is capable of 1D-3D multiscale coupling between open, research and commercial 

codes. The developed software is used in this report to study the TALL-3D facility. This platform mimics for 

Lead-cooled Fast Reactors (LFR) an existing numerical platform, the NURESAFE platform, developed by 

the CEA for coupling different codes in the study of a new design of light water reactors (LWR). The CEA 

software is not open source but it is based on SALOME platform, which is indeed an open-source software 

[2.1]. Inside this well known framework we have used the open-software platform to add new codes and 

develop coupling interface compatible with open and closed source codes. The SALOME platform brings 

several tools: KERNEL, GUI, GEOM, SMESH, MED and Paravis module. The KERNEL module provides a 

common shell for all components, which can be integrated into the SALOME platform. The GUI module 

provides visual representation with basic widgets and the GEOM module draws and optimizes geometrical 

models using a wide range of CAD functions. The SMESH module generates meshes on geometrical models 

previously created or imported by the GEOM component, ParaVis performs data visualization and post 

processing and finally MED allows to work with highly compressed files. Over this platform several codes 

may be installed as suggested in Fig. 2.1. 

2.2 Validation of the FEMLCORE-CATHARE coupling model by Tall-3D facility 

experimental tests  

2.2.1 TALL-3D facility and 1D-CATHARE system model 

The experimental facility. The experimental TALL-3D facility is reported in Fig. 2.2 on the left with its 

geometrical dimensions on the right. The facility operates with Lead-Bismuth Eutectic (LBE) (melting point 

125∘ C) which is optimal with high temperature sensitive instrumentation. The facility consists of a LBE-

cooled primary (on the left) and an oil-cooled secondary loop (on the right). The primary loop consists of the 

sump tank used to store, melt and supply LBE into the main loop, 3 vertical legs and 2 connecting horizontal 

sections. The secondary loop is used to control heat balance in the primary loop. The primary loop is rather 

complex and consists of three legs. For details on TALL-3D facility the interested reader can see Refs from 

[2.2] to [2.7]. 

 

The total electric power is about 80 kW, with 27 kW in the Main Heater section (MH) and 15 kW in the 3D-

test section heater. The maximum measurable LBE flow velocity is 5 kg/s in forced circulation and 0.6 kg in 

natural circulation in the Heat Exchanger (HX) leg. The maximum LBE temperature is 460 °C in the hot side 

and 350 °C in the cold side. The secondary loop can be operated at temperatures in the range of 50-300 °C. 

Maximum temperature difference across the heat exchanger can be 90 °C. The static pressure at the top is 1.3 

bar while at the bottom can reach 7.8 bar. The maximum hydrostatic head from the EPM pump is therefore 2 

bar. 
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The thermal-hydraulics system code model facility. Thermal-hydraulics of this primary loop is the main 

subject of the numerical test for the 3D-1D coupling and validation of the code interfaces. The one-

dimensional system code computation model is shown in Fig. 2.3. For this one-dimensional simulation of the 

whole system we propose CATHARE 2.5 code
[2.8], [2.9], [2.10]

. The 1D model of the left vertical legs is shown 

in Fig. 2.4 on the left. This leg consists of the main heater and it is connected on the top to the main tank and 

on the bottom to the sump tank. The Main Heater (labeled with MH) is a rod-like electric heating element. Its 

maximum electric power is 27 kW. The 1D model of the central vertical leg is shown in Fig. 2.4 in the 

center. This leg is the key part of the circuit for our test since this contains the 3D test section. It consists of 

three AXIALS: the ABOVE3D, BELOW3D and 3DPIPE module. TALL-3D test section is an axisymmetric 

cylindrical stainless steel vessel with an inlet at the bottom and an outlet at the top. The upper part of the test 

section is equipped with two 7.5 kW line heaters rolled jointly around the circumference. The heaters 

enhance the development of thermal stratification in the LBE pool. Simulations predict that the pool is fully 

mixed at 0.7 kg/s LBE flow rate and stratified at 0.3 kg/s LBE flow rate. For details on TALL-3D facility the 

interested reader can see Refs from [2.2] to [2.7]. 

 

As one can see in Fig. 2.3 on the right we consider six reference points labeled by S1, S2, S3, S4, S5 and S6. 

The points S1 and S2 are located along the left vertical leg. The point S1 is in the COR module at the 

element mesh 3. We denote such point with COR3 or S1. The point S2 is inside the RESERVE module at the 

element mesh 4. We denote such point with RESRVE4. The points S3 and S4 are located in the central 

vertical leg. The point S3 is in the BELOW3D module at the element mesh 25. The point S2 is inside the 

ABOVE3D module at the element mesh 8. We denote such points with BELOW3D24 and ABOVE3D8, 

respectively. Finally the points S5 and S6 are located along the right vertical leg. The point S5 is in the 

LINUP2 module at the element mesh 14. The point S6 is in the PUMP module at the element mesh 0. In a 

similar way, we denote such points with LINUP14 and PUMP, respectively. 

 

During loop operation temperatures up to 500 °C, pressures up to 0.7 MPa and flow rates up to about 5 kg/s, 

which corresponds to a flow velocity of approx. 1.7 m/s, can be achieved in HX leg. Oxygen control system 

is implemented to monitor chemical potential of the LBE dissolved oxygen. It is required to stay within 1.5e-

7 and 1.85e-5 wt% to stabilize the protective oxide layer on the LBE wet components. The sensor is YSZ 

membrane with oxygen saturated Bi reference. The minimal operation temperature is determined by the 

membrane permeability which becomes active at 360 °C, though the recommended temperature interval is 

400-450 °C. 

 

The top horizontal part of the LBE circuit is shown in Fig. 2.5 and modeled in one-dimensional coordinate 

geometry. It consists of the main expansion tank (labeled with TANK), two AXIALS (LINUP1, LINUP2) 

and a volume that links this part of the top LBE circuit to the central vertical leg with the three-dimensional 

test section. The TANK volume and the LINUP2 are connected with the left (with the MH) and right vertical 

leg (with HX), respectively. The expansion tank is used to monitor the LBE level in the loop and maintain 

loop pressure during temperature induced deformation n along the loop components. The bottom horizontal 

part of the LBE circuit, shown in Fig. 2.5 on the bottom and modeled with 1D coordinate geometry, consists 

of 2 axial modules (LINDOWN, DOWNPUMP) and a volume module (VOLDOWN) which links the 

bottom to the central vertical leg with the three-dimensional test section. 

 

Initial state of the one-dimensional system code. In order to set the initial conditions we need to compute 

an initial state that satisfies the one-dimensional equation. Then we consider the Unprotected Loss of Flow 

(ULOF) test (labeled T01.09) which reproduces a forced to natural circulation transient. A solution of this 

high nonlinear system is computed for the mono-dimensional model in its steady state. We start with inlet 

temperature for the PIPE3D set to 241.35 °C. The flow rate is set to 4.275 Kg/s with density ρ = 10448 
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Kg/m
3
. The one-dimensional code has a variable time step. We start with dt = 0.01 and allow maximal value 

of 1s. After 1500 s the temperature reaches the steady value reported in Tab. 2.1. 

1D-CATHARE simulation and experimental results. We simulate the evolution of an Unprotected Loss 

of Flow going from forced to natural circulation flow. We consider the system at      in fully working 

conditions. At t = 1 the pump stops working while the power supplied through the rod in MH leg and 3D 

vessel heater are not switched off. As explained in the previous section the main initial conditions in forced 

circulation are obtained as a steady state and they are shown in Tab. 2.1. The test is characterized by almost 

constant boundary conditions, also during the transient phase. To approach the correct heat transfer 

conditions with LBE in the secondary side, the initial LBE temperature of 206 °C is reduced to 199 °C in the 

first 10 s of transient. The mass flow rate, kept constant during the test, is set to 1.752 kg/s. Due to the lack 

of secondary side mass flow rate measurement, the oil flow rate has been calculated starting from the loss of 

enthalpy in the primary side, then with a thermal balance in the secondary side. The flow rate evolutions in 

the three legs are presented in Fig. 2.6 and Fig. 2.7. Here we do not report the experimental data which can 

be found in Refs from [2.2] to [2.7].  

 

Differences between the simulations and experimental data can be observed. The magnitude and frequency 

of the external mass flow rate oscillations, in which the left and the right leg reach the reverse flow 

conditions, are well captured. The following oscillations are a little bit ahead of time in frequency and 

underestimated in terms of amplitude. During the initial transient phase, a discrepancy in the heat exchanging 

condition is evident, even though the thermal balances are reliable only in steady-state conditions. The 

facility heat losses during the transient are almost constant at about 2.2 kW. The lower heat exchange affects 

the temperature evolutions as can be seen in the pictures. The experimental inlet temperature increases 

during the reverse flow phase due to mixing effects in 3D vessel. This behavior cannot be caught by system 

codes. The differential pressure, which are not reported, shows a quite good agreement between the 

experimental values and the simulations. The final conditions are reported in the table on the right of        

Tab. 2.2. 

 

Finally we report the experimental results. These are shown with a previous CATHARE model which is the 

same we used in the rest of the report. Mass flowrate from experimental data is shown in Fig. 2.8 on different 

legs (FM1, FM2, FM3). The experimental data are labelled with OFFSET. The left, central and right vertical 

legs are labeled with FM1, FM2 and FM3, respectively. In Fig. 2.9 the experimental data for temperatures at 

the thermocouple points TC3_4490 and TC3_5615 along the left vertical leg (left), at TC1_0346 and 

TC1_1740 on the right vertical leg (right) and at TC_1211 and TC2_2111 along the central vertical leg (left) 

are shown. Detailed experimental data are reported in Refs from [2.2] to [2.7]. 

2.2.2 TALL-3D test section in FEMLCORE simulation 

Mesh and geometry. TALL-3D test section is an axisymmetric cylindrical stainless steel vessel with an inlet 

at the bottom and an outlet at the top. The upper part of the test section is equipped with two 7.5 kW heaters 

which promote the development of thermal stratification in the LBE pool. The dimensions of the test section 

and thermal insulation are provided in Fig. 2.10. Note that the internal diameter (ID) of the inlet pipe is 

smaller than the ID of the pipes throughout the rest of the loop. According to the nomenclature the segment 

AB is the inlet region of the domain, the segment HG is the outlet zone of the domain and finally the 

segment AH is the symmetry axis of the geometry. 

 

3D-FEMLCORE momentum conservation equations. For three-dimensional simulations the code 

FEMLCORE is used. This is an open-source code developed at UNIBO that is able to solve multiphysics 

problems
[2.11]-[2.14]

. Since the motion is driven by natural convection we have to solve only the conservation 

equations if we consider the laminar case, while, if the flow is turbulent, we have to add a turbulence model. 

In order to understand the numerical tests we briefly summarize the mathematical model that is solved. 
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Let (   ) be the state of the fluid flow that enters the domain Ω, with boundary Γ, defined by the velocity 

and pressure solution of the following Navier-Stokes equations 

 
  

  
       (2.1) 

   

  
   (    )              (2.2) 

 

The fluid can be considered incompressible, while the density may be assumed only to be slightly variable as 

a function of temperature, with a given law     ( ). τ is the viscous tensor and Re is the Reynolds 

number. For high Reynolds numbers the turbulence model can be defined by splitting the velocity vector into 

a resolved-scale field  ̅ and a subgrid-scale field  ̅  as     ̅   ̅ . The filtered equations are developed 

from the incompressible Navier-Stokes equations of motion. By substituting     ̅   ̅ and    ̅     in 

the decomposition and then filtering the resulting equation we write the equations of motion for the average 

fields  ̅ and  ̅ as 

 
   ̅

  
   (   ̅  ̅)      ̅     ̅     (2.3) 

 

We assume  ̅     ̅  ̅      ̅̅ ̅̅ ̅̅ . Boussinesq hypothesis allows us to calculate the deviatoric part of the stress 

tensor using   
 

 
                  

̅̅̅̅  where    
̅̅̅̅  is the rate-of-strain tensor for the resolved scale and    is 

the subgrid-scale turbulent viscosity. Finally, we have 

 
   

  
   (     )          (    )       (2.4) 

 

where we have used the incompressibility constraint to simplify the equation and the pressure is now 

modified to include the trace term          . In the rest of this report we drop the average notation  ̅ and  ̅ 

to use the standard notation   and p. With this notation this approximation model results in the average 

Navier-Stokes equations 

 
  

  
       (2.5) 

   

  
   (    )              (2.6) 

 

identical to the (2.1-2.2) for the average fields ( ̅  ̅) but a modified viscous stress tensor should be 

considered in the form  ̅    (     ) ( )  The function    is called turbulent viscosity and must be 

computed by solving other transport equations, referred to as turbulence models. In the rest of this section we 

introduce different turbulence models that can be used to compute the turbulent viscosity    and therefore 

close the Navier-Stokes system. In particular in the FEM-LCORE code the following four models are 

available: LES, κ-ϵ, κ-ω, SST-κ-ω. Some of these models are still basic and need improvement. 

 

In the κ-ϵ turbulence model the turbulent viscosity    is modeled as             
    . The turbulent 

kinetic energy κ and the turbulent dissipation energy ϵ satisfy the following equations 
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            (

  

  
  )           

      
         (2.7) 

     

   
           [(

  

  
  )    ]             

  
 

 
          (2.8) 

 

where   
  is the production coefficient of κ and    the buoyancy term. The coefficient   

  in the standard 

model can be assumed unitary. The           is the coefficient for the turbulent dissipation energy 

source and          the coefficient of the dissipation term for the same equation. We remark that in this 

formulation    and    depend of turbulent kinetic energy κ. The model constants are         ,     

    ,        ,       , and       . The production    of κ is defined as             ̅̅ ̅̅ ̅̅ ̅̅    

   
 

    
 , where S is the modulus of the mean rate-of-strain tensor, defined as 

 

   √        
 

 
           (2.9) 

 

The effect of buoyancy    is given by    
    

   
     , where     is the turbulent Prandtl number for 

energy and   is the gravity vector. For the standard and realizable models, the default value of         . 

The coefficient    is the thermal expansion coefficient. 

 

In the κ-ω model, where κ is the turbulent kinetic energy and ω the specific dissipation rate, the turbulent 

viscosity    is defined as         . The standard κ-ω system is defined by 

 
     

   
            (

  

  
  )                 

      (2.10) 

     

   
           [(

  

  
  )    ]             (2.11) 

 

with        
 

   
,       ,    

 

 
,      

 

  
,      and     . 

 

 

3D-FEMLCORE energy conservation equation. The evolution of the system is described by the solution 

    (   ), where e represents the total energy       
  

 
  of the following equation 

 
   

  
      (      )              ̇ (2.12) 

 

The heat flux, q, is given by Fourier's law 

 

            
   

  
    (2.13) 

 

The laminar Prandtl Pr and the Péclet Pe numbers are defined by    
   

 
 and Pe = Re Pr, respectively. 

The fluid can be considered incompressible and the density slightly variable as a function of temperature, in 

this case we set        , where a and γ are constant. The quantity    is the volume specific heat and λ 
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the heat conductivity. The quantity  ̇ is the volume heat source and Φ the dissipative heat term. The equation 

is completed with these data and appropriate boundary conditions. 

 

For high Reynolds numbers again we decompose the velocity and temperature fields into a resolved scale 

field and a subgrid-scale field. With usual notation these approximation models result in the same equations 

as (2.12) 

 
      

  
      (        )              ̇ (2.14) 

 

for the average fields (   ̅) and in a modified heat flux q as follows 

 

      (
 

  
  

   

   
 )     (2.15) 

 

The function     is called turbulent turbulent Prandtl number. The computation of     determines the 

turbulence contribution. We have implemented two models: the constant turbulent Prandtl number model 

and the            turbulence model. The second model is still in progress and it is available only for 

development studies. For preliminary applications of the four parameters turbulence model and for its 

modifications, the interested reader can refer to Refs. [2.15], [2.16] and [2.17]. For many fluids     can be 

assumed to be constant, and its values range from 0.85 to 0.95. In a more advanced model the turbulent 

Prandtl number may be defined as 

 

            (         )         (     ) (   )   (2.16) 

 

where   
   

   
 and   ,    are constants. The function   (         ) can take several forms. The equation 

for the averaged temperature squared fluctuations is defined by the following transport equation 

 

   

  
     

   

   
   

 

   
(   

  

   

)
   

   
          (2.17) 

 

where 

 

          
 ̅̅ ̅̅ ̅̅ ̅   

   
 

  

   
 ( 

  

   
 )

 

   (2.18) 

 

In a similar way an equation for    can be written as 

 

   

  
     

   

   
   

 

   
[(   

  

   

)
   

   
]  

  

  
(           )  

  

 
(          )   (2.19) 

 

where   is defined by 

 

           
 
   

   
   ( 

   

   
   

   

   
 )

   

   
  (2.20) 
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The coefficients can be considered as constants, with values      ,         ,       and         

or as model functions. An approximation of this model can be obtained by assuming the Kays approximation 

                (         ). 

 

Initial conditions for CFD in 3D-section: laminar and turbulent steady condition. The coupling between 

the system code and the three-dimensional problem is achieved by a mutual exchange of boundary 

conditions between the problems. In order to obtain a stable coupling between the two problems both the 

systems must reach the same thermodynamical working conditions. For this reason we do not couple the 

system code and the three-dimensional problem from the beginning of the simulation, but instead we first 

find the nominal steady state working condition for the one-dimensional system and then we perform several 

uncoupled stabilization iterations in the 3D problem. Concerning the boundary conditions for the energy 

balance equation we impose the temperature evaluated by the system code on the surface AB, an 

inhomogeneous Neumann condition on EO and a homogeneous Neumann boundary conditions on the 

remaining surfaces. The thermal heat flux imposed on EO is 45785 W/m
2
. Concerning boundary conditions 

for the axial component of the momentum balance equation, we impose the flow rate evaluated by the 

system code on the surface AB, a vanishing Neumann condition on the axis AN IH and the no-slip 

condition on the other surfaces. The velocity on AB is multiplied by a factor of 48/37 to compensate for the 

flat profile set by the mono-dimensional boundary conditions. The normal component of the velocity field is 

set to zero on all the wall boundaries of the domain. The initial condition for the stabilization process is a 

constant temperature field with       ∘  and a vanishing velocity in all the domain. 

 

The temperature evolution and the steady state fields obtained after stabilization are shown in Fig. 2.11 and 

Fig. 2.13 for the laminar and turbulent case, respectively. In Fig. 2.12, the trends of different average 

temperatures over the iteration numbers are shown. We indicated the temperature on the outlet boundary 

(HG) for the laminar case with label A and for the turbulent case with label B. The trend line labeled with C 

refers to the inlet boundary (AB) for the turbulent case. We remark that the stabilization process is used as 

the initial condition for the coupling of the one and three-dimensional problems. 

2.2.3 Problem coupling on FEMLCORE-SALOME-CATHARE platform  

Coupling on FEMLCORE-SALOME-CATHARE platform. We use the defective coupling algorithm with 

overlapping meshes. The one-dimensional mesh is defined over the entire domain and a three-dimensional 

mesh is defined only in the three-dimensional test region. We solve at the same time the three-dimensional 

code and the one-dimensional system code over the overlapping domain. On the right of Fig. 2.3, six 

reference points are shown with red circles. They are labeled with 1-2 (COR3-RESERVE4) on the left 

vertical leg, 3-4 (BELOW3D25-ABOVE3D3) in the central vertical leg) and 5-6 (PUMP0-LINUP14) on the 

right vertical leg. The point 3 (BELOW3D25) is the 1D/3D matching interface for the inlet section of the 

three-dimensional domain. The point 4 (ABOVE3D3) is the 3D/1D matching interface for the outlet section 

of the three-dimensional domain. The meshes are generated with GUITHARE for the one-dimensional case 

and with SALOME GEOM and MESH modules for the three-dimensional one. The coupling algorithm can 

be schematized as follows: 

 

a) Problem 3D Initialization (FEMLCORE); 

b) Problem 1D Initialization (CATHARE); 

c) Stabilization with matching of the state variables for the 1D and 3D Initialization (CATHARE-

FEMLCORE); 

d) Set up coupled transient;  

e) For each time step: 

1) Defective correction from 3D near the outlet of the TALL3D component and one step solution for 

the one-dimensional code; 
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2) Boundary conditions from 1D at the inlet section of 3D geometry one step solution for the three-

dimensional code; 

f) Repeat to end time. 

 

The step a) initializes the three-dimensional Problem P and the 1D/3D and 3D/1D interfaces. After the 

initialization of the Problem class we create the 1D/3D and 3D/1D interfaces: these are four interfaces from 

the three-dimensional mesh generated over sub-meshes (called groups). The group 21 defines the inlet sub-

mesh of the 3D test section while the group 22 defines the sub-mesh of the outlet region. For each sub-mesh 

we use two different representations and the corresponding mapping: the MED and code format. Both the 

system and CFD codes can read and map the MED format into its own format and vice versa. It is necessary 

to create one interface function for each state variable. We impose the boundary conditions in velocity and 

temperature at the inlet from the system code and extract the value at the outlet to impose on the system 

code. We set the initial condition to the Problem P and compute the pressure at the inlet and outlet to 

determine the pressure losses. We compute mean integral values of the surface variables in order to pass 

them to the one-dimensional code. 

 

In step b) of the algorithm we define as point1 and point2 the 27-th element of the BELOW3D module and 

the 3-rd element of the ABOVE3D module, respectively. The Problem class for the one-dimensional code is 

set and initialized. The pressure from the CATHARE code is extracted at point1 and point2. The momentum 

equation source DPLEXT controls the pressure variable. In the defective mode algorithm the pressure at the 

specified locations is controlled by a control feedback technique. Finally, also the density, which is a 

function of temperature, is extracted at point1. 

 

In step c), after the initialization of the Problems P and C, the evolution transient should be solved. The 

transient loop is determined by a pass-fail time step for the one-dimensional code. The logical variables Stop 

and Ok are evaluated to determine the convergence of the nonlinear system. The time step ends the iterations 

when Ok is true. The algorithm ends when Stop is true. The time step is the same for both the codes. Since 

we cannot restart the one-dimensional code during the coupling, the stabilization is performed before the 

coupling during the first 1500 s. This interval of time is sufficient to reach a steady state condition that will 

be the initial condition for the transient phase. The transient starts after 1500 s when the coupling becomes 

active and the pump is turned off (total time 1501 s). 

 

In step e1), during the transient for each time step, the state value (fl, T, p) are solved, where fl is the fluid 

flow rate, T the temperature and p the pressure. For one-dimensional system liquid flow rate substitutes the 

knowledge of the velocity field (   ̇      ). The state (fl, T, p) is extracted from the one-dimensional 

simulation at point1 and point2 to determine the source needed for the correction in the mass, momentum 

and energy equations.  

 

The energy correction is obtained by computing                (        ) where    ,     are 

the entalpy and the temperature at point2.      is the average temperature at the outlet of the 3D test section 

which has been computed after the FEMLCORE time step. The constant α is the feedback constant. The 

higher the value of α, the faster the coupling brings the two solution to match. The momentum correction is 

obtained by computing DPLEXT as               (         ). Here      (      
      )           and      (            )          , where     is the total height of the 3D 

simulation domain, g is the gravity constant. 

 

Therefore,      and      are the pressure looses of the three- and one-dimensional 3D test-section when 

the gravity contribution is subtracted. The value       is the old value of DPLEXT and is directly read from 

the one-dimensional code. The constant β is the feedback constant. As before, the higher the value of β, the 
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faster the matching is achieved. If the 3d pressure losses      are higher than the the one-dimensional one 

     the source DPLEXT increases the one-dimensional pressure losses. When            the 

momentum equation source DPLEXT reaches a stationary value. 

 

In step e2) the FEMLCORE time step is computed by setting the inlet state with boundary condition from the 

one-dimensional code. The temperature   , obtained by CATHARE, is imposed to interface 11 (inlet) in 

analytical form. In addition, the liquid flow is imposed from the one-dimensional code to the three-

dimensional inlet. After solving the FEMLCORE time step the pressure, the temperature and the velocity 

fields are available. We compute and average the pressures at the inlet and at the outlet to compute the 

pressure losses. We compute several averaged quantities, as the pressures, at inlet and outlet section of 3D 

geometry, and the temperature at 3D outlet section, in order to calculate the source correction terms for the 

system code. 

 

Simulation results. The solution of the coupled system are reported for the one- and three-dimensional code 

for three computational cases: laminar natural circulation (case AB), turbulent κ-ω with SUPG regularization 

(case ACF) and standard up-wind regularization (case ADE) for the advection term. Inside each case, we 

have simulated two different turbulent heat exchange models. In one model (case C and D), we have set 

constant turbulent Prandtl number, namely the turbulent thermal diffusivity is proportional to the turbulent 

viscosity. In the second case (case F and E), we have used variable Prandtl turbulent number as discussed in 

the previous section. For the one-dimensional code, the results are shown in Fig. 2.14-Fig. 2.18 and Fig. 2.3, 

where the reference points are defined. 

 

The points 2 (RESERVE4), 3 (BELO3D25), 4 (ABOVE3D3), 5 (LINUP5) and 6 (PUMP0) are reported one 

in each figure. We can find the temperature (on the left) and the mass flow (on the right) for the case AB, 

case ACF and case ADE. The A case is the CATHARE standalone simulation. The properties of each 

simulated case, namely numerical stabilization of advection term and adopted turbulence models, are 

reported in Tab. 2.3. We compare the coupled computation with the uncoupled one by keeping the case A in 

all the figures. One of the advantages of the coupled simulation is the availability of the three-dimensional 

fields on the 3D test section. The solutions are reported for two computational cases: laminar natural 

circulation (case B) with constant turbulent Prandtl number and turbulent κ-ω model with Kays model for the 

definition of the heat turbulent heat transfer. Temperature and streamline profiles for the velocity field over 

the three-dimensional test component for case B are shown in Fig. 2.19-Fig. 2.21. In Fig. 2.19 we show the 

profiles for t = 10 – 20 s, in Fig. 2.20 for t = 30 – 1000 s and in Fig. 2.20 for t = 1500 – 2000 s. The 

temperature is on the left side of the test component while the streamlines are on the right. 

 

Temperature, turbulent kinetic energy and velocity streamline profiles over the three-dimensional test 

component for the turbulent case are shown in Fig. 2.22 - Fig. 2.27. In particular temperature and streamline 

profiles over the three-dimensional test component for t=100 - 2000 s, with the κ-ω turbulence case and Kays 

turbulent Prandtl number model for heat exchange are shown in Fig. 2.22 - Fig. 2.24. Fig. 2.25 - Fig. 2.27 

report turbulent kinetic energy and velocity streamline profiles for             . 

 

Defective coupling over overlapping meshes for FEMLCORE-CATHARE codes. As described in the 

previous sections, in order to couple the three- and one-dimensional codes we use a defective algorithm 

which is based on feedback control to impose the boundary conditions
[2.18][2.19][2.20]

. The points where the 

boundary conditions are evaluated or imposed are defined in Fig. 2.28. At the point 3 the liquid flow and 

temperature values of the one-dimensional code are imposed as inlet boundary conditions. In Fig. 2.29, one 

can see the liquid flow rate at the inlet (right) and the temperature (left). Since the mesh are overlapping and 

no flow may exit from the test section, there can be no error in the mass balance equation. 
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The temperatures of 1D and 3D simulation at the point 4 are shown in Fig. 2.30 on the left. The energy 

correction is obtained by computing                (       ), where     are the entalpy and the 

temperature at point 2.     is the average temperature at the outlet of the 3D test section which has been 

computed after the FEMLCORE time step. The constant α is set to 0.1. As one can see, the matching is 

almost perfect at each time step. The momentum correction is obtained by computing DPLEXT as 

                (         ), where      and      are the pressure looses, when the gravity 

contribution is subtracted, of the three- and one-dimensional 3D test-section. The value         is the old 

value of DPLEXT that is directly read from the one-dimensional code. The constant β is set to 1. The 

pressure at the point 4 in the 3D/1D interface is shown in Fig. 2.30 on the right. 

2.3 Role of the activity, general goals and future development 

The LFR technology is very important in many fields but in particular in the production of electricity. In the 

framework of the Generation IV International Forum (GIF), nuclear experts formulated the requirements for 

a fourth generation of nuclear systems that could respond to the world future energy needs and reduce the 

huge demand for electricity with the corresponding emissions from fossil fuels. The main aims of the GIF 

are five: making efficient use of uranium natural resources, minimizing waste production, satisfying 

economic competitiveness, maintaining stringent standards of safety and proliferation resistance. 

 

Initial development on the LF reactors was focused on two pool-type reactors: Small Secure Transportable 

Autonomous Reactor (SSTAR) of 20 MWe in USA and the European Lead-cooled SYstem (ELSY) of 600 

MWe in Europe. The SSTAR core is one meter high and 1.2 m in diameter. The ELSY project was led by 

Ansaldo Nucleare from Italy and was financed by Euratom. The 600 MWe design was nearly complete in 

2008 and a small-scale demonstration facility was planned. This prototype runs on MOX fuel at 480 °C with 

liquid lead pumped to eight steam generators with decay heat removal by convection. However, the 

ALFRED reactor superseded this design. 

 

The goal of this activity is to develop a multiscale and multiphysics computational platform, based on open-

source software SALOME, in a strict collaboration between the University of Bologna and ENEA, with the 

purpose of studying issues of LFR technology
[2.21], [2.22]

. The platform developed during these years should be 

flexible enough to allow design, development and verification of the available experimental data. The 

platform should be able to couple research, in-house and commercial codes in a way that the new and old 

development in this field will not be lost. 

 

In previous reports we have studied multiscale and multiphysics simulation where the main component was a 

reactor while the primary loop was a simplified circuit
[2.23], [2.24]

. Now in order to show the flexibility of this 

platform we studied the TALL3D plant where the three-dimensional component is simple and the mono 

dimensional loop is rather complex. The model for TALL-3D has been developed in the previous report
[2.25]

 

and coupling simulations with laminar natural convection has been studied for different configurations. In 

this work, we improved existing interfaces for FEMLCORE and CATHARE coupling
[2.22]

. During the 

analysis of this lead-cooled facility three-dimensional effects cannot be ignored and its features cannot be 

modeled by simple volumetric balances of energy, momentum and mass. The coupling techniques between 

system and three-dimensional codes give a good opportunity to explore problems that are more complex but 

great difficulties are added from combining multi-dimensional and overlapping meshes together. In this work 

we have investigated the use of turbulence models that are implemented on the platform
[2.14]

 with the aim to 

improve the three-dimensional coupling. 

