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Revisiting fast nuclear reactor design: finding the technology best adapted to changing needs

The oil crisis of the 1970s was the main reason for the launch of the French civil nuclear power programme. This programme, which involved the construction of nuclear power plants using Pressurized Water Reactor (PWR) technology based on a uranium cycle, was part of a national policy aimed at achieving real energy independence from imported fossil fuels. Later on, this goal of energy independence was broadened and the question of the availability of uranium resources was raised. R&D efforts then focused on Fast Reactor (FR) technology because of its ability to achieve breeding i.e., to produce more fissile material than the reactor consumes, which in the long term should make it possible to overcome uranium supply constraints. In the FR design process, this breeding objective has led to certain design choices historically made for these reactors, such as the hexagonal lattice for core assemblies.

In the current context, the urgency of deploying fast breeder reactors to reduce nuclear power's dependence on uranium is no longer relevant, given the abundance of this resource and the diversity of countries supplying this mineral. However, interest in FR remains high, due to the flexibility offered by the fast spectrum to meet expectations in terms of nuclear materials and waste management. Today, new objectives are emerging, such as access to nuclear energy at low investment cost, decarbonization of energy-intensive industrial sectors, energy supply to isolated sites, etc. These challenges are leading to the development of new nuclear technologies, such as Small/Advanced Modular Reactors, which are better suited to meeting these new objectives for civil nuclear power.

On the one hand, this brief history highlights the changing needs that nuclear reactors, and in particular FR, have to meet. On the other hand, this history shows that the most suitable reactor concept and design changes with the objectives it has to meet. Based on this observation, the aim of this thesis is to revisit the FR design approach to allow the changing objectives assigned to nuclear power to be taken into account as well as the analysis of the optimal FR designs according to the targeted objectives. This design approach should also enable the exploration of several possible technological choices for FR. Indeed, as expectations of these reactors have evolved, it is relevant to question some of the historical choices made in their design, such as the hexagonal lattice of the assemblies.

Since the conventional approach to FR design is iterative, lengthy and costly, especially with the use of reference codes, which have the characteristic of being time-consuming to compute, the thesis consisted initially in the implementation of a new multi-criteria design approach based on the construction of surrogate models for reference codes, the aim of these models being to reduce the duration of the design process.

The development of multi-criteria approaches to reactor design is not a new problem in the sense that it has already been addressed in the scientific literature, leading to the implementation of dedicated methodologies. However, these methodologies remain local approaches, mostly limited to the reactor core and to a few performance criteria to be optimised. The approach proposed in this thesis is intended to be a global approach, allowing several components of the reactor to be considered during the design process, including the core, the fuel and reactivity control assemblies, the reactor vessel, the handling systems, etc.

Based on this approach, the main contribution of the thesis was the development of a design tool that provides access to a large number of performance criteria for FR, but also allows to quickly map the space of optimal FR designs with respect to the targeted objectives and according to the technological choices made. The tool also provides a number of statistical estimators and graphical displays to help understand and interpret the results provided.

This tool was validated by comparing the results it provides with exact data from a historically built FR. At the end of this exercise, the accuracy of the tool was found to be satisfactory, although it would be interesting to carry out additional modelling.

Résumé

Vers une approche repensée de la conception des réacteurs rapides : quels réacteurs pour quels objectifs ?

Les objectifs et contraintes en lien avec le développement du nucléaire civil sont en constante évolution. La crise pétrolière des années 70 a conduit la France à retenir la technologie de Réacteur à Eau Pressurisée (REP) fonctionnant avec un cycle à l'uranium et ce, dans le cadre d'une politique nationale qui aspire à une indépendance énergétique réelle vis-à-vis des combustibles fossiles importés. Par la suite, cet objectif d'indépendance énergétique s'est élargi et la question de la disponibilité de l'uranium s'est posée. Les efforts de R&D se sont alors concentrés sur les Réacteurs à Neutrons Rapides (RNR) du fait de leur capacité de surgénération, c'est-à-dire d'une production de matières fissiles supérieure à la consommation du réacteur, ce qui, sur le long terme, devrait permettre de se passer totalement des importations d'uranium naturel. Dans la démarche de conception des RNR, cet objectif de surgénération a justifié certains choix technologiques historiques opérés pour ces réacteurs, tels que celui du réseau hexagonal pour les assemblages par exemple.

Aujourd'hui, face à l'abondance des ressources d'uranium et à la diversité des pays fournisseurs de ce minerai, l'urgence de déployer des surgénérateurs pour réduire la dépendance vis-à-vis des minerais d'uranium s'est estompée. Cependant, l'intérêt pour les RNR persiste toujours justifié par la flexibilité qu'offre le spectre rapide vis-à-vis d'attentes en lien avec la gestion des matières et déchets nucléaires. A l'heure actuelle, de nouveaux objectifs ont gagné en priorité tels que l'accès à l'énergie nucléaire à faible coût d'investissement, la décarbonation de secteurs industriels énergivores, l'alimentation en énergie de sites isolés, etc. Ces défis conduisent plutôt vers le développement du concept des Small/ Advanced Modular Reactors plus à même de répondre à ces nouveaux objectifs du nucléaire civil. D'une part, ce bref historique met en évidence l'évolution des objectifs demandés aux réacteurs nucléaires et plus particulièrement aux RNR. D'autre part, on retiendra de cet historique que le concept et la conception de réacteur le plus adapté changent avec les objectifs auxquels il se doit de répondre. Partant de ce constat, ce travail de thèse se propose de reconsidérer la démarche de conception des RNR pour permettre la prise en compte de l'évolution de ces besoins, mais aussi, l'analyse des conceptions optimales de RNR en fonction des objectifs souhaités. Cette démarche de conception devra aussi permettre l'exploration de plusieurs choix technologiques possibles pour les RNR. En effet, l'évolution des attentes envers ces réacteurs rend pertinent de questionner certains des choix historiques qui ont été opérés dans leur conception, tels que celui du pas hexagonal pour les assemblages par exemple.

La démarche conventionnelle de conception des RNR étant une démarche itérative, longue et coûteuse, surtout avec l'usage des codes de référence ayant la caractéristique d'être gourmand en temps de calcul, la thèse a dans un premier temps consisté à la mise en place d'une nouvelle approche de conception multicritères permettant de se substituer aux outils de référence et de réduire les durées du processus de conception.

Le développement d'approches multicritères pour la conception de réacteurs n'est pas une problématique nouvelle dans le sens où elle a déjà été traitée dans la littérature scientifique, ce qui a conduit à la mise en place de méthodologies dédiées. Cependant, ces méthodologies restent des approches locales qui se limitent le plus souvent au coeur du réacteur et à quelques critères de performances qu'on cherche à optimiser. L'approche proposée dans cette thèse se veut être une approche globale en permettant la considération durant le processus de conception de plusieurs composants du réacteur à savoir le coeur, les assemblages combustibles et de maitrise de la réactivité, la chaudière, les systèmes de manutention, etc.

De par cette approche, la contribution principale de la thèse a consisté au développement d'un outil de conception permettant d'avoir accès à un grand nombre de critères de performance pour les RNR, mais aussi, de rapidement cartographier l'espace des conceptions optimales de RNR vis-à-vis d'objectifs cibles et en fonction des choix technologiques retenus. Plusieurs estimateurs statistiques et affichages graphiques iii Résumé sont aussi proposés par l'outil mis en place pour permettre la compréhension et l'interprétation des conceptions fournies.

Cet outil a été validé en comparant les résultats qu'il fournit avec les données exactes d'un RNR qui a été historiquement construit. Au terme de cet exercice, la précision de l'outil a été jugée satisfaisante, même si des modélisations supplémentaires seraient intéressantes à faire.

Mots clés : réacteurs rapides, conception repensée, approche globale, options de conception, cartographie.

Parmi les technologies nucléaires, une permettant de réduire, voire de s'affranchir de ces contraintes d'approvisionnement en uranium est celle des Réacteurs à Neutrons Rapides (RNR), et ce, en raison de leur capacité à faire de la surgénération. La surgénération, c'est le fait de donner, par capture neutronique de l'uranium fertile 238 U, l'isotope fissile de plutonium, le 239 Pu. D'une part, le 238 U représente 99.3% du minerai naturel d'uranium. D'autre part, tous les isotopes de plutonium peuvent être fissionnés en spectre rapide, contrairement à ce qui peut l'être dans un réacteur à spectre thermique comme les REP. Ainsi, à travers le processus de surgénération, qui de surcroit est plus favorable en spectre rapide qu'en spectre thermique, les RNR offrent la possibilité d'exploiter l'entièreté du minerai naturel d'uranium ( 235 U+ 238 U), mais aussi des stocks d'uranium appauvri : ce qui garantit une utilisation plus durable de ce minerai. Cela fait des RNR une technologie nucléaire de choix pour infléchir la courbe de croissance des besoins en uranium et déboucher à terme, sur un fonctionnement n'impliquant plus de contraintes d'approvisionnement de ce minerai.

Le lancement des premiers programmes sur les réacteurs rapides a eu comme objectif principal le développement et le déploiement de surgénérateurs, c'est-à-dire des RNR capable d'exploiter le processus précédemment décrit de surgénération, jusqu'à produire plus de matières fissiles qu'ils n'en consomment. En terme de conception, l'objectif de maximisation de cette production de plutonium a conduit au choix d'assemblages combustibles présentant une forme géométrique hexagonal et dans lesquels, les aiguilles combustibles sont disposés suivant un réseau triangulaire. Cette configuration a été choisie puisqu'elle permet une fraction combustible plus importante dans le coeur, et à travers cela, une maximisation de la teneur de l'isotope 238 U, isotope utilisé dans le processus de surgénération.