 

We try to use simple turbulence model for the momentum and for energy equation. The dynamic coupling 

between a one-dimensional code and a three-dimensional one with a turbulent model leads to problems that 
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are more complex since the turbulent quantities should be passed as boundary conditions. The one-

dimensional flow does not have dimensionality and the dimensional turbulence effects are not taken into 

account in a very accurate way. The turbulent kinetic energy and its dissipation rate at the boundary are 

fundamental and therefore it is necessary to develop appropriate models that can lead to improved coupling. 

The use of this model in a trivial manner can even lead to less accurate simulations than the standalone case. 

In this report we have simulated the TALL-3D facility by using the FEMLCORE and CATHARE code 

coupled through the SALOME platform. 

 

We computed the one-dimensional circuit and the three-dimensional test section by using a defective 

coupling algorithm on overlapping meshes in order to correct the one-dimensional simulation. We have 

reported the results of the evolution of an unprotected loss of flow going from forced to natural circulation 

flow. The system is initially considered to be in fully working conditions. The one-dimensional system code 

standalone has produced temperature oscillations that were shifted in phase and smaller in term of amplitude. 

However, the use of the turbulence model has not improved the matching with the experimental results 

showing that the turbulence boundary conditions taken from the one-dimensional circuit need to be enforced 

correctly by modeling appropriately such a coupling. In future works we plan to study in more details 

different aspects of turbulence by coupling other codes with more specialized implementations. For example 

in open-source codes like OpenFOAM and CODE_SATURNE very sophisticated turbulent models have 

been implemented. We plan to bring into our platform such codes by developing appropriate interfaces and 

model appropriately the 1D/3D interfaces with turbulent state. 
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Tab. 2.1 - Initial state condition for the one-dimensional Problem C. The initial condition 

satisfies the steady state equation. 

 

Tab. 2.2 – Final state condition for the one-dimensional code (CATHARE) solved without 

coupling. 

 

. 

Tab. 2.3 – Numerical stabilization and turbulence models used for all the simulated cases. Case 

A refers to Cathare standalone. 
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Fig. 2.1 - Possible multiphysics-multiscale code combinations on SALOME platform. 

 

 

Fig. 2.2 - TALL-3D facility (left) with geometric dimensions (right). 
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Fig. 2.3 - One-dimensional CATHARE model for the TALL-3D facility (left) and point of 

interests S1-S2 of the left leg (on the right), S3-S4 of the central leg and S5-S6 of the right 

vertical leg.  

 

 

Fig. 2.4 - Left, central and right vertical leg (from left to right) in 1D system model with 3D test 

section. 
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Fig. 2.5 - Bottom and top leg (from left to right) in 1D CATHARE system model (bottom) and 

experimental test section (top). 
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Fig. 2.6 - Computed temperature at points S1-S2 of the left leg (on the left) and at S3-S4 of the 

central leg (on the right) as a function of time t. 

 

Fig. 2.7 - Computed temperature at the points S5-S6 of the right leg (on the left) and fluid flow 

rate at S1 (left), S3 (central) and S6 (right leg) (on the right) as a function of time t. 

 

Fig. 2.8 - Experimental and computed mass flowrate on different legs (FM1, FM2, FM3). 
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Fig. 2.9 - Experimental and computed temperature at the thermocouple points TC3_4490, 

TC3_5615 along the left vertical leg (left), at TC1_0346, TC1_1740 on the right vertical leg 

(center) and at the thermocouple points TC_1211, TC2_2111 along the central vertical leg (left). 
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Fig. 2.10 - Geometry and dimensions of the three-dimensional test section. 
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Fig. 2.11 - Initial steady state for non-turbulent flow. 

 

Fig. 2.12 - Average temperature over the outlet HG (A-B) and inlet boundary AB (C) over the 
iteration numbers for the laminar (A) and the turbulent case (B-C). 
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Fig. 2.13 - Initial steady state for turbulent flow model case (κ-ω) and turbulent viscosity νt with 

turbulent thermal diffusivity αt. 
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Fig. 2.14 - TALL-3D facility at reference point 2 (RESERVE4, leg 1), temperature (left) and 

mass flow (right) for Case AB, ACF and ADE (from top to bottom). 
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Fig. 2.15 - TALL-3D facility at reference point 3 (BELOW3D25, central leg), temperature (left) 

and mass flow (right) for Case AB, ACF and ADE (from top to bottom). 
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Fig. 2.16 - TALL-3D facility at reference point 4 (ABOVE3D3, central leg), temperature (left) 

and mass flow (right) for Case AB, ACF and ADE (from top to bottom). 
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Fig. 2.17 - TALL-3D facility at reference point 5 (LINUP4, leg 3), temperature (left) and mass 

flow (right) for Case AB, ACF and ADE (from top to bottom). 
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Fig. 2.18 - TALL-3D facility at reference point 6 (PUMP0, leg 3), temperature (left) and mass 

flow (right) for Case AB, ACF and ADE (from top to bottom). 
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Fig. 2.19 - Temperature and streamline profiles over the 3D test component at t = 10 and 20 s for 

case B (non turbulent natural convection) and constant turbulent Prandtl number.  
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Fig. 2.20 - Temperature and streamline profiles over the 3D test component at t = 30, 50, 100, 

150, 200, 250, 500 and 1000 s for case B (non turbulent natural convection) and constant 

turbulent Prandtl number. 
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Fig. 2.21 - Temperature and streamline profiles over the 3Dtest component at t = 1500 and 2000 s 

for case B (non turbulent natural convection) and constant turbulent Pr number. 

 

Fig. 2.22 - Temperature and streamline profiles over the 3D test component at t=10, 20, 30 and 

50 s for κ-ω turbulence case and Kays turbulent Pr number model for heat exchange. 
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Fig. 2.23 - Temperature and streamline profiles over the three-dimensional test component at 

t=100, 150, 200, 250, 500, 1000, 1500 and 2000 s, for κ-ω turbulence case and Kays turbulent 

Prandtl number model for heat exchange. 
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Fig. 2.24 - Temperature and streamline profiles over the three-dimensional test component at t = 

3000, 4000, 5000 and 6000 s, for κ-ω turbulence case and Kays turbulent Prandtl number model 

for heat exchange. 
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Fig. 2.25 - Turbulent kinetic energy κ and streamline profiles over the three-dimensional test 

component at t = 10, 20 s, for κ-ω turbulence case and Kays turbulent Pr number model for heat 

exchange.  
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Fig. 2.26 - Turbulent kinetic energy κ and streamline profiles over the three-dimensional test 

component at t=30, 50, 100, 150, 200, 250, 500 and 1000 s, for κ-ω turbulence case and Kays 

turbulent Prandtl number model for heat exchange.  
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Fig. 2.27 - Turbulent kinetic energy κ and streamline profiles over the three-dimensional test 

component at t=1500, 2000s, 3000s, 4000s, 5000s and 6000 s, for κ-ω turbulence case and Kays 

turbulent Prandtl number model for heat exchange. 

 

Fig. 2.28 - Points of interest in the 1D overlapping mesh. 
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Fig. 2.29 - Mass flow rate (right) and temperature (left) as boundary conditions from CATHARE 

to FEMLCORE as a function of time. 

 

Fig. 2.30 - Temperature and pressure imposed to CATHARE by FEMLCORE at point 4 as a 

function of time. 
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3.1 Background and references 

The Fukushima Daiichi nuclear power plant (NPP) accident, happened on March 11, 2011, highlighted the 

need of NPP capability to assure residual heat removal for long periods and to limit significant off-site 

releases after the occurrence of a severe accident. 

 

The lesson was acknowledged by Generation IV International Forum (GIF) and established the requirement 

of highest level of safety for innovative nuclear systems. 

 

The GIF was founded on January 2000 by 9 Countries (Argentina, Brazil, Canada, France, Japan, the 

Republic of Korea, the Republic of South Africa, the United Kingdom and the United States), becoming 13 

in the following years (Switzerland, Euratom, Peoples Republic of China and Russian Federation). The goal 

of the GIF is to develop innovative nuclear energy systems in order to help meet the world’s future energy 

needs. The new system will have to satisfy the main goals of a generation IV system: sustainability, 

economics, safety & reliability and proliferation resistance & physical protection. A generation IV nuclear 

system will have to provide a sustainable energy generation assuring a long-term availability of the system 

and the effective fuel utilization and reducing the production of nuclear waste. The operation of a GEN IV 

reactor will have to excel in safety and reliability; it will have a very low likelihood and degree of reactor 

core damage and it will eliminate the need for offsite emergency response
[3.1]

. 

 

Lead-cooled fast reactor (LFR) belong to the six concepts selected by GIF as Generation IV systems and 

includes lead and lead-bismuth eutectic alloy (LBE) technologies; both coolants are chemically inert and 

they offer other attractive characteristics in terms of interaction with structural materials and thermodynamic 

features. LFR systems also well respond to lesson of Fukushima accident allowing natural circulation both in 

nominal and accident conditions. This feature offers considerable grace time in order to cope with 

unprotected loss of flow transient and permits to introduce fully passive decay heat removal system (DHR), 

assuring very high safety features over long periods without need for operator actions, combined with active 

systems. 

 

In the frame of the development of the LFR system, several R&D activities are promoted in the UE. At this 

purpose, the CIRCE pool facility (CIRColazione Eutettico) at ENEA Brasimone research center, was 

refurbished in order to host the test section ICE (Integral Circulation Experiment) which aims to simulate the 

thermal-hydraulic behavior of the primary system in a HLM cooled pool reactor. The test section consists of 

a fuel pin simulator (FPS), which electrically simulates the core of the facility, the heat exchanger (HX) and 

the DHR system, immersed in the upper part of the pool. LBE circulation into the main flow path is 

enhanced by the injection of argon at the inlet section of the riser
[3.2]

. The main goals of the experimental 

campaign conducted on CIRCE-ICE test facility are to investigate mixing convection and thermal 

stratification phenomena in a HLM pool ant to provide experimental data for the validation of analytical 

codes. 

3.2 CIRCE-ICE facility  

CIRCE is a multipurpose pool facility designed to host different test sections welded to and hung from bolted 

vessel heads for the investigation of thermal-hydraulic aspects related to the HLM pool system. The facility 

consists of a main vessel, earmarked for containing test section and filled with about 70 tons of molten LBE, 

two auxiliary tanks, dedicated to store LBE during maintenance phases and to transfer liquid metal during 

loading and drainage phases, and data acquisition system. The main vessel (S100) is characterized by the 

outer diameter of 1200 mm and the height of 8500 mm. The Fig. 3.1 depicts the isometric view of the facility 

and the main parameters are summarized in Tab. 3.1. 
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The experimental campaign is conducted on ICE test section, installed into the main vessel. ICE aims to 

simulate the primary system of a HLM pool type reactor and the main objectives of the experimental 

campaign were to investigate thermal stratification and mixing convection phenomena into the pool and to 

provide experimental data for the validation of analytical codes. These are two of the main topics for the 

development of LFR system: the thermal stratification could induce thermo-mechanical stress on the 

structure and the validation of TH (Thermal Hydraulics) codes against the experimental data is a 

fundamental step in order to justify their use in the design phase for improving safety aspects. 

 

The principal components and the primary main flow path of the test section are depicted in Fig. 3.2 and  

Fig. 3.3; the inlet section consists of the feeding conduit, which allows the hydraulic connection between the 

lower plenum of the pool and the fuel pin simulator (FPS). The value of the LBE mass flow rate entering the 

FPS is measured by a Venturi-nozzle flow meter, installed into the feeding conduit. The fuel pin simulator 

represents the heat source of the unit. It consists of an electrical pin bundle with a nominal thermal power of 

800 kW and an active length of 1000 mm. The bundle is composed of 37 electrically heated pins arranged in 

a wrapped hexagonal lattice and characterized by a pitch to diameter ratio equal to 1.8 (Fig. 3.4); the relative 

position between the pin bundle and the external wrapper is fixed by three spacer grids, lacated along the 

heat source, and the unit rests to the lower grid, placed at the inlet section of the FPS. Each pin has an outer 

diameter of 8.2 mm, a thermal power of 25 kW and a heat flux at the pin wall of 1 MW/m
2
. The hot fluid 

exits the core and it is introduced into the fitting volume, which allows the connection between the fuel pin 

simulator and the riser, double wall insulated pipe connecting the fitting volume and the separator. At the 

inlet section of the riser, a nozzle is installed allowing the injection of argon in order to promote the 

circulation of the primary coolant. The mixture flows upward and collects inside the separator, where the 

separation of LBE and Ar occurs (LBE enters the heat exchanger while Ar flows upward into the gas plenum 

through the free surface). The HX (heat exchanger) is made of 91 bayonet tubes, characterized by an active 

length of 3462 mm, contained into a cylindrical shell. The relative position between the tubes and the 

external shell is fixed by only one grid at the outlet section of the HX. The Fig. 3.5 shows a sketch of the 

bayonet element which consists of three concentric tubes. The feed-water flows downward into the inner 

tube and then upward into the annular riser between inner and middle tube, where the change of phase take 

place; the double physical separation is obtained with the second and the third tube and the LBE flows 

downwards outside the tubes. 

 

The volume between middle and outer tube is filled by pressurized helium to detect any leakage. Exiting the 

HX, primary coolant flows through the downcomer reaching the lower plenum. The DHR system is located 

in the upper zone of the pool, as shown in Fig. 3.2. It consists of only one bayonet tube and the decay power 

is removed by forced circulation of air. The tube is located inside a double wall shell with a thin air 

insulation gap to thermally decouple the DHR from the external LBE pool. Hot LBE enters the DHR by the 

upper inlet section, it flows downward decreasing the temperature and it exits the component in the 

downcomer
[3.2]

. 

 

The test section is equipped with several thermocouples to investigate the thermal behavior of the LBE. The 

primary coolant temperature inside the FPS is measured by 36 TCs (thermocouples), arranged at 7 different 

axial levels. Two series of penetration are obtained at the inlet and outlet section of the active zone, as shown 

in Fig. 3.6. In addition, along the HS active length, four different sections are monitored as depicted in     

Fig. 3.7, investigating the temperature of the LBE along three characteristic sub-channels and the pin clads. 

 

Several TCs are also installed inside the pool in order to investigate mixing convection and thermal 

stratification phenomena. 119 thermocouples are installed in 17 axial levels and 9 different azimuthal 

positions, as shown in Fig. 3.8. 
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3.3 Simulation results 

The nodalization scheme of the test facility is obtained with RELAP5-3D
©
 ver. 4.3.4 (R5-3D). RELAP5 is a 

light water reactor transient analysis code developed by the U.S. Nuclear Regulatory Commission (NRC) for 

use in rulemaking, licensing audit calculations, evaluation of operator guidelines and as a basis for a nuclear 

plant analyzer. It is a generic code that, in addition to calculating the behaviour of a reactor coolant system 

during a transient, can be used for simulation of a wide variety of hydraulic and thermal transients in both 

nuclear and non-nuclear systems involving mixtures of steam, water, non-condensable and solute. R5-3D is 

the last version of the series of RELAP5 code and contains several improvements; the two most 

enhancements from the previous versions are the multi-dimensional thermal-hydraulic capability and the 

addition of new working fluids, including heavy liquid metals
[3.3]

. 

 

Starting from the technical design of each components, provided by ENEA research center of Brasimone, the 

first version of the nodalization scheme of the facility was carried out at the beginning of the activity. The 

global test facility was simulated with a mono-dimensional model (Fig. 3.9) consisting of 253 control 

volumes and 255 junctions. The scheme included the primary main flow path, the secondary system of the 

HX and the DHR. The volume between the main vessel and the internal components was simulated only by a 

single pipe (in light blue). Several heat structures were adopted to simulate thermal behavior of the global 

facility. The mono-dimensional scheme well reproduced the data measured across the main flow path, but it 

was not able to reproduce the convective motions of the LBE into the pool. 

 

The next step was to adopt a three-dimensional component to simulate the pool of the facility. The new 

model was divided in two macro-regions: the region number 1 reproduced the primary main flow path, the 

secondary system of the HX and the DHR system (Fig. 3.10) and the region number 2 model the pool of the 

facility (Fig. 3.11, the internals are depicted only to highlights the volume occupied by each components). 

 

The 1-D scheme reproduced all components described in previous section. The HS was simulated by a single 

equivalent pipe and one heat structure, which reproduced the 37 electrical pins. In R5-3D, for the evaluation 

of the heat transfer coefficient (HTC) on heavy liquid metals, Todreas & Kazimi correlation
[3.4]

 is 

implemented. Previous simulation of HLM system showed that this correlation underestimates the Nusselt 

number for pitch-to-diameter ratio greater than 1.3
[3.5]

. Additionally, R5- 3D does not permit a pitch-to-

diameter ratio of 1.8 and the p/d of the pin bundle was set to the maximum allowed value of 1.6. In order to 

improve the HTC according to Ushakov correlation
[3.6]

 (more accurate in this case) and to correct the heat 

exchange to experimental p/d value, an artificial fouling factor of 0.86, evaluated as the ratio between the 

two correlations in nominal flow conditions, was applied to the HTC. Upstream the FPS, the pressure drop of 

the Venturi nozzle was simulated by a concentrated pressure loss coefficient K, dependent on the flow 

conditions, according to the equation: 

 
0.01410.5ReVenturiK   

 

The argon injection at the inlet section of the riser was simulated by the boundary conditions: the time 

dependent volume set gas inlet conditions and the time dependent junction adjusted the mass flow rate 

injection. An additional time dependent volume set the pressure of the gas plenum of the facility. 

 

The HX primary side was simulated by a single equivalent pipe and one heat structure, which thermally 

couples the primary and the secondary side. A calibrated fouling factor of 1.02 was evaluated as the ratio 

between Ushakov and Todreas & Kazimi correlation and it was applied on the LBE side to increase the 

HTC. The bayonet tubes are modelled by only two pipes in order to simulate the descending and ascending 

side of water/steam tubes and one heat structure to model heat dispersion between the two pipes. 



 

Title: Development of BE numerical tools for 

LFR design and safety analysis – Part 2 

Project: ADP ENEA-MSE PAR 2016 

Distribution 

PUBLIC  

Issue Date 

12.12.2017 
Pag. 

RICERCA SISTEMA 

ELETTRICO 

Ref. 

ADPFISS-LP2-144 
Rev. 0 142 di 300 

 

   

  
 

 

 

The pressure losses due to grids installed into FPS and heat exchanger are calculated by the Rheme 

correlation
[3.7]

: 

 
2 20.5grid vp C v        

 

where ρ and v are respectively the density and the velocity of the fluid while ε represents the blockage factor 

of the grids, calculated as: 

 

grid

flow

A

A
   

 

The Cv parameter is a modified drag coefficient and it is calculated as: 

 
10

0.264 2.79 2

73.14 2.79 10 2.6
3.5 ,

Re Re
vC MIN



 
   

 
 

 

The bayonet tube of the DHR system was also simulated and it was composed of one pipe for the LBE 

channel and two pipes to model the descending and ascending air side. 

 

The region number 2 was the 3D component which simulated the volume between the main vessel and the 

internals. The nodalization scheme was obtained to compare the LBE temperature in the exact position of the 

Thermocouples into the pool, in order to investigate the capability of the code to reproduce thermal 

stratification and mixing convection phenomena. The model consisted of 51 axial levels, 4 radial meshes and 

8 azimuthal intervals. The mono-dimensional model and the 3D component was hydraulically coupled with 

12 junctions and the heat dispersions through the internals and the main vessel were evaluated with several 

heat structures. 

 

The global model was composed of 1929 control volumes, 4856 junctions and 15353 heat transfer nodes. 

 

The nodalizzation scheme previous described was used to reproduce the full power operation of the 

experimental TEST I
[3.2]

; the main parameters of the test are summarized in Tab. 3.2: 

 

The simulation analysis was carried out using default thermophysical properties correlations of R5-3D and 

repeated using the most recent correlations for LBE
[3.8]

, implemented in R5-3D as described in Ref. [3.9]. 

 

The LBE mass flow rate, measured by the Venturi-nozzle, is represented in Fig. 3.12. The strong 

oscillations, during first phase of the experimental test, are due to the volumetric blowers used to inject argon 

into the riser and, after 13000 seconds, they are dumped by installing a check valve into the gas injection 

system
[3.2]

. The experimental data are compared to the simulated values, calculated with default correlations 

of R5-3D and Nuclear Energy Agency (NEA) recommended correlations. Unless the fluctuations, Fig. 3.12 

highlights that both calculated values well reproduce the experimental data, reaching a value of about 55 

kg/s. According to Ref. [3.9], the simulation with default correlations underestimates the LBE mass flow of 

about 1%, because the smaller value of the natural driving force, depending on temperature drop across the 

core and the heat exchanger. The experimental trend of the LBE temperature at the inlet and outlet sections 

of the FPS, both represented by the average value measured by three thermocouples, is compared in Fig. 3.14 
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with the calculated values. The numerical results well predict the experimental trend. In particular the 

simulation with NEA correlations highlights a higher temperature drop of about 3% (mainly due to the 

different specific heat capacity) and, as a consequence, a slight overestimation of the experimental data. 

 

Fig. 3.15 depicts the comparison of the LBE temperature at the heat exchanger inlet and outlet sections, 

obtained averaging respectively the values of three and six thermocouples. The temperature at inlet section is 

lower than the value at the outlet of the FPS, due to the heat losses through the hot leg (towards the pool), 

which are well predicted by the simulations. The difference between the experimental and calculated 

temperature at the outlet of the HX depends on the relative positioning between the thermocouples and the 

volume control, arranged 45 mm upstream. The use of the NEA correlations results an increment of about 

4% in the temperature drop, and a better agreement with the experimental data. 

 

Fig. 3.13 shows the comparison of the thermal power removed by the heat exchanger. The calculated values 

are essentially the same and they both slightly overestimate the experimental data, probably due to the 

fouling which is not considered during the simulations. 

 

In order to analyze the FPS sub-channel by sub-channel, the last upgrading was introduced into the model. 

The fuel pin simulator was reproduced with 72 parallel pipes which simulate the sub-channels. Each pipe 

was composed of 15 control volumes and was coupled with near pipes with a total of 1536 cross junctions. 

The power supplied by the HS was simulated by 5760 heat structure nodes and other 1728 nodes reproduced 

the heat dispersion through the hexagonal wrapper. the nodalization scheme (Fig. 3.16) was obtained in prder 

to compare the LBE temperature in the exact position of the several TCs into the unit. 

 

The experimental campaign was reproduced with the upgraded model only with the most recent 

thermophysical correlations properties. Fig. 3.17, Fig. 3.18 and Fig. 3.19 highlight the comparing between 

experimental and simulated boundary conditions. In particular, the power supplied by the HS was reduced of 

5% of the nominal value to take into account the dissipations which occur in the cables and connectors of the 

outer circuits, which does not contribute to the thermal power supplied. 

 

According to previous simulations, the code well predicts the LBE mass flow rate (Fig. 3.20) and the 

temperature drop across the primary side of the HX (Fig. 3.21). The Fig. 3.22 depicts the temperature drop 

across the FPS and the Fig. 3.23 highlights the LBE temperature sub-channel by sub-channel in five most 

representative section. As shown in Fig. 3.23, the temperature at the inlet section of the unit is quickly 

uniform and in Fig. 3.22 the average value of the simulated temperature at the inlet is compared with the 

average value of the three TCs positioned at the entrance of the FPS. Flowing upward across the HS, the 

LBE temperature assumes the typical profile shown in Fig. 3.23. In Fig. 3.22 the temperature measured by 

the TCs 34 and 36 (positioned in two most representative sub-channels at the end of the active length) are 

compared with the simulated value in the exact position, highlighted the good prediction of the code. 

 

The next figures (i.e. from Fig. 3.24 to Fig. 3.27) shown the comparison between experimental and simulated 

LBE temperature in the pool in different instants. The plots depicts the LBE temperature versus the axial 

level in four azimuthal position: the plot (a) compare the simulated temperature of the control volume 

between the HX and the DHR with the average value of the temperatures measured by 5 TCs arranged in the 

azimuthal positions A, B, C, D and E; the plots (b) compare the simulated temperature with the average 

value of the measurement of the TCs F and G and the plots (c) and (d) compare the simulated temperature 

with the value measured respectively by thermocouples H and I. 

 

The simulation results, according to the experimental data, highlights that the LBE temperature is rather 

homogenous at each level. At the beginning of the test, after 2000 s, the code well predicts the axial trend, 
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showing the thermal stratification at about 4 m from the bottom of the main vessel. During the test, the 

discrepancy between the simulated values and the experimental data increases and the thermal stratification 

is predicted at about 1 m above the experimental data at the end of the simulation (see Fig. 3.28). the 

temporal evolution of the LBE temperature into the pool is depicted in Fig. 3.29 which represent the LBE 

conditions in the most relevant section which includes the FPS and the HX. 

 

In conclusion, the experimental campaign conducted on CIRCE-ICE test facility offered additional data for 

the validation of RELAP5-3D in the frame of HLM system. The nodalizzation scheme of the facility well 

reproduces the thermal-hydraulics of the primary flow path and the implementation of the most recent 

thermophysical properties correlations allow a better estimation of the LBE conditions. About the thermal-

hydraulic phenomena into a HLM pool, the activity highlights the prospect to reproduce the thermal 

stratification with RELAP5-3D, provided that the discrepancy of the comparison will be decreased. At this 

purpose, further investigations are needed, in particular about a detailed characterization of the heat losses 

which could improve the goodness of the simulations. The CIRCE-HERO experimental campaign could 

provide an important contribution in this framework. 

 

 

  



 

Title: Development of BE numerical tools for 

LFR design and safety analysis – Part 2 

Project: ADP ENEA-MSE PAR 2016 

Distribution 

PUBLIC  

Issue Date 

12.12.2017 
Pag. 

RICERCA SISTEMA 

ELETTRICO 

Ref. 

ADPFISS-LP2-144 
Rev. 0 145 di 300 

 

   

  
 

 

Parameters Value 

Outside diameter (mm) 1200 

Wall thickness (mm) 15 

Material AISI 316L 

Max LBE inventory (ton) 90 

Temperature range (K) 473 to 773 

Tab. 3.1 - CIRCE S100 main parameters. 

 

Parameters Value 

Duration (h) 7 

Electical power supplied (kW) 720 

Average LBE initial temperature (K) 600 

LBE mass flow rate at full power (kg/s) 55 

Feed-water mass flow rate (kg/s) 0.65 

Tab. 3.2 - TEST I main parameters. 
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Fig. 3.1 - CIRCE isometric view. 

 

Fig. 3.2 - ICE test section. 
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Fig. 3.3 - ICE test section: primary flow path. 

 

Fig. 3.4 - FPS cross section. 
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Fig. 3.5 - HX bayonet tube. 

 

Fig. 3.6 - CIRCE instrumentation: FPS (1). 
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Fig. 3.7 - CIRCE instrumentation: FPS (2). 
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Fig. 3.8 - CIRCE instrumentation: pool. 
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Fig. 3.9 - CIRCE-ICE nodalizzation scheme: first version. 
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Fig. 3.10 - Nodalizzation scheme: Region 1. 

 

Fig. 3.11 - Nodalizzation scheme: Region 2.  
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Fig. 3.12 - TEST I: LBE mass flow rate.  

 

Fig. 3.13 - TEST I: HX removed power.  

 

Fig. 3.14 - TEST I: FPS inlet/outlet 

temperatures.  

 

Fig. 3.15 - TEST I: HX inlet/outlet 

temperatures.  

 

Fig. 3.16 - FPS nodalizzation scheme. 
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Fig. 3.17 - Power supplied.  

 

Fig. 3.18 - Feed-water mass 

flow rate.  

 

Fig. 3.19 - Argon injection.  

 

Fig. 3.20 - LBE mass flow rate. 

 

Fig. 3.21 - HX inlet/outlet temperature. 

 

Fig. 3.22 - FPS inlet/outlet temperature. 

 

Fig. 3.23 - FPS temperature. 
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Fig. 3.24 - TS and MC: 2000 s. 

  

  

Fig. 3.25 - TS and MC: 3000 s 

(A) (B) 

(C) (D) 

(A) (B) 

(C) (D) 
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Fig. 3.26 - TS and MC: 5000 s. 

  

  

Fig. 3.27 -. TS and MC: 12000 s. 

(A) (B) 

(C) (D) 

(A) (B) 

(C) (D) 
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Fig. 3.28 - TS and MC: end of simulation. 

 

(A) (B) 

(C) (D) 



 

Title: Development of BE numerical tools for 

LFR design and safety analysis – Part 2 

Project: ADP ENEA-MSE PAR 2016 

Distribution 

PUBLIC  

Issue Date 

12.12.2017 
Pag. 

RICERCA SISTEMA 

ELETTRICO 

Ref. 

ADPFISS-LP2-144 
Rev. 0 158 di 300 

 

  
 

 

     
2000 s 3000 s 5000 s 12000 s End of simulation 

Fig. 3.29 - LBE temperature into the pool. 
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4 APPLICATION OF RELAP5/MOD3.3–FLUENT COUPLING CODES TO CIRCE-

HERO  
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4.1 Background and references 

The University of Pisa (UniPi), from the early 2000, has been involved in the implementation of a dedicated 

version of the RELAP5 STH code, capable to simulate liquid metals cooled systems. More specifically, 

UniPi, in collaboration with ANSALDO and ENEA, performed several simulations on the Accelerator 

Driven System (ADS) cooled by heavy liquid metal using the RELAP5/Mod3.2 code. The code was 

modified to simulate the thermo-hydraulics of Pb and LBE cooled systems. Therefore, the thermodynamic 

and thermo-physical properties of these specific working fluids had to be implemented in the code, together 

with an upgrade of the heat exchange models and specific correlations for liquid metals. Both the self-

standing version of the code and a version coupled with PARCS multigroup reactor kinetics code were 

qualified
[4.1]

. Subsequently, a modified version of PARCS neutronic code, to treat subcritical system with the 

presence of a spallation sources, was implemented and qualified. The qualification procedure confirmed that 

the new PARCS version maintained the coupling capability with RELAP5/Mod.3
[4.2]

. Previously, the 

thermodynamic properties of Pb and LBE were implemented in RELAP5/Mod.3.2 by ANSALDO using the 

soft-sphere EOS model
[4.3]

. 

 

In 2001, UniPi was involved (TRASCO research program) in a code benchmark
[4.4]

 on the core configuration 

of an ADS using a version of RELAP5/PARCS coupled code specially adapted to treat LBE cooled 

subcritical systems with external source. The coupling between neutronics and thermal-hydraulics was 

verified comparing the obtained results with those achieved by ENEA and Politecnico di Torino using the 

NILO in-house code.  

 

In 2002, the version of RELAP5/Mod.3.2, modified to account for LBE properties, was used in a post-test 

validation process. Experiments were conducted on CHEOPE, loop located at ENEA (Brasimone), designed 

to study the LBE chemical and technological aspects. The comparison
[4.5]

 between experimental and 

numerical results showed a reasonable agreement and assessed the code capabilities in simulating LBE in 

natural circulation regime. 

 

In 2006, an experimental campaign was performed on a LBE cooled facility, named CIRCE, located at 

ENEA Brasimone, where gas-injection enhanced circulation tests were carried out. The experimental data 

were compared with the outcomes of the post-test simulations made by the modified RELAP5/Mod.3.2 code 

(in the frame of TRASCO)
[4.6]

, and showed a good agreement with the experimental data. The code was able 

to reproduce friction losses along the flow path and the void buoyancy in the riser. However, the code was 

unable to reproduce the 3-D characteristics of the injection jet influencing the slip ratio and the void 

distribution near the injection nozzle. 

 

In 2007, UniPi implemented the thermodynamic properties of Pb and LBE in RELAP5/Mod.3.3 stand-alone 

code version, in the same way as performed by ANSALDO for RELAP5/Mod3.2, adding the updated 

properties for viscosity, thermal conductivity and surface tension. The code difficulties in treating liquid 

metal with the presence of non-condensable gas was solved by properly modifying some FORTRAN 

subroutines. Simulations made to assess the coupling performances between RELAP5/Mod.3.3 code and 

PARCS neutronic code, provided results in accordance with the physics of the problem, and in perfect 

agreement with the results obtained from the previous version of the code
[4.7]

. 

 

Subsequently, this upgraded version of RELEP5/Mod.3.3 code was extensively employed in support of the 

experimental activities performed at ENEA (Brasimone) in the field of HLM nuclear system. In particular, 

two main LBE facilities, NACIE (loop type)
[4.8], [4.9], [4.10]

 and CIRCE (pool type)
[4.11], [4.12]

, were reproduced in 

order to investigate the related thermal-hydraulic phenomenology in both nominal conditions (gas enhanced 
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circulation) and transient conditions (e.g. transition to natural circulation, ULOF). A pre-test analysis on 

operational transients of the HELENA lead facility was carried out as well
[4.13]

. 

 

A further task employed RELAP5 to simulate the ALFRED lead cooled nuclear reactor. A well-defined 

model was generated to analyze the dynamic response of ALFRED in case of accidental scenarios
[4.14]

. The 

simulations were carried out considering the reactivity feedbacks provided by the RELAP reactor kinetic 

model. 

 

In 2012 UniPi started a research activity on the development of a coupling tool between the modified 

RELAP5/Mod3.3 code and the CFD Fluent code
[4.15]

. In 2013, in order to perform this activity in a rational 

way, the last revised liquid metal thermodynamic properties were assigned to RELAP5/Mod.3.3, for Sodium, 

Pb and LBE
[4.10]

. In particular, the upgraded transport properties (thermal conductivity, dynamic viscosity 

and surface tension) were implemented directly in the FORTRAN source file, while the other 

thermodynamic properties were used to generate the external properties file for the specific working fluid 

(file tpfpb and tpfpbbi). These properties were taken from Sobolev database
[4.16]

. In addition, specific 

convective heat transfer correlations (e.g. Mikitiuk and Ushakov for bundles) for LMs were also 

implemented in RELAP5/Mod.3.3. Since 2012 up to now, different approaches have been investigated (e.g., 

implicit and explicit numerical schemes, etc.) improving the method efficiency in terms of CPU time 

consuming, computational stability and consistency of the results. The coupling tool validation 

procedure 
[4.17]-[4.21]

 involved both NACIE and CIRCE facilities, by comparing the outcomes with both the 

experimental data and RELAP standalone outcomes. 

 

More recently (2015), RELAP5/Mod.3.3 was used to support the design of a 2.5 MW, LBE cooled, facility 

(CLEAR-S) currently under construction in China. In particular, the activities focused on the thermo-

hydraulic characterization of the Main Heat Exchanger
[4.22]

 and the secondary side operational transients 

procedures
[4.23]

. Moreover, a full model of CLEAR-S facility was generated to analyze the global system 

response
[4.24]

. 

4.2 Body of the report concerning the ongoing activities  

The ongoing activity is finalized to analyze the heat transfer performance of HERO SGBT (Heavy liquid 

mEtal – pRessurized water cOoled Steam Generator Bayonet Tube), which is composed by seven double-

walls bayonet tubes with stainless steel powder filling gap. The unit consists of a hexagonal wrap (6795mm 

in length) whose inner and outer transversal heights are, respectively, 126mm and 132mm. Six slots are 

realized in the wrap at the top of the active length (6000 mm) to feed the liquid metal side of the SGBT 

unit
[4.25]

. 

 

This evaluation is accomplished using RELAP5 system code coupled with CFD ANSYS Fluent code. This 

coupling approach allows to give updated and more realistic heat transfer boundary conditions to the CFD 

model and to obtain more accurate information on heat transfer for this component with, in particular, a 

detailed distribution of the LBE temperature inside the hexagonal wrapper.  

 

The adopted methodology for the computational domain is “non-overlapping”. Indeed, the primary side of 

the heat exchanger and the heat structure are simulated with the CFD code, while the secondary side (which 

contains water-vapour two-phase flow) is modelled with the RELAP5 system code. 

4.2.1 CFD preliminary analysis 

The CFD preliminary analysis was carried out by ANSYS Fluent solver. The code is based on a finite 

volume method, and the numerical algorithm consists of the following steps: 
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- integration of the governing equations of fluid flow over all the finite control volumes of the domain; 

- discretization – conversion of the resulting equations into a system of algebraic equations;  

- solution of the algebraic equations by an iterative method.  

 

Before to begin the CFD analysis, it was necessary to define the geometry of the region of interest 

(computational domain). For this purpose, a 3D model of the LBE side and of the HX solid structures was 

built and the mesh was created using the native tool of ANSYS Workbench. Actually, the computational 

domain is one sixth of the entire geometry in the transversal section, exploiting the symmetry of the section, 

in order to reduce the number of elements and the required computational time. Fig. 4.1 (a) shows the overall 

geometry used in CFD code calculation while the details of initial and final regions are displayed 

respectively Fig. 4.1 (b) and (c). Fig. 4.2 illustrates the transversal section.  

 

In the 3D model, the LBE part is in blue color, while the solid structures of AISI-304 steel are depicted in red 

(the one in contact with LBE side) and green (the one in contact with water side). The AISI-316 powder 

between the two steel tubes is colored in orange. The LBE lateral inlet section is represented in yellow in 

Fig. 4.1 (a), which simulates one of the six entrance slots of the HERO test section. 

 

Instead, the total length was considered including also a LBE zone below the end of the seven water tubes, 

which was mainly modeled to avoid the “reversed flow” occurrence at the “pressure outlet” boundary 

condition. This zone is noticeable in the final part of the geometry in Fig. 4.1 (c). The spatial discretization, 

displayed in Fig. 4.3 and Fig. 4.4, is characterized by primarily structured hexahedral elements, for a total of 

731454 nodes and 688213 elements; additional mesh statistics are reported in Tab. 4.1. 

 

The Fluent code needs to set up the material properties (LBE and steel) and the appropriate boundary 

conditions. The LBE properties, such as the density, the molecular viscosity, the thermal conductivity and 

the specific heat, were taken into account as polynomial functions of the temperature in agreement with 

OECD/NEA Handbook of 2007 [4.26]. For AISI-304 steel and AISI-316 powder, the Fluent steel default 

values of density and specific heat were chosen, whereas the thermal conductivity of the AISI-304 steel was 

changed using a polynomial function of the temperature. A constant lower value of 3.41 W/(m K), was used 

for the AISI-316 powder, according to Ref. [4.27]. The thermal properties of solid structures materials are 

summarized in Tab. 4.2 and Tab. 4.3. 

 

To model heat transfer, the energy equation was activated and the “Convection” condition was fixed on the 

pipe walls. The axial profile of the water side heat transfer coefficient and the two-phase fluid bulk 

temperature were imposed as thermal wall boundary conditions. This specific kind of boundary parameters 

was chosen in view of the application to coupled simulations, which will be described in sect. 4.2.2. These 

boundary conditions were obtained from a RELAP5 stand-alone simulation. The thermal wall boundary 

conditions were applied at the inner walls of the ascending water pipes, which were named Wall 1, Wall 2 

and Wall 3, as shown in Fig. 4.5. Differentiated wall boundary conditions between the central pipe (Wall 3) 

and the lateral pipes (Wall 1 and Wall 2) were adopted, with the aim to obtain more realistic results 

(especially when applied to the coupled simulations). 

 

In Fig. 4.5, Wall 4 is also shown, which represents the hexagonal wrapper, where no slip and adiabatic 

conditions were applied. In addition, the LBE mass flow rate and temperature were imposed at the inlet 

section, while a zero gauge pressure value was fixed at the outlet section. The inlet LBE mass flow rate was 

set obviously to one sixth of the nominal inlet LBE mass flow rate. 
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In order to simulate the turbulence effects, Fluent requires activating a turbulence model and the selection of 

a near-wall modeling approach. For the first element close to the wall, a y
+
>30 approach was adopted in 

which the viscosity-affected inner region is not resolved and wall functions are used to describe the viscous 

sublayer and buffer layer. The use of the wall function permits to reduce the computational time required for 

the calculations. To choose the turbulence model, three different models were attempted: 

 

 RNG k-ε Model; 

 Realizable k-ε Model; 

 SST k-ω Model. 

The parameters set to carry out the simulations are summarized in Tab. 4.4. 

 

Once the calculation has converged, the field of the LBE temperature, velocity and turbulent kinetic energy 

(TKE) were plotted; the results are reported in Fig. 4.6, Fig. 4.7 and Fig. 4.8, respectively. The contours 

depict the variables in a transversal plane of about z=4.1 m, where the flow is fully developed and the 

variables are not affected by entrance region effects.  

 

For further comparison, the profiles of the LBE temperature, velocity magnitude and turbulent kinetic energy 

of the simulations with the different turbulence models were extracted from a line on the transversal section 

at axial coordinate of about z = 4.1 m. The line where the results were extracted is depicted in brown, in   

Fig. 4.9. The results of the LBE temperature, velocity magnitude and turbulent kinetic energy profiles are 

shown respectively in Fig. 4.10 (a), (b), and (c). 

 

From Fig. 4.6, Fig. 4.7, Fig. 4.8 and Fig. 4.10, it can be observed that LBE temperature, velocity and 

turbulent kinetic energy (TKE) distributions are not highly influenced by the turbulence model. In the 

temperature and velocity profiles, the RNG and Realizable k-ε Models show a similar trend while the SST k-

ω Model results are slightly lower. Instead, the TKE profiles display a more noticeable difference among the 

models, especially in the SST k-ω Model, which generally estimated smaller turbulent parameters. 

Nevertheless, in absence of reference data, the choice of the model was based on the comparison of the 

residual behavior of the different turbulence models. The model that shows lowest residuals is the Realizable 

k-ε model. 

 

Since the turbulent Prandtl number is one of the major parameters affecting sensitively the turbulent heat 

transfer behavior in Liquid Metal, additional CFD calculations with Realizable k-ε model were carried out 

using different turbulent Prandtl number values: 0.85, 1, 1.5 and 2. Changing the turbulent Prandtl number, 

the LBE temperature profile is slightly different, as shown in Fig. 4.11. In particular, higher turbulent Prandtl 

number gave higher LBE temperature profile over the chosen line.  

 

In absence of experimental data to compare the numerical results and to decide which turbulent Prandtl 

number is the most appropriate, the choice was based on the following correlation [4.28]: 
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In our test cases, the Péclet number is generally smaller than 2000, then a Prt = 1.5 was chosen for the CFD-

STH coupled code simulations reported in the next section. 
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4.2.2 Adopted coupling procedure and obtained results 

The scheme used for the coupling model is represented in Fig. 4.12. It highlights the thermodynamic 

variables exchanged at the interfaces between the two domains. Basically, the exchange of the variables 

takes place at the walls of the ascending water pipes along the entire tube length. As already explained, 

exchanged data are differentiated for the central and the lateral pipes. This differentiation is shown in       

Fig. 4.12, where the RELAP5 nodalization of the HERO secondary side is reported: the components from 

420 to 452 are representative of the central pipe, whereas components from 520 to 552 represent the six 

lateral tubes. This separation of the central pipe from the lateral ones allows to obtain differentiated boundary 

conditions on the pipes wall from the detailed temperature distribution in the primary side of the HX (LBE 

side), calculated by the CFD code. In the RELAP5 model, the water is injected through the time-dependent 

junction 415 inside the inlet plenum 418 and then redistributes inside the two pipes (420 and 520). 

 

For post-processing purpose, 60 artificial surfaces have been created on each boundary wall of the CFD 

domain, in order to exchange data with the system code. The height of these surfaces is equivalent to the 

respective volume length of pipes 442 (542) and part of pipes 448 (548) of RELAP5. Actually, the division 

are operated on the Wall 2 (the division of Wall 1 is not necessary for symmetry) and Wall 3 because these 

boundaries are located where the data exchange is carried out between CFD and STH codes. The schematic 

representation of the artificial subdivision for the data exchange is showed in Fig. 4.12. At each iteration, 

wall temperature results from Fluent are averaged over the tubes surface (axially and azimuthally) in the 60 

above-mentioned zones; then these data are transferred to RELAP5. In turn, RELAP5 gives back 60 data 

points, which are used to build an axial profile (with linear trend between two consecutive points) of both the 

two-phase water mixture bulk temperature and the heat transfer coefficient (HTC), which are given to Fluent 

as boundary conditions.  

 

The adopted numerical method for the coupled simulation is the semi-implicit scheme. At each step, for both 

outer and inner iterations, the variables exchanged between the boundaries of the two codes are:  

 

 the bulk temperatures; 

 the heat transfer coefficient at the pipes wall of the ascending water; 

 the wall temperature of the ascending water (in two-phase flow).  

 

The convergence is obtained when the difference (as a percentage) between the value of each variable at two 

consecutive steps goes below a preset value. More detailed information on the coupling numerical algorithm 

can be found in Ref. [4.29]. 

 

Different boundary conditions were adopted for the Fluent CFD code (HERO primary side) and RELAP5 

system code (HERO secondary side), which are reported respectively in Tab. 4.5 and Tab. 4.6. 

 

The results of coupled calculation have been compared with the RELAP5 stand-alone results in order to 

demonstrate, not only that this methodology brings to realistic results, but also that it can provide more 

detailed flow and heat transfer information. Fig. 4.13 and Fig. 4.14 show the trend of temperatures along the 

HERO test section obtained by coupling calculation respectively in central pipe (442) and lateral pipes (542).  

displays the analogous trends obtained with the RELAP5 stand-alone calculation, for comparison. It should 

be mentioned that in the RELAP5 stand-alone calculation the seven tubes of the HERO test section were 

simulated with only one tube, which has a total flow area equal to the sum of the individual tube areas.  

 

The temperature profiles reported in the above-mentioned figures are referred to the LBE temperature, the 

wall temperature on LBE side, the wall temperature on water side and the water temperature in the ascending 
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and descending tubes. In Fig. 4.13, Fig. 4.14 and Fig. 4.15, the temperature range is the same for a better 

comparison of the obtained results. At first sight, it can be noticed that the trends of the temperatures of the 

central and lateral pipes are similar and there are not evident differences with the RELAP5 stand-alone 

calculation. 

 

In the LBE entrance region (z ≈ 0 m), the descending trend of both the LBE temperature and the LBE side 

wall temperature have a greater slope meaning that the heat transfer is more efficient in this area. In 

correspondence of this area, the secondary side water flows upwards towards the tubes annular region 

(counter-current flow) in a two-phase regime, at constant temperature (saturation point). In such conditions, 

the HTC-water side is very high, enhancing the heat transfer between the fluids. The trend of the water side 

HTC is shown in Fig. 4.16, which reports the comparison of the results achieved with the coupled calculation 

(both in central and lateral pipes) and the those obtained from the RELAP5 stand-alone simulation. The trend 

of the three curves is very similar; however, the change in slope occurs in slight different axial positions. In 

particular, it occurs closer to the entrance region in the central pipe than the lateral ones, showing that the 

differentiation of pipes can lead to more accurate information on heat transfer. 

 

Concerning the HTC in the LBE side, the trend obtained in the coupled calculation is extracted from the 

Fluent domain, using the following relationship: 

 

    
 

   

"

   
 




wall

LBE

wall b

q z
HTC z

T z T z
      (1) 

 

where 
"

wallq is the wall heat flux, wallT is the wall temperature LBE side and bT  is the LBE bulk temperature. 

These values are extracted from artificial axial planes specifically created in the CFD domain. In each plane, 

the 
''

wallq  and the wallT  are averaged over the total perimeter of both central and lateral walls, while bT  is the 

mass-weighted average temperature. In Fig. 4.17, the obtained curve is compared with the LBE side HTC 

from the RELAP5 stand-alone simulation. In RELAP5 stand-alone, the LBE side HTC is computed using 

one of the two correlations implemented in the code for fuel bundles convective heat transfer; in this case, 

the Ushakov correlation was chosen. 

 

The difference between the two trends is caused by a more accurate information on LBE heat transfer 

obtained using a CFD code in the coupled procedure. In particular, thanks to the CFD calculation it is 

possible to compute a more detailed variation along the axial coordinate. Further, the initial sharp trend of 

the curve obtained from the CFD is related to the entrance region, where the flow and the temperature profile 

are not completely established and the difference between the average wall temperature wallT  and the bulk 

temperature bT  is small. 

 

Since in the coupled simulation the imposed conditions are the water side wall temperature for the RELAP 

domain and the water side heat transfer coefficient and the two-phase fluid bulk temperature for the CFD 

domain, the continuity of the heat flux on boundary walls (Wall 2 and Wall 3), computed by the two codes, 

must be guaranteed. In Fig. 4.18 and Fig. 4.19, it can be seen that the heat flux extracted from Fluent and 

RELAP5 domains in the coupling simulation are practically coincident and have also a similar trend with 

respect to the curve obtained from the RELAP5 stand-alone computation. The initial descending trend of 

heat fluxes is a direct consequence of greater heat exchange efficiency in the entrance region. 
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The heat flux (Fig. 4.18 and Fig. 4.19) and HTC (Fig. 4.16) curves obtained with the coupling procedure 

display a decreasing trend for z below zero: the reason of this behavior is that above the LBE entrance region 

there is LBE stagnation.  

 

As advantage of the coupled calculation, there is the possibility to analyze in the detail the flow in the 

portion of the domain modelled by the CFD code. In this work, the temperature and velocity fields in the 

LBE side of the HX were obtained from the CFD simulation and are illustrated in Fig. 4.20 and Fig. 4.21. 

The profiles are extracted at the end of the coupled simulation, when the steady state condition was reached. 

The LBE contour plots are reported in two different planes, respectively at about z=1.6 m and z=4.1 m. For a 

better comparison, the same scale was used for Fig. 4.20 (a) and (b) and for Fig. 4.21 (a) and (b). The LBE 

temperature is quite colder in the outer region, between the lateral pipes and the hexagonal wrapper (Wall 4) 

because the heat transfer area is relatively smaller in that narrow gap; further, the LBE velocity is smaller. 

The velocity field in Fig. 4.21 (a) appears slightly different with respect to the contour in Fig. 4.21 (b), 

despite the flow is fully developed in both sections. The different LBE velocity distribution at z=1.6 m is 

related to a density effect, since in this section the average temperature is colder than that in z=4.1 m. 

4.2.3 Conclusions 

The present work consists of two main parts, aimed at contributing to the development and improvement of a 

coupling methodology between CFD code and system code in order to analyze the heat transfer performance 

of the HERO test section.  

 

In the first part of the work, CFD simulations were realized in order to investigate the thermal hydraulic 

phenomena in the heat exchanger and, consequently, to choose the most suitable models to perform the 

simulations. For this purpose, a symmetrical 3D CFD model of the LBE side and of the HX solid structures 

was build.  

 

To accomplish the CFD calculation, the energy and turbulent models were selected. After a sensitivity 

analysis, the appropriate boundary conditions, obtained from a previous RELAP5 standalone calculation, 

were imposed. In particular, the thermal wall boundary conditions were applied at the inner walls of the 

ascending water pipes in view of the coupling applications, since this is the location where the data exchange 

between the CFD code and RELAP5 code occurs.  

 

In the second part of the work, the coupled methodology was applied to the entire HERO section: the 

primary LBE side and the pipe structures were modelled with the CFD Fluent code whereas the water side 

was modelled with the STH code RELAP5. The coupling procedure was verified by comparing the obtained 

results with the analogous ones achieved with the RELAP5 standalone calculation. Similar temperature, heat 

flux and HTC trends were obtained with the two calculations, proving that the developed coupling 

methodology is reliable. Further, the coupled simulation allows to obtain more accurate information on the 

LBE flow and on the heat transfer performance for this component. 

 

As next step, this methodology could be adopted to analyse the efficiency of the HERO component in 

several operating conditions (by varying the water side operating pressure, LBE and/or water inlet mass flow 

rates and temperatures). 

 

In the future, once the experimental tests on CIRCE-HERO will be performed and detailed experimental data 

will be available, the computational results will be critically compared with the experimental data to verify 

the ability of the Fluent/RELAP5 coupled codes in predicts the involved phenomena. 
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4.3 Role of the activity, general goals and future development 

Since 2012, University of Pisa has been involved in the development of a coupling tool between a modified 

version of RELAP5/Mod3.3 and the CFD ANSYS Fluent code. Indeed, the interest in coupling techniques 

between existing codes is emerging worldwide with the aim to model the interaction of multidisciplinary 

physical phenomena. For thermal-hydraulic analysis purposes, the coupling between STH and CFD codes 

allows to model multi-scale phenomena, at different level of detail. The CFD code should be used to analyse 

a smaller part of the domain where 3D effects are significant and/or detailed flow information is demanded. 

The STH code should be applied to the portions of the system characterized by 1D components (i.e. pipes) 

and to model multi-phase and/or multi-component flow. 

 

During these years, the coupling numerical algorithm was improved from the explicit scheme to semi-

implicit one, where "inner-cycles" are repeated until specified convergence criteria are satisfied. The 

technique to handle the synchronization of the codes and the exchange of data was also enhanced, bringing 

an advantage in terms of global computational time required. Regarding the coupled code applications, the 

first developed tool was verified with NACIE experimental data. Successive application concerned the pool 

configuration (i.e. CIRCE-ICE) with simulation of isothermal and accidental transient tests.  

 

The last task of UniPi regarded the use of the coupling tool for the new CIRCE configuration with the 

prototypical component HERO. For this purpose, a new methodology, with the coupling at the thermal 

boundaries, was setup and used for the analysis of the HERO component (the pool, as well as the test section 

where HERO will be installed, were not simulated). The ongoing activity and next step is to model the 

complete CIRCE-HERO facility with STH-CFD coupled codes. Actually, a STH-CFD model has been 

already completed and some isothermal coupled calculations are ongoing. Once the CIRCE-HERO coupled 

model has been tested, the simulation of accidental transient, with active heat source and heat sink, will be 

performed.  

 

As future development, the University of Pisa is considering the feasibility to couple the RELAP/Mod3.3 

thermal-hydraulic system code with the SIMMER code. SIMMER (developed in both 2D and 3D versions) 

is a three-velocity-field, multiphase, multicomponent, fluid-dynamics code coupled with a space- and 

energy-dependent neutron kinetics model, which also allows to solve mass, momentum and energy balance 

equations for multi-fluid systems. The University of Pisa gained great experience in the use of the SIMMER 

code and has recently modified its FORTRAN source file to implement a chemical model for the Water-PbLi 

exothermic reaction. The development of this new coupling tool could allow the simulation of new complex 

system, such as the WCLL+PHTS foreseen in fusion nuclear reactors, extending the application of coupled 

calculation to fusion systems.  
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Nodes 731454 

Elements 688213 

Max Aspect Ratio 38.94 

Max Skewness 0.79 

Min Orthogonal Quality 0.999 

Avg Orthogonal Quality 0.983 

Tab. 4.1 - Mesh statistics. 

 

Density [kg/m
3
] 8030 

Specific heat [J/(kg K)] 502.48 

Thermal conductivity [W/(m K)] 9.437+0.0154 T 

Tab. 4.2 - AISI-304 steel thermal properties. 

 

Density [kg/m
3
] 8030 

Specific heat [J/(kg K)] 502.48 

Thermal conductivity [W/(m K)] 3.41 

Tab. 4.3 - AISI-316 powder thermal properties. 

 

Inlet LBE mass flow rate [kg/s] 6.225 

Outlet gauge pressure [Pa] 0 

Inlet LBE temperature [°C] 480 

Tab. 4.4 - Reference boundary conditions. 

 

LBE inlet mass flow rate [kg/s] 1.5 

Outlet gauge pressure [Pa] 0 

LBE inlet temperature [°C] 480 

Tab. 4.5 - Reference boundary conditions for Fluent CFD Code. 

 

Water mass flow rate [kg/s] 0.33 

Water inlet temperature [°C] 335 

HERO outlet pressure [bar] 180 

Tab. 4.6 - Reference boundary conditions for RELAP5 System Code. 
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(a) 

 

 
(b) (c) 

Fig. 4.1 - HERO periodic geometrical domain: overall geometry (a), initial (b) and final (c) 

region. 

 

Fig. 4.2 - HERO periodic transversal section. 
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Fig. 4.3 - LBE side spatial discretization. 

 

 

Fig. 4.4 - HERO tubes spatial discretization. 

 

 

Fig. 4.5 - Boundary walls. 

Wall 1&2 
Wall 3 
Wall 4 
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(a) 

 
 

(b) 

 
 

(c) 

Fig. 4.6 - LBE temperature comparison between the three turbulence models:RNG k-ε Model (a), 

Realizable k-ε Model (b) and SST k-ω Model (c). 
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(a) 

  

(b) 

  

(c) 

Fig. 4.7 - LBE velocity magnitude comparison between the three turbulence models: RNG k-ε 

Model (a), Realizable k-ε Model (b) and SST k-ω Model (c). 
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(a) 

  

(b) 

  

(c) 

Fig. 4.8 - LBE turbulent kinetic energy comparison between the three turbulence models: RNG 

k-ε Model (a), Realizable k-ε Model (b) and SST k-ω Model (c). 
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Fig. 4.9 - Brown line on the transversal section of the LBE domain, where calculation results 

were extracted. 

 

 

  

(a) (b) 

 

 

(c) 

Fig. 4.10 - LBE temperature (a), velocity (b) and turbulent kinetic energy (c) profiles. 

B 

A 

B A B A 
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(a) (b) 

 

 

(c) 

Fig. 4.11 - Temperature (a), velocity (b) and turbulent kinetic energy (c) profiles changing the 

turbulent Prandtl number. 

B A B A 

B A 



 

Title: Development of BE numerical tools for 

LFR design and safety analysis – Part 2 

Project: ADP ENEA-MSE PAR 2016 

Distribution 

PUBLIC  

Issue Date 

12.12.2017 
Pag. 

RICERCA SISTEMA 

ELETTRICO 

Ref. 

ADPFISS-LP2-144 
Rev. 0 179 di 300 

 

   

  
 

 

 

Fig. 4.12 - Simplified sketch of the coupling technique adopted for HERO. 

 

 

Fig. 4.13 - Trend of temperatures obtained with the coupling procedure in the central pipe 

(Wall 3). 
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Fig. 4.14 - Trend of temperatures obtained with the coupling procedure in the lateral pipes 

(Wall 2). 

 

 

Fig. 4.15 - Trend of temperatures obtained with the coupling procedure in the lateral pipes 

(Wall 2). 
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Fig. 4.16 - Comparison of the axial trend of HTC - water side. 

 

 

Fig. 4.17 - Comparison of the axial trend of HTC - LBE side. 
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Fig. 4.18 - Comparison of the axial trend of wall the heat flux in the central pipe (Wall 3). 

 

 

Fig. 4.19 - Comparison the axial trend of the wall heat flux in the lateral pipes (Wall 2). 
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(a) 

  

(b) 

Fig. 4.20 - LBE temperature distribution at z=1.5975 m (a) and z= 4.0975 m (b). 
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(a) 

  

(b) 

Fig. 4.21 - LBE velocity at z=1.5975 m (a) and z=4.0975 m (b). 
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5.1 Background and references 

Assessment of nuclear power plant performances during transient conditions is the main issue of safety 

research. Until recent years, most of the safety analyses were successfully performed using thermal-

hydraulics system codes. However, these codes have limiations for conditions where complex feedback 

exists between core neutronics and thermalhydraulics or when multidimensional phenomena are involved. 

 

The ESNII fast reactor projects, and in particular the LFR, rely on a pool type designs. The design and safety 

analysis of these reactor types require 3D thermal-hydraulic capabilities and multiphysics approaches based 

on codes’ coupling.  

 

Being the application of CFD codes in DSA limited by the long calculation time and difficulties in predicting 

the transient behavior at system level, current generation of system codes with three-dimensional capabilities 

may represent an option. Moreover, the accuracy of the simulations can benefit by modeling directly the 

interaction between the neutron kinetics and the thermal-hydraulics using already available code features or 

the coupled codes calculation methods. 

 

In view of this, validation and benchmark activities based on experimental data were carried out with main 

focus on three-dimensional nodalization of the primary system (see sect. 3) and the full representation of the 

reactor core (Refs. [5.1] and [5.2]) for neutron kinetic or FPC coupling
[5.3]

. 