Aujourd'hui, l'urgence de déployer des surgénérateurs s'est estompée puisque les réserves naturelles en minerai d'uranium se sont avérées plus abondantes qu'initialement estimées avec des fournisseurs diversifiés et des prix relativement stables et bas. Dans le contexte actuel, l'intérêt pour les RNR persiste toujours, cependant pour de nouveaux objectifs tels que la transmutation des actinides mineurs afin de réduire la radiotoxicité du combustible irradié, ou encore le multi-recyclage du plutonium dans le cadre d'une stratégie visant la fermeture du cycle du combustible nucléaire. Par ailleurs, le marché énergétique actuel conduit de plus en plus à s'intéresser au développement de petits réacteurs modulaires à spectre rapide pour répondre aux besoins énergétiques de certains marchés de niche non compatibles avec les réacteurs de puissance, et ce, tout en tirant profit des intérêts liés au spectre rapide. Ces petits réacteurs modulaires souvent désignés sous l'acronyme SMR pour Small Modular Reactor, permettent, contrairement aux réacteurs de puissance, l'accès à l'énergie nucléaire à moindre coût d'investissement. De plus, ils constituent une solution viable à l'alimentation en énergie de zones isolées, à la décarbonation de secteurs industriels énergivores, etc. Leur caractère modulaire implique des dimensions telles qu'ils soient facilement transportables en vue d'être assemblés sur les potentiels sites d'exploitation. Dans le cas des SMR, les contraintes de transportabilité s'appliquent souvent à la taille de la cuve primaire, plus particulièrement vii à son diamètre, et ce, en raison notamment de la largeur des routes et des moyens de transport.

Conventionnellement, la conception d'un réacteur nucléaire est gérée par plusieurs équipes et nécessite plusieurs itérations. Avec l'usage des codes de référence qui ont la caractéristique d'être gourmands en temps de calcul, on estime qu'il faut environ une année pour aboutir à une version complète du design du réacteur respectant les objectifs et contraintes définis pour le projet. Afin de réduire la complexité d'une telle démarche, certains paramètres du réacteur sont fixés à des valeurs conservatrices par les différentes équipes en charge de la conception. Cependant, avant le début de cette démarche proprement dite, une sélection est d'abord faite, par des experts, des options de conception à considérer pour le réacteur. Le terme option de conception se réfère aux choix technologiques possibles pour les différents éléments qui composent le réacteur, tels que la nature du caloporteur primaire et du combustible nucléaire, la configuration du circuit primaire, etc. La Table 1 ci-dessous, synthétise, pour certains composants, les options de conception historiquement étudiées ou retenues dans la démarche de conception des réacteurs rapides.

Table 1 : Quelques options de conception possibles pour les RNR

Composants

Options de conception

Combustible nucléaire Métal, oxyde, carbure, nitrure.

Caloporteur primaire Sodium (Na), sodium-potassium (NaK), plomb (Pb), plombbismuth (PbBi), hélium (He), sel fondu (LiF).

Élément absorbant Carbure de bore, hafnium, gadolinium, europium.

Forme des assemblages Hexagonale.

Configuration du circuit primaire Piscine, à boucles.

Solution de manutention primaire Deux bouchons tournants, bras pantographe, manutention cellule.

Dans la démarche de conception du réacteur, pour chacun de ces composants de la Table 1, seule une parmi les options possibles est considérée et sélectionnée, et ce, sur la base entre autres du niveau de maturité de l'option sélectionnée, de la politique industrielle historique du pays, etc.

Suivant cette analyse qui vient d'être faite, les objectifs définis pour ce travail de thèse sont les suivants :

1. Mettre en place une approche multi-objectifs et multicritères pour la conception des RNR : cette approche doit être à grande dimension et éviter autant que possibles des hypothèses conservatrices sur certains paramètres du réacteur. En effet, l'optimalité du design obtenu peut être remise en cause si des paramètres du réacteur sont fixés à des valeurs conservatrices dès le début du projet. Par ailleurs, l'approche repensée proposée dans ce travail doit permettre une réduction des temps de calcul et de la durée du processus de conception. 2. Prise en compte de l'évolution des besoins dans la démarche de conception des RNR : l'approche mise en place doit pouvoir permettre de réaliser des analyses sur l'évolution des conceptions optimales de RNR en fonction des objectifs visés. Ces objectifs peuvent être en rapport avec les critères historiques de développement des RNR ou encore des critères plus contemporains tels que la transportabilité de la cuve primaire du réacteur par exemple. Pour réaliser ces analyses, l'approche proposée doit donner accès à un grand nombre de critères de performance du réacteur. En effet, il faut d'abord avoir accès à la performance pour mettre en place une démarche de conception orientée objectif. 3. Considération globale du réacteur : l'approche mise en place à l'issue de ces travaux se doit d'être une approche globale, en évitant de se limiter uniquement à un des grands composants du réacteur. Par exemple, l'approche ne doit pas être limitée uniquement au coeur du réacteur. 4. Exploration d'options de conception : finalement, un ensemble d'options de conception doivent pouvoir être explorées avec cette nouvelle approche de conception repensée pour les réacteurs rapides. Cette fonctionnalité va permettre d'investiguer l'impact des solutions technologiques sur le design du réacteur, mais aussi, de questionner certains choix de conception historiquement opérés pour les RNR. Par exemple, la surgénération n'étant plus un objectif fondamental, il devient alors pertinent de questionner l'option de conception des assemblages à pas hexagonal retenue pour les assemblages combustibles des réacteurs à neutrons rapides.

Le chapitre 2 ci-après présente la méthodologie proposée pour atteindre ces objectifs de la thèse. Le périmètre couvert par cette méthodologie y est également présenté.

viii Par ailleurs, dans cette stratégie de fermeture du cycle, des actinides mineurs peuvent aussi être chargés dans le combustible neuf afin de les transformer en produits de fission de plus courte durée de vie. Cette opération impacte cependant le comportement du coeur lors de transitoires, mais aussi, la production de chaleur résiduelle des assemblages usés. À l'issue du processus de fabrication, le combustible neuf se présente sous la forme d'assemblages constitués d'aiguilles. Pour la thermo-hydraulique et la sûreté du réacteur, la conception de ces assemblages revêt une grande importance. Ces assemblages sont introduits dans la chaudière primaire et placés dans le coeur où ils vont produire de l'énergie thermique à travers les réactions de fission. Cette opération de placement des assemblages dans le coeur est réalisée par le système de manutention primaire dont la conception et les dimensions impactent aussi celles de la cuve primaire. L'énergie thermique produite dans le coeur est évacuée par le caloporteur primaire qui peut de plusieurs natures : sodium, plomb, etc. (Voir Table 1). Les températures d'entrée et de sortie de ce caloporteur dans le coeur influencent le rendement thermodynamique de l'installation nucléaire, mais aussi la durée de vie de la cuve au travers du fluage mécanique de ses structures. Finalement, à l'issue de leur temps d'irradiation, les assemblages sont placés dans un stockage qui peut être soit interne à la cuve primaire, soit dans une autre cuve externe. Cette opération de stockage a pour but de permettre la réduction de la puissance résiduelle des assemblages irradiés afin de pouvoir entamer les opérations de lavage. Dans le cas des RNR à caloporteur sodium, ces opérations de lavage sont nécessaires afin de permettre l'élimination du sodium résiduel avant le stockage des assemblages en piscine de refroidissement en eau. En raison de l'incompatibilité chimique entre le sodium et l'eau, les opérations de lavage se font à une cadence très lente, ce qui a un impact sur la disponibilité du réacteur.

Résumé
De cette brève description, on retiendra qu'un RNR est un système complexe dont la conception nécessite ix la considération de plusieurs performances et contraintes. Ces performances et contraintes peuvent être de plusieurs ordres : neutronique, thermo-hydraulique, cycle, etc. On retiendra également de la description faite précédemment que pour passer d'un composant du réacteur à un autre, une connaissance de paramètres interfaces est nécessaire. Typiquement, les données de puissance résiduelle des assemblages sont nécessaires à la considération des processus de lavage à l'issue de l'irradiation en coeur.

Plus spécifiquement, dans le processus de conception du RNR, le respect d'un ensemble d'exigences de sûreté constitue un aspect fondamental, voire contraignant, du projet. La démarche de sûreté consiste à évaluer la sûreté intrinsèque du réacteur, c'est-à-dire son comportement naturel lors de transitoires, qu'il s'agisse de transitoires protégés (c'est-à-dire entrainant une chute par gravité des barres de contrôle) ou de transitoires non protégés. Elle doit également évaluer la nécessité d'ajouter des systèmes actifs pour assurer la gestion d'une possible situation post-accidentelle. Cependant, la démonstration de sûreté du réacteur n'est souvent possible que lorsque la conception est suffisamment avancée. Néanmoins, une bonne manière d'atteindre les exigences de sûreté dès la phase de pré-conception est d'utiliser au maximum les forces du concept pour améliorer sa sûreté : une bonne marge à l'ébullition du caloporteur, des contre-réactions négatives, la possibilité d'une convection naturelle efficiente, etc. Une démarche de conception par accident (Design Basis Accident, en anglais), peut également être mise en oeuvre afin de mieux répondre aux exigences de sûreté définies pour le réacteur. De façon plus générale, plusieurs options relatives au niveau de puissance, à la géométrie, au combustible nucléaire, etc. peuvent être envisagées pour répondre aux exigences de performance d'un réacteur.