 

This activity, in synergy with H2020 SESAME project (http://sesame-h2020.eu/), is aimed at validating 

RELAP5-3D and at improving analytical and numerical capabilities in fast reactor design and analysis 

thanks the availability of PHENIX experimental data. Specific objectives are: 

 

 to assess RELAP5-3D code against nuclear reactor scale data 

 to master the code limitations and developing modelling approaches   

 to develop a reliable approach for SYS analysis of new gen. FR systems, including coupling with 

NK and FPC 

5.2 Assessment of RELAP5-3D  code in the framework of PHENIX dissymmetric tests  

5.2.1 Brief description of PHENIX  

Before the definitive shutdown of the prototype pool-type sodium-cooled fast reactor PHENIX, occurred in 

the year 2009, the CEA decided to carry out a final set of experimental tests, in order to gather data and 

additional knowledge on relevant aspects of the operation of sodium fast reactors (SFR). Ten different tests 

of four types were performed (Tab. 5.1). 

 

PHENIX is a pool-type fast breeder reactor cooled with liquid sodium, located at the Marcoule nuclear site, 

near Orange, France. Its construction began in November 1968 and the first connection to the French 

national electricity grid was in December 1973. It was stopped in 2009.  

 

PHENIX plant
[5.4], [5.5], [5.6]

 generated a thermal power of 563 MW(th), with an electric output of 

approximately 250MW(e) until 1993, then it was operated at a reduced power of 350 MW(th) (140 MW(e)).  

 

The reactor block is of the suspended type (see Fig.1). The upper cover slab supports all the vessels, ensures 

biological protection, and allows the passage of components. The main vessel has a diameter of 11.8 m and 

contains about 800 tons of primary sodium. It is attached to the upper slab by 21 suspension hangers and it is 

http://sesame-h2020.eu/
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closed by means of a flat roof, featuring penetrations for the components. The double-envelope vessel, 

welded to the upper part of the main vessel, has the task of containing any possible sodium leaks. The roof 

and the double envelope vessel are thermally isolated. A third vessel, the primary containment vessel, is 

welded to the slab’s underside, and attached to the reactor pit. The role of this vessel is to contain radioactive 

products, in the event of a severe accident. It carries the final emergency cooling system, welded onto its 

outside, which has the purpose of maintaining the reactor pit concrete at ambient temperature, and ensuring 

decay heat removal, in the event of a loss of normal cooling systems. 

 

The strongback has the function of supporting the core and it carries about the 10% of operating flow to the 

vessel cooling system. The diagrid, connected to primary pumps, has the function of positioning, supporting 

and supplying sodium to core SA. A conical shell, welded to the main vessel, guarantees, together with the 

strongback and the diagrid, the completely support for the core. 

 

The core consists of an array of hexagonal assemblies, with a width across flats of 127 mm, for an overall 

length of 4.3 m. The fuel is mixed uranium–plutonium oxide. The central fissile zone is divided in two 

regions, that have different enrichment values, and it is surrounded by annular fertile zones, and further out 

by steel reflectors, and lateral neutron shielding rods. Reactor control was ensured by means of 6 control rods 

and 1 safety rod (see Fig. 5.2). 

 

The hot pool and the cold pool are separated by the primary vessel, which features a conical baffle. Three 

vertical-axis primary pumps ensure sodium circulation, taking sodium by the cold pool, and discharging 

sodium into the diagrid by means of three connector pipes. Six intermediate heat exchangers (straight tube 

types), connected in pairs to the three secondary loops, remove the heat generated by the core. Primary 

sodium circulates along the shell side (along the outside of the tubes). From 1993 until the stopping of the 

reactor, the secondary loop two didn’t work and the two corresponding heat exchangers was plugged.  

 

5.2.2 The dissymmetric tests 

The dissymmetrical test is used to support LMR plant design and to demonstrate effectiveness of natural 

circulation cooling characteristics.  

 

The test started with PHENIX in nominal steady state conditions, thus at full power and flow. The initiating 

event was the trip of the secondary coolant pump (on one loop), thus the rotation speed was reduced from 

700 to 100 rpm in about 13 s. This caused azimuthal and axial dissymmetries in the cold plenum.  

 

The lack of cooling created an hot shock in the cold plenum of the primary vessel at the outlet of the two 

intermediate heat exchangers connected to the corresponding secondary system.  

 

After 5 seconds from the BoT there was: the automatic shutdown (the control rods were inserted at velocity 

of 1.4 mm/s in 45 s.), the turbine trip, the trip of the secondary coolant pump (in the active loop): the MCP 

velocity was reduced from 700 to 110 rpm in about 60 s. 

 

After 48 seconds from the started the reactor was instantaneously scrammed. The test stopped after 1800 

seconds. The sequence of the events is summarized in Tab. 5.2. 

5.2.3 RELAP5-3D nodalization 

The nodalization has been developed using the same criteria of Ref. [5.2]. The main features of PHENIX 

RELAP5-3D© nodalization
[5.7]

 are: 
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 Recommended common rules involving characteristic dimensions, flow path area, elevations, heat 

structures and capacities have been taken into account from the data package for PHENIX 

dissymmetric test benchmark. 

 Bypass is modeled according to geometric specifications and mass flow data in steady state. 

 A sliced approach is applied at all systems (i.e. coolant system, reactor core). 

 The relevant elevations of the different parts of the plant are maintained in the nodalization, with 

minor exceptions due to modeling constraints.  

 Dimension of nodes is set-up according with the expected spatial temperature gradients, relevant 

geometrical features of the systems and measurement points constraints. 

 The node to node ratio is kept uniform, as much as possible, with reference maximum ratio of 1.2 

between adjacent sub-volumes. 

 The roughness is set 3.2
-5

 m with the exception of the core region where is set 1.0
-6

 m. 

 The standard RELAP5 wall friction correlations (i.e. laminar and turbulent regions) are modified 

with Cheng and Todreas formulations to represent wire wrapped rod bundle
[5.8]

. The model applies in 

laminar, turbulence and transition flows. Transition zone is limited to 2200 and 3000 in RELAP5, on 

the opposite it has larger range of Re numbers in the correlation. 

 K-loss coefficients in junctions have been evaluated or estimated on the basis of geometries, when 

available. 

 Westinghouse heat transfer correlation
[5.9]

 is used in bundle regions, Seban –Shimazaki 

correlation
[5.9]

 is used everywhere. 

 

Adopted code resources are summarized in Tab. 5.3. The nodalization is composed by: 

 

 1 MULTID component modelling large part of the primary system, and 

 1D components in charge of representing the zones where a predominant 1D flow is expected (i.e. 

hexagonal fuel assemblies; heat exchangers; pump suction and feeding conduit, VCS, and gas 

plenum). 

 

The MULTID component (Fig. 5.3) models the diagrid, the core bypass, the hot pool and the cold pool. It is 

composed by 35 axial lengths, 6 radial rings and 12 azimuthal sectors.  

 

The number of azimuthal meshes is chosen on the basis of the geometrical positions of the MCPs and IHXs 

(Fig. 5.3 – PHENIX nodalization: layout of IHXs and PPs top view (PHENIX) and azimuthal meshes 

(RELAP5-3D©). 

). The axial mesh lengths of the cold and hot pool regions and of the other components (reactor zone, skirt 

and MCPs pipes, IHX, and VCS) are consistent with the vertical sliced approach.  

 

The fuel SAs are modelled with 1D pipes and exchange power with the corresponding MULTID zone 

modelling the bypass zone through the hexagonal wrapper.  

 

The reactor core is divided into three main parts: 1) the assemblies of the inner core and the outer core 

regions, the first 7 rows, modeled one by one, according to the geometrical specifications; 2) the blanket 

zone rows 8 to 10 modeled with 36 equivalent PIPE components, with the radial blanket, the ARA and the 

ASA assemblies grouped separately, according to the azimuthal configuration; and 3) the reflector zone 

where the SA (i.e ARA, ASA, storage and B4C) are also distributed along the twelve azimuthal meshes. The 

axial nodes have lengths equal or sub-multiple with respect of the meshes of the 3D component. 
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The model of each subassembly in the core regions is rather detailed to represent the relevant geometric 

characteristics. Fuel assembly orifices have been set up based on mass flow rate data and overall dynamic 

pressure drops in the nominal steady state. No geometrical details of the subassemblies orifices or form loss 

coefficients as function of Re were delivered to the benchmark participants. 

 

Each component is placed according with the 3-D geometry geometrical specifications and relevant 

elevations are preserved. Porosity factors are used in the MULTID component to model the geometry and the 

flow paths.  

 

The four IHX primary sides are modelled separately with PIPE components connected upstream and 

downstream with the MULTID component. 

 

The four IHX secondary sides are modelled separately with PIPE components from an inlet and outlet 

collectors (dummy) and fed with imposed boundary conditions. 

 

Primary and secondary sides of DOTE components are modelled and idle. The connections between the 

IHXs #2 are closed to prevent the primary mass flow rate passing through.  Primary-to-secondary heat 

structures modelled using ferritic-martensitic EM10 steel. 

 

The pumps and connected conduits are modeled separately with proper PUMP and PIPE components. These 

are connected upstream with the cold pool and downstream with the pressure chamber hydraulic volume 

feeding the SA accounting for the real 3D representation. The homologous curves are The homologous 

curves have set-up using PHENIX reference data. 

 

The vessel cooling system and the strongback are modelled with an PIPE component connected up-stream 

with the pressure chamber hydraulic volume feeding the SA, on the top with gas plena, and downstream with 

the corresponding regions of cold pool. 

 

5.2.4 Synthesis of blind results 

The blind calculation was run with a personal computer equipped with a Intel I7-6700 CPU @ 3.4 GHz 

having 16 GB of RAM. The operative system is Windows 10. The transient (1800s) required 17 hours of 

computational time. 

 

Steady state conditions are achieved by running the code with the transient option for 1000s (only the last 

50s are reported in the figures. 

 

Tab. 5.4 summarizes the values achieved at the end of the steady state. The results of the dynamic pressure 

drops in the primary system is reported in Tab. 5.5. 

 

The results reported bring the considerations hereafter summarized. 

 

 The relevant initial and boundary conditions of the test are, in general, acceptable. 

 The calculated time trends are stable with the exception of the temperatures in the DOTE IHXs. This 

is anyway considered not relevant for the transient results. 

 Imposed core power is larger than the corresponding calculated thermal balance. This is confirmed 

by the power removed by the secondary side.  

 Overall MCP mass flow rate is in good agreement with the estimated test specifications. 

Nevertheless the core mass flow rate is underestimated of about 3.3%.   
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 The calculated core outlet temperature is referred to the averaged value of the SA ranks from 1 to 10. 

This value is larger than the test specification of about 10°C. This difference is explained with the 

lower mass flow rate (about 4 °C), the temperature increase across the MCP (about 2 °C), the larger 

core power with respect to the thermal balance (2 °C). The remaining difference is smaller than the 

uncertainty of the datum reported in the test specification. It should be noted that this difference has 

a negligible influence in the hot pool temperature (because the large mass inventory) and, thus, in the 

IHX inlet temperature. 

 MCPs pressure head needed to achieve the overall mass flow rate, highlights an overestimation of 

the pressure drops in the primary system. Beside the diagrid, this overestimation is placed in the 

zones where no datum is provided by the test specification. This also explains the reason why the 

MCPs velocity is set to an higher value with respect to the reference. 

 

The transient results are hereafter reported by means of the time trends of selected parameters  from Fig. 5.5 

to Fig. 5.12.  

 

Screenshots of the coolant temperature profiles in the system sections are reported in Fig. 5.13 and Fig. 5.14. 

These provide the temperature distributions each 10 seconds during the first 200s of the transient. It should 

be noted that the screenshots in Fig. 5.14 include the temperature of selected SA channels (according with 

the nodalization approach) belonging to the corresponding section (i.e. azimuthal sector). They are: one 

selected SA per each rank from 1 to 7, one SA per type (three) for the ranks 8 – 10, and one SA per type 

(three) for the ranks >10. This last group experiences higher coolant temperatures after the core SCRAM 

because they are blind channels, thus not fed by the MCP. 

5.3 Conclusive remarks and follow-up 

The nodalization of PHENIX by REALP53D© is available. 

 

 Configuration dissymmetrical configuration test is completed. 

 Nodalization is detailed and suitable for 3D NK coupling. 

 Preliminary test run demonstrates satisfactory computing time and robustness of the nodalization. 

 Additional checks and improvements are needed to complete the qualification process. These are: 

o Geometrical checks in  terms of coolant and structure volumes, heat transfer surfaces,  

o DP in primary system are slightly overestimated (about 10%), but should not affect the 

overall transient performances because the primary pumps remains in operation at the initial 

velocity. 

 

The qualification of the nodalization in transient conditions and the sensitivity analyses will be carried out in 

2018, when the experimental data will be available.  
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THERMAL HYDRAULICS TESTS 

 
FUEL TEST 

1. Dissymmetrical transient 

2. Natural convection 

 

8. Partial fuel melting 

CORE PHYSICS TESTS 
NEGATIVE REACTIVITY TRANSIENT 

INVESTIGATION TESTS 

3. Decay heat 

4. Control rod offsetting 

5. Subassembly reactivity worth 

6. Control rod worth 

7. Sodium void 

 

9. Experimental carrier/Blankets interactions 

10. Core flowering 

Tab. 5.1 – PHENIX end of life tests. 

 

# Event  TIME (s) 

1 Secondary pump trip (on one loop): speed reduced 

from 700 to 100 rpm in about 13 s. 

0 

2 
Automatic shutdown: insertion of the control rods 

(1.4 mm/s) in 45 s. 

 

Turbine trip. 

 

Secondary pump speed reduced (on the other loop) 

from 700 to 110 rpm in about 60 s. 

5 

3 Scram. 48 

4 End of benchmark test. 1800 

Tab. 5.2 – PHENIX dissymmetrical test: imposed sequence of main events. 

 

# QUANTITY Value 

1 # of HYDR volumes 7492 

2 #  of HYDR junctions 12419 

3 #  of HEAT structures  8100 

4 #  of HEAT structures mesh points 45054 

Tab. 5.3 – PHENIX nodalization: adopted code resources. 
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# QUANTITY Unit PHENIX R5-3D Note 
        r10   

1.1 Primary circuit balance MW 351.7 351.7 Imposed 

1.2 Secondary circuit balance MW -- 346.5   

2.1 T - Core inlet °C 385.0 387.5 
 

2.2 T - Core outlet °C 525.0 535.3 Avg. between ranks 1 to 10 

2.3 T - primary system IHX inlet °C 525.0 520.8 IHX 1A 

2.4 T - primary system IHX outlet °C 385.0 381.5 IHX 1A 

2.5 T - secondary system IHX inlet °C 320.0 320.1 
 

2.6 T - secondary system IHX outlet °C 525.0 515.1 
 

2.7 T - Gas plenum temperature °C -- 523.947 
 

3.1 MF  - Total MCP  kg/s 2216.6 2200.4   

3.2 MF  - Total core  kg/s 1988.0 1923.1   

3.3 MF  - Core bypass  kg/s 29.8 37.4 Assumed 1.5% of core MF 

3.4 MF  - VCS kg/s 198.8 220.1 10% of core MF 

3.5 MF  - Control plug kg/s 33.2 -- 1.5% of nominal flow rate 

3.6 MF  - IHX primary system (1) kg/s 497.0 498.3 IHX 1A 

3.7 MF  - IHX secondary system  (1) kg/s 345.0 340.9 Imposed 

4.1 Speed of primary MCP rpm 540 565   

4.2 Speed of secondary pump rpm 700 -- Not modelled 

5.1 Lvl of hot pool m 2.061 1.853 
 

5.2 Lvl of cold pool m 1.325 1.0101 
 

5.3 Lvl of VCS m 1.54 1.029 
 

6.1 DP - core SA kPa 195.50 198.31 
 

6.2 DP - dyagrid kPa 3.04 0.26 
 

6.3 DP - IHX tube bundle kPa 5.65 5.19 
 

6.4 DP - LIPOSO (MCP-dyagrid) kPa 4.94 4.12 
 

6.5 DP - MCP  kPa 209.01 239.61 
 

6.6 DP - VCS reversal kPa 2.19 -- 
 

7.1 MCP head kPa 209.01 239.61 MCP1 

8.1 Enthalpy @ 658.2 J/kg 5.88E+05 5.88E+05 R5-3D Na proprieties 

8.2 Enthalpy @ 798.2 J/kg 7.66E+05 7.66E+05 R5-3D Na proprieties 

8.3 Calcualted core power W 3.54E+05 3.42E+05 
Calculated on the basis of 

specifications 

Tab. 5.4 –Steady state results. 
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DP vs Length 

# From  H [m] From CV # To  H [m] To CV DeltaH [m] DP [kPa] cntrlvar 

1 MCP out 6.022 604010000 2 Dyagrid in 2.255 604260000 3.767 4.12 CV185 

2 Dyagrid in 2.255 604260000 3 Dyagrid cntr 2.255 900101015 0.000 3.60 CV186 

3 Dyagrid cntr 2.255 900101015 4 SA in 1.994 2010000 0.261 11.85 CV189 

4 SA in 1.994 2010000 5 SA wire wrapped in 3.266 2060000 1.273 2.26 CV192 

5 SA wire wrapped in 3.266 2060000 6 SA wire wrapped out 4.674 2150000 1.408 157.53 CV195 

6 SA wire wrapped out 4.674 2150000 7 SA end 6.022 2200000 1.348 44.68 CV198 

7 SA end 6.022 2200000 8 HP in 6.304 900101195 0.282 1.63 CV300 

8 HP in 6.304 900101195 9 HP out 8.562 900611276 2.258 2.41 CV302 

9 HP out 8.562 900611276 10 IHX bundle in 10.095 402070000 1.533 0.85 CV305 

10 IHX bundle in 10.095 402070000 11 IHX bundle out 4.904 402260000 5.191 6.96 CV254 

11 IHX bundle out 4.904 402260000 12 CP in  4.904 900611144 0.000 0.39 CV306 

12 CP in  4.904 900611144 13 CP out 3.472 900612056 1.432 0.00 CV310 

13 CP out 3.472 900612056 14 MCP skirt in  3.640 602010000 0.168 0.39 CV314 

14 MCP skirt in  3.640 602010000 15 MCP in 8.280 602310000 4.640 6.65 CV317 

15 MCP in 8.280 602310000 1 MCP out 6.022 604010000 2.258 7.38 CV182 

           

-- MCP head 239.6 kPa  
 

Total DP (calculated) 242. 9 kPa 
 

 

Tab. 5.5 – Pressure drops in primary system. 
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Fig. 5.1 - General overview of PHENIX reactor. 
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Fig. 5.2 – PHENIX SA configuration. 

 

        

Fig. 5.3 – PHENIX nodalization: layout of IHXs and PPs top view (PHENIX) and azimuthal 

meshes (RELAP5-3D©). 
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Fig. 5.4 – PHENIX nodalization: MULTID component schematization. 

 

 

Fig. 5.5 – Blind results: MCPs pipe coolant temperature top position. 
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Fig. 5.6 – Blind results: IHXs outlet coolant temperature bundle zone. 

 

 

Fig. 5.7 – Blind results: IHXs inlet coolant temperature annular zone. 
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Fig. 5.8 – Blind results: diagrid inlet coolant temperature and average. 

 

 

Fig. 5.9 – Blind results: average SA coolant temperature, ranks 1 to 10. 
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Fig. 5.10 – Blind results: MCPs mass flow rate. 

 

 

Fig. 5.11 – Blind results: SA outlet coolant temperature ranks 1 to 7. 
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Fig. 5.12 – Blind results: IHXs power. 
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Fig. 5.13 – Blind results: screenshoots of temperature trends, cylindrical slices through each 

MCPs and IHXs. 
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Fig. 5.14 – Blind results: screenshoots of temperature trends, vertical slices from center (core 

region) to IHX 1 A. 
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6.1 Introduction 

Within the development of GEN IV Lead-cooled Fast Reactors, the understanding of possible chemical 

interactions among fuel, cladding and coolant is still an open issue. The assessment of the chemical 

compatibility among the different components of the nuclear system is of paramount importance to be able to 

foresee the consequences of a cladding failure event both in nominal and accidental conditions. 

 

In this perspective POLIMI has continued the theoretical work already started in the previous PAR projects 

concerning the development, validation and application of a DFT-GGA approach to estimate missing 

thermochemical parameters for compounds of interests in the development of LFRs. Beside the continuous 

update of the literature research in order to collect all the experimental data available, the computational 

activities focused on the estimation of data for ternary compounds and have contributed to further implement 

the ongoing thermochemical database.  

 

The availability of such data could enable to go deepen in the study of such topic by means of 

thermodynamic analysis. With respect to the initially applied SOLGASMIX-PV code based on the 

minimization of the Gibbs free energy of the system under study, a well-consolidated method based on the 

same approach has been considered, i.e. CALPHAD (CALculation of PHAse Diagrams) method. The 

possible applicability of CALPHAD method to this field by means of commercial software has been 

evaluated and main drawbacks or difficulties discussed. 

 

Finally, the theoretical evaluations have been coupled with experimental activities aimed at studying 

chemical interactions among liquid lead and pellets of different oxides at different temperatures. Oxides of 

lanthanum, strontium and cerium have been chosen as main representatives of fission products. 

6.2 Computational activities   

6.2.1 Implementation of the thermochemical database 

Even if very few experimental phase diagrams are available for ternary systems of interest for the present 

study, experimental findings of ternary compounds containing oxygen, lead and actinides or fission products 

have been found in Refs. [6.1][6.2].  

 

Several DFT-GGA simulations have been performed by VASP in order to obtain the vibrational frequencies 

and the energetic quantities needed to calculate enthalpy of formation, entropy and heat capacity for a list of 

ternary oxides. In addition to PbUO4 and Pb3UO6 belonging to the U-O-Pb system already considered in the 

past projects
[6.3]

, in the present work the following compounds have been studied: Pr2Pb2O7, La2Pb2O7, 

Eu2Pb2O7 and SrPbO3. An attempt has been made also with the quaternary compound Ba2PbUO6. Numerical 

results are here not reported since they are part of a paper in preparation. 

 

The estimated formation enthalpies are all negative, thus indicating an exothermic formation reaction. In the 

case of SrPbO3, a formation enthalpy of -920.83 kJ K
-1

 was calculated in comparison with an experimental 

value of -949.34 kJ K
-1

, obtaining a deviation of about 3%.  

 

Since in general the approach validation for ternary compounds is penalized by the availability of only few 

experimental data, the DFT-GGA values of heat capacity for the abovementioned compounds were 

compared with the values obtained by applying the Neumann-Kopp and Dulong-Petit laws. These empirical 

rules are often used to estimate heat capacity and its temperature dependence for mixed oxides. For the 

ternary/quaternary compounds here considered, the Cartesian graph reported in Fig. 6.1 clearly shows that 

the DFT-GGA values are in very good agreement with those derived with the Neumann-Kopp rule and differ 

from those obtained with the Dulong-Petit law with a deviation of about +2%.   
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6.2.2 Thermodynamic predictions by CALPHAD method 

Thermodynamic computer simulations, along with extensive materials databases, are becoming increasingly 

important for material scientists and in different technological fields. The accuracy of thermodynamic 

predictions as well as the reliability of the thermodynamic database are crucial for the future development of 

computational thermodynamics.  

 

Thermochemical equilibrium calculations provide the first approximation for the chemical composition of 

any system, as the properties of the system proceed towards the equilibrium with time. With simple systems 

of few species, detailed models taking into account chemical reaction kinetics, mass transport and physical 

properties of materials can be used to determine an accurate chemical composition. When handling large 

multicomponent multiphase systems, thermochemical equilibrium calculations are superior with regards to 

numerical efficiency
[6.4]

. Thermochemical equilibrium calculations have been used in the calculation of phase 

diagrams, where extrapolation from experimental data has been used to calculate properties for chemical 

systems using thermodynamic principles. This thermodynamic modeling of phase equilibria has been termed 

the CALPHAD (CALculation of PHAse Diagrams) method
[6.5]

, and in the past the production of various 

phase diagrams based on extrapolation of experimental data have been a major use of the method. These 

methods are based on the minimization of Gibbs energy. At constant temperature and pressure, the minimum 

of Gibbs energy corresponds to the thermodynamic equilibrium state of the system. Today, the 

thermochemical simulation methods based on the minimization of Gibbs energy are not limited to the 

calculation of phase diagrams. Increased computing power has made it possible to use thermodynamic 

equilibrium calculations even in multiphysics applications, where the equilibrium calculation may be run 

multiple times in serial or parallel fashion, so that even the complex chemistry of nuclear fuel has been 

modelled with this methodology
[6.6], [6.7]

. Currently, the CALPHAD method is the only method that can be 

used efficiently with the required accuracy for practical applications in multi-component and multi-phase 

systems. 

 

A thermodynamic equilibrium calculation needs thermodynamic data as its basis. The choice of species 

taken into account in an equilibrium calculation needs a proper knowledge of the chemistry of the system 

under consideration. The chemistry of the system of our interest, i.e. liquid lead and MOX fuel, is very 

complex, due to the steep temperature gradient
[6.8]

 as well as the formation of a multitude of fission products 

in the fuel
[6.8], [6.9], [6.10]

. Even if the thermodynamic equilibrium calculation approach has been widely applied 

to various problems in numerous fields, it has some general limitations that are applicable to any system 

under thermodynamic consideration. In a real system several factors, such as inhomogeneity in temperature 

and pressure, kinetics or mass transport, could limit the assumption that the system is at equilibrium and so 

the distribution of the chemical species is that of a thermodynamic equilibrium state. In particular, in the 

conditions present in a nuclear reactor the effect of chemical kinetics could be assumed to be insignificant 

and the reference volume chosen so that temperature and pressure are sufficiently homogeneous. On the 

contrary, mass transport effects should not be ignored, since the severe temperature gradient and the 

formation of fission products within the fuel causes mass transport to occur between parts of fuel, affecting 

the local properties. However, the thermodynamic equilibrium state can be used as a basis for the estimation 

of the chemical state of the Pb-MOX system.   

 

Chemical considerations on irradiated fuel 

Concerning uranium oxide fuel, initially the fuel is chemically homogeneous, but with increasing burn-up 

the fission products form and separate into different phases
[6.8], [6.11]

. The most abundant fission products are 

Zr, Nd, Ce, Sr, Ba, La, Pr, Y, Sm and Pm, as oxides soluble and insoluble in uranium oxide, Tc, Ru, Rh and 

Pd as metallic precipitates, and the volatile and gaseous Te, I, Cs, Kr and Xe, according to the classifications 

proposed by Olander and Kleykamp (Fig. 6.2). Moreover, as a consequence of fission, also the oxygen 

content of the fuel matrix changes as well as the partial pressure of oxygen over the fuel. Taking into account 
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the transport properties of FP within the fuel matrix and from the matrix to the gas gap, they can react with 

each other, with liberated oxygen, with cladding or, in case of defective fuel, with coolant that may enter the 

fuel rod. In absence of cracks in the fuel, fission products migrate axially and radially under the strong 

temperature gradients that enhance diffusion. While, when cracks begin to form, they become the primary 

route of migration from pellets to gas gap. The presence in the fuel cladding of a defect large enough allows 

diffusion of liquid lead into the fuel rod and of fission products in the coolant, changing also the inert 

atmosphere in the rod gap. Both transport processes and chemical reactions can occur. All these aspects have 

to be taken into consideration in order to establish which species consider in the calculation. For example we 

can neglect gaseous species of compounds with high vaporization temperature. 

 

While a lot of detailed information was already acquired on these chemical aspects for reactors cooled by 

water, no comparable studies are available for reactors cooled by liquid lead.  

 

Modeling chemical processes in nuclear fuel  

Several efforts have been made over the years to apply the principles of thermodynamics to problems in 

nuclear fuel research. The principle of Gibbs free energy minimization has been already applied to nuclear 

fuel chemistry, as reported by Imoto et al. and Cordfunke et al.
[6.12], [6.13]

. All these research works referred to 

water-cooled reactors and they all concluded that the lack or low reliability of thermodynamical data strongly 

limit such studies and may be responsible for the discrepancy observed with respect to the experimental 

evidencies.  

 

Software and Databases     

Besides the first free source SOLGASMIX
[6.14]

 and Lukas programs, thermodynamic calculations could be 

performed by means of a variety of commercial software packages, among which the most well-known are 

CaTCalc
[6.15]

, FactSage
[6.16]

, MatCalc
[6.17]

, MTDATA
[6.18]

, Pandat
[6.19]

 and Thermo-Calc
[6.20]

. Although the 

features differ from one to another, all packages have a module for the calculation of binary and ternary 

phase diagrams, and some integrate the thermodynamic equilibrium calculations with the simulation of 

kinetic processes. Recently, some free CALPHAD software have been developed such as OpenCalphad
[6.21]

 

and Gibbs, showing the same main features of the commercial software with some limitations. 

 

The software packages need of a proper thermodynamic database, that can be commercial or user-specified 

databases. There are a few openly available multi-component databases and description of many binary and 

higher order systems, all in a format which can be read by the majority of CALPHAD software. CALPHAD-

type databases are constructed from the assessments of binary, ternary and quaternary systems. Phase 

diagram and thermochemical data are taken into account for obtaining an optimized model parameter set to 

fit all types of data. One of the outstanding developments in the last decade is the possibility to apply first-

principles calculations to estimate missing data and thus supplement laboratory experiments to a certain 

extent. Data from these computational methods are very valuable, especially if it is not possible to determine 

quantities experimentally. As compared to other computational approaches, these quantum-mechanically 

based methods have the advantage that no empirical assumption or fittings to experiment is required. Even 

though the most established first-principles method, density functional theory (DFT), makes assumptions for 

the exchange-correlation functional of the electrons, it is a decisive advantage that these approximations are 

independent of a particular material system under study. The synergistic work of scientists with expertise in 

CALPHAD simulations, first-principle calculations and experiments could be decisive to gain a higher 

predictive power of CALPHAD approaches. 

6.3 Experimental activities  

During this project year POLIMI has started an experimental campaign aimed at studying the chemical 

interaction between liquid lead and several compounds representative of the main fission products, in the 
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conditions experienced in the reactor during the nominal operation or under accidental maloperation. To the 

best of our knowledge, no interaction experiments are reported in the literature on FPs oxides in liquid lead. 