Dans tous les cas, l'optimisation du réacteur selon des critères cibles nécessite d'abord une description précise de ces critères en fonction des paramètres du réacteur. Dans l'approche de conception conventionnelle, cette description est faite par l'usage de codes de référence qui demandent d'importantes ressources informatiques. Afin de pallier ces temps de calcul long et permettre l'optimisation multicritères des RNR, plusieurs méthodologies sont proposées dans la littérature. Synthétiquement, ces méthodologies consistent à décrire le réacteur par des paramètres auxquels des plages de variation sont associées : ce qui définit un espace de conception. Pour obtenir les critères cibles à optimiser en fonction de ces paramètres, des modèles simplifiés, obtenus sur la base d'interpolation de calculs des codes de référence, sont mis en oeuvre. Cela permet une réduction des temps de calcul par rapport aux codes de référence, cependant, au prix d'une précision dégradée. Finalement, un algorithme d'optimisation est utilisé pour parcourir l'espace de conception et fournir les conceptions optimales de RNR en fonction des critères objectifs visés dans le projet. Cette optimisation est souvent réalisée grâce à un algorithme génétique. Toutes ces approches restent cependant souvent des approches locales, limitées à quelques composants du réacteur, souvent le coeur, qu'on cherche à optimiser suivant quelques critères.

Le travail de thèse présenté dans ce document s'inscrit dans le cadre de ces travaux antérieurs et vise, entre autres, à élargir le périmètre de conception de façon à permettre une considération globale du réacteur. La méthodologie adoptée pour atteindre l'ensemble des objectifs indiqués au Chapitre 1 a consisté à la mise en place de plusieurs modules dédiés à la conception des divers composants du RNR. Plusieurs paramètres du réacteur auxquels des plages de variation ont été associées pour définir un espace de conception, sont manipulés par ces divers modules évoqués précédemment. De plus, ces modules, qualifiés ici de modules de conception, permettent de faire ressortir, dans l'espace de conception définie, plusieurs critères de performance pouvant être utilisés comme objectifs de conception du réacteur. Ces critères de performances sont d'ordre neutronique, cycle, thermo-hydraulique, économique, en rapport avec la sûreté du réacteur ou encore la transportabilité de la cuve primaire. L'ensemble de ces modules de conception est couplé à un module d'optimisation par algorithme génétique dont le rôle est d'explorer l'espace de conception et de fournir les conceptions optimales de RNR en fonction d'objectifs cibles. Sachant qu'un algorithme génétique nécessite un nombre important de simulations pour fournir des solutions, l'utilisation des codes de référence devient rédhibitoire en raison des temps de calcul importants qu'ils auraient requis. Afin de réduire ces durées de calcul, les performances fournies par les modules de conception sont obtenues grâce à des modèles analytiques simplifiés oubien grâce à des modèles de substitution construits sur la base d'interpolation de calculs des codes de référence.

Initialement, la considération globale évoquée dans ce document concernait l'ensemble des éléments de la Figure 1. Compte tenu du temps disponible pour la thèse, au total cinq modules de conception ont pu être mis en place. Ces modules sont dédiés à la conception des composants suivants du réacteur : le coeur, les assemblages, la manutention primaire, la chaudière et le système d'Évacuation de la PUissance Résiduelle (EPUR). La considération globale du réacteur évoquée dans ce document est alors définie par ce périmètre. Étant donné que la conception du coeur influe sur celui des autres composants du réacteur,

x le module coeur a été mis en place en premier. Le passage d'un module de conception à l'autre est réalisé grâce au calcul de plusieurs paramètres interfaces. Par ailleurs, chacun de ces modules a été développé de façon à permettre l'exploration d'un ensemble d'options de conception possibles pour un RNR. La Table 2 présente les options prises en compte pour chaque module de conception. La méthodologie proposée dans ce document a été appliquée à un coeur homogène c'est-à-dire dont la hauteur fissile est la même pour tous les assemblages combustibles. Dans le Chapitre 3 sont présentés plus en détail les modules de conception coeur et assemblage alors que le Chapitre 4 présente les modules manutention, chaudière et EPUR.

Chapitre 3 : Modules de conception coeur et assemblage • Module de conception coeur

Ce module est destiné à la conception du coeur et permet l'accès à un ensemble de performances liées à la neutronique, le cycle du combustible ou encore la sûreté du réacteur. Conventionnellement, l'accès à ces performances requiert l'utilisation de codes neutroniques de référence mettant en oeuvre un calcul hétérogène tridimensionnel de l'ensemble du coeur et où les assemblages sont modélisés en utilisant une approche aiguille par aiguille ; ce qui implique de longs temps de calcul. La réduction de ces durées de calcul est néanmoins possible avec une simplification de la modélisation, en optant par exemple pour une modélisation cylindrique du coeur avec une homogénéisation des assemblages, c'est-à-dire une description des assemblages par les fractions volumiques des divers milieux qui les constituent. Par rapport à la modélisation de référence, ce choix donne des résultats précis et permet une réduction considérable des temps de calcul (Voir Annexe A pour plus de détails).

Cependant, malgré une simplification des modélisations à travers l'homogénéisation des assemblages, les temps de calcul restent élevés pour une exploration d'un domaine d'étude par un algorithme génétique. Un moyen plus efficace pour amoindrir cette contrainte de temps de calcul est l'utilisation de modèles de substitution, également appelés métamodèles, construits sur la base d'interpolation de calculs des codes de référence. L'approche adoptée dans le module coeur a ainsi consisté à l'établissement de métamodèles construits sur la base de calculs réalisés suivant une modélisation homogène des coeurs avec un code neutronique de référence. De ce fait, parmi les paramètres manipulés par le module coeur figurent les fractions volumiques des milieux qui constituent les assemblages combustibles et de maitrise de la réactivité.

Les autres paramètres manipulés par ce module sont en rapport avec les données géométriques et de puissances du coeur homogène, le nombre maximal de dommages mesurés en DPA (Déplacement Par Atome) que peuvent subir les assemblages dans le coeur et finalement, des grandeurs en rapport avec la composition isotopique du plutonium utilisé dans le combustible nucléaire.

Le plutonium n'existe pas dans la nature. Il n'est produit que par captures successives sur le 238 U lors de l'irradiation d'un combustible nucléaire à base d'uranium. Sa composition isotopique dépend alors de plusieurs facteurs tels que le temps d'irradiation de l'uranium dans le coeur, le type de réacteur dans lequel il est produit, etc. Sachant qu'il a été montré dans la littérature que le vecteur isotopique de plutonium a un impact sur les performances du coeur et donc sur sa conception, des grandeurs caractérisant les poids isotopiques des divers isotopes du plutonium ont été inclus dans les paramètres du module coeur. Pour ce qui est du nombre maximal de dpa sur les assemblages, il a été considéré dans les paramètres du module xi coeur pour prendre en compte le type d'acier utilisé pour les structures des assemblages. En effet, en raison du flux neutronique important dans un RNR, les assemblages doivent être extraits du coeur au-delà d'une certaine limite en dpa et ce, pour garantir leur intégrité physique. Cette limite en dpa dépend alors du type d'acier utilisé et donne au premier ordre le temps d'irradiation des assemblages en coeur.

A chacun de ces paramètres du module coeur, une plage de variation a été associée pour définir et couvrir un domaine d'étude. En s'inspirant du retour d'expérience sur la conception des RNR, les plages de variation des paramètres ont été définies pour couvrir un large éventail de conceptions possibles. Typiquement, la puissance thermique du réacteur peut varier de 50 MW, correspondant à de petits réacteurs, à 4500 MW correspond à des réacteurs de grandes puissances telles que l'EPR (European Pressurised Reactor).

Dans tout ce domaine d'étude, le module coeur permet l'accès, via les métamodèles, à un ensemble de sorties en rapport avec les performances du réacteur. Ces performances sont d'ordre neutronique (enrichissement du combustible, temps d'irradiation, etc.), en rapport avec le cycle du combustible (inventaires en masse d'uranium, de plutonium, d'actinides mineurs, etc.), la sûreté du réacteur (contre-réaction Doppler, etc.) et la gestion de la réactivité dans le coeur (perte de réactivité par cycle, poids des barres de contrôle, ect.). Toutes ces sorties peuvent ainsi être utilisées comme objectif lors d'un processus de conception. Par ailleurs, pour chacune de ces sorties et pour toute combinaison de caloporteur et de combustible parmi les options de conception considérées pour le module coeur (voir Table 2), un métamodèle doit être construit. Dans le processus de construction des métamodèles, quatre méthodes ont été testées et comparées : les régressions linéaires, les régressions polynomiales, le krigeage et les réseaux de neurone. Ce travail a montré que les réseaux de neurone permettent de mieux reproduire les résultats du code de calcul de référence. Dans cette étude, le code utilisé est l'outil ERANOS qui est un code neutronique déterministe.

Finalement, grâce au module coeur est vérifié un ensemble de contraintes qu'une conception de réacteur doit respecter. Les contraintes vérifiées dans ce module sont au nombre de deux : l'un est en rapport avec l'enrichissement du combustible qui ne doit pas dépasser 30% pour permettre le retraitement du combustible usé, le second en rapport avec les barres de contrôle qui doivent être en mesure de remplir un ensemble de fonctions telles que la compensation de la perte de réactivité par cycle.