The only study available is reported by Vigier et al. about interaction between fresh MOX and molten lead-

bismuth eutectic
[6.22]

. In particular, different oxides were chosen for the experiments: lanthanum oxide 

(La2O3), cerium oxide (CeO2), strontium oxide (SrO) and zirconium oxide (ZrO2). Besides FPs oxides, also 

iron oxide (Fe2O3) and calcium oxide (CaO) were included to investigate their behaviour in contact with 

liquid lead. 

 

For each compound different pellets were prepared under inert atmosphere inside a glove box filled with 

argon kept at constant oxygen level (no more than 0.1 ppm). First, powders were characterized by XRD and 

DSC, in order to be sure of their composition and then treated at about 130°C for 6 hours to eliminate 

humidity and trapped oxygen. Pellets were formed with the use of a manual press by applying a pressure 

lower than 100 bar for 4 minutes and extracted from the mould. Fig. 6.3 shows the manual press and the 

furnace used inside the glove box.   

 

For lanthanum, strontium and iron oxides the pellets were formed and maintained their shape, while in the 

case of cerium, zirconium and calcium some problems were observed. CeO2 pellets tend to split apart into 

parallel layers and so one of them was used in the experiments; whereas for ZrO2 it was not possible to 

extract the pellet from the mould. Where possible, the pellet has been weighted and density has been 

calculated. In each experiment three glass test tubes are positioned in the graphite crucible, each containing 

about 4 g of lead and a FP oxide pellet. Lead consists of a piece of a lead wire with a 2 mm diameter and a 

purity of 99.9% provided by Alfa Aesar. Different experiments were performed in a furnace at temperatures 

ranging from 500 to 550°C for reaction times up to 7 hours. Fig. 6.4 shows some of the samples after the 

thermal treatment. 

 

As can be seen from Fig. 6.4, the different samples exhibited a different behavior at a first visual analysis. 

After the thermal treatment in the case of the lanthanum oxide, the whole pellet was recovered and separated 

from solidified lead, while for cerium oxide only fragments of the pellet could be analyzed. At 550°C the 

pellet of SrO was found on the tube wall as it was blowed up during the thermal treatment. Taking into 

account these first observations, the pellets characterization is in progress. In particular, the pellet or their 

fragments will be analyzed by means of XRD, in order to be able to identify new phases coming from the 

chemical reaction between initial lead and FP oxide. Interaction experiments up to 750°C have been already 

planned and further investigations on SrO-Pb system will be performed in order to explain what observed in 

the first experiments. Where possible and if it will be useful to gain new experimental findings, pellets will 

be analyzed by means of SEM-EDS after a suitable preparation that is still under optimization. Finally, to 

estimate a metal release from the pellet to Pb during the interaction, a portion of lead will be dissolved and 

analysed by ICP-MS. 

6.4 Conclusions and future work 

The work done by POLIMI during this year has contributed to acquire new thermodynamic data on ternary 

compounds of interest for the development of LFRs by means of DFT-based calculations. Such data are 

essential in order to implement a thermochemical database that will enable to go deepen in the analysis of the 

chemistry of the fuel-coolant system. Thanks to the progresses made in the computational thermodynamics,   

today it is possible to study thermodynamics of multi-component and multi-phase systems as well as other 

phenomena such as diffusion. In this perspective, POLIMI has investigated the CALPHAD method, at the 

moment the only one that can be used efficiently with the required accuracy for practical applications in 

multi-component and multi-phase systems. The review work has enabled to outline the potentialities of the 

CALPHAD method in the nuclear fuel research as well as the importance and scarce availability of reliable 

database and the development of several software able to integrate thermodynamic equilibrium calculations 
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with kinetics or to be coupled with other software. The next step will be the investigation of the U-O-Pb and 

La-O-Pb systems by applying the CALPHAD method and exploiting the related thermochemical data 

estimated by DFT-GGA approach in the previous projects.   

 

Finally, an experimental activity has been started aiming to observe the chemical reactivity between liquid 

lead and some oxides of fission products. Some interaction experiments were performed by varying the 

temperature and the reaction time. The characterization is still ongoing and the first resulting experimental 

findings will be used to optimize the experimental conditions adopted and, more in general, to better design 

the interaction experiments.        
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Fig. 6.1 – Comparison between the heat capacity value calculated from DFT-GGA simulations 

and the values obtained from the Neumann-Kopp and Dulong-Petit laws.  

 

 

Fig. 6.2 – Schematical composition of irradiated fuel and species distribution.  
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Fig. 6.3 – Manual press and furnace inside the glove box operating under inert atmosphere.  

 

 

Fig. 6.4 – Some of the samples obtained from the interaction experiments.  
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At Politecnico di Torino, the NEMO research group has been involved in the development of the Fast 

REactor NEutronics/Thermal-hydraulICs (FRENETIC) code for the simulation of coupled 

neutronic/thermal-hydraulic transients in liquid-metal-cooled fast reactors with the core arranged in closed 

hexagonal subassemblies
[7.1]

. The code has the objective to provide computationally efficient, approximate 

solutions suitable for core design and/or safety analyses at a level of detail that is more refined than that 

which can be offered by traditional systems analysis codes. The neutronic module of FRENETIC solves the 

multigroup neutron diffusion equations with delayed neutron precursors while the thermal-hydraulic module 

of FRENETIC solves the conservation of mass, momentum and energy equations of the coolant and the fuel 

pins. 

 

The work carried out in 2016 continues the development
[7.1]-[7.6]

 and validation
[7.7]-[7.10]

 of this computational 

tool that first began in the year 2011. The work performed during this year activity is focused on the further 

development of the neutronic module by developing and implementing an adaptive time step selection 

algorithm for the quasi-static method. 

7.1 Background and references 

The FRENETIC code is composed of a neutronic module and a thermal-hydraulic module, which are 

coupled in order to provide a multiphysics (neutronic/thermal-hydraulic) description of a nuclear reactor core 

with hexagonal subassemblies. The neutronic module of FRENETIC solves the neutron and delayed neutron 

precursor balance equations in the multigroup diffusion theory approximation. The thermal-hydraulic 

module of FRENETIC solves the monodimensional (axial) mass, momentum and energy conservations laws 

of the coolant, together with the one-dimensional (axial or radial) heat conduction equation in the fuel pins, 

separately for each subassembly. The subassemblies are then thermally coupled to each other in the 

horizontal plane, resulting in a quasi-three-dimensional model. 

7.1.1 Neutronic module 

The neutronic module of the FRENETIC code solves an appropriate form of the time-dependent neutron 

transport equation and delayed neutron precursor balance equations, which may be written as 

 

 

 

(7.1) 

 

and subject to appropriate initial and boundary conditions. In Eqs. (7.1), ϕ is the time-dependent angular 

neutron flux, λiχici/4π is the time-dependent emissivity of delayed neutrons in precursor family i of a total of 

R precursor families, S is the independent angular neutron source rate density, v is the neutron velocity and 

,  and  represent the Boltzmann operator, the prompt fission operator and the delayed fission operator 

for neutron precursor family i, respectively. In the absence of an external source of neutrons, Eqs. (7.1) are 

modified by dividing the macroscopic cross section for fission neutron production by the effective 

multiplication eigenvalue, keff, in order to account for an initial condition that possibly is off-critical. 

 

The neutron and delayed neutron precursor balance equations, Eqs. (7.1), are simplified further through the 

application of the multigroup approximation to the energy dependence and the diffusion theory 

approximation to the angular dependence
[7.11]

. The resulting multigroup diffusion equations are solved by 
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means of a nodal discretisation in space
[7.4]

 and direct numerical, quasi-static and point-kinetic discretisations 

in time
[7.5]

. 

 

In addition to the models for the spatial-temporal behaviour of the neutron flux, the neutronic module of the 

FRENETIC code includes models for the spatial-temporal behaviour of the photon flux
[7.6]

, allowing to 

account for the spatial-temporal effects of gamma heating that result from the prompt and delayed production 

of photons in neutron-nuclear reactions. The time-dependent photon transport equation and delayed photon 

precursor balance equations are can be written as 

 

 

 

(7.2) 

 

subject to appropriate initial and boundary conditions. In Eqs. (7.2), ϕγ is the time-dependent angular photon 

flux, λγiζigi/4π is the time-dependent emissivity of delayed photons in precursor family i of a total of Rγ 

precursor families, Sγ represents a possible independent external source of photons, vγ is the photon velocity, 

 is the Boltzmann operator and  and  are the prompt and delayed neutron-induced photon 

production operators, respectively. The coupling of the neutron and delayed neutron precursor balance 

equations, Eqs. (7.1), and the photon and delayed photon precursor balance equations, Eqs. (7.2), occurs 

through the neutron-induced photon production terms. 

 

The photon and delayed photon precursor balance equations, Eqs. (7.2), are simplified further (similarly to 

the case of neutrons) through the application of the multigroup approximation to the energy dependence and 

the diffusion theory approximation to the angular dependence. Therefore, the coupled systems of neutron and 

delayed neutron precursor balance equations and photon and delayed photon precursor balance equations, 

Eqs. (7.1) and Eqs. (7.2), respectively, can be solved using the numerical methods developed previously for 

the neutronics equations. 

 

Knowledge of the time-dependent evolution of the neutron and photon fluxes on the phase space allows to 

compute the spatial-temporal distribution of the power density through the expression 

 

  (7.3) 

 

where  εϕ is the power density generated by fission, κϕ is the power density generated in neutron-nuclear 

interactions other than fission and κγϕγ is the power density generated in photon-nuclear interactions. The 

definition for the power provided in Eq. (7.3) implicitly accounts for delayed effects both of neutrons and of 

photons as a result of each being accompanied by a model for delayed emissions. 

7.1.2 Thermal-hydraulic module 

The thermal-hydraulic module of the FRENETIC code solves the time-dependent mass, momentum and 

energy conservation equations for the fuel and the coolant in each subassembly
[7.1]

. For the coolant, the full 

set of conservation equations are considered
[7.12]
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where ρc is the mass density, u is the velocity of the coolant and ec is the internal energy per unit mass,  ̂ is 

the stress tensor of the coolant, f is the applied external force per unit mass of the coolant, qc is the 

conduction heat flux and Qc is the external heat source per unit volume, which includes heat transfer effects 

between the fuel and the coolant as well as between the channel walls and the coolant. 

 

Under the hypothesis of immobile structures, the fuel is described by the heat conduction equation 

 

   (   )
 

  
  (   )       (   )    (   ) (7.5) 

 

where ρf is the mass density, ef is the internal energy per unit mass, qf is the conduction heat flux and Qf is 

the external source of thermal energy per unit time per unit volume, which includes heat transfer effects 

between the fuel and the coolant in addition to energy production due to fission. The system of equations for 

the coolant, Eqs. (7.4), is closed by assuming that the fluid obeys the hypotheses of Navier-Stokes and both 

Eqs. (7.4) and (7.5) make use of the Fourier hypothesis, with the assistance of the standard thermodynamic 

relations. Each of Eqs. (7.4) and (7.5) is rendered complete by imposing proper initial and boundary 

conditions, the specifics of which depend on the problem under consideration. 

 

With the inclusion of appropriate heat transfer correlations, as well as relationships for the relevant 

thermophysical properties of the materials under consideration, Eq. (7.4) in one-dimensional form (along the 

channel axis) and Eq. (7.5) are solved simultaneously for a given channel by the finite element method in 

space and the theta method in time. As a result, single, average values of the fuel and coolant temperatures, 

coolant velocity and pressure are computed at each axial node of each channel. The individual one-

dimensional channels are then thermally coupled to their adjacent neighbours in the two-dimensional 

horizontal plane, resulting in a three-dimensional, full-core model. In transient conditions, the inter-channel 

coupling is explicit with respect to the time. 

7.1.3 Modules coupling and feedback models 

The coupling between the two modules of the FRENETIC code is achieved by providing the spatial 

distribution of the fuel and coolant temperatures as output from the thermal-hydraulic module and input to 

the neutronic module while the spatial distribution of the power density is output from the neutronic module 

and input to the thermal-hydraulic module. As each module may operate on a different computational 

domain and/or computational mesh, further elaboration of the distributions by the receiving module is 

typically required. In the neutronic module, the received fuel and coolant temperatures are spatially averaged 

on the volume of the computational node and attributed to the entire homogeneous volume. In the thermal-

hydraulic module, the received linear power distribution is localised in the appropriate region. 

 

With the auxiliary of an appropriate temperature-dependent model for the macroscopic cross sections, this 

approach to the coupling allows to account for the relevant feedback effects on each of the neutronic and the 

thermal-hydraulic models; that is, on the macroscopic cross sections in the neutronic equations and on the 
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heat source in the thermal-hydraulic equations. In the cross section model implemented in FRENETIC, each 

macroscopic cross section for each reaction in each energy group of each homogeneous material is assumed 

to be characterised by two state variables, the fuel temperature Tf  and the coolant temperature Tc, resulting in 

a temperature-dependence of the form Σxg
m
(Tf,Tc) for reaction x in group g of homogeneous material m. In 

order to preserve generality, the temperature dependence may be read in tabular form, in which case the 

appropriate value of the macroscopic cross section for a given material is obtained through bivariate linear 

interpolation with respect to the fuel and the coolant temperatures that characterise the computational volume 

in which the material is present. Thus, the number of discrete evaluations of the macroscopic cross section 

that are necessary to properly describe its temperature dependence, as well as the manner in which the 

temperature dependence is generated, are both left as modelling parameters. 

 

The algorithm according to which the coupling is performed differs between steady-state and transient 

analyses, as seen in Fig. 7.1 and in Fig. 7.2, respectively. In steady-state computations, the steady-state 

neutron and photon balance equations (Eqs. (7.1) and (7.2) where all the time derivatives are set equal to 

zero) and the steady-state thermal-hydraulics equations (Eqs. (7.4) and (7.5), with all time derivatives set 

equal to zero) are solved by fixed-point iteration until tolerances imposed on the variation of the power 

distribution and on the variation of the temperature distribution between successive iterations are 

simultaneously satisfied. In transient computations, the two sets of equations are solved in parallel and at 

each time step selected for the coupling, the power and the temperature distributions are exchanged without 

iteration, resulting in a coupling scheme which is explicit in time. 

7.2 Body of the report concerning the ongoing activities 

The neutronic module of the FRENETIC code employs a coarse mesh nodal method to solve the multigroup 

neutron diffusion equations both for direct and adjoint problems, as well as direct numerical, quasi-static and 

point kinetics solvers for dynamics problems. In this year activity, an automatic adaptive time-step selection 

methodology for the time steps of the quasi-static method has been developed and studied, allowing an 

accurate and efficient temporal integration of the balance equations for the neutron flux via the quasi-static 

method. The content presented in this paragraph has been published in Ref. [7.13]. 

7.2.1 Introduction 

The quasi-static method for the solution of the neutron and delayed neutron precursor balance equations, 

Eqs. (7.1), is based on the factorisation of the neutron flux into the product of a time-dependent amplitude 

function T and a time- and phase-space-dependent shape function ψ as 

 

  (7.6) 

 

which is rendered unique through the inclusion of an initial condition on the amplitude function and the 

application of a normalisation criterion on the shape function. Thanks to the factorisation, the unknowns of 

the problem, T and ψ, may be solved separately on their corresponding time scales. Substitution of the 

factorisation, Eq. (7.6), in the neutron and delayed neutron precursor balance equations, Eqs. (7.1), and 

projection on a time-independent, phase-space-dependent weight function leads to the system of equations to 

be solved for the amplitude 
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(7.7) 

 

where the integral kinetics parameters include: the effective neutron generation time , the effective delayed 

neutron fraction of delayed neutron precursor family i, , and the dynamic reactivity . Instead, substitution 

of the factorisation, Eq. (7.6), into the neutron and delayed neutron precursor balance equations, Eqs. (7.1), 

and application of the product rule of differentiation leads to the system of equations to be solved for the 

shape 

 

 

 

(7.8) 

 

The quasi-static method foresees that the amplitude equations are solved on the amplitude time steps, ΔtT  

(consistent with the neutron effective generation time), using integral kinetics parameters that are updated on 

the reactivity time steps, Δtρ≥ΔtT, which are computed using a shape that is updated on the shape time steps, 

Δtψ≥Δtρ. The neutron flux at any time is formulated through the factorisation, Eq. (7.6). The correct 

application of the quasi-static method is related to the appropriate selection of the time steps employed in the 

algorithm, as the time steps have direct consequences both on the accuracy of the computed solution and on 

the efficiency of the method. Consequently, an adaptive time step selection algorithm is a natural 

complement of the quasi-static approach to integration. 

7.2.2 Adaptive selection of the shape time steps 

The methodology for the adaptive selection of the shape time steps utilises an approach similar to the ones 

adopted in the numerical integration of ordinary differential equations
[7.14], [7.15], [7.16]

. In the application to the 

quasi-static method, an important consideration regards the individuation and the proper characterisation of 

the error of the shape. 

7.2.2.1 Fundamentals of adaptive step size control 
Adaptive step size control for the numerical integration of initial value problems is based on the estimation 

and on the control of the local error (or, alternatively, the local truncation error) introduced by the numerical 

method. Consider the initial value Cauchy problem in the independent variable t, to be solved numerically. It 

can be demonstrated that the local error of a numerical method of order q is
[7.14]

 

 

  (7.9) 

 

where  is the norm of the principal error function and h is the step size. In general, it is not possible to 

provide an exact expression for the local error; consequently, an appropriate bound must be estimated. By 
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assuming that all step sizes used in the integration algorithm satisfy the requirements of consistency of the 

numerical method and by neglecting higher order terms, the local error may be estimated by 

 

  (7.10) 

 

where the circumflex indicates an estimated quantity and the subscript n denotes a discrete point at which the 

solution is computed. The indexing is such that the subscript of the time step corresponds to the point of 

departure, hn=tn+1-tn, while a time-dependent quantity shares the index of the time at which it is evaluated, 

ên=ê(tn). 

 

Under the assumption that, asymptotically, the norm of the principal error function is constant between 

successive steps, Eq. (7.10) leads to the standard automatic step size selection algorithm
[7.14], [7.15], [7.16]

 

 
 

(7.11) 

 

where  is the excess local error and ε is the tolerance on the local error. That is, the next step size 

is chosen to be exactly the value for which the resulting excess local error is foreseen to be equal to unity (

). The step size relationship in Eq. (7.11) is capable of automatically adjusting the step size on the 

basis of the behaviour of the solution and on the basis of the value of : when , implying that a 

larger step size could be used in the integration algorithm without exceeding the specified tolerance, the 

second member of Eq. (7.11) is greater than one and the proposed step size is expanded with respect to the 

previous value; when , implying that a smaller step size is required to achieve the requested tolerance, 

the second member of Eq. (7.11) is less than one and the proposed step size is contracted with respect to the 

previous value. 

7.2.2.2 Estimates of the local error of the shape 
The definition of the excess local error in the case of a time- and phase-space-dependent function f may be 

generalised according to 

 

 

 

(7.12) 

 

where the principal error function  is now time- and phase-space-dependent,  is a value of f (that possibly 

has undergone some form of further elaboration) evaluated on the interval ∈[tn-1;tn] and εf
abs

 and εf
rel

 are the 

tolerances on the absolute local error and on the relative local error, respectively. The symbol ||·||Lp represents 

the L
p
 norm of the argument computed on the phase space. 

 

Mathematics-based estimate. A purely mathematical approach to the estimate of the error of the shape 

involves the development of an analytical expression for the local error in the case of the implicit Euler 

method, which is the traditional method employed to integrate the shape in the quasi-static approach, 

followed by the development of an appropriate approximation for that expression. The reference shape at any 

time is considered to be the one obtained by the formal integration of the shape in time. The approximate 

shape is the one obtained by the solution of the shape equations according to the implicit Euler method. The 
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local error is defined as the difference between the reference solution and the approximate solution, each 

evaluated at the end of the time step and under the assumption that the solution at the beginning of the time 

step is known exactly for both. Consequently, the local error in the mathematics-based estimate is 

 

 

 

(7.13) 

 

By analogy to Eq. (7.9) and Eq. (7.10), the upper bound of the principal error function is given by 

 

 
 

(7.14) 

 

with the second temporal derivative of the shape given by the first temporal derivative of the second member 

of the first of Eqs. (7.8), after multiplying by the velocity. The corresponding estimate of the excess local 

error of the solution is given by Eq. (7.12) with  as specified in Eq. (7.14), f=ψ and q=1. 

 

Physics-based estimate. An alternative approach is based on physical intuition by recalling that the quasi-

static approach is valid only on intervals of time over which the variation of the shape is small. Therefore, an 

appropriate quantity to be regulated is the amount by which the shape varies on the shape time step, which 

can be considered to be equivalent to regulating the deviation of the quasi-static solution from the point-

kinetic solution. However, it may be the case that a weighted variation of the shape is a more relevant 

quantity to monitor rather than the shape alone, as in the quasi-static method, the separation of flux into the 

product of the amplitude and the shape is accompanied by the projection onto a phase-space-dependent 

weight function. The interpretation offered above allows to develop an estimate of the error of the shape in a 

manner analogous to the previous case: the reference shape is considered to be that obtained from the 

integration according to the quasi-static approach while the approximate shape is considered to be that 

obtained from the integration according to the point-kinetic approach, which is equal to the shape at the 

beginning of the shape time step. Introduction of a time-independent, phase-space-dependent weight function 

and application of the same definition as before, the local error in the physics-based estimate is 

 

 

 

(7.15) 

 

By analogy to Eq. (7.9) and Eq. (7.10), the upper bound of the principal error function is given by 

 

 
 

(7.16) 

 

with the first temporal derivative of the shape given by the second member of the first of Eqs. (7.8), after 

multiplying by the velocity. The corresponding estimate of the excess local error of the solution is given by 

Eq. (7.12) with  as specified in Eq. (7.16), f=wψ and q=0. The weight function present in the physics-based 
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estimate is arbitrary and its inclusion is not essential to the definition of the error metric; however, there exist 

motivations for choosing the weight function to be consistent with the weight function of the scalar products 

utilised to compute the integral parameters of the quasi-static formulation. 

7.2.2.3 Control algorithm for the shape time steps 
The step size selection strategy, Eq. (7.11), pertains to nominal conditions of the integration when the 

asymptotic model applies. However, other considerations are necessary in order to provide a complete 

description of the general requirements of an adaptive integration scheme, most of which pertain to operation 

outside of the asymptotic regime. These include, but are not limited to, the selection of the initial step size, 

the formulation of appropriate restart strategies, additional measures of stability for the nominal step size 

controller and limitations imposed by the equation solver in implicit methods. The complete procedure for 

the selection of the shape time step is summarised in Fig. 7.3 and reference can be made to [7.13]. The 

additional logic required in the case of the non-linear improved quasi-static method is not shown. 

7.2.3 Adaptive selection of the reactivity time steps 

In order for the reactivity time steps to sufficiently resolve the evolution of the integral kinetics parameters 

on the shape time step, an adaptive approach to the selection of the reactivity time steps may be required. In 

the quasi-static approach, it is common for the adjoint-weighted integral reaction rates per unit amplitude to 

be characterised by a quadratic evolution on the shape time step as a result of the assumption that the 

operators and the shape are linear functions of time on the shape time step. Thus, the numerator and the 

denominator of a generic integral parameter each acquire the form 

 

  (7.17) 

 

for τ≡(t-tn)/Δtψ,n∈[0;1], which represents the dimensionless time relative to the beginning of the shape time 

step. 

 

Consider the task of integrating the amplitude equations across the shape time step, which may be carried out 

using an unspecified number of reactivity time steps. Each reactivity time step is to be characterised by a set 

of constant integral kinetics parameters that represent accurately the behaviour of their variable counterparts 

on the entire reactivity time step. Starting from a generic time τρ, the objective is to identify an interval 

δ≡Δt/Δtψ,n over which an integral parameter does not deviate by more than a specified tolerance ερ with 

respect to its mean value on the interval [τρ;τρ+δ]. This criterion imposed on the integral parameter can be 

formally written as 

 

 

 

(7.18) 

 

with the mean value 

 

 
 

(7.19) 

 

and the quadratic mean 
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(7.20) 

 

Substitution of the second degree polynomial that represents the behaviour of the numerator or the 

denominator of a generic integral kinetics parameter on the shape time step, Eq. (7.17), into the definitions of 

the mean value and the quadratic mean, Eq. (7.19) and Eq. (7.20), respectively, integration and substitution 

of the results of the integration into the criterion applied to the variation allowed of the numerator or the 

denominator of the integral kinetics parameter on the reactivity time step, Eq. (7.18), followed by squaring 

both members and grouping like terms, leads to a fourth degree polynomial in δ 

 

 

 

(7.21) 

 

The zeros of the inequality, δh,k, k=1,…,4, represent the intervals of time over which the criterion described 

in Eq. (7.18) is respected. Only the real positive solutions are physically significant and, in the interest of 

caution, only the minimum real positive solution is retained if multiple real positive solutions exist. The 

value of the reactivity time step employed in the actual integration of the amplitude equations is the 

minimum real positive solution that results from the application of the criterion, Eq. (7.18), individually to 

each of the integral kinetics parameters. 

 

Additional logic is required in order to prevent the restitution of an unreasonably small time step from the 

inequality of Eq. (7.21) when |h| is small in magnitude. The approach adopted involves the estimation of the 

reactivity time step for which the absolute variation of the amplitude does not exceed the tolerance imposed 

on the integral kinetics parameters and to utilise this value as the minimum acceptable reactivity time step. 

The idea is justified by the fact that in the general solution of the amplitude equations, the integral kinetics 

parameters appear as arguments to exponential functions; therefore, to restrict the relative variation of the 

amplitude is more stringent than to restrict the relative variation of the integral kinetics parameters 

themselves. 

 

The complete procedure for the selection of the reactivity time step is summarized in Fig. 7.4. Although not 

written, it is assumed that the reactivity time step is subject to an additional limitation in order not to exceed 

the end of the shape time step. 

7.2.4 Representative results 

Results are presented for the application of the adaptive time step selection methodologies to two 

representative transients. The first is a point-like transient in which the methodology for the reactivity time 

steps is studied, while the second is a spatial-spectral transient in which the methodology for the shape time 

steps is analyzed. 
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7.2.4.1 Point-like transient 
The first transient is a purely point-like transient, designed specifically to study the adaptive time step 

selection algorithm for the reactivity time steps. The system under consideration is an infinite medium 

reactor characterised by one group of neutrons and one delayed neutron precursor family with the neutron 

lifetime l∞=10
-5

 s, the delayed neutron fraction β=700 pcm and the delayed neutron precursor decay constant 

λ=0.1 s
-1

. The reactor, which is initially critical, is subject to a linear perturbation of the multiplication 

eigenvalue of the form k∞(t)=1+at for t∈[0;∞), with a=700 pcm·s
-1

. 

 

Results are presented in Tab. 7.1, which provides the amplitude at various times as a function of the 

tolerance imposed on the maximum allowed variation of each of the integral kinetics parameters with respect 

to their mean value on the reactivity time step. The reference solution for this problem is obtained by the 

analytical method of Smets
[7.17]

. As is to be expected for a method that is based on the hypothesis of constant 

integral kinetics parameters but applied to a problem in which this hypothesis is not verified, it is observed 

that the solution of the amplitude equations converges to the analytical value as the tolerance on the allowed 

variation is reduced, thereby rendering the constant values of the integral kinetics parameters to be 

increasingly more characteristic of the entire reactivity time step to which they are applied. 

 

In Tab. 7.2, the corresponding number of reactivity time steps is presented for the results reported in        

Tab. 7.1. As the tolerance is reduced, the number of reactivity time steps increases, following approximately 

Nρ∝ερ
-1

, which is the behaviour expected in the case of integral kinetics parameters whose numerators and 

denominators are linear functions of time. In all cases, the number of reactivity time steps required in equal 

intervals of time is always the greatest at the beginning of the transient and decreases as the time evolves. 

Notwithstanding the linearity of the perturbation, the effective integral kinetics parameters vary non-linearly 

as a result of being the ratio of two linear functions and smaller reactivity time steps are required early in the 

transient to represent the non-asymptotic behaviour. 

7.2.4.2 Spatial transient 
The second transient involves the continuous insertion of reactivity over a finite interval of time, after which 

it is maintained constant. The system under consideration is that of the benchmark source situation number 

six proposed by Ref. [7.18] and consists of a thermal reactor in slab geometry divided into three 

homogeneous regions and initially symmetric with respect to the centreline of the system, as shown in      

Fig. 7.5. The two materials are characterised by two group diffusion theory parameters and six delayed 

neutron precursor families. The boundary conditions are zero flux on the external surfaces and the initial 

conditions are those of criticality with the delayed neutron precursors in equilibrium with the flux. In the 

initial configuration, the system is characterised by an effective neutron generation time Λ0=21.48 µs and an 

effective delayed neutron fraction βeff,0=750.0 pcm. The transient, which differs slightly from that described 

in the benchmark specification, is initiated by linearly increasing the removal cross section of the lower 

energy group of region 1 by 3 % in 1 s, after which the configuration is maintained constant; after 1 s, the 

perturbation is reversed in the same manner by which it is incurred so that the system is returned to its initial 

configuration. 

 

In order to obtain a reference solution, the problem is solved first by direct numerical integration using 

constant time steps on a fine discretisation of the time domain. Then, the problem is solved with the 

predictor-corrector quasi-static method employing the adaptive time step selection algorithms. In the 

calculations, the tolerance imposed on the iteration error of the flux equations (from which the shape is 

obtained) is set at 10
-9

 on the relative L
2
 norm of the flux between successive iterations. Only the relative 

error test is applied in the quantification of the excess local error of the shape of the flux (εf
abs

=0). Nominally, 

the safety factor utilised in the selection of the shape time step is θ=0.95; the maximum absolute reactivity 

time step is unrestrained and the maximum absolute shape time step is ∆tψ,max=10 s. Results are presented in 
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Tab. 7.3, which indicates the total power as a function of time, of the quantity regulated and of the tolerance 

imposed on the variation of the error metric on the shape time step. The reference solution is that obtained by 

direct numerical integration of the flux and precursor balance equations. Regardless of the quantity 

regulated, each solution approaches the reference result as the tolerance is decreased. 