• Module de conception assemblage

Le module assemblage permet d'estimer des performances thermo-hydrauliques et de sûreté des conceptions de RNR. Pour ce faire, il procède d'abord à la conception des assemblages combustibles qui consiste en la détermination de l'ensemble des paramètres indiqués sur la Figure 2. Dans cette figure, l'option de conception pour la forme des assemblages correspond à celle hexagonale. Pour des assemblages carrés, ce sont les mêmes paramètres qui sont calculés, cependant en mettant à jour la forme du réseau. La démarche de calcul de ces paramètres suit plusieurs étapes et est fonction des valeurs prises, dans l'espace de conception définie, par les paramètres du module coeur. D'abord, la taille du réseau, P res , est déterminée en considérant deux possibles accidents que sont l'accident de Bouchage Total Instantané (BTI) et l'erreur de manutention. Comme son nom l'indique, le BTI est un accident caractérisé par un bouchage total et instantané d'un assemblage combustible avec comme conséquences l'arrêt du débit de refroidissement à travers l'assemblage bouché et la fusion totale de cet assemblage. Pour l'erreur de manutention, elle a lieu lors des phases de chargement/ déchargement du combustible et consiste au placement d'un assemblage fissile dans un emplacement prévu pour une barre de contrôle.

Ces deux accidents, le BTI et l'erreur de manutention, provoquent une insertion positive de réactivité dans le coeur, réactivité qui augmente avec la taille de l'assemblage. Dans le module assemblage, P res est calculé de telle sorte qu'en cas de BTI ou d'erreur de manutention, les barres de contrôle puissent compenser la réactivité positive apportée dans le coeur par ces accidents. Cette fonction doit être remplie par les barres de contrôle en plus de celles évoquées dans le module coeur telles que la compensation de la perte de réactivité par cycle.

La taille du réseau ainsi calculé, l'ensemble des autres paramètres de la Figure 2 sont déterminés en fonction des valeurs prises par les fractions volumiques qui sont manipulés par le module coeur. Dis autrement, l'assemblage combustible hétérogène fourni par le module assemblage correspond à un remontage qui est fonction des données des fractions volumiques des divers milieux qui constituent le coeur. Cela dit, tous ces paramètres sont calculés selon les options de conception considérées. Dans le module assemblage, les options qu'il est possible d'explorer sont en rapport avec la forme du réseau et la présence ou pas d'un trou central dans les aiguilles combustibles.

La conception des assemblages combustibles ainsi faite, un ensemble de performances thermo-hydrauliques et de sûreté est ensuite calculé. Les performances thermo-hydrauliques incluent le calcul des pertes de charge grâce à des modèles analytiques et le calcul du profil de température dans les aiguilles combustible en effectuant une résolution numérique de l'équation de la chaleur par conduction dans ces aiguilles.

Pour la sûreté, les performances calculées sont en rapport avec le comportement du coeur lors des transitoires non protégés. L'approche utilisée pour ce calcul a consisté à l'usage d'une méthode dite KGH qui est basée sur l'équation quasi statique ci-dessous qui caractérise l'évolution de la réactivité du coeur en cas de transitoires. Dans l'Équation 1, δρ Transient correspond à la variation de la réactivité du coeur suite au transitoire alors que les autres termes caractérisent l'effet des contre-réactions qui tendent à ramener le réacteur vers un état d'équilibre. Les coefficients K, G et H de cette équation sont des coefficients de contre-réactions globaux caractérisant la variation de la réactivité du coeur suite :

• À la variation de la température d'entrée du coeur, δ T • Int , pour le coefficient K qui s'exprime en PCM/ • C • À l'échauffement du caloporteur primaire, δ ΔT , pour le coefficient G en PCM/ • C • À une variation, en pourcentage, de la puissance thermique nominale du coeur, δ %P Th , pour le coefficient H en PCM/%P Th . 1Ces trois coefficients se calculent en fonction des contre-réactions élémentaires telles que la contre-réaction Doppler. Pour rappel, toutes les contre-réactions élémentaires sont fournies par le module de conception coeur. Une fois les coefficients K, G et H calculés, des recommandations issues de la méthode KGH sont appliquées pour comparer les designs de RNR en fonction de leur comportement dans plusieurs transitoires non protégés tels que celui de perte du débit primaire. Pour ce transitoire par exemple et selon la méthode KGH, entre plusieurs conceptions de coeur, celle qui minimise la valeur du ratio H/G aura un meilleur comportement en cas d'occurrence de ce transitoire.

δρ Transient + K • δ T • Int + G • δ ΔT + H • δ %P Th = 0 #Equation
Comme pour le module coeur, un ensemble de contraintes est aussi vérifié grâce au module assemblage. Ces contraintes sont là pour s'assurer que pour toutes les conceptions d'assemblages hétérogènes fournies par le module assemblage, la température dans les combustibles ne dépasse pas la température de fusion du combustible utilisé, la vitesse du caloporteur à travers les assemblages ne dépasse pas un seuil susceptible d'induire des vibrations dans le coeur, les gaines des aiguilles combustibles peuvent résister à la pression exercée par les gaz de fission, etc. Les valeurs limites pour ces contraintes dépendent entre xiii autres des options de conception considérées que ce soit vis-à-vis de la nature du caloporteur primaire ou du combustible nucléaire.

Un dernier travail réalisé par le module assemblage est d'estimer la nécessité ou non d'un stockage interne à placer dans la cuve primaire. En effet, ce stockage peut être nécessaire pour contenir les assemblages dont la puissance résiduelle élevée ne permettrait pas leur manutention hors de la cuve primaire à l'issue de leur temps d'irradiation dans le coeur. Si ce stockage est nécessaire, il est alors dimensionné par le module assemblage de façon à contenir ces assemblages jusqu'à ce que leur puissance résiduelle élevée décroisse pour atteindre une valeur permettant leur manutention hors de la chaudière. La taille de ce stockage interne à la cuve influe alors directement sur le dimensionnement des dispositifs de manutention primaire et sur celui de la cuve primaire. Ces dimensionnements sont réalisés par les modules de conception manutention et chaudière, modules présentés au prochain chapitre.

Chapitre 4 : Modules de conception des systèmes

• Module de conception manutention

Le module manutention dimensionne les dispositifs de manutention primaire tels qu'ils puissent atteindre tous les assemblages placés dans le coeur de même que ceux qui sont dans le stockage interne de la cuve principale. Ce module a été développé de façon à permettre l'exploration des trois solutions de manutention suivantes que sont celle des deux bouchons tournants, celle d'un seul bouchon tournant combiné à un bras pantographe et la solution de manutention dite cellule.

La solution des deux bouchons tournants consiste en l'utilisation d'un grand bouchon tournant légèrement excentré par rapport au coeur, et d'un petit bouchon tournant situé sur le grand bouchon tournant et excentré par rapport à l'axe de ce dernier. La rotation combinée de ces deux bouchons permet l'atteinte de toutes les positions dans le coeur. Des trois solutions considérées dans le module manutention, elle est celle qui présente le plus haut niveau de maturité technologique.

Dans la solution du bouchon tournant unique, un bras pantographe est fixé sur celui-ci. La translation de ce bras via une fente pénétrante, réalisée à travers le Bouchon Couvercle Coeur (BCC), donne l'accès à tous les assemblages à manutentionner. Le BCC est une structure complexe placée au-dessus du coeur et au travers duquel passe l'instrumentation du réacteur. Finalement, dans une manutention cellule, le BCC est extrait et évacué dans une cellule placée au-dessus de la cuve primaire. Cela permet ainsi à une machine de manutention d'accéder aux assemblages.

Dans le module manutention, l'emprise des dispositifs est déterminée à travers le calcul du paramètre D Manut. . Ce paramètre correspond au diamètre du grand bouchon tournant pour la solution des deux bouchons, au diamètre de l'unique bouchon tournant pour la solution avec le bras pantographe et pour la manutention cellule, il correspond à l'emprise radiale du BCC. L'approche suivie pour le calcul de D Manut. est une approche purement géométrique qui s'assure que tous les assemblages dans le coeur ou en stockage interne peuvent être atteints par les dispositifs de manutention.

Le paramètre D Manut. ainsi calculé est utilisé dans le module chaudière pour le calcul du diamètre de la cuve étant donné que les systèmes de manutention primaire sont placés à l'intérieur de celle-ci.

• Module de conception chaudière

Les coeurs des réacteurs rapides sont plus réactifs en cas de perte du liquide de refroidissement primaire ou en cas de compaction des assemblages fissiles. Ainsi, l'approche conventionnelle de conception des chaudières des RNR a consisté pendant des années à d'abord estimer l'énergie libérée lors de la vaporisation du combustible nucléaire causée par une compaction par gravité de l'ensemble du coeur à la suite d'un défaut de refroidissement des assemblages fissiles. Cette énergie estimée est alors utilisée pour dimensionner de manière conservative la chaudière principale.

Cette approche s'avère cependant trop conservative lorsqu'elle est appliquée à des coeurs de grandes tailles.

Pour ces coeurs et notamment pour le réacteur rapide français SuperPhénix, c'est le transitoire non protégé de perte de débit primaire qui est utilisé comme référence pour estimer le chargement mécanique à utiliser dans le dimensionnement de la cuve du réacteur. Lors de ce transitoire et pour un coeur homogène comme celui de référence considéré dans cette thèse, plusieurs séquences caractérisent le déroulement du transitoire. Ces séquences vont de l'ébullition du caloporteur primaire, la fusion du combustible, jusqu'à d'importants dégagements d'énergie mécanique causés par la vaporisation des matériaux fondus.

xiv Dans le module de conception chaudière, l'approche utilisée a consisté à également retenir ce transitoire de perte de débit comme référence pour le dimensionnement de la cuve principale et notamment de sa hauteur. En effet, la hauteur de la chaudière est calculée de façon à permettre l'évacuation, par convection naturelle, de la puissance du coeur correspondant au moment où la séquence d'ébullition du caloporteur primaire est atteinte pour ce transitoire. L'objectif derrière ce choix est d'éviter la fusion des structures du coeur. Dans cette approche, la puissance à l'ébullition est calculée en utilisant l'Équation 1 de la méthode KGH présentée ci-haut. Pour ce qui est de la propension à la convection naturelle, elle est entre autres tributaire des pertes de charge dues à la conception des assemblages fissiles.

En fonction de l'option de conception souhaitée pour le circuit primaire : piscine ou à boucles, le module chaudière calcule le diamètre de la cuve principale telle qu'elle puisse contenir les systèmes de manutention primaire mais aussi, pour une configuration piscine, les pompes primaires et échangeurs intermédiaires. • Module de conception EPUR Dans un réacteur, l'EPUR est un système dont le rôle est de garantir l'intégrité des structures du réacteur en permettant, lors de l'arrêt de la réaction de fission en chaine, l'évacuation de la puissance thermique produite dans le coeur par la décroissance des produits radioactifs. Conventionnellement, son dimensionnement est réalisé en considérant le transitoire protégé de Manque de Tension Généralisée (MdTG) qui implique la perte de toutes les pompes primaire et secondaire. Ce transitoire provoque une augmentation de la température dans le circuit primaire avec comme conséquences un fort risque de fluage thermique irréversible des gaines et de la cuve, pouvant conduire à la perte de la fonction de confinement des produits radioactifs que doit remplir ces structures. Lors du transitoire de MdTG, l'inertie thermique du circuit primaire joue un rôle important dans la prévention de cet état de fluage qu'on estime se produire si la température des structures atteint 650 • C.

Dans le module de conception EPUR, ce système est dimensionné en faisant un bilan d'énergie thermique dans le circuit primaire permettant d'évaluer l'évolution de la température dans ce circuit. Ce bilan d'énergie prend en compte l'inertie thermique apportée par les inventaires en masse d'acier et de caloporteur, données fournies par le module chaudière.

À la suite de ce bilan énergétique, plusieurs critères de performance sont ressortis par le module EPUR tels que la puissance nécessaire aux EPUR pour éviter le fluage irréversible des structures, le délai de grâce avant d'atteindre la température de fluage dans le primaire, etc.

• Synthèse des modules de conception

Pour atteindre les objectifs définis dans ce document, l'approche retenue a consisté à la mise en place de plusieurs modules de conception. Au vu du temps imparti à la thèse, ces modules sont au nombre de cinq. Chacun de ces modules est constitué d'un ensemble de modèles servant à la conception du RNR par la détermination de plusieurs paramètres du réacteur pouvant varier dans un grand domaine d'étude. De plus, ces modules permettent de faire ressortir plusieurs critères de performance, performances pouvant être utilisées comme objectifs lors d'un processus de conception. Au total, environ 40 paramètres du RNR sont manipulés par les divers modules de conception pour permettre l'accès à environ 40 critères de performances du RNR sur l'espace de conception définie et selon des options de conception choisies.

Ces modules de conception combinés à un module d'optimisation constituent l'outil de conception mise en place à la suite de cette thèse. Au prochain chapitre, quelques informations sur cet outil et sur les fonctionnalités qu'il offre sont présentées. Toujours dans ce chapitre et à titre de "validation", les résultats xv fournis par l'outil de conception sont comparés à des données réelles issues d'un réacteur rapide français qui a été construit dans le passé.

Chapitre 5 : Application à la conception et à l'optimisaton des RNR

L'outil de conception développé dans cette thèse se présente sous la forme d'un script écrit en Python3 et dont l'algorithme suit les règles de conception définies dans les différents modules présentés dans les chapitres précédents. Le module d'optimisation inclus dans cet outil résoud, grâce à un algorithme génétique, un problème d'optimisation multi-objectifs et sous contraintes. L'optimisation peut avoir comme objectif de minimiser la masse d'actinides mineurs produite dans le coeur afin de réduire le volume des déchets radioactifs à haute activité, de minimiser la valeur du ratio H/G de la méthode KGH pour améliorer le comportement du coeur lors du transitoire non protégé de perte de débit primaire, etc. Pour ce qui est des contraintes, dans l'outil de conception, certaines sont obligatoires (limite d'enrichissement à ne pas dépasser, non fusion du combustible, etc.) alors que d'autres peuvent être rajoutées par l'utilisateur.

Pour donner au lecteur une idée des ordres de grandeur obtenus avec la méthode de conception mise en place dans ce travail, une comparaison est faite, sur la En dépit de ces observations, on considérera que l'outil donne des ordres de grandeur acceptables, même si des modélisations supplémentaires doivent être réalisées pour améliorer sa précision sur quelques paramètres, comme le diamètre de la cuve.

Plusieurs usages peuvent être faits de l'outil développé dans cette étude. Par exemple, il peut être utilisé pour explorer un espace de conception et fournir l'ensemble des conceptions optimales de RNR au vu d'objectifs cibles et selon les options de conception considérées. Les objectifs peuvent être choisis parmi les sorties qui sont fournies par les divers modules de conception. Pour cet usage, la Figure 3 ci-dessous synthétise les principales étapes à suivre avec l'outil de conception.
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Cas d'application -Critères (3) Par ailleurs, les options sélectionnées avant le lancement de la simulation sont les suivantes : du sodium pour le caloporteur primaire, de l'oxyde pour le combustible nucléaire, une forme hexagonale pour les assemblages avec des aiguilles sans trou central, une configuration piscine pour le circuit primaire et enfin la solution des deux bouchons tournants pour la manutention primaire. L'utilisation de l'outil de conception pour explorer l'espace de conception et trouver les conceptions optimales de RNR au vu des objectifs définis dans cette application permet d'obtenir les résultats présentés sur la Figure 5. Ces résultats, obtenus après un temps de simulation d'environ 11 heures, sont affichés sur les plans de projection D Cuve , H Cuve et D Cuve , Temps Irr. . Dans l'affichage, ils sont discriminés en fonction de la puissance thermique du coeur P Th et sa densité de puissance P Dens. . Sur ces figures, chaque point est un design de RNR caractérisé par un vecteur de paramètres et de performances. L'ensemble de ces points constitue des designs de RNR qui réalisent les meilleurs compromis entre les différents objectifs du processus de conception. Une autre fonctionnalité permise par l'outil mis en place dans ce travail est l'investigation de l'impact des choix technologiques sur la conception du réacteur. Ce genre d'analyse est possible étant donné que plusieurs options ont été considérées dans le développement des modules de conception.

• Minimiser H Cuve • Minimiser D Cuve • Maximiser Temps Irr.

Cas d'application -

Par exemple, par rapport aux résultats obtenus précédemment et indiqués sur la Figure 5, si on investigue l'impact de la solution de manutention sur le diamètre de la cuve, on obtient la Figure 7 ci-dessous. Dans cette figure, ce qui est étudié est le respect du critère de transportabilité de la cuve en fonction de la solution de manutention primaire. La transportabilité de la cuve, c'est de pouvoir la transporter, par route, d'un site de production à l'autre. En France, ce critère est respecté pour des diamètres de chaudières inférieurs à 9 m, d'où le critère de discrimination des résultats utilisés sur la Figure 7. D'après ce graphe, on voit que le critère de transportabilité de la cuve est respecté pour certains designs de RNR avec les solutions de manutention cellule et celle avec le bras pantographe. En effet, ces deux solutions permettent des cuves plus compactes, ce qui rend plus facile le respect du critère étudié ici. La méthodologie repensée de conception des réacteurs rapides proposée dans cette thèse est une approche à grand nombre de dimensions permettant de faire ressortir un grand nombre de critères de performance d'un RNR. Grâce à l'utilisation de métamodèles et de modèles simplifiés, il permet la réalisation d'études multi-objectifs et multicritères sur des durées de calcul relativement courtes. Dans le souci d'éviter des approches locales, elle permet la considération, durant le processus de conception, de plusieurs composants du réacteur à savoir : le coeur, les assemblages, la manutention primaire, la chaudière et les EPUR.

Dans l'implémentation de cette méthode à travers le développement d'un outil dédié, plusieurs options de conception ont été considérées. Ce choix a été fait pour permettre d'investiguer l'impact des choix technologiques sur la conception du réacteur ou encore de questionner certains choix fondamentaux opérés dans le passé.

En perspective à ce travail, il serait intéressant d'étendre le périmètre de conception aux autres composants du réacteur. Des modélisations supplémentaires sont également nécessaires afin d'améliorer la précision de l'outil sur certaines grandeurs. 

Core and assembly design modules

3.1 Ratio of the number of control rods to the number of fuel sub-assemblies in historical and planned construction of SFR. The value after the reactor name designates its nominal thermal power. Data are from: [IAEA, 2006], [START_REF] Chenaud | STATUS OF THE ASTRID CORE AT THE END OF THE PRE-CONCEPTUAL DESIGN PHASE 1[END_REF], [START_REF] Guo | Design of innovative systems for the optimized control of reactivity in Gen-IV fast neutron reactors[END_REF], [START_REF] Zajaczkowski | Fast reactor design with enhanced Doppler Effect : Core design, computer scheme design, uncertainty evaluation[END_REF] Therefore, a brief review of some nuclear physics concepts is given, followed by a historical analysis of the objectives that led to the development of fast neutron reactors. Some of the main systems that make these reactors will also be presented and the design approach that is usually followed for the design of theses reactors will be discussed.

Finally, the chapter ends with a presentation of the research objectives addressed in the thesis. 

Brief nuclear physics concepts

The problem of global warming resulting from CO 2 emissions makes it necessary to think about new sources of electricity production that emit less carbon dioxide. Indeed, according to the International Energy Agency (IEA), the electricity production will continue to grow worldwide and is the largest CO 2 emitting sector, accounting for over one-third of the global energy-related total1 . The future of the power generation sector therefore requires technological innovations to meet the increase in global energy consumption while reducing overall CO 2 emissions. Among the potential solutions for the energy sector, nuclear energy, with its low CO 2 emissions, is particularly promising.