 

In Tab. 7.4, the cumulative number of shape time steps required to arrive at the time indicated is shown. The 

relationship between the number of shape time steps and the tolerance on the variation of the shape more or 

less follows the ideal behaviour Nψ∝εψ
-q

, except in the presence of artificial limitations. In all cases, the 

occasional rejected shape step occurs predominantly during the phase of the transient that follows the 

approach to the nominal shape step size from the starting shape step size and the indications are that these 

step rejections could be avoided with the use of a lower safety factor. However, for higher values of the 

tolerances, more spurious rejections of shape time step occur also during asymptotic conditions. The 

rejections do not occur on the first shape time step, which implies that the procedure for the selection of the 

initial shape time step is cautious. Similarly, the number of rejected shape steps in succession is often only 

one, but never exceeds two, which indicates that the technique to estimate the order outside of the asymptotic 

region is appropriate. 

 

The behaviours of the error estimates and of the shape step size are shown in Fig. 7.6. At the beginning of 

each phase of the transient, the excess local error begins at approximately one half of an order of magnitude 

less than unity, which is a result of the method by which the first shape time step is selected, after which the 

excess local error approaches and remains near the safety factor. This behaviour occurs until the shape step 

size adjustment is limited either by the maximum expansion factor or by the maximum absolute shape time 

step, in which case the excess local error decreases in time. Correspondingly, the shape time step contracts 

and expands smoothly, adjusting the contraction or expansion factor to the current conditions of the transient. 

On larger time scales, the shape time step continuously increases to its maximum permitted value, after 

which it remains constant. When the shape time step is limited, either by a maximum expansion factor or by 

a maximum absolute value, the excess local error decreases. 

7.2.5 Conclusions and future work on time step adaptiveness 

The numerical scheme for time step adaptiveness in the frame of neutronics quasi-static calculations have 

been successfully implemented into the FRENETIC code and tested, verifying its capabilities. The present 

multiphysics coupling of FRENETIC approach foresees a data exchange between the neutronic and thermal-

hydraulic module at fixed time intervals, given as input at the beginning of the simulation. Therefore, further 

development of this work must include the modification of the coupling approach to allow for time step 

adaptiveness in the data exchange between modules, in order to fully exploit the benefit of the quasi-static 

approach in the neutronic calculations. 

7.3 Role of the activity, general goals and future development 

7.3.1 Role of the activity and general goals 

The objective of the FRENETIC code project at Politecnico di Torino, as stated from the very beginning of 

its development work, is to provide a computational tool that “fills the gap” between the results that can be 

obtained by a system code, where the reactor code is typically described with zero- or one-dimensional 

models, and the results of very refined Monte Carlo neutronic simulations or CFD analysis of the single fuel 

element, which are usually computationally very intensive. The FRENETIC code is to be seen as a 

computationally efficient tool for the generation of approximate solutions suitable for core design and/or 

safety analyses. 
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Through its ability to provide multidimensional analyses of the neutronic and thermal-hydraulic behaviour of 

the full core of a liquid-metal-cooled fast reactor, the FRENETIC code is capable to account for phase-space-

dependent evolution of the distributions of neutronic and thermal-hydraulic quantities and thus allows a more 

comprehensive understanding of the consequences of a particular transient, giving  the ability to know 

whether some arbitrary initiating event leads to a spatial/localized phenomena or not. As a consequence, the 

FRENETIC code can be used as a design support code for parametric analysis of liquid-metal cooled fast 

reactors and transient simulations. In this role, the FRENETIC code can be fruitfully interfaced with other 

codes of different complexities and level of detail in the frame of the LFR code platform envisaged by 

ENEA, since the information on the evolution of the distributions of the neutronic and thermal-hydraulic 

quantities can be of use for the identification of the limits of application of more simplified models adopted 

in system codes. 

7.3.2 Future development 

The continued development of the FRENETIC code aims the implementation of the physical models that 

have been identified as relevant for the behaviour of LFR, in order to expand the code simulation 

capabilities.  

In the last couple of years, the validation activity carried out on the EBR-II
[7.10]

 core allowed to identify the 

need for the implementation of a model accounting for the photon production and corresponding heat 

deposition. This activity still needs further validation, especially for what regards the photon nuclear data to 

be used as input. Additional R&D activity is requested in the frame of the optimization of the quasi-statics, 

since its time adaptiveness is currently working for the neutronic module and needs to be coupled to the 

thermal-hydraulic module without losing its efficiency. 

One of the main aspect currently requiring additional R&D work is the modelling of the thermal dilation of 

the core structures, as this mechanism of feedback is known to be of importance in liquid-metal-cooled fast 

reactors. Moreover, the modelling of the bypass flow distribution between fuel elements is of great 

importance, as it is necessary in order to assess the temperature field of the fuel elements encasing and 

therefore their thermomechanical behaviour. These aspects will be the focus of future R&D activities. 
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 reference ερ=10
-5

 ερ=10
-6

 ερ=10
-7

 ερ=10
-8

 

t [s] T(t)/T(0) [-] T(t)/T(0) [-] T(t)/T(0) [-] T(t)/T(0) [-] T(t)/T(0) [-] 

0.000 1.00000 1.00000 1.00000 1.00000 1.00000 

0.001 1.00028 1.00029 1.00028 1.00028 1.00028 

0.010 1.00858 1.00858 1.00858 1.00858 1.00858 

0.100 1.10887 1.10888 1.10887 1.10887 1.10887 

0.200 1.24786 1.24787 1.24786 1.24786 1.24786 

0.300 1.42806 1.42809 1.42807 1.42806 1.42806 

0.400 1.67042 1.67046 1.67042 1.67042 1.67042 

0.500 2.01254 2.01261 2.01255 2.01255 2.01254 

0.600 2.52922 2.52935 2.52923 2.52922 2.52922 

0.700 3.39159 3.39186 3.39162 3.39160 3.39159 

0.800 5.08633 5.08700 5.08639 5.08633 5.08633 

0.900 9.62994 9.63240 9.63018 9.62996 9.62994 

1.000 35.8596 35.8844 35.8621 35.8598 35.8596 

Tab. 7.1 – Amplitudes, relative to the initial value, as a function of the time and of the tolerance 

on the maximum allowed variation of the integral kinetics parameters with respect to their mean 

value on the reactivity time step for the point-like transient [7.13]. 

 

 

 ερ=10
-5

 ερ=10
-6

 ερ=10
-7

 ερ=10
-8

 

time [s] Nρ (∆Nρ) Nρ (∆Nρ) Nρ (∆Nρ) Nρ (∆Nρ) 

0.000 0 (0) 0 (0) 0 (0) 0 (0) 

0.001 67 (67) 640 (640) 6367 (6367) 63640 (63640) 

0.010 6368 (6301) 63641 (63001) 636367 (630000) 6363641 (6300001) 

0.100 72838 (66470) 728341 (664700) 7283358 (6646991) 72833548 (66469907) 

0.200 92848 (20010) 928436 (200095)  9284302 (2000944) 92842984 (20009436) 

0.300 104553 (11705) 1045484 (117048) 10454779 (1170477) 104547754 (11704770) 

0.400 112858 (8305) 1128531 (83047) 11285246 (830467) 112852421 (8304667) 

0.500 119300 (6442) 1192947 (64416) 11929406 (644160) 119294021 (6441600) 

0.600 124564 (5264) 1245579 (52632) 12455723 (526317) 124557191 (5263170) 

0.700 129014 (4450) 1290079 (44500) 12900718 (444995) 129007138 (4449947) 

0.800 132869 (3855) 1328627 (38548) 13286190 (385472) 132861858 (3854720) 

0.900 136270 (3401) 1362629 (34002) 13626201 (340011) 136261962 (3400104) 

1.000 139312 (3042) 1393044 (30415) 13930351 (304150) 139303459 (3041497) 

Tab. 7.2 – Number of reactivity time steps as a function of the time and of the tolerance on the 

maximum allowed variation of the integral kinetics parameters with respect to their mean value 

on the reactivity time step for the point-like transient [7.13]; Nρ: cumulative number of reactivity 

time steps; ∆Nρ: differential number of reactivity time steps. 
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 regulation of mathematical quantity 

 reference εψ=10
-3

 εψ=10
-4

 εψ=10
-5

 εψ=10
-6

 

t [s] p(t)/p(0) [-] p(t)/p(0) [-] p(t)/p(0) [-] p(t)/p(0) [-] p(t)/p(0) [-] 

0.0 1.00000 1.00000 1.00000 1.00000 1.00000 

1.0 0.65904 0.65902 0.65904 0.65904 0.65904 

2.0 0.63088 0.63085 0.63088 0.63088 0.63088 

3.0 0.86221 0.86218 0.86221 0.86221 0.86221 

4.0 0.88634 0.88628 0.88633 0.88634 0.88634 

10.0 NA 0.92096 0.92098 0.92099 0.92099 

100.0 NA 0.95077 0.95078 0.95079 0.95079 

1000.0 NA 0.95192 0.95193 0.95193 0.95193 

      

 regulation of physical quantity 

 reference εψ=10
-3

 εψ=10
-4

 εψ=10
-5

 εψ=10
-6

 

t [s] p(t)/p(0) [-] p(t)/p(0) [-] p(t)/p(0) [-] p(t)/p(0) [-] p(t)/p(0) [-] 

0.0 1.00000 1.00000 1.00000 1.00000 1.00000 

1.0 0.65904 0.65887 0.65903 0.65904 0.65904 

2.0 0.63088 0.63072 0.63087 0.63088 0.63088 

3.0 0.86221 0.86193 0.86220 0.86221 0.86221 

4.0 0.88634 0.88471 0.88626 0.88634 0.88634 

10.0 NA 0.92052 0.92094 0.92098 0.92099 

100.0 NA 0.95067 0.95077 0.95078 0.95079 

1000.0 NA 0.95182 0.95192 0.95193 0.95193 

Tab. 7.3 – Total power, relative to the initial value, as a function of time, of the quantity 

regulated and of the tolerance imposed on the variation of the error metric on the shape time step 

for the spatial transient [7.13]; NA: reference solution not computed for the entire duration of 

the transient. 
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 regulation of mathematical quantity 

 εψ=10
-3

 εψ=10
-4

 εψ=10
-5

 εψ=10
-6

 

time [s] Nψ (Nψ
R
) Nψ (Nψ

R
) Nψ (Nψ

R
) Nψ (Nψ

R
) 

0.0 0 (0) 0 (0) 0 (0) 0 (0) 

1.0 22 (4) 57 (3) 167 (3) 515 (5) 

2.0 29 (4) 72 (6) 206 (7) 627 (9) 

3.0 50 (20) 129 (9) 377 (9) 1158 (10) 

4.0 58 (21) 150 (12) 434 (11) 1326 (12) 

10.0 65 (21) 168 (12) 489 (11) 1499 (12) 

100.0 79 (21) 198 (12) 574 (11) 1759 (12) 

1000.0 170 (21) 289 (12) 674 (11) 1924 (12) 

         

 regulation of physical quantity 

 εψ=10
-3

 εψ=10
-4

 εψ=10
-5

 εψ=10
-6

 

time [s] Nψ (Nψ
R
) Nψ (Nψ

R
) Nψ (Nψ

R
) Nψ (Nψ

R
) 

0.0 0 (0) 0 (0) 0 (0) 0 (0) 

1.0 9 (0) 50 (1) 456 (4) 4523 (7) 

2.0 11 (0) 55 (1) 496 (4) 4903 (7) 

3.0 19 (4) 95 (11) 875 (5) 8674 (11) 

4.0 20 (4) 99 (11) 904 (5) 8940 (11) 

10.0 22 (4) 105 (11) 944 (5) 9329 (11) 

100.0 31 (4) 116 (11) 987 (5) 9723 (11) 

1000.0 122 (4) 207 (11) 1078 (5) 9866 (11) 

Tab. 7.4 – . Number of shape time steps as a function of time, of the quantity regulated and of the 

tolerance imposed on the variation of the error metric on the shape time step for the spatial 

transient [7.13]; Nψ: cumulative number of shape time steps; Nψ
R
: cumulative number of rejected 

shape time steps. 

 

 

 

Fig. 7.1 – FRENETIC steady-state solution algorithm. 
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Fig. 7.2 – FRENETIC transient solution algorithm. 

 

Fig. 7.3 – Algorithm for shape time step selection [7.13]. 
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Fig. 7.4 – Algorithm for reactivity time step selection. 

 

Fig. 7.5 – Geometry of the system considered for the spatial transient [7.13]. 
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Fig. 7.6 – Error estimate and shape step size as a function of time, of the quantity regulated and 

of the tolerance for the continuous insertion of reactivity transient [7.13].  
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8 DEVELOPMENT OF MULTI-PHYSIC CODE FOR LEAD-COOLED FAST REACTOR 
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8.1 Background and references 

The activity is related to the development of a multi-physics code for Lead-cooled Fast Reactor (LFR). The 

multi-physics approach allows evaluating a wide set of core parameters (e.g., temperature field, velocity 

field, and neutron fluxes) with a unique simulation tools
[8.1], [8.2], [8.3]

. This advantage may be valuable for core 

designing, when verifying the satisfaction of the operational constraints. 

 

In particular, we present a multi-physics model for a lead fast reactor core-average channel, implemented in 

the general purpose finite-element software COMSOL Multiphysics, focusing on the coupling approach 

among the neutronic, the thermal-elastic and the fluid-dynamic phenomena 

8.1.1 Multiphysics modelling 

The LFR technology’s severe design limits, along with a relatively low operational experience on heavy 

liquid metal cooled reactors, require dedicated tools of analysis to study the steady state and the transient 

behaviour of these GIF-IV systems. In this context, the Multi-Physics Modelling (MPM) approach is a 

promising tool for analysing the “reactor system”, both in operative and accidental conditions.  

 

Traditionally, nuclear reactor analysis is performed by coupling neutron kinetics and thermal-hydraulic 

codes
[8.4], [8.5]

. These coupled code techniques are often based on the operator-splitting technique, in which the 

single physics is solved by an independent, specialized code (e.g., the neutron kinetics code) and the solution 

is delivered as input for the other code (e.g., the thermal-hydraulics one) (Fig. 8.1). Due to the fact that these 

techniques usually are non-iterative, the nonlinearities due to the coupling are not resolved in a time step, 

possibly reducing the overall accuracy
[8.6]

. On the other hand, this approach is still attractive due to the 

legacy of the mono-disciplinary code development. In this regards, it is interesting to notice that the 

Validation and Verification (V&V) performed on the single code cannot be transposed tout-court to the 

coupled system, the latter requiring a separate V&V procedure for the coupled simulations.  
 

An alternative technique – used in this activity – is the implicit approach, which consists in solving in the 

same simulation environment the set of non-linear and time-dependent coupled partial differential equations 

of the different physics (neutronics, heat transfer, fluid dynamics, thermal-elasticity, etc.) in order to 

converge the nonlinearities at every time step and obtaining a tightly coupled solution
[8.6]

. The 

implicit/tightly coupled solution can be achieved by two main family of techniques, the iterative and the 

fully-coupled ones. The former involves the iteration of the separate physics (Fig. 8.2) equation until 

convergence over the time step is reached (e.g., employing Picard iteration or Newton’s method). The fully 

coupled techniques (Fig. 8.3) require the solution of a large monolithic matrix representing all the physics 

involved in the systems (e.g., using Jacobian-Free Newton-Krylov method). Both the approaches allow for 

higher-order coupling between the different physics, and make possible to perform solver iteration up to a 

desired degree of accuracy.  

8.2 Body of the report concerning the ongoing activities  

In this Section, the implicit multi-physics approach is adopted to study the behaviour of an LFR single-

channel representative of the active-core average conditions (from now on referred to as core-average 

channel). Reference is made to the European Lead-cooled System (ELSY)
[8.7]

, developed in the frame of the 

EU-FP6-ELSY project.  

 

The present work is focused on the coupling among neutronics, fluid dynamics, heat transfer, and thermal 

expansions. The multi-group neutron diffusion model, the CFD model, and the linear elasticity model are 
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implemented in the same computational environment offered by the general purpose finite-element software 

COMSOL Multiphysics
[8.8]

. For the CFD and the solid mechanics treatment, the models available in 

COMSOL are employed. On the other hand, for the neutronic treatment, a purpose-made six-group diffusion 

model is developed. This model is proved against the Monte Carlo code SERPENT
[8.9]

. 

 

The proposed Multi-Physics (MP) model is adopted to investigate both the steady state conditions of the 

ELSY core-average channel, and two transients: an insertion of reactivity and a perturbed inlet lead 

temperature transient. Such transients are simulated both taking into account and neglecting the thermal 

expansion effects. Through these studies, the importance of thermal expansion effects is caught. It is also 

shown that the presented MP model represents a suitable simulation tool for a preliminary investigation of 

the LFR transient behaviour. 

 

The Section is organised as follows. Sect. 8.2.1 describes how the different models are implemented in the 

MPM approach. The validation of the neutronic model is detailed in Sect. 8.2.2. In Sect 8.2.3, the results 

obtained by the present MP model are shown in terms of steady-state spatial distribution of some quantities 

of interest, and two case studies are presented to exemplify the MPM capabilities for simulating the transient 

behavior. 

8.2.1 Multi-physics modelling approach. 

In this section, the MP scheme of analysis is presented by describing the different equations adopted for 

neutronics, fluid dynamics, and heat transfer, and solved in the same simulation environment. Thermal 

expansion effects are included in such scheme via the equations of solid mechanics and combining them with 

the other physics, by means of the “moving mesh” technique.  

 

System description 

The single-channel layout chosen for the present study is based on the ELSY reactor with the Open Square 

Fuel Assembly (OSFA) design
[8.7], [8.10]

. The core is arranged in 162 fuel assemblies, having fuel pins 

disposed in a square array, and surrounded by reflector assemblies. Such reactor features a core thermal 

power of about 1500 MWth. The inlet temperature of the lead, at nominal condition, is set equal to 400 °C, 

in order to avoid solidification. The outlet temperature of the lead, at nominal condition, is set to 480 °C in 

order to limit the corrosion of the structural and cladding materials that becomes significant at temperatures 

higher than 550 °C. The active-core diameter is equal to 4.65 m, and the active height is equal to 0.90 m. The 

proposed MP model is a two-dimensional axial-symmetric representation (r; z) of a single-channel, limited to 

the active height. Reference is made to the core average conditions at Beginning Of Life (BOL). Tab. 8.1 

gives the main parameters of the presented model. Fig. 8.4a shows a transversal cross section of the analysed 

fuel pin. Fig. 8.4b represents the longitudinal (r; z) view of the modelled geometry (for clarity, the aspect 

ratio of the image is not preserved). An inactive channel length, below the active height, is adopted to allow 

for a complete lead flow development in order to avoid inaccurate estimation of the heat transfer between the 

lead and the cladding in the first centimeters of the active height. The evaluation of the effects related to the 

core radial expansion cannot be intrinsically caught by single channel analysis. The adoption of artificial 

corrective factors to take into account this effect is out of the scope of the present work. 

 

Neutronics 

The multi-group diffusion theory is employed in the neutronic model of the ELSY single-channel
[8.11]

. 

Integrating over a set of six energy intervals (see Tab. 8.2) the continuous neutron diffusion equation, along 

with the balance equations for eight groups of precursors, the following set of partial differential equations is 

obtained: 
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(8.2) 

All the group constants are given in the COMSOL model as input. In the fuel, the dependency of the 

macroscopic neutron cross-sections on the local temperature and density is taken into account by means of 

the following equation: 

 

 (   )= (
 

  
) [        (

 

  
)] (8.3) 

 

For the lead cross-sections, the above functional form is reduced to 

 

 (   )= (
 

  
)   (8.4) 

 

neglecting the Doppler broadening effects. For the sake of simplicity, the cross-sections are kept constant in 

the cladding, spring, plug, and thermal insulator domains. The functional forms of Eqs. (8.3) and (8.4) allow 

for the heterogeneity of temperature and density fields inside the core channel, in this way the thermal-

hydraulic feedbacks on reactivity are caught. The accuracy of such simple approach will be assessed in 

Sect. 8.2.2. 

 

Fluid dynamics and heat transfer 

The model of the fluid flow (liquid lead) is based on the incompressible form of the Reynolds-Averaged 

Navier-Stokes (RANS) equations, considering in particular the standard k - ε turbulence model described by 

the following equations: 

 

  𝐯    (8.5)  

  
 𝐯
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The empirical constants are given as    = 1.44,     = 1.92,    = 0:09, 𝜎 = 1.0, 𝜎  = 1.3. 

 

The heat transfer model within the lead domain is described as follows: 

 

   

  

  
     (    )       𝐯     (8.9) 
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The turbulent thermal conductivity    is given by 

 

   
  𝜂 

   
 (8.10) 

 

The turbulent Prandtl number Prt is calculated using the extended Kays-Crawford model
[8.12]

: 

 

    [
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 (8.11) 

 

where 

 

    
      

    

  𝜂(   )     
 (8.12) 

 

and     is set to 1.1·10
5
. 

 

As to the heat transfer modelling in the cladding, thermal insulator and plug materials, the following energy 

balance equation is adopted: 

 

   

  

  
   (   ) (8.13) 

 

with the corresponding values for the thermal conductivity, the density and the specific heat. Eq. (8.14) is 

adopted in the fuel domain: 

 

   

  

  
   (    )    (8.14) 

 

The volumetric heat source Q is explicitly computed, by means of the calculated neutron fluxes: 

 

   ∑            

 

 (8.15) 

 

where      are the macroscopic fission cross-sections, and    is the value of the average energy released per 

fission. The heat is considered to be released instantaneously and locally (i.e., disregarding gamma transport 

and delayed nuclear decay).  

 

The heat transfer model takes into account the heat conduction and the radiative contribution across the 

helium gap between the fuel and the cladding. The radiative heat transfer is modelled by means of a heat flux 

from the fuel outer surface to the cladding inner surface as follows: 

 

 ( )   𝜎 

 

(       )  (           )   
[     

 ( )           
 ( )] (8.16) 

 

where       and           are the emissivities of the outer fuel surface and of the inner cladding surface, 

respectively. These values are kept constant during the simulations (      = 0.95 and          = 0.5). 
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It is worth noting that the radiative contribution is computed locally at each node of the mesh at the outer 

boundary of the fuel and at the inner boundary of the cladding. 

 

In order to speed up and simplify the calculations, effective and constant values of the thermo-physical 

properties Cp and K are adopted for the considered materials (Helium, MOX, UO2, T91 steel and lead). It is 

noteworthy that the local value of temperature and density are adopted to compute the macroscopic cross-

sections in order to intrinsically catch the thermal-hydraulic feedbacks on reactivity . 

 

Solid mechanics and moving mesh 

In order to take into account the fuel and cladding thermal expansion effects, the following equations of 

linear elasticity are introduced into the MP model: 

 

 
   

   
     (8.17) 

  
 

 
    (  )   (8.18) 

    ∶  (     (      )) (8.19) 

 

The coefficient of thermal expansion, as well as the Young modulus and the Poisson coefficient are kept 

constant with the temperature in order to simplify the problem solution. The Poisson coefficient and the 

Young modulus are used to derive the stiffness tensor C under the isotropic material hypothesis. The column 

of fuel pellets is modelled as a unique continuous structure. Cracking, irradiation induced and other 

mechanical (e.g., creep) effects are neglected. The evaluation of such phenomena is beyond the scope of this 

work, which is focused on the intrinsic computation of the coupled effects involving the thermal expansion. 

The spring between the plug and the upper thermal insulator is simply modelled as a solid cylinder with a 

suitable Young modulus modified to reproduce the spring mechanical properties. For the sake of simplicity, 

the gravitational force is neglected. 

 

The “moving mesh” technique offered by COMSOL allows deforming the mesh of the simulated domain. In 

the present work, the thermal-mechanical deformations are used to redefine the geometry, at each solver 

iteration. In this way, the different physics are influenced by the displacement field of the fuel and the 

cladding. Hence, the coupled effects due to thermal expansion (e.g., gap thermal resistance reduction, fuel 

expansion feedbacks on neutronics) are explicitly considered. Due to axial expansion of the fuel and the 

cladding, the two domains undergo high relative displacement during transients. This leads to a continuous 

change of the mesh boundary nodes facing each other across the gap. Such phenomenon gives rise to a 

computational concern for the radiative heat transfer model. To handle this issue, a boundary mapping is 

performed between the nodes of the fuel outer surface and the nodes of the cladding inner surface. In this 

way, at each time step, each node of the fuel outer boundary always interacts with the closest node belonging 

to the cladding inner boundary. 

 

Boundary conditions 

Below, the used boundary conditions are dealt with. Fig. 8.5a summarizes the main boundary conditions 

applied for the neutronic model. The present model is limited to a core single-channel. As a consequence, the 

choice of the neutronic boundary conditions is a relevant issue. The albedo boundary conditions are judged 

to be a suitable compromise between accuracy of the spatial characterization of the neutron fluxes and 

computational requirements. Albedo boundary conditions are imposed at the upper, lower and radial 

boundaries of the COMSOL model domain, namely: 
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  (     )        (8.20) 

  (     )        (8.21) 

 

Fig. 8.5b summarizes the main boundary conditions applied for the thermal-fluid dynamic model. A 

condition of thermal insulation is applied to the lower boundary of the lower thermal insulator and to the 

upper boundary of the steel plug. Symmetry conditions are considered at the outer radius of the fluid domain, 

accounting for the surrounding channel. At the lower boundary, the lead inlet velocity and temperature are 

imposed (Tin; vin). In order to allow for a proper flow development below the active height, an inactive 

entrance channel 30 cm long is considered in the model. At the upper boundary of the fluid domain, the 

outlet boundary condition is applied, imposing the outlet pressure (pout) and no viscous stress. The boundary 

condition at the interface between cladding and molten lead is treated by means of the standard wall function 

approach available in COMSOL
[8.8]

. 

 

As far as the solid mechanics model is concerned, a condition of no axial displacement is applied to the 

lower boundaries of the lower thermal insulator and of the cladding domain. No radial displacement of the 

mesh is allowed at the outer radius of the channel. Within the lead domain, at the upper boundary, the 

moving mesh is forced to follow the cladding axial thermal expansion. 

 

Numerical solution 

The set of partial differential equations described above has been simultaneously solved by means of the 

“general-purpose” finite element software COMSOL Multiphysics. The geometry is meshed so as to achieve 

a good compromise between numerical accuracy and computational requirements. In particular, as shown in 

Fig. 8.6, a mapped mesh is judged suitable for the cladding and lead domains. A progressive mesh 

refinement near the wall is adopted in the lead domain (in green), while the fuel (in red) is meshed with 

triangular elements. The adopted elements are Lagrangian and quadratic-order. In order to reduce the 

computational cost of the simulation, the segregated solver is adopted. Tab. 8.3 shows the variables 

belonging to the different segregated groups. Segregated groups 1 to 4 are solved using the MUltifrontal 

Massively Parallel Sparse direct Solver (MUMPS). The equations of the RANS k - ε turbulence treatment 

are solved by means of the PARallel sparse Direct and multi-recursive Iterative linear SOlver (PARDISO). 

Transient analyses are treated with the implicit second order Backward Differentiation Formula (BDF) time 

integration method. 

 

Neutronic input generation with SERPENT 

The group constants (  ,   ,   ,      ,     ,       ,     ,     ) are calculated by means of the Monte Carlo 

neutron transport code SERPENT, using the nuclear data library JEFF 3.1 [8.13]. SERPENT is a three-

dimensional continuous energy Monte Carlo neutron transport code, with group constant generation 

capabilities. The results presented in the following are obtained after runs of 250 million active neutron 

histories. Simulations consist in 500 active cycles of 5·10
5
 neutrons subdivided in 32 parallel tasks. Fifty 

inactive cycles are adopted to allow for the convergence of the fission source distribution. Results related to 

reactivities are obtained by means of the k (multiplication factor) implicit estimate. Detectors with collision 

estimate of neutron flux are adopted to obtain the axial flux profiles. 

 

As far as the SERPENT model is concerned, an infinite lattice of pins is simulated on the transversal (x; y) 

plane. Infinite lead reflectors are adopted above the steel plug and below the lower thermal insulator.  
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The γz coefficient of Eq. (8.20) is calculated so as to have the same keff in both COMSOL and SERPENT 

models at nominal conditions. Then, the γr coefficient of Eq. (8.21) is set to allow for the radial leakage term 

and calculated so as to bring the system critical. 

 

Tab. 8.4 gives the isotopic composition of the input materials. 

 

An ad-hoc Octave
[8.14]

 procedure is developed for the conversion of the neutronic input for the different 

materials (i.e., fuel, lead, cladding, insulators and spring) from the SERPENT output to a COMSOL readable 

format. The procedure automatically produces a set of temperature and density dependent cross-sections and 

diffusion coefficients, according to Eqs. (8.3) and (8.4). The other neutronic parameters (i.e.,   ,   ,     , 

    )), which are calculated at nominal conditions, are kept constant during the simulations.  

 

8.2.2 Verification of the multi-physics neutronic model   

Verification of the macroscopic cross-sections functional form 

In the following, a brief discussion about the suitability of functional forms of Eqs. (8.3) and (8.4) is 

presented. For this purpose, the deterministic ECCO cell code
[8.15]

 is employed to evaluate the macroscopic 

cross-sections over a wide range of fuel and lead temperatures and densities. Subsequently, the data are 

compared with the macroscopic cross-sections calculated according to the Eq. (8.3). The choice of a 

deterministic code for this particular analysis is mainly due to its low computational requirements and the 

absence of statistical scattering of the points in the following comparisons. 

 

Fig. 8.7a shows the fuel macroscopic capture cross-sections versus temperature, for the energy group 3. This 

group is chosen as the most representative because almost 40% of the neutrons belong to the energy range 

between 0.82 MeV and 67.38 keV , in nominal conditions. The macroscopic cross-sections of the other 

energy groups exhibit a similar behaviour and are not shown for brevity. For such analysis the fuel density is 

kept constant at nominal value (10.46 g/cm3). The α coefficient of Eq. (8.3) is calculated as follows: 

 =
     

   (     )
 (8.22) 

 

where T1 is 900 K, T2 is 1500 K,    and    are the macroscopic cross-sections evaluated at these 

temperatures. As it can be seen in Fig. 8.7a, the logarithmic approximation well estimates the evaluated 

cross-sections over a wide range of temperatures. 

 

Fig. 8.7b shows the fuel macroscopic capture cross-sections versus the fuel density, for the energy group 3. 

For such analysis the fuel temperature is kept at 1200 K. As shown in Fig. 8.7b, Eq. (8.3) well predicts the 

cross-sections dependence on the ratio ρ/ρ0. 