The discovery of nuclear fission highlighted the large amount of thermal energy that can be released during a nuclear reaction. The magnitude of the energy potentially available from application of Einstein's theory is significant: the complete fission of one kilogram of uranium provides nearly 24 000 MWh of heat, i.e. the equivalent of 1 200 tons of fuel oil [START_REF] Boulinier | Les Surgénérateurs / réd. sous la dir. de Paul Boulinier[END_REF]. However, nuclear fuel requires a fissile isotope to sustain the fission chain reaction. 235 U is the most widely used fissile isotope but is present in small quantities in natural uranium (about 0.7%). Nevertheless, it had been noticed (and immediately used in nuclear weapons programmes) that some plutonium isotopes, especially 239 Pu, were as good a nuclear fuel as 235 U. However, 239 Pu is not available in mines. It is produced by successive neutron captures on the fertile uranium isotope 238 U, in a uranium-based nuclear fuel. 238 U is the most common isotope in natural uranium and represents about 99.3% of the resources. This process of converting fertile isotopes into fissile isotopes after neutron absorption and subsequent nuclear decay is called breeding (see below):

238 92 U + 1 0 n --→ 239 92 U T = 24 min -------→ β - 239 93 Np T --2.3 days --------→ β - 239 94 Pu
In fact, plutonium is made up of different isotopes which are: 238 Pu, 239 Pu, 240 Pu, 241 Pu, 242 Pu where 239 Pu and 241 Pu are the fissile isotopes. In Fast Reactors (FR), all these isotopes, even the even-numbered ones ( 240 Pu, 242 Pu), contribute positively to the reactor neutron balance and do not act as nuclear poison, as it is the case in thermal reactors. Indeed, due to their nuclear structure with a probability of capture higher than the probability of fission, even-numbered plutonium isotopes essentially act as neutron poison in thermal reactors that degrade the quality of the nuclear fuel (the fraction of fissile isotopes 239 Pu and 241 Pu will tend to decrease while the fraction of absorbing isotopes 240 Pu and 242 Pu will increase). This makes it difficult to use the full energy potential of natural uranium, particularly of 238 U, in thermal reactors, which account for about 99% of commercial reactors currently in operation. One way of increasing this amount of energy extracted from uranium resources is the development of fast spectrum reactors.

A fast reactor is a reactor in which most of the fission reactions take place in the high-energy neutron spectrum (100 eV -10 MeV), in contrast to thermal reactors in which the neutrons are slowed down to thermal energies by the moderator in order to increase the probability of fission of the fissile uranium isotope. In a fast reactor, no moderator is used to slow down the neutrons, so the probability to fission 235 U becomes much smaller in this case. This is compensated by increasing the nuclear fuel enrichment from about 5% in a thermal reactor to 15 -30% in a fast reactor and by using a plutonium fuel to avoid costly dedicated uranium enrichment facilities. Due to this high enrichment, FR in general, are not in their most reactive configuration, i.e. they can become more reactive in case of configuration change such as coolant void, core compaction, etc.

In a nuclear reactor, if the number of neutrons released per absorption is at least above two, there is one neutron left that can be used to convert 238 U into fissile plutonium 239 Pu, the remaining neutron used to sustain the fission chain reaction (reasoning made without taking into account neutron leakage). It quickly appeared that, given the right conditions, this process called breeding could be used to convert fertile material into fissile material at a rate faster than the reactor consumes the fissile materials by fission reactions. Such reactor is called breeder* 2 . Figure 1.1 below gives the number of neutrons generated per absorption (η) for different fissile nuclides. It includes the effect that some neutron absorptions do not lead to fission but to neutron capture. η = ν • σ f σa ; ν : average number of neutrons released per fission event, σ f and σ a respectively, the fission and absorption microscopic cross-sections.

As it can be seen from this figure, the breeding capacity is strongly dependent on the incident neutron energy. If the neutron initiating a new fission is in the fast energy range, the uranium-plutonium fuel cycle is more favourable to breeding. In this range, plutonium isotopes give considerably more neutrons per fission than uranium isotopes. In principle, this increases the number of fissile isotopes in the fuel. [START_REF] Kloosterman | 2.3 principles of a nuclear reactor[END_REF] The world first breeder reactor, the Experimental Breeder Reactor I (EBR-I), was built in 1951 in the United States. It was then the first reactor to demonstrate that achieving a conversion rate higher than one was possible in practice at a core scale. The conversion rate is a measure of the number of fissile isotopes in the nuclear fuel. It is defined as the ratio between the mass of fissile material produced over the mass of fissile material consumed. Following on from EBR-I, and with the aim of demonstrating that better use can be made of uranium resources, the EBR-II programme aimed to demonstrate the integrated operation of the reactor fuel cycle system as a closed energy supply system [START_REF] Koch | Experimental Breeder Reactor-II (EBR-II): An Integrated Experimental Fast Reactor Nuclear Power Station[END_REF].

Furthermore, one defined the breeding gain* (BG) as the difference between the conversion rate and 1. A breeder* core is therefore characterised by a BG > 0 whereas it is negative for burner* cores. Finally, if BG = 0, the core is of isogenerator type, meaning that the amount of fissile material consumed by the reactor corresponds to the amount of fissile material that was produced in the core. Isogenerators therefore enable stabilisation of the fissile material, which makes them the minimum required for a sustainable development of nuclear energy on a scale of several centuries: only natural or depleted uranium is needed.

Today, several scientific breakthroughs are needed to achieve the commercial deployment of fast spectrum reactors [START_REF] Gougar | Assessment of the technical maturity of generation IV concepts for test or demonstration reactor applications[END_REF]. The main R&D needs are related to material science and economic cost of these reactors [IAEA, 1996], [START_REF] Rousselle | Les réacteurs à neutrons rapides[END_REF]. An analysis of the historical objectives and design choices made for FR is given in the following paragraphs.

Historical analysis of fast reactor design objectives

The possibility of a plutonium-fueled nuclear reactor that could produce more fuel than it consumed (a breeder* reactor) was first raised during world war II in the United States by scientists in the atomic bomb programme. In the following two decades, the Soviet Union, the United Kingdom, France, Germany, Japan and India followed the United States in establishing national plutonium breeder reactor programmes, while Belgium, Italy and the Netherlands joined the French and German programmes as partners [START_REF] Cochran | Fast Breeder Reactor Programs: History and Status[END_REF]. In all of these programmes, the main driver was to enhance the sustainable use of uranium resources, to avoid a potential shortage of the low-cost uranium and to allow for a long term and large scale deployment of nuclear energy for electric power.

Indeed, breeders have the potential to improve the sustainability indices of natural resource use for reactor power by allowing to fully exploit the intrinsic energy potential of the fertile uranium which represents 99.3% of the natural resource. In addition, this same level of uranium utilisation can be achieved with depleted uranium, i.e. natural uranium from which much of the 235 U has been extracted to produce enriched fuel. The extra plutonium produced by fast-neutron reactors could be used to provide startup fuel for additional plutonium breeder reactors, allowing the number of breeders to grow at a high rate. Getting rid of the need to import natural uranium is part of a strategy known as closing the fuel cycle.

For their use to avoid a potential shortage of the low-cost uranium supply, an interesting example is the development of the French FR programme. Indeed, reinforced by the oil crisis of the 1970s, the country chose to develop nuclear energy as part of a policy that aimed at ensuring real independence of its electricity production system. The development of Pressurized Water Reactors (PWR) has thus enabled the country to reduce the dependence of its energy system on fossil fuels. However, in the long-term perspective that supply constraints in uranium resources could arise in similar terms to those of fossil fuels, France launched in the 1960s the development of its fast breeders programme. The idea behind this decision was the hope of overcoming uranium supply constraints, whether in terms of the availability of the resource or to cost fluctuations. In this sense, the development of breeder reactors should lead to an electricity production system that is no longer subject to these uranium supply constraints [START_REF] Boulinier | Les Surgénérateurs / réd. sous la dir. de Paul Boulinier[END_REF].

These two objectives (sustainability and to avoid cost fluctuations) have therefore been the main drivers of the breeder reactors programmes launched by several countries. The aim was the hope of solving the long-term energy supply problem by using a large scale deployment of nuclear energy for electric power.

However, uranium proved to be much more abundant than originally imagined and nuclear power has not grown as expected [START_REF] Cochran | Fast Breeder Reactor Programs: History and Status[END_REF]. The urgency of deploying fast spectrum reactors for breeding therefore abated but interest in FR persists in some countries for new reasons such as to close the fuel cycle (i.e. to recycle and reuse spent fuel), to burn more efficiently the long life transuranic elements (minor actinides, plutonium, etc.) particularly through the transmutation of minor actinides (neptunium, americium, curium) which are the main contributors to the long-term radiotoxicity of the nuclear fuel, etc. Figure 1.2 below shows the evolution of the radiotoxicity in a typical Uranium OXide (UOX) spent fuel from a Light Water Reactor (LWR). It can be seen that plutonium and minor actinides (MA) are responsible for most of the long-term radiotoxicity of nuclear spent fuel. In a closed cycle, plutonium is separated from spent fuel to make startup fuel for use in a reactor. To do so, the irradiated fuel is first allowed to cool down with typical time scales of several years before being reprocessed. The recovered uranium and plutonium are then used for manufacturing new fuel pins while fission products and minor actinides are vitrified and discarded as waste. Thus, closing the fuel cycle reduces both the difficulties with storing the spent fuel in geological repositories and its radiotoxicity, since plutonium is reused. However, it increases the risks of proliferation (as plutonium is separated from the spent fuel) and the transport of nuclear materials across the country between the various facilities. Standard LWR spent fuel contains about one percent of plutonium. In the absence of fast reactors, the separated plutonium can become a disposal problem as thermal reactors are relatively ineffective at fissioning some plutonium isotopes, mainly 240 Pu and 242 Pu, which therefore accumulate in the spent fuel. In addition, the development of FR in recent years has also been driven by the objective of enabling the transmutation of minor actinides. Transmutation is the process of destroying MA by turning them into shorter-lived fission products. In FR, MA which represent the long-lived component of high-level nuclear waste, are produced at a lower rate and are even better consumed through fission [IAEA, 2013b], thus allowing radioactive waste to be also significantly reduced. To illustrate this, Table 1.1 below gives the ratios α = σc σ f for different isotopes, σ c being the neutron capture microscopic cross-sections. If this ratio is less than 1, there is a tendency to fission rather than capture the isotope, whereas it's the opposite if α > 1. Thus, it can be seen from this table that the fission of MA is more effective in the fast spectrum than in the thermal spectrum. Furthermore, MA are mainly alpha emitters. Their transmutation would therefore lead to a reduction of the heat load of the long-lived waste packages which would have a positive impact on the size of the final geological repository [START_REF] Hoorelbeke | Impact of minor actinide transmutation options on geological disposal -the french case[END_REF]. Two main transmutation modes are considered in FR: the homogeneous approach where MA are mixed directly and homogeneously with the fresh fuel and the heterogeneous approach where MA are put into dedicated targets usually located at the core periphery [START_REF] Kooyman | Amélioration des performances de transmutation des actinides mineurs dans les réacteurs de quatrième génération : aspects cycle et coeurs[END_REF].

Plutonium

In the same perspective of reducing the impact of geological disposal of nuclear waste, minimising the quantity of steel in the core is also currently considered when designing plutonium-fueled nuclear fast neutron reactor. This quantity corresponds to the volume of the structural steels of the core assemblies and constitutes the majority of what is called Intermediate-Level Long-Lived Waste (ILW-LL). The French classification system uses ILW-LL to refer to waste with an activity level considered to be intermediate but that has a long life span. A closed fuel cycle combined with the reduction of ILW-LL and the transmutation of minor actinides could thus lead to a significant reduction of the final repository size along with a reduction of the total long-term radiotoxicity of the spent fuel.

Another interesting evolution being observed in the design objectives of FR is the possibilities to allow other uses for fast neutron power reactors particularly through the development of Advanced Modular Reactors (AMR) also sometimes called Small Modular Reactor (SMR*). AMR are newer generation reactors designed to generate electric power up to 300 MWe and to fulfill the need for flexible power generation for a wider range of users and applications [IAEA, 2020].

Indeed, the evolution of the energy market is leading to a growing interest in the development of modular and small power reactors to meet energy needs for niche energy markets where large reactors would not be viable; while taking advantage of the interests associated with the fast spectrum (plutonium recycling, breeding, transmutation, etc.). Unlike SuperPhenix and BN-600 reactors, which have been the only commercial FR until now, with respective electric power of 1242 and 600 MWe [IAEA, 2006], AMR are characterised by a low electrical power typically between 10 and 300 MWe [IAEA, 2020]. They are a viable solution for supplying energy to isolated areas, for decarbonising energy-intensive industrial sectors, but also, unlike power reactors, for allowing access to nuclear energy at a lower investment cost, etc. In terms of integration into the energy production system, AMR are imagined as single production units or as part of a production farm comprising several units. Their modular character implies dimensions such that they are easily transportable from an operating site to another. In the design approach of AMR, transportability constraints are often applied to the size of the reactor vessel, mainly due to the size of the roads used for their transport.

To support the development of these advanced systems, an international collaboration, the Generation IV International Forum (GIF) was established in 2000. This collaboration, consisting of experts from twelve countries (Argentina, Brazil, Canada, France, Japan, Republic of Korea, South Africa, Switzerland, the United Kingdom, the United States, People's Republic of China and Russian Federation), selected the following four fast reactors concepts as part of the fourth generation of nuclear power systems: Gas-cooled Fast Reactor (GFR), Lead-cooled Fast Reactor (LFR), Molten Salt Reactor (MSR), Sodium-cooled Fast Reactor (SFR) [START_REF] Gif | Preparing the future through innovative nuclear technology: Outlook for generation IV technologies[END_REF]. Of all these concepts, SFR have the highest level of technological maturity [START_REF] Gougar | Assessment of the technical maturity of generation IV concepts for test or demonstration reactor applications[END_REF]. Along with this fast reactor concepts, the GIF collaboration defined the following goals for these advanced systems:

• Sustainability: through an optimal use of nuclear fuel and minimisation of nuclear waste.

• Safety and reliability: GIF reactors must have a high level of safety and reliability with a very low likelihood and degree of core damage. In addition, the need for offsite emergency response should be eliminated. • Economics: the financial risk of the project should be comparable to that of other energy projects while having life cycle cost advantage over other energy sources. • Proliferation resistance and physical protection: for a GIF concept, the misuse of nuclear materials and facilities for military purposes or act of terrorism should be avoided.

What can be retained from this section is that the FR design objectives are constantly changing and that current objectives increasingly cover several aspects of the reactor. Indeed, initially developed to allow a more sustainable use of natural uranium resources, to be less dependent on uranium prices, but also for the possibilities they offer to use plutonium, research on FR now focuses on several others objectives such as to close the fuel cycle, the transmutation of MA, a very high level of safety, the transportability of the reactor (AMR) to allow niche markets to be reached at a low investment cost, etc.

As mentioned above, several FR concepts have been selected by the GIF collaboration, concepts which can use several types of coolant or nuclear fuel. These design choice possibilities, referred to in this document as design options are presented in the following section 1.1.3, except for those of MSR and GFR, for which there is very little feedback (no gas-cooled fast reactor has ever been built). In this manuscript, particular attention will be paid to the historical choices that have been made in particular for the nuclear fuel and the primary coolant of FR.

Fast reactor design options

The purpose of this section is to introduce some of the design options and historical choices that have been made in the design of FR. It will mainly deal with the nuclear fuel and the primary coolant. This introduction is important in that it allows to understand why these choices were made and in what context.

Nuclear fuel

The nuclear fuel for fast spectrum reactors is most often a mixture of uranium and plutonium oxides: called MOX (Mixed OXide), because high burn-up rate can be achieved with this fuel. Burn-up, usually expressed in GWd/t, is defined as the amount of energy extracted from a given mass of fuel during its residence time in the reactor core. This was not the case with the metal fuels used in the first experimental fast reactors progammes (EBR-I and II) which, due to their poor irradiation performance, had a limited burn-up rate [START_REF] Kittel | History of fast reactor fuel development[END_REF]. These metallic fuels were alloys of U-Mo, U-Pu-Mo or U-Zr type, in order to raise their melting point [START_REF] Hofman | Metallic fast reactor fuels[END_REF]. Metal fuels, chosen at this time because they produce an extremely hard neutron spectrum (and then small fraction of plutonium required for reactivity balance), for their breeding capacity and good thermal conductivity, were found to have poor resistance to creep (swelling under irradiation) as well as chemical reactions with certain cladding materials, thus leading to the formation of eutectics [IAEA, 2011]. This led in part to the use of uranium and plutonium oxides which are relatively inert with respect to the cladding materials and which have good behaviour under irradiation. Uranium and plutonium carbides and nitrides also have such advantages and although they are less used today than oxides as nuclear fuel, their development is subject of constant efforts, whether in terms of fabrication, possibility of use in reactors or reprocessing [START_REF] Boulinier | Les Surgénérateurs / réd. sous la dir. de Paul Boulinier[END_REF].

All these nuclear fuels can be classified according to the following two principal types of design: the helium bonded rods or the sodium bonded rods. The MOX fuel rods use only He-bonding due to chemical incompatibility with sodium, whereas the carbide and nitride fuel rods could be either He-bonded or Na-bonded.

For the metallic fuel, they mostly use sodium in the gap between the pellets and the inner wall of the cladding tubes to ensure good heat transfer. A comparison of some key properties between these different fuels is given in the In the design of fast spectrum reactors, the choice of the primary coolant is of great importance. Avoiding significant neutron moderation is a fundamental requirement for the primary coolant that consequently leads to the avoidance of liquids such as water, containing chemical elements of low atomic weight such as hydrogen. Therefore, water and organic compounds have not been considered as possible coolant for breeder reactors [IAEA, 2013a]. Liquid metals in general have received the most attention for FR applications because of their negligible moderation, their high thermal conductivity and their useful temperature range at low pressure. To date, the primary coolants already used in FR are mercury, sodium, sodiumpotassium and lead-bismuth. Other more theoretical coolant concepts are being studied, such as lead, helium or molten salt.

Mercury was the first coolant used in a fast neutron reactor, the experimental fast reactor Clementine in USA. However, due to its high chemical toxicity, high section of fast neutrons capture, relatively low boiling point (∼ 340 °C) and high cost, mercury was not extended as coolant for FR [START_REF] Toshinsky | Comparative analysis of coolants for FBR of future nuclear power[END_REF].

Following mercury, sodium was then used in the EBR-I and EBR-II reactors and remains today the most widely used as FR coolant. This position is partly justified by its extremely high heat conducting properties that made it possible to obtain high core power density. Sodium remains liquid over a very wide temperature range: from 97.8 ℃ (melting point) to 881.5 ℃ (boiling point at atmospheric pressure).