 

In Sect. 8.2.1, it was mentioned that the functional form expressed by Eq. (8.4) is adopted for the calculation 

of the macroscopic cross-sections in the lead domain. Fig. 8.8a and Fig. 8.8b show the lead macroscopic 

capture cross-sections versus the lead temperature and density, respectively, for the energy group 3. As it can 

be deduced by comparing the two figures, the effect forced by the temperature variation is one order of 

magnitude lower than the one caused by the density variation. It is worth mentioning that the density range 

employed in Fig. 8.8b is calculated from the temperature range considered in Fig. 8.8a, according to the lead 

thermal expansion coefficient: 

 

            (    )  (8.23) 
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The use of approximation expressed by Eq. (8.4) is acceptable for the lead domain, according to the purpose 

of the work. 

 

Verification of the adopted neutron diffusion model 

After assessing the cross-section functional dependence, the overall multi-group diffusion model 

implemented in COMSOL is assesed against the SERPENT code by comparing, for several cases, the 

multiplication factor keff. For this comparison, the albedo γr coefficient in COMSOL is set equal to zero, in 

order to simulate an infinite lattice of pins, as in SERPENT. The γz coefficient is kept constant and calculated 

in order to have the same keff both in SERPENT and COMSOL codes at nominal conditions. Within the 

COMSOL environment, the eigenvalue solver is employed to estimate the keff . The analysed cases can be 

summarized as follows:  

 

 Fuel temperature ranging from 900 K to 1800 K, the other material properties and the geometry are 

kept at nominal condition. 

 Fuel axial expansion varying from -0.5% to +1% of the nominal active length
2
, the other material 

properties are kept at nominal condition. 

 Lead density variation from -2% to +1% of the nominal density
3
, the other material properties and 

the geometry are kept at nominal condition. 

 

For this study, two nuclear data libraries are adopted, namely: JEFF 3.1
[8.13]

 and ENDFb VII
[8.16]

. The set of 

group constants employed as input in the COMSOL model is generated by means of a SERPENT run at 

nominal conditions with both libraries. 

 

Fig. 8.9 shows the keff of the infinite lattice of pins predicted by COMSOL and SERPENT versus the fuel 

temperature. COMSOL results are presented in solid and dashed lines, while SERPENT results are depicted 

with bullets with an error bar of ±2 standard deviations. As it can be seen in Fig. 8.9, the COMSOL neutronic 

model results have a good agreement with the Monte Carlo predictions. Despite the difference between the 

absolute keff estimates given by the two libraries, the trend of the curves is similar. Fig. 8.10a and Fig. 8.10b 

show the predicted keff versus the fuel axial expansion and the lead density variation, respectively. In these 

cases, the differences between COMSOL and SERPENT are greater than the previous case, but still 

acceptable for the preliminary evaluation of the coupled effects involving thermal-mechanical expansion in 

the fuel pin. For brevity, only results obtained employing the nuclear data library is JEFF 3.1 are shown in 

the following. Fig. 8.11a and Fig. 8.11b show the total neutron fluxes calculated by the two codes versus the 

z-coordinate and their relative difference, respectively. As it can be seen in Fig. 8.11a, the flux profiles 

appear in good agreement. Fig. 8.11b shows that the difference between the flux computed by the COMSOL 

model and the SERPENT code is higher than the statistical uncertainty of the Monte Carlo run. The error in 

the COMSOL estimation is higher nearby the upper and lower interfaces. However, the maximum error is 

lower than 4%.  

 

In conclusion, the adoption of the six-group diffusion approach in the MP model appears to be a reasonable 

approximation for analysing the ELSY single-channel. 

                                                      

 

 
2
 These values correspond approximately to a fuel temperature ranging from 750 K to 2100 K. 

3
 These values correspond approximately to a lead temperature ranging from 600 K to 900 K. 
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8.2.3 Results and discussion 

Steady state behaviour of the system 

In this Section, the capability of the proposed MP model to evaluate, in the same computational environment, 

the most relevant variables of the coupled physics is exploited to analyse the nominal steady-state behaviour 

of the system. 

 

Fig. 8.12a shows the spatial description of temperature field. The maximum fuel temperature is reached quite 

above the mid of the active height. The fuel temperature profile reflects the axial shape of the neutron flux. 

Nevertheless, a certain asymmetry in the temperature field is due to the heat transfer with the lead, whose 

temperature grows along the channel length. Fig. 8.12b shows the cladding outer temperature and lead bulk 

temperature versus the z-coordinate, at nominal power conditions, useful for a preliminary verification of the 

respect of the temperature constraint (about 550 °C). The maximum difference between the cladding outer 

surface temperature and the lead bulk temperature, of about 15 °C, is reached at the mid active height, where 

the neutron flux features its maximum value. 

 

Fig. 8.13a shows results from the fluid-dynamic analysis, specifically, the velocity field in the lead domain. 

It can be noticed that the employed inactive inlet channel allows for the complete hydro-dynamic 

development of the fluid flow. It is worth recalling that the model is focused on the active height, and the 

modelling of the whole channel (e.g., lower plenum, diagrid, etc.) is beyond the aim of this work. The 

modelled inactive channel is only accounted for the proper lead flow development, in order to avoid a 

inaccurate estimation of the heat transfer between the lead and the cladding, within the first centimeters of 

the active height. The lead velocity at the wall is not zero in Fig. 8.13a, due to the wall function treatment 

available in COMSOL. 

 

In Fig. 8.13b, the effects of the thermal expansions of fuel and cladding, leading axially to a different gap 

reduction, are clearly visible. The gap thermal resistance undergoes a sensible variation along the axial 

coordinate, being lower at the mid-height, where the power generation is higher. This is typically neglected 

when simulations are performed by means of the conventional coupling of neutronic and thermo-hydraulic 

codes
[8.17]

. Such figure presents an example of the potentialities provided by the fully-coupling between 

neutronics and thermal-elasticity. 

 

Transient behaviour of the system 

In this sub-section, two scenarios are considered as examples of the MPM potential to investigate the reactor 

transient behaviour, namely: an insertion of reactivity and a perturbed inlet lead temperature transient. For 

each of the two scenarios, transient analyses are performed both with and without thermal expansion effects. 

In the latter case, the displacement field is kept at nominal power conditions (i.e., not at room temperature 

conditions). This comparison allows appreciating the importance of the thermal expansion modelling in 

transient analyses. 

 

Reactivity insertion 

A step-wise insertion of reactivity (150 pcm) is simulated. Fig. 8.14a shows the system response to the 

reactivity insertion in terms of total pin power. The solid line represents the simulation without considering 

the thermal expansion effects, while the dashed line represents the simulation in the presence of these effects. 

An insertion of reactivity leads to a keff greater than one. As a consequence, the power begins to rise, as 

shown in Fig. 8.14a, with a prompt effect on the fuel temperature (Fig. 8.14b), whose increase corresponds to 

a negative feedback limiting the power to a maximum value, which is almost two times the nominal value. 

The negative temperature feedback is given by two major contributions: the Doppler effect, and the thermal 

expansion effect. The first contribution acts on the neutron cross-sections and is taken into account as 

discussed in Sect. 8.2. The thermal expansion feedback on neutronics is due to the reduction of the fuel-to-
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coolant mass ratio and is intrinsically modelled by the moving mesh technique. When considered, the axial 

expansion of the fuel gives further negative feedback, by lowering the maximum peak and the stationary 

power level, and the fuel temperature. When comparing the two analyses (with and without thermal 

expansion), notwithstanding that the Doppler effect plays the major role in limiting the power rise, the 

thermal effects lead to a sensible difference of the end-of-transient power levels. 

 

Fig. 8.15a shows the fuel column (fuel and thermal insulators) relative axial expansion compared to the 

nominal power conditions. As expected, thermal expansion promptly follows the temperature rise. Thermal 

expansion also leads to an average gap size reduction of about 10%, as shown in Fig. 8.15b, reducing the 

overall gap thermal resistance by a similar value (in the present work, the helium thermal conductivity is 

kept constant). 

 

Fig. 8.16 shows the cladding outer surface temperature at different instants during the reactivity insertion 

transient. Such insertion of 150 pcm (about 0.4 $) gives rise to an increase of about 40 °C of the maximum 

cladding temperature in few seconds. This figure points out the potential of the MPM approach to describe in 

detail point-wise values of important quantities during transient analysis. 

 

Perturbed inlet lead temperature 

In this case study, the inlet lead temperature is raised by 20 °C in one second. Fig. 8.17a shows the system 

response to the transient in terms of total pin power. Initially, a positive reactivity is inserted by the hot lead 

entering the channel, as effect of the lower lead density, which increases the fuel-to-coolant mass ratio. This 

causes a rise in the power level. After few seconds, the increase of the fuel temperature (Fig. 8.17b) 

smoothly reduces the reactivity and stabilises the power level to a value lower than the initial one. 

 

Also in this transient, the fuel thermal expansion effects are significant (see Fig. 8.17a and Fig. 8.17b): the 

final pin power level and the final fuel average temperature variations are reduced of about 0.2 kW (∼ 50%) 

and 5 °C (∼ 60%), respectively, when compared to the simulation without considering the thermal expansion 

effects. Fig. 8.18 shows the cladding outer surface temperature at different instants during the perturbed lead 

inlet temperature transient. The hotter coolant causes an increase of the cladding outer surface temperature at 

the beginning of the active height. The perturbation propagates along the z-axis with a delay related to the 

lead velocity (about 1.2 m/s) and the system thermal inertial. It is worth recalling that, in this work, the 

diagrid expansion is not simulated. This effect may play a significant role reducing the reactivity of the 

system
[8.10]

. 

8.2.4 Nomenclature 
 

Latin symbols 

C stifness tensor, Pa 

ci concentration of the ith precursor group, m
−3

 

Cp specific heat, J kg
−1

 K
−1

 

Cε1 k − ε model empirical constant, - 

Cε2 k − ε model empirical constant, - 

Cµ k − ε model empirical constant, - 

D neutron diffusion coefficient, m 

Ef average energy released per fission, J 

I identity matrix, - 

k turbulent kinetic energy, m
2
 s

−2
 

keff effective neutron multiplication factor, - 

K thermal conductivity, W m
−1

 K
−1

 

Kt lead turbulent thermal conductivity, W m
−1

 

K
−1

 

n surface normal unit vector, - 

p fluid pressure, Pa 

pout outlet pressure, Pa 

Prt turbulent Prandtl number, - 

Prt∞ maximum turbulent Prandtl number defined in 

Eq. (8.12) , - 

Q volumetric heat source, W m
−3

 

q(z)
’’
 radiative heat flux, W m

−2
 

r radial coordinate, m 

Re∞ free stream Reynolds number used in Eq. 

(8.12) , - 

t time, s 
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T temperature, K 

Tcladding cladding inner surface temperature, K 

Tfuel fuel outer surface temperature, K 

Tin inlet lead temperature, K 

Tref reference temperature used in Eq. (8.19), K 

T0 reference temperature used in Eqs. (8.3) and 

(8.23), K 

T1 generic temperature used in Eq. (8.22), K 

T2 generic temperature used in Eq. (8.22), K 

u displacement vector, m 

v velocity vector, m s
−1

 

vg neutron speed of the gth group, m s
−1

 

vin inlet lead velocity, m s
−1

 

x Cartesian x-coordinate of the SERPENT 

model, m 

y Cartesian y-coordinate of the SERPENT 

model, m 

z axial coordinate, m 

  

Greek symbols 

αth linear thermal expansion coefficient, K
−1

 

α coefficient used in Eq. (8.3), - 

β total delayed neutron fraction, - 

βi delayed neutron fraction of the ith precursor 

group, - 

βlead volumetric lead thermal expansion coefficient, 

K
−1

 

γr radial albedo coefficient used in Eq. (8.21), - 

γz axial albedo coefficient used in Eq. (8.20), - 

ε turbulent dissipation rate, m
2
 s

−3
 

εcladding cladding inner surface emissivity, - 

εfuel fuel outer surface emissivity, - 

ϵ strain tensor, - 

η lead dynamic viscosity, Pa s 

ηt lead eddy viscosity (= ρCµK
2
/ε) , Pa s 

λi dacay constant of the ith precursor group, s
−1

 

ν average number of neutrons emitted per 

fission, - 

ρ density, kg m
−3

 

ρ0 reference density used in Eqs. (8.3), (8.4), and 

(8.23) , kg m
−3

 

σ Cauchy stress tensor, Pa 

σB Stefan Boltzmann constant, W m
−2

 K
−4

 

σε k − ε model empirical constant, - 

σk k − ε model empirical constant, - 

Σ macroscopic cross-section, m
−1

 

Σa macroscopic absorption cross-section, m
−1

 

Σf macroscopic fission cross-section, m
−1

 

Σs,gg’ macroscopic group transfer cross-section 

(from group g to g’) , m
−1

 

Σs,g’g macroscopic group transfer cross-section 

(from group g’ to g) , m
−1

 

Σ0 reference macroscopic cross-section used in 

Eqs. (8.3) and (8.4) , m
−1

 

Σ1 generic macroscopic cross-section used in Eq. 

(8.22) , m
−1

 

Σ2 generic macroscopic cross-section used in Eq. 

(8.22) , m
−1

 

φ neutron flux, m
−2

 s
−1

 

χd,g fraction of delayed neutrons generated in the 

gth group, - 

χp,g fraction of prompt neutrons generated in the 

gth group, - 

 

Subscripts 

g g
th 

neutron energy group, - 

 

8.3 Role of the activity, general goals and future development 

The activity is the first step for the development of a multi-physics code for lead-cooled fast reactor aimed at 

supporting both the design choice and the verification of other numerical tools. This tool is meant to 

represent an additional tool to be used in combination with the classic system codes in order to give a deeper 

insight about the complex physical phenomena occurring in the reactor (and their mutual interactions). When 

the purpose is to consider multiple phenomena, the coupling between single-physics code is not the optimal 

way to solve the phenomena due to the explicit exchange of data. The latter does not allow resolving the 

non-linearities of the system, lowering the accuracy of the model (and in general the efficiency). The explicit 

coupling approach has also some limitation in taking advantage of the present computational resources, 

usually not being suitable for parallel computation.  

 

Even if the model simulates a single-channel a LFR, it takes into account the main physical phenomena – 

and their couplings – occurring within the reactor during an accidental time scale (neutronics, thermal-

hydraulics and thermo-mechanics). The work has been useful also in order to evaluate the modelling 

approach of the different physics and how to couple the different phenomena (e.g., the neutronics and the 

thermal elasticity).  
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Near-term efforts will be made in selecting a development platform which can make possible an efficient use 

of the available computational resources (i.e., parallelization) and allows an easy modification of the 

modelling description in order to be adjusted on the specific modelling needs and for a multi-user 

development. On this regard, the OpenFOAM library seems to be a promising tool. OpenFOAM is an open 

source library for numerical simulation in continuum mechanics using Finite Volume Method. The toolkit is 

very flexible thanks to the object-oriented programming, allowing users to customize, extend and implement 

complex physical model
[8.18], [8.19]

. OpenFOAM grants the parallelization of the developed solvers thanks to 

dedicated routines based on geometrical domain decomposition. Consequently, future developments will be 

devoted to develop a multi-physics platform in OpenFOAM, starting with simple geometry (e.g., a fuel pin, 

which modelling strategy has been investigated in this activity and will guide the implementation in 

OpenFOAM) but aiming at representing more complex geometry.  
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Average linear power  23.5 kW m
-1

 

Inlet lead temperature 400 °C 

Outlet lead temperature 480 °C 

Inlet lead velocity 1.6 m s
-1

 

Pu enrichment  17 vol:% 

Fuel density  95 %TD 

Fuel pin active height  900 mm 

Fuel pellet hole diameter  2.0 mm 

Fuel pellet outer diameter  9.0 mm 

Cladding inner diameter 9.3 mm 

Cladding outer diameter 10.5 mm 

Pin-pitch 13.9 mm 

UO2 thermal insulator height  20 mm 

Spring height  50 mm 

Upper plug height  50 mm 

Inactive channel length 300 mm 

Tab. 8.1 – Main parameters of the analysed core single-channel [8.10]  

Group number Upper boundary Lower boundary 

   

1 20 MeV 2.23 MeV 

2 2.23 MeV 0.82 MeV 

3 0.82 MeV 67.38 keV 

4 67.38 keV 16.03 keV 

5 16.03 keV 0.75 keV 

6 0.75 keV 0 keV 

Tab. 8.2 – Energy structure adopted in multi-group neutron diffusion  

Group  Variables 

1 φ1, …, φ6 neutron fluxes 

2 c1, …, c6 precursors density 

3 T, u temp. and displacement 

4 p, v pressure and velocity 

5 k, ε turbulence variables 

Tab. 8.3 – Segregated groups employed in the numerical solution. 

Fuel 

Isotope wt% 
 T91 

Isotope 

Steel 

wt% 
 Lead 

Isotope wt% 
U-234 0.002  Si-nat 0.50  Pb-204 1.4 
U-235 0.295  V-nat 0.25  Pb-206 24.1 
U-238 72.479  Cr-nat 9.00  Pb-207 22.1 
Pu-238 0.364  Mo-nat 1.00  Pb-208 52.4 
Pu-239 8.839  Fe-nat 88.30   
Pu-240 4.197  Ni-nat 0.13  Thermal Insulator 
Pu-241 0.949  Mn-55 0.60  Isotope wt% 
Pu-242 1.197  Nb-93 0.10  U-238 88.32 
O-16 11.678  C-nat 0.12  O-16 11.68 

Tab. 8.4 – Isotopic composition of the SERPENT input materials.  
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Fig. 8.1 – Explicit Operator Splitting approach in multi-physics modelling. 

 

 

Fig. 8.2 – Implicit iterative approach in multi-physics modelling. 

 

Fig. 8.3 – Implicit fully coupled (or monolithic) approach in multi-physics modelling. 
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(a) (b) 

Fig. 8.4 – (a) Analysed fuel pin and surrounding lead. Radial sizes at nominal conditions 

(room temperature), expressed in mm. (b) Longitudinal (r; z) view of the modelled geometry. 

 

 
 

(a) (b) 

Fig. 8.5 – (a) Main boundary conditions applied for the neutronic model. (b) Main boundary 

conditions applied for the thermal-fluid dynamic model. 

 

Fig. 8.6 – Meshed geometry. 
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(a) (b) 

Fig. 8.7 – (a) Fuel macroscopic capture cross-section versus temperature of energy group 3. (b) 

Fuel macroscopic capture cross-section versus density of energy group 3. 
 

  

(a) (b) 

Fig. 8.8 – (a) Lead macroscopic capture cross-section versus temperature of energy group 3. (b) 

Lead macroscopic capture cross-section versus density of energy group 3. 

 

Fig. 8.9 – keff estimate versus fuel temperature. SERPENT: bullets, COMSOL: lines. 
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(a) (b) 

Fig. 8.10 – (a) keff estimate versus relative fuel axial expansion. SERPENT: bullets, COMSOL: 

lines. (b) keff estimate versus lead density variation. SERPENT: bullets, COMSOL: lines. 

 

  
(a) (b) 

Fig. 8.11 – (a) Axial neutron flux profiles within the active height. SERPENT: bullets, 

COMSOL: lines. (b) Relative difference between axial neutron fluxes computed by COMSOL 

and SERPENT. 
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(a) (b) 

Fig. 8.12 – (a) Channel temperature field at nominal power conditions. (b) Cladding outer 

temperature and lead bulk temperature versus the z-coordinate, at nominal power 

conditions.  

 

  
(a) (b) 

Fig. 8.13 – (a) Velocity field inside the fluid domain. (b) Outer fuel radius and inner cladding 

radius, as a function of the axial coordinate, at nominal power conditions and at room 

temperature conditions. 
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(a) (b) 

Fig. 8.14 – (a) Total pin power during the transient case study with a reactivity insertion of 150 

pcm. (b) Average fuel temperature during the transient case study with a reactivity insertion of 

150 pcm. 

 

  
(a) (b) 

Fig. 8.15 – (a) Fuel axial expansion during the transient case study with a reactivity insertion 

of 150 pcm. (b) Average gap size during the transient case study with a reactivity insertion of 

150 pcm. 
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Fig. 8.16 – Axial profile of the cladding outer surface temperature during the transient case 

study with a reactivity insertion of 150 pcm. 

 

  
(a) (b) 

Fig. 8.17 – (a) Total pin power during the transient case study with inlet lead temperature 

increase of 20 °C. (b) Average fuel temperature during the transient case study with inlet lead 

temperature in- crease of 20 °C. 
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Fig. 8.18 – Axial profile of the cladding outer surface temperature during the transient case 

study with inlet lead temperature increase of 20 °C. 
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9 VALIDATION OF SIMMER CODE AGAINST EXPERIMENTAL DATA  

A. Pesetti, N. Forgione, A. Del Nevo 
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9.1 Background and references 

In the fission and fusion nuclear R&D, thermal-hydraulic and safety analyses are a fundamental issue in the 

development, design and licensing of nuclear power plants (NPPs). The investigation of the plant 

performance during accidental conditions has always been one of the main concern of nuclear safety. These 

analyses are fundamental to evaluate the possible consequences of a postulated accident and to support the 

design of components in order to assure their structural integrity, or in the worst case, to avoid jeopardizing 

the entire system. 

 

Concerning the Gen. IV LFR plants and the WCLL-BB for the fusion DEMO reactor, one of the major 

safety problems is the interaction between water and metal alloy following a water tube rupture. Both 

systems use a heavy metal alloy (lead and lead-bismuth as primary coolant and lead-lithium as a neutron 

multiplier, respectively) and water (secondary or primary coolant, respectively). This interaction, called 

"Coolant-Coolant Interaction" (CCI), leads the system into a multi-phase and non-thermal equilibrium 

condition with possibility of vapor explosion and pressurization, and in the case of PbLi/water interaction 

with the exothermic chemical reaction and hydrogen production.  

 

An experimental campaign was performed in ENEA C.R. Brasimone to provide experimental data by 

LIFUS5/Mod2 facility for investigating the LBE/water interaction, developing and validating physical 

modelling and for improving and qualifying computer codes in relevant conditions for SGTR event. 

LIFUS5/Mod2 is a separate effect test facility re-constructed on the basis of the operating experience on 

LIFUS5
[9.1]-[9.3]

. 

 

This report describes the LIFUS5/Mod2 facility, the implemented instrumentation, the test matrix and the 

post-test activity performed by UNIPI using SIMMER-III code. In particular, a series of 4 tests, performed at 

a pressure of 40 bar, were analysed. The experimental results were published in ENEA reports
[9.4]-[9.8]

. 

 

The post-test analysis was performed by the axial-symmetric SIMMER-III code. It is up to eight velocity 

field, multi-component, multiphase, Eulerian fluid-dynamics code coupled with a space and energy 

dependent neutron kinetics model
[9.9], [9.10]

. The code was originally developed to deal with Core Disruptive 

Analysis (CDA) in Liquid Metal Fast Reactors (LMFRs) and over the years its range of applications was 

extended including issues related to advanced fast reactors, steam explosion and fuel coolant interaction 

phenomena. The capability of the SIMMER-III code to reproduce the phenomenology of the LBE-water 

interaction was studied and highlighted by previous activities performed at ENEA-Brasimone in 

collaboration with University of Pisa
[9.1]-[9.3]

. 

9.2 Body of the report concerning the ongoing activities  

9.2.1 LIFUS5/Mod2 facility 

LIFUS5/Mod2 facility, see Fig. 9.1, was designed to operate with heavy liquid metals, such as: lithium-lead 

alloy, lead-bismuth eutectic alloy and pure lead. The operation of the test facility has the objectives of 1) 

investigates relevant phenomena connected with the safety of HLM fast reactor designs and 2) develops and 

validates numerical models for simulation codes used in safety analysis. 

 

LIFUS5/Mod2 consists of four main components: a reaction vessel (S1), where HLM/water interaction 

occurs, a water tank (S2) pressurized by means of a gas cylinder connected on the top, a dump tank (S3), 

where the water and HLM are transported as consequence of their interaction (disconnected for the 

experimental campaign) and a liquid metal storage tank (S4). The main features of the components 

characterizing LIFUS5/Mod2 facility are summarized in Tab. 9.1. 
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The test section is configured in order to have an axial-symmetric geometry. With this configuration, the 

phenomena related to HLM/water interaction take place inside the vessel reducing, as far as possible, the 

perturbations due to structures inside the vessel. 

 

The main vessel S1 (Fig. 9.1) is about 100 L, and it is partially filled with LBE. It is closed by the top flange 

sealed by a Garlock HELICOFLEX. During the experimental campaign the vessel S1 is closed and isolated, 

thus the dump tank is disconnected. 

 

Internally, S1 can be divided in an upper cylindrical part and a lower hemispherical part. The main diameter 

is 420 mm and the overall height is 780 mm. 

 

Inside the S1 vessel a support frame is placed (Fig. 9.2, Fig. 9.3 and Fig. 9.4), on which 68 thermocouples 

are installed. The frame, welded on the top flange, has an overall length of 590 mm. It is immerged into the 

LBE melt when the reaction tank S1 is closed.  

 

The structure has four horizontal cruciform levels supporting thermocouples, highlighted by red dots in    

Fig. 9.3. The lower cruciform support, Level 1, is the nearest to the injection orifice and it has a vacuum (the 

central thermocouple is absent) in the central position, see Fig. 9.4, to avoid the anticipated impact with the 

water jet. The second level, as the higher ones, presents the frame reaching the axis of symmetry of the 

structure, see dotted circle in Fig. 9.4. Therefore, it constitutes an obstacle that fragments the water jet 

flowing upwards into the LBE melt. 

 

The thermocouples set in the centre of the horizontal support structure is coaxial with the reaction tank S1 

and the injection orifice. Each one of the four horizontal branches constituting a cruciform support, referred 

to as level, hosts four thermocouples, see Fig. 9.3. 

 

The thermocouples nearest to the central one are considered belonging to the first ring, the outer ones to the 

fourth ring, see Fig. 9.3. 

 

The water injection line, based on a ½" sch 80 pipeline, enters from the bottom of the vessel S1 in central 

position and protrudes internally 120 mm, see Fig. 9.2 and Fig. 9.3. At the top of the injection line the 

orifice, having a diameter of 4 mm, and its protective cap are mounted, see element “B” and “A” in Fig. 9.5, 

respectively. The cap is broken by the pressurization of the injection line at the beginning of the injection 

phase. The rupture occurs at a well-defined position by means of a circumferential notch “C” realised by 

machine tool. Therefore, the injection system shall be substituted at the end of each test. 

 

The water line connects the tank S2 with the interaction vessel S1 and the vacuum pump. In the middle a 

discharge valve is installed, for draining the water at the end of the tests and removing steam formation 

during the conditioning heating phase. 

 

As shown in Fig. 9.1, the water flows from S2 towards the valve V14, then the Coriolis flowmeter and 

finally through valve V4, before it enters in S1. The water line is also connected with the vacuum pump 

through the valve V3. Before the injection occurs, the vacuum pump is activated to remove the gas in the 

injection line. In this way, the line between the injection valve V14 and V3 is filled by low pressure air when 

the water injection starts. Therefore, the injected high pressure water expands and evaporates flowing toward 

the vessel S1. 
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Along the path of the water, two-phase flow occurs. The evaporation magnitude affects significantly the 

pressure drops in the injection line, which alter the amount of water injected in S1 and consequently its 

pressurization kinetics. 

 

The water tank S2 is a 4 inch sch. 160 pipe, closed at the edges with proper welded plugs. The system has a 

volume of 15 L (plus those in the near level meter). It is connected on the top with the gas line, which is used 

for setting and keeping the pressure of the water according with the test specifications. The vessel S2 is 

connected by means of two lateral flanges on a magnetic level measurement device. The connections are one 

on the upper part of S2, where moisture of argon gas and vapour phase are present, and the other on the 

lower part. 

 

A dump tank S3 (see Fig. 9.6) is part of LIFUS5/Mod2 facility. It can be connected by means of a 3" line to 

the top flange of S1. The volume is equal to 2 m³ and the design pressure is 1 MPa. It represents a safety 

volume used to collect the vapour and the gas generated by the interaction between the LBE and water. The 

tank S3 is disconnected during the experimental campaign. 

 

The LBE in S1 is filled and drained just before and after each test, respectively. It is stored in the liquid 

metal storage tank S4 (see Fig. 9.6), which is connected to the bottom of the main vessel S1 using the same 

penetration of the water injection system. Indeed, LBE flows inside the injection line in the annular duct with 

respect to the water, as highlighted by circle in Fig. 9.2. 

9.2.2 Instrumentation, control and data acquisition systems 

The instrumentation, control and data acquisition systems of LIFUS5/Mod2 facility, see Fig. 9.6 and        

Fig. 9.7, were upgraded for improving the level of details of the parameters involved in the phenomena of 

interest, as well as for providing to code developers/users more reliable definition of the initial and boundary 

conditions. 

 

Three types of measurements were planned in the facility and utilized for the acquisition, control and 

regulation systems. 

 

The instrumentation for the interaction vessel (S1) is composed by: 68 low time constant thermocouples 

(TC), for temperature acquisition, installed on the support structure inside the vessel S1, providing measures 

at different radial, azimuthal and axial positions; 5 fast pressure transducers, one on the top of the vessel and 

four on the vessel wall at different elevations; 6 high temperature strain gauges installed on the reaction 

vessel, five of which on the internal wall at different heights and one externally. 

 

The instrumentation for the water injection system is composed by: 1 level measurement gauge, mounted on 

the water tank support, having maximum resolution of 20-25 g in the experimental campaign conditions; 2 

fast pressure transducers, placed on the bottom of the water tank and on the water injection line downstream 

the valve V4; 3 thermocouples, one of which in the dome of the water tank, the second one in the water side 

of S2 and the third one downstream the injection valve, near valve V3; 1 Coriolis flowmeter placed on the 

water line between the valves V14 and V4, to provide an accurate measurement of the mass flow of the 

water injected. 

 

Besides the instrumentation of the acquisition system, the control and regulation systems, see Fig. 9.8, 

provide also some data to the acquisition system by means of: 1 absolute pressure transducer on the top 

flange of S1; 2 thermocouples on the vessel wall of S1; 3 absolute pressure transducers installed in the gas 

zone of S2 tank and in the gas line close to the gas cylinder. 
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9.2.3 Test matrix  

The experimental campaign is constituted by four tests, characterized by the pressure of the water tank S2 set 

at 40 bar, as reported in Tab. 9.2. The test matrix definition foresees the variation of three parameters: 

temperature of the injected water, gas argon to LBE volume ratio in S1 and total amount of injected water, 

i.e. the opening time of the injection valve. The water injection is carried out by the opening of the valve 

V14, that is adopted coherently with the past studies carried out at C.R. Brasimone
[9.1]-[9.3]

.  

 

The LBE temperature, injection line penetration in S1 and the injection orifice diameter are constant in all 

tests of the experimental campaign. 

 

The main outcomes of the experimental campaign are the generation of detailed and reliable experimental 

data, the knowledge improvement of physical behaviour and phenomena, the investigation of the dynamic 

effects of energy release on the structures and the enlargement of the database for code validation. The test 

section details, the exact experimental boundary conditions and the pressure and temperature time trends 

measured during the first series of transients are published by specific ENEA reports
[9.4]-[9.8]

.  

9.2.4 SIMMER-III model 

The SIMMER-III code can deal with safety analysis problems in advanced fast reactors and constitutes one 

of the few codes able to simulate the coolant-coolant interaction (CCI), taking into account the water 

evaporation occurring during the penetration into liquid metals. 

 

The developed SIMMER-III geometrical domain of the LIFUS5/Mod2 facility is shown in left side of      

Fig. 9.9, the main components of which are connected by dotted arrows to the real ones depicted in the 

overall sketch in the right of the same figure. The geometrical domain is obtained by 23 radial and 88 axial 

subdivisions. The LBE is represented in red, the water in blue, the argon (cover gas) and air (injection line) 

in white and the non-calculation regions in light green. Rotating the 2D SIMMER-III domain along the axis 

of symmetry (blue dot-dashed line) the whole volumetric model is obtained, in which every cell is a toroidal 

volume with rectangular section. 

 

The reaction vessel S1 was positioned in the upper part and coaxially to the model. The injection line is 

horizontally installed and cannot be coherently modelled in an axisymmetric domain. Therefore, to conserve 

the cylindrical shape of the injection tube, it was positioned vertically and coaxially with the entire model. 

The injection tube length is about 4 m. This value has been conserved in vertical direction and due to the 

water density, in experimental conditions, the simplification performed entails almost 0.4 bar of gravity 

pressure losses in the SIMMER-III model that do not occur in the experimental conditions. This 

simplification has been considered acceptable due to the considerably higher water pressure, i.e. 40  bar. The 

vertical injection line (½" of diameter) penetrates 120 mm into the vessel S1, at the top of this line the orifice 

with diameter of 4 mm is set. On the left of Fig. 9.9, the positions of the valve V14, V4 and the 2 inch tube, 

where the Coriolis flowmeter is set, are shown. In Fig. 9.9, the injection line is filled by water up to V14. The 

depicted SIMMER-III model is out of scale, because each axis has a specific scale factor. 

 

The pressure time trends measured in the S2 dome is imposed as computational boundary condition of the 

simulations. 

 

The SIMMER-III model shown in Fig. 9.9 depict the starting instant (t = 0 s) of the calculation, when the 

water begins to flow through the injection valve. At the top of injector, the injection orifice is kept closed for 

the lapse of time experimentally measured to achieve the cap rupture. The interruption of the water injection 

is simulated, as it occurs during the whole campaign, by the valve V4 closure, which isolates the vessel S1 

from the pressurized water tank S2.  
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The injection line is implemented in the SIMMER-III model delimited by non-calculation regions. It implies 

that the fluid-structure coupling does not occur and consequently the pressure drops along the injection line 

are not directly computed by the code. In such a simplified configuration the single phase pressure drops are 

modelled by concentrated pressure drops simulated by means of Reynolds independent orifice coefficients 

set at cell junctions. This approximation does not allow the two phase pressure drops prediction directly by 

the code in the injection line. 

 

Aiming to evaluate the influence of the evaporation occurring along the injection line, the tests were also 

simulated by SIMMER-III model having the injection line completely filled by water, as shown in Fig. 9.10. 

As presented in the following, such an approximation reduces the code prediction capability. 

9.2.5 SIMMER-III results 

The numerical results obtained by the SIMMER-III code for tests T#1, T#2, T#3 and T#4 are shown 

hereafter. Because of a low pressurization of the reaction tank S1 occurred during the execution of the first 

test
[9.5]

 the measured data are not compared with the computed ones in the present work. This test was 

repeated
[9.6]

, named T#1 in this study, at the end of the high pressure experimental campaign and the 

injection time chosen was almost equal to that adopted in test T#4
[9.8]

. 

 

The experimental and calculated pressure time trends presented in the figures shown hereafter are 

differentiated by colours. The experimental pressure time trend in the dome of the water tank S2 is azure, its 

value has been imposed in the numerical simulations on the basis of the experimental data. The experimental 

pressure time trends in the reaction vessel S1 and injection line are green and grey, respectively, and the 

calculated values are depicted red and blue, respectively. 

 

The integral value of the injected water mass is estimated on the basis of the level meter and remaining water 

in the injection line measurements. The Coriolis flowmeter working in two-phase flow conditions does not 

provide reliable data. 

9.2.6 Test T#1 

Test T#1 (named A1.2_1 in Ref. [9.6]) is numerically simulated with the SIMMER-III model shown in     

Fig. 9.9. It constitutes the reference test. The experimental and calculated pressure time trends are depicted in 

Fig. 9.11. Further calculation boundary conditions, not mentioned before, are summarized in Tab. 9.3. 

 

The pressure time trends computed by the SIMMER-III code over-predict the measured data. The opening of 

the injection orifice occurs approximately 0.25 s after the water injection start. At this instant the computed 

pressure in the injection line overestimates the calculated one of almost 12 bar (blue and grey line 

respectively in Fig. 9.11). This is due to the lower pressure drops simulated along the injection line of the 

model. It also entails a calculated pressure time trend in S1 (red line in Fig. 9.11) with a higher slope than the 

measured one (green line). The kinetics of the pressure transient results therefore accelerated and the 

SIMMER-III code predicts the pressure plateau almost 1 s earlier. 

 

The Tests T#1 and T#4 were performed imposing similar boundary and initial conditions. However, 

comparing Fig. 9.11 and Fig. 9.21, the experimental pressure time trends measured into the reaction tank 

(green lines) differ by almost 10 bar at about 1.5 s after the injection starting. The calculated data of such 

tests (red lines), instead, show pressurization time trends in agreement between them and the observable 

differences are attributed to the different pressure trends imposed in the dome of the water tank S2 and 

instant of the cap rupture. 
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The numerical results obtained adopting the SIMMMER-III model having the injection line filled by water 

(see Fig. 9.10), that means injecting water from the orifice, are shown in Fig. 9.12. It is possible to note, in 

comparison with Fig. 9.11, the complete loss of the pressurization data in the injection line (blue trend) and a 

higher overestimation of pressure time trends in the reaction tank S1 (red line). Therefore, it justifies the 

modelling of the low pressure air region in the injection line to improve the prediction capability of the code. 

 

The SIMMER-III code predicts a water mass injected into S1 during the experiment equal to about 0.36 kg. 

This value is reasonably in agreement with that experimentally estimated of 0.42 kg
[9.6]

. The higher 

numerical pressurization of S1, indeed, reduces the water entered in the reaction tank, therefore the obtained 

numerical result is coherent with the experimental one. 

 

The analysis performed by the post processor BFCAL
[9.11]

 of the SIMMER-III code is focused on the 

investigation of the energy exchanges in the LBE and cover gas regions inside S1. The investigation of the 

vapour bubble formation and growth in the reaction tank is performed and shown in Fig. 9.13. The LBE void 

fraction equal to 1 is depicted in red and the blue cells indicate that LBE is substituted by other components 

that are, in this analysis, the cover gas of the reaction tank and the water injected from S1 bottom. The instant 

in which the vapour bubble enters in the cover gas region entails the loss of meaning of the cover gas 

compression work computed by the BFCAL postprocessor. Because of this tool takes into account only the 

initial cover gas volume and the addition of another gas is not taken into account by the BFCAL algorithm. 

As shown in Fig. 9.13, the vapour bubble reaches the cover gas almost 0.5 s after the start of the simulation, 

which is almost 0.25 s after the water injection start. 

 

The instant in which the rupture of the vapour bubble occurs (entering into the cover gas) could be more 

precisely identified, as shown in Fig. 9.14, by the observation of the water kinetic energy time trend in the 

cover gas region (red line) becoming higher than zero. In the same figure, also the water kinetic energy trend 

in the LBE region is depicted (blue line). It starts to increase from zero at the cap rupture instant. The 

computed water kinetic energies have low values, having an order of magnitude of one Joule in the LBE and 

tenths of Joule in the cover gas region (Fig. 9.14). 

9.2.7 Test T#2 

The test T#2 (A1.3 in the ENEA report 
[9.7]

) injects water at lower temperature, 200°C. It is numerically 

simulated with the SIMMER-III model shown in Fig. 9.9. The experimental and calculated pressure time 

trends are depicted in Fig. 9.15. Further calculation boundary conditions, not mentioned before, are 

summarized in Tab. 9.4. 

 

Analysing the SIMMER-III results, reported in Fig. 9.15, it can be seen that the code overestimates the 

pressures measured in S1 and injection line. In particular, it is possible to note that the computed pressure in 

the injection conduct, blue line, before the orifice opening, slightly overestimates the experimental data. 

 

This difference is lower than in the tests T#1, T#3 and T#4 because of the lower water evaporation occurring 

in the test T#2 along the injection line, due to the lower water injection temperature: 200°C instead of 240°C. 

After the orifice opening, the blue line has a slope in agreement with the experimental grey one up to about t 

= 0.6 s, when the liquid water single-phase flow is established in the modelled injection line. At this instant 

the computed pressure in the injection line increases, becoming slightly lower than the pressure in the water 

tank dome. The calculated rapid passage from the two- to single-phase flow anticipates of about 0.4 s the 

same phenomenon experimentally observed. Such an abrupt flow regimes change entails a pressure peak of 

almost 43 bar.  
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The pressure time trend calculated into the vessel S1, red line in Fig. 9.15, over-predicts the experimental 

data, as consequence of the higher pressure in the injection line. During the water injection transient, the 

measured pressure in the cover gas of the water tank S2 is not constant and decreases as shown by the azure 

line in Fig. 9.15. 

 

The total water mass injected into the reaction vessel S1 has been computed by SIMMER-III code to be 

almost 0.4 kg, that is coherent with the value experimentally estimated
[9.7]

. 

 

Fig. 9.16 shows the water injection and vapour bubble formation and growth. It is possible to note that the 

instant in which the bubble reaches the argon cover gas could be approximately estimated equal to 0.6 s after 

the calculation start and corresponding to almost 0.25 s after the water entrance into S1. These data are 

confirmed by the red line depicted in Fig. 9.17, where the water kinetic energy in the LBE (blue line) and 

cover gas regions (red line) are shown. 

 

The water injected at 200°C entails lower water evaporation in S1 and consequently a higher water kinetic 

energy in comparison with the tests T#1, T#3 and T#4. The water kinetic energy in the LBE and cover gas 

regions reaches values almost equal to 7 and 2 J, respectively. 

9.2.8 Test T#3 

Test T#3 (A1.1 in the ENEA report
[9.4]

) is performed increasing the cover gas fraction. Its volume has been 

set equal to 40% of the LBE volume. The calculated, employing SIMMER-III model of Fig. 9.9, and 

measured pressure time trends are shown in Fig. 9.18. 

 

The higher free volume in S1, with respect to the other tests, yields a measured lower pressure value at the 

end of the transient, about 32 bar. Moreover, the slope of the pressure trend in S1 is almost the half of that 

measured in test T#4. Therefore, the increased cover gas slows down the kinetics of the transient and reduces 

the maximum pressure value reached in S1. Tab. 9.5 shows the numerical boundary and initial conditions of 

test T#3. 

 

The calculated pressure time trends overestimate the experimental data in the first 3 s after the valve V14 

opening, they are however qualitatively in agreement. The calculated pressure values are, instead, in good 

agreement with the experimental ones after the pressurization of the reaction vessel is reached, which occurs 

almost 2.5 s after the transient start. 

 

At the instant of the orifice opening, the pressure computed in the injection line overestimates the measured 

one by almost 10 bar. The analogous difference in the test T#2 was almost a third, due to the lower water 

sub-cooling (240°C instead of 200°C) that entails a higher evaporation. Test T#3, thus, confirms the 

necessity to better take into account the two-phase flow pattern inside the injection line. 

 

The overall computed water mass injected is almost 0.5 kg. This value is coherent with the other tests, 

because the higher cover gas allows that a higher quantity of water is injected in the reaction vessel. Instead, 

the experimentally estimated value
[9.4]

 is 0.38 kg. 

 

Fig. 9.19 illustrates the LBE volume fraction during the water injection phase and the consequent vapour 

bubble formation. It is possible to observe that the vapour enters the cover gas at almost 0.7 s after the 

calculation start. This lapse of time is higher than that calculated in the other tests, because the higher cover 

gas volume defines a system having higher compressibility. Consequently, the water kinetic energy in the 

cover gas, see Fig. 9.20, has values higher than zero up to the end of the water injection (t = 2 s), instead the 
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other tests show water kinetic energy in the cover gas decreasing earlier, see Fig. 9.14, Fig. 9.17 and         

Fig. 9.23. 

 

Fig. 9.20 shows also that the higher cover gas volume entails a lower water kinetic energy in the LBE region 

(blue line) in comparison with the other tests. 

9.2.9 Test T#4 

Test T#4 (A1.4 in the ENEA report
[9.8]

) has the same boundary and initial conditions of the test T#1, except 

only for the V4 closure instant, that was changed as shown in Tab. 9.2 and Tab. 9.6. It caused the complete 

closure of the valve V4 about 2.9 s after the valve V14 opening (t = 0 s). It occurred because the difference 

between the pressure measured in S1 and S2 becomes lower than 1 bar just before 3 s. 

 

The calculated and experimental pressure time trends are shown in Fig. 9.21. The pressure transducer set in 

the injection line did not work properly and measured data near to 0 bar, as it is possible to see in Fig. 9.21, 

in which the grey line is depicted closely to the axis of the abscissas. However, it is reasonable to assume 

that, before the orifice opening, the pressure trends in the injection line is close to that measured during the 

test T#1 and T#3. 

 

The numerical results obtained by the SIMMER-III code over-predict the experimental data during the phase 

of increasing pressure in S1, similarly to the other tests. The almost stationary pressure trends computed at 

the end of the transient are in good agreement with the measured data. 

 

The calculated overall water mass injected during the transient is almost 0.37 kg. This value underestimates 

the measured data of 0.47 kg because of the faster S1 pressurization computed by SIMMER-III code. 

 

As mentioned before, the test T#4 has the same injected water temperature and cover gas volume of the test 

T#1. Instead, the water injection start instant and the water tank (S2) pressurization are affected by 

experimental inevitable differences. Therefore, the first tenths of second of the water injection phase 

provides numerical results in terms of energetic analysis analogous to that obtained for the test T#1, as 

shown in Fig. 9.23. 

 

The numerical simulation of the test T#4, see Fig. 9.21, coherently with the calculation results obtained for 

the other tests, shows that the pressure drops simulated along the injection line underestimate the measured 

trend. 

 

The modelling of the injection line is at the basis of the pressure time trends overestimation, due to the 

underestimation of the two-phase pressure drops. Aiming to improve the obtained results, an application of 

the Lockhart-Martinelli multipliers is done and the obtained results are shown in Fig. 9.24. The calculated 

pressure time trend into the reaction vessel S1 shows a considerable slope reduction in comparison with   

Fig. 9.21 and the obtained results appear improved. 

 

The adopted method is applied multiplying the implemented Reynolds independent orifice energy loss 

coefficients, calculated to take into account the single-phase friction pressure drops, by the Lockhart-

Martinelli two-phase friction multiplier. It was evaluated on the basis of an average value of the quality 

parameter, equal to 0.3. It corresponds (assuming a unitary slip ratio) to friction multiplier that becomes too 

high when the quality in the channel decreases. Indeed, about 1.5 s after the water injection start, the single 

phase liquid flow occurs in the channel and the implemented L-M two-phase multiplier causes the 

underestimation of the S1 pressurisation. To reduce this inaccuracy, at almost 1.25 s after the valve V14 

opening, the two-phase friction multiplier is set equal to 1. The obtained results are shown in Fig. 9.25 and 



 

Title: Development of BE numerical tools for 

LFR design and safety analysis – Part 2 

Project: ADP ENEA-MSE PAR 2016 

Distribution 

PUBLIC  

Issue Date 

12.12.2017 
Pag. 

RICERCA SISTEMA 

ELETTRICO 

Ref. 

ADPFISS-LP2-144 
Rev. 0 279 di 300 

 

   

  
 

 

appear to be in agreement with the experimental data, during the pressurization phase of the reaction vessel 

as well as at the end of the transient, when almost stationary pressure values are reached. 

 

The temperature time trends are computed by the SIMMER-III code for all the tests of the experimental 

campaign. Hereafter the calculated and measured temperature trends of the corrected test T#4 (Fig. 9.25) are 

reported. 

 

The measured temperatures are depicted by solid lines and the calculated results are represented by dotted 

lines. The temperature measured in the centre, first, second, third and fourth ring are depicted by red, green, 

blue, black and grey lines, respectively. In the legend of the following figures the information of the axial 

and radial position of the cell in which the shown temperature has been computed is provided by the two 

numbers between brackets, respectively. 

 

Fig. 9.26 shows the measured and computed temperature at the first level of the support structure. The 

measured data show a moderate cooling effect only on the first ring, continuous green line. Instead, the 

numerical results show a higher cooling effect on the first and second ring, down to almost 200°C, during the 

first 0.5 s of the transient. Such an overestimation and anticipation of the cooling effect is due to the liquid-

vapour water jet kinetics penetrating the molten LBE, predicted by the SIMMER-III code. It predicts a cold 

jet wider and faster to flow upwards than experimentally, so that it impacts earlier and with a higher cooling 

effect on the thermocouples of the first and second ring at the first level. 

 

The mentioned difference is due to the fact that the SIMMER-III results are obtained adopting the default 

code settings, which appear not well suitable to take properly into account the expansion vapour kinetics in 

the LBE pool. The code predicts a faster formation of a larger vapour bubble than that experimentally 

measured, entailing a higher cooling effect. Moreover, the numerical results show that the vapour bubble can 

move upward after overcoming the LBE resistance, reducing its own wideness and Fig. 9.26 shows that the 

computed cooling effect on the first level disappears almost 0.5 s after the injection start. 

 

Fig. 9.27 depicts the experimental and calculated temperature time trends in the second level of the support 

structure. The SIMMER-III code predicts the temperature in the central position of the cruciform support in 

reasonable agreement with the experimental data. Analogously to the previous figure, the code results 

anticipate the cooling effect on the thermocouple positioned in the centre of the level and also provide a 

delayed rewetting by LBE. 

 

When the pressure in S1 tends to equalize that in the injection line, the amount of water injected decreases 

and consequently the temperature measured and calculated increases. SIMMER-III code computes the outer 

thermocouples, from the first to the fourth ring, cooled until 0.5 s after the injection start. Instead, the 

measured data show a cooling effect on the first thermocouples ring (green line) until almost 3 s after the 

transient start. 

 

Fig. 9.28 and Fig. 9.29 show that the code overestimates the cooling effect in the central position of S1 at 

level 3 and 4. It is due to the absence, in the geometrical model, of the support structure and its four 

horizontal cruciform supports. Such a cruciform structure is not simulated in the geometrical model because 

its shape is not well reproduced by an axisymmetric model. 

 

Thus, in the geometrical model, the jet of steam does not encounter obstacles along its upwards path and its 

cooling effect along the axis of S1 is constant at different height. Instead, the experimental configuration, see 

Fig. 9.4, entails that the injected water passes through the central opening of the first cruciform level and 
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impacts against the second and upper levels. The consequent jet fragmentation entails a reduced cooling 

effect on both the upwards levels, Fig. 9.28 and Fig. 9.29. 

 

The temperature trends, computed by the SIMMER-III code, are generally also affected by the injection of 

water into the reaction tank S1 at higher pressure than during the experimental tests. It contributes to the 

anticipated cooling events at the four levels. The differences, shown in from Fig. 9.26 to Fig. 9.29, between 

the experimental and computed data are also due to water-LBE slip ratio modelled in the performed study by 

SIMMER-III default settings. 

 

Moreover, the fragmentation of the water due to the horizontal cruciform structures is not simulated by the 

axisymmetric model. Therefore, the numerical analysis by means of a three-dimensional model (SIMMER- 

IV) appears to be suitable to reduce the described approximations. 

9.2.10 Conclusions 

The Department of Civil and Industrial Engineering (DICI) of University of Pisa performed the review of the 

experimental investigations on the vapour explosion phenomenon and the assessing of the consequent energy 

release. Moreover, central issue of the task is constituted by the post-test analysis of the experimental 

campaign performed on the LIFUS5/Mod2 facility at ENEA Brasimone R.C. The SIMMER-III was adopted 

aiming to identify the prediction code capabilities and limitations.  

 

The experimental campaign is composed by a group of four test. The reference test is characterized by 

injecting water at 40 bar and 240°C into a pool of LBE at 400°C. The other tests are performed injecting 

water at lower temperature, implementing higher cover gas volume and changing the injection lapse of time, 

respectively. The injection is carried out by valve V14, positioned upstream the Coriolis flowmeter. It 

implies the presence of an extended low pressure air volume in the injection line. 

 

The modelling of the LIFUS5/Mod2 facility by SIMMER-III code is performed accepting geometrical 

simplifications. Each group of tests is analysed by two models, with and without the implementation of the 

low pressure air region in the injection line. The model in which the supply line is completely filled by water 

provides higher pressurization time trends in the reaction tank as well as the lacking information of the 

pressurization in the injection line. 

 

The SIMMER-III model, taking into account the vacuum region in the injection line, shows the presence of 

two-phase flow condition along the conduct during the first phase of the injection. The prediction of the two-

phase pressure drops becomes a key issue to correctly predict the pressurization time trends in the reaction 

tank and in the injection line. A simplified application of the Lockhar-Martinelli (L-M) multipliers provides 

pressurization results in agreement with the experimental data (Test T#4).  

 

The temperature time trends numerically simulated for each test show a general cooling anticipation and 

overestimation on the axis of the reaction vessel S1. This is due to the impossibility to model by an 

axisymmetric code the four horizontal cruciform supports that constitute an obstacle against which the water 

jet impacts and fragments. Moreover, the vapour evolution, expansion and buoyancy in the LBE pool is 

affected by the code default setting, which could be improved to better agree with the faced experimental 

conditions. 

 

The injected mass flow rate is measured by Coriolis flowmeter and water level meter in S2, but the measured 

data show delayed acquired values in comparison to the injection start and also between them. The 

SIMMER-III code therefore could not be accurately validated on the basis of the available experimental data, 
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but anyway it is able to provide consistent data of time dependent and integral value of the injected water 

flowrate. 

9.3 Role of the activity, general goals and future development 

DICI of Pisa University has a great experience on the use of SIMMER code, widely used and validated for 

the interaction between metal alloy and water in fission dedicated experimental facility (CIRCE-SGTR for 

MAXSIMA project
[9.13]

, LIFUS5/Mod2 for LEADER
[9.14]

 and THINS projects
[9.15]

). SIMMER code is the 

only code capable of simulating the physical phenomena occurring during heavy metal liquid alloy and water 

interaction
[9.16]

. It is a multi-dimensional (2-D and 3-D versions), multi-velocity field, multi-phase, multi-

component, Eulerian, fluid-dynamic code coupled with a structure model and a space-time energy-dependent 

neutron kinetic model.  

 

Recently, UNIPI has modified the source code to obtain a fusion version by implementing a chemical model 

for the exothermic reaction between PbLi and water
[9.17], [9.18], [9.19]

 enabling the evaluation of the energy and 

the hydrogen generation. Validation activity was concluded on LIFUS5 experimental campaign available in 

literature and is ongoing on experimental tests in LIFUS5/Mod3 for the EUROfusion project. 

 

Nevertheless, the exclusive use of SIMMER code still remains prohibitive for the requested computational 

effort and the long calculation time (especially in its 3-D version).  

 

Therefore, STH code should be applied to the portions of the system characterized by 1D components (i.e. 

pipes) meanwhile SIMMER code should be used to analyze a smaller part of the domain where 3D effects 

are significant and/or detailed flow information is demanded, and to model multi-phase and/or multi-

component flow. 

 

The feasibility study on coupling STH and SIMMER can be a future development of the work presented here 

and it will be investigated at UNIPI in PAR2017. 
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SYSTEM S1 INTERACTION VESSEL 

S1-1 Volume [m³] 0.1 

S1-2 Inner diameter [m] 0.42 

S1-3 Height [m] 1.085 

S1-4 Design pressure [bar] 200 

S1-5 Design temperature [°C] 500 

S1-6 Material AISI 316 

SYSTEM S2 WATER TANK 

S2-1 Volume [m³] 0.015 

S2-2 Diameter 4 inch sch. 160 

S2-3 Design pressure [bar] 200 

S2-4 Design temperature [°C] 350 

S2-5 Material AISI 316 

SYSTEM S3 [Disconnected] DUMP TANK 

S3-1 Volume [m³] 2.0 

S3-2 Inner diameter [m] 1 

S3-3 Design pressure [bar] 10 

S3-4 Design temperature [°C] 400 

S3-5 Material AISI 316 

Tab. 9.1 – LIFUS5/Mod2 main features of components (from [9.4]). 

 

# E-BIC T#1 T#2 T#3 T#4 

1 Interaction system S1 S1 S1 S1 

2 LBE temperature [°C] 400 400 400 400 

3 Water pressure [bar] 40 40 40 40 

4 Water temperature [°C] 240 200 240 240 

5 Argon volume/LBE volume [%] 30 30 40 30 

6 Lasting time of the injection valve on [s] 2 2 2 3 

7 Water injection penetration in S1 [mm] 120 120 120 120 

8 Injector orifice diameter [mm] 4 4 4 4 

Tab. 9.2 – Experimental campaign test matrix (from [9.4]). 
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C-BIC Value 

V14 opening 0 s 

Orifice opening 0.249 s 

V4 closure 3 s or P(S2)-P(S1)<0 bar 

S2 cover gas pressure = experimental data 

Tab. 9.3 – Computational-BIC of test T#1. 

 

C-BIC Value 

V14 opening 0 s 

Orifice opening 0.353 s 

V4 closure 2 s or P(S2)-P(S1)<1bar 

S2 cover gas pressure = experimental data 

Tab. 9.4 – Computational-BIC of test T#2. 

 

C-BIC Value 

V14 opening 0 s 

Orifice opening 0.329 s 

V4 closure 2 s or P(S2)-P(S1)<1bar 

S2 cover gas pressure = experimental data 

Tab. 9.5 – Computational-BIC of test T#3. 

 

C-BIC Value 

V14 opening 0 s 

Orifice opening 0.325 s 

V4 closure 3 s or P(S2)-P(S1)<1bar 

S2 cover gas pressure = experimental data 

Tab. 9.6 – Computational-BIC of test T#4. 
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Fig. 9.1 – LIFUS5/Mod2 overall sketch (from [9.4]). 

 

 

Fig. 9.2 – LIFUS5/Mod2 facility, S1 and injection system (from [9.4]). 
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Fig. 9.3 – Support structure of the thermocouples in S1 (from [9.4]). 

 

 

Fig. 9.4 – Detailed view of the TCs’ support structure (from [9.4]). 
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Fig. 9.5 – View of the protective cap “A” and injection orifice “B” (from [9.4]). 

 

 

Fig. 9.6 – P&ID of LIFUS5/Mod2 facility, acquisition and control systems (from [9.4]). 
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Fig. 9.7 – Implemented instrumentation on the support structure and reaction tank S1 (from 

[9.4]). 

 

 

Fig. 9.8 – Control and regulation systems (from [9.4]). 
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Fig. 9.9 – SIMMER-III geometrical model. 

 

 

Fig. 9.10 – SIMMER-III geometrical model injecting water from the cap orifice. 
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Fig. 9.11 – Calculated and experimental pressure time trends of the test T#1. 

 

 

Fig. 9.12 – Calculated and experimental pressure time trends of the test T#1, without vacuum 

region in the injection line. 
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Fig. 9.13 – LBE volume fraction and vapour bubble evolution during the water interaction 

phase, calculated by SIMMER-III code. 

 

 

Fig. 9.14 – Water kinetic energy time trends in the cover gas and LBE regions, T#1. 
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Fig. 9.15 – Calculated and experimental pressure time trends of the test T#2. 

 

 

Fig. 9.16 – LBE volume fraction and vapour bubble evolution during the water interaction 

phase, calculated by SIMMER III code. 
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Fig. 9.17 – Water kinetic energy time trends in the cover gas and LBE regions, T#2. 

 

 

Fig. 9.18 – Calculated and experimental pressure time trends of the test T#3. 
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Fig. 9.19 – LBE volume fraction and vapour bubble evolution during the water interaction 

phase, calculated by SIMMER III code. 

 

 

Fig. 9.20 – Water kinetic energy time trends in the cover gas and LBE regions, T#3. 
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Fig. 9.21 – Calculated and experimental pressure time trends of the test T#4. 

 

 

Fig. 9.22 – LBE volume fraction and vapour bubble evolution during the water interaction 

phase, calculated by SIMMER-III code. 
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Fig. 9.23 – Water kinetic energy time trends in the cover gas and LBE regions, T#4. 

 

 

Fig. 9.24 – Calculated and experimental pressure time trends of the test T#4, with two-phase flow 

multiplier. 
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Fig. 9.25 – Calculated and experimental pressure time trends of the test T#4, with modified two-

phase flow multiplier. 

 

 

Fig. 9.26 – Experimental and calculated temperature time trends in the Level 1 of the test T#4. 
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Fig. 9.27 – Experimental and calculated temperature time trends in the Level 2 of the test T#4. 

 

 

Fig. 9.28 – Experimental and calculated temperature time trends in the Level 3 of the test T#4. 
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Fig. 9.29 – Experimental and calculated temperature time trends in the Level 4 of the test T#4. 
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