The operating point of fast reactors (300 to 550 °C) is below the boiling point of sodium, so there is no need to pressurise the coolant. Thus, in SFR, the vessel and all the sodium circuits have low thicknesses due to this low pressure, unlike PWR which must withstand very high pressures (∼ 15.5 MPa). Because of the high operating temperatures that can be reached, high thermal efficiency have been achieved in SFR: 45.3% in the French Phenix reactor, the highest value in nuclear power practice, 40% in SuperPhenix, 43% in the USSR BN-600. By way of comparison, the thermal efficiency of PWR power plants varies from 32 to 34% [IAEA, 2013a], [START_REF] Cretté | Réacteurs à neutrons rapides refroidis au sodium[END_REF]. In addition to its wide operating range, sodium has excellent heat capacity and thermal conductivity properties. A high heat capacity allows for high thermal inertia and thus limits core heating when its cooling rate is low. Nevertheless, sodium has two main drawbacks. First, sodium is not optically transparent, which makes visual inspections of internal reactor structures impossible. However, the main problem with the use of sodium as a coolant is its high chemical reactivity with water and air. When reacting with water, hydrogen, an extremely flammable gas, is released. The sodium-water reaction is very exothermic, generates a pressure wave and is characterised by very fast kinetics. Because of the potential damage to the core, which could result from a steam-generator leak if it was in direct contact with the primary sodium circuit, a secondary sodium circuit is introduced to transport the heat from the reactor core to the steam generators. This arrangement also means that any leak in the steam generator will only affect the non-radioactive sodium of the secondary circuit. Indeed, sodium creates radiation problems because when it absorbs a neutron, ordinary sodium-23 becomes sodium-24, a gammaemitting isotope with a 15-hour halflife. The sodium in the primary vessel is then intensely radioactive hence the fact that secondary sodium circuit enables to isolate the primary, which is radioactive, from the power conversion unit.

Fast spectrum reactors

As primary coolant, sodium-potassium (NaK) has also been used in FR, particularly in the English Dounreay Fast Reactor (DFR) [IAEA, 2006]. NaK is an alloy of sodium and potassium which is chemically more reactive with water and air than pure sodium. The single advantage of sodium-potassium over sodium as a heat transfer fluid is the fact that it has a lower melting point (-12.6 ℃, if the alloy contains 78% potassium and 22% of sodium).

For lead-bismuth reactors, the only FR developed to date are those used for naval propulsion in the former USSR. Unlike sodium, Lead-Bismuth Eutectic (LBE) is chemically inert and has a high boiling temperature (1670 °C), which guarantees a large boiling margin. However, these advantages of lead-bismuth as primary coolant are to counterbalance by its high corrosivity on metal structures. The Russian approach to protecting materials against this corrosion is to maintain a protective oxide layer on the structural elements. The level of this oxygen layer must be precise, since if this level becomes locally too high, lead is oxidised, which is the cause of the core blockage incidents observed in Russian submarines that used this coolant. On the other hand, if the level of the oxide layer is too low, the steel is dissolved. For pure lead, the control of this oxide layer implies temperature and velocity limits that are difficult to respect in certain areas of the reactor and are estimated at 480 °C and 2 m/s [CEA, 2014]. This velocity limitation in turn implies large coolant volume fractions and consequently a reduced reactor power density for leadcooled reactors. Even today, lead/LBE corrosion remains a considerable scientific challenge. In addition, the density of lead is very high, requiring high pumping powers and making lead-cooled reactors vulnerable to earthquake. As with sodium, lead is opaque, making visual inspections of the reactor's internal structures difficult. Finally, compared to the lead concept, the LBE allows the melting temperature of the coolant to be lowered from 327 °C for pure lead to 123 °C for lead-bismuth. LBE thus makes it possible to compensate for the high melting temperature of pure lead and to avoid the risk associated with the solidification of the coolant. However, as the resources of bismuth as raw materials are limited, this option cannot be considered in the context of the development of a large-scale power reactor system. In addition to natural resources, bismuth is highly active under irradiation and is responsible for the production of polonium 210, which has a very high specific activity, emits very energetic alpha particles and is a highly radiotoxic element [CEA, 2012a].

Finally, helium was selected as a possible coolant for FR by the GIF collaboration but no gas-cooled fast reactor has ever been constructed. For molten salts, a number of technological limitations need to be overcome before fast spectrum MSR can be deployed. Some thermophysical properties for some possible coolants for FR are shown in Table below [START_REF] Fanning | Sodium as a fast reactor coolant[END_REF]: Other properties of these coolants that can be used for comparison can be found here [START_REF] Fazio | Handbook on lead-bismuth eutectic alloy and lead properties, materials compatibility, thermal-hydraulics and technologies-2015 edition[END_REF], [START_REF] Hejzlar | Cross-comparison of fast reactor concepts with various coolants[END_REF].

Following this introduction to the primary coolant and nuclear fuel design choices for fast neutron reactors, the next section briefly describes some of the main systems that make up the FR nuclear power plant.

Main component systems of fast reactors

The Figure 1.3 below gives a simplified schematic representation of a fast reactor layout. From this figure, the following six main systems can be observed: the core, the assemblies, the fuel handling system, the Decay Heat Removal Systems (DHRS), the reactor vessel and the Power Conversion System (PCS).

The core is the site of fission reactions. It contains the fuel assemblies made up of nuclear fuel pressed into small pellets that are inserted into a leak-tight structure called cladding. The energy released as heat during the fission is transferred from the reactor core to the PCS to transform heat into electricity. This transfer is carried out by the coolant, a fluid used to remove the heat generated by the nuclear fuel.

Other types of assemblies, called control rods, made from materials capable of absorbing neutrons are also placed in the reactor core. These control rods are mobile in the reactor: they can be dropped down to reduce the fission rate or pulled up to either maintain or increase the rate. In the case of an incident, the rods are dropped into the core which almost immediately stops the fission chain reaction. However, despite the stopping of the chain reaction, thermal energy continues to be released in the core mainly as a result of the radioactive decay. Consequently, the DHRS is one of the systems that make up a FR, with the role of removing this decay heat.

Above the core is the primary handling system which has the task of moving the irradiated assemblies into the core, to unload the nuclear spent fuel and to reload fresh fuel assembly or control rods. In fact, there is also a secondary handling system which covers all transport and inspection operations of the assemblies before their arrival in the primary circuit, but also washing and transport operations outside the primary circuit of irradiated assemblies.

Finally, the reactor vessel is designed to contain all these systems (core, assemblies, primary handling system) and also to act as a containment barrier for radioactive elements. The following paragraphs describe some of these systems in more detail, in particular the core, the assemblies, the control rods, the primary circuit and the DHRS. This description focuses particularly on the design choices that have historically been considered in the FR design process.

Reactor core

The core is the site of the fission reactions. That of a fast neutron reactor is often structured as follows: a fissile zone in which most of the fission reactions take place, a fertile zone also called blankets surrounding the fissile zone in which fertile material, usually natural or depleted uranium, is converted to fissile material. It is mainly thanks to this fertile zone that a FR can be a breeder reactor. Finally, there is a reflector zone, which allows the neutrons to be partially reflected to the core. Another role of this reflector zone is to limit the activation of structures outside the core. The fissile region (with the exception of Russian/ USSR reactors) often consists of two enrichment zones: an inner core and an outer core. The enrichment of the outer core is always such that it is higher than that of the inner core [IAEA, 2006]. This choice allows to flattens the power distribution and to compensates the neutron leakage that are higher at the core periphery than in the core centre.

In order to sustain a chain reaction with fast neutrons, the fissile material in the reactor core must be more concentrated. As a result, FR cores are smaller than those of LWR with the same power. This necessitates the use of a coolant that can efficiently carry away the heat produced in the core. Liquid metals have received the most attention for FR applications because of their high thermal conductivity, their negligible moderation of neutrons, and their useful temperature range at low pressure. All the coolant historically used in FR are presented in paragraph 1.1.3.2.

Fuel sub-assemblies

In FR, neutron moderation is not desired. The nuclear fuel is therefore placed in its most compact configuration, as follows: hexagonal assemblies containing fuel pins that are arranged in a triangular pitch, encased in a stainless steel cladding and separated by a spacer wire running helicoidally around the pins (Figure 1.4). The assemblies wrappers also called duct wall is employed to force the coolant to flow within the tight assemblies. Compared with the square lattice used for PWR, the triangular lattice ensures a higher fuel fraction in the assembly, which allows to optimise the breeding of fissile material. As a reminder, one of the initial objectives behind the development of FR was to achieve high conversion rates.

The fuel assemblies in a FR are subjected to a high neutron spectrum resulting in severe damage to the core and assembly structural materials. In practice, a unit of damage, the number of DPA* (Displacement Per Atom), is used to characterise the damage of structural materials under irradiation. The dpa is the number of times each atom in a given sample of solid material has been ejected from its site by neutrons [START_REF] Cea | La neutronique[END_REF]. Thus, beyond a certain level of damage, fuel assemblies must be removed from the core to ensure their physical integrity. In a nuclear reactor, the role of the various reactivity control systems is to control the fission reactions that take place in the core. These control systems are made of absorbing materials capable of absorbing neutrons and thus stopping the fission chain reaction. Historically, in FR, the reactivity control devices are only made of hexagonal tubes containing boron carbide (B 4 C) pins encased in a stainless steel cladding and called control rods. Boron carbide was chosen because of its neutron absorption abilities are superior to those of other possible absorbers. In the control rods, the main neutron absorber is the isotope 10 B. This isotope is present at 19.9 atomic % in natural boron, but its content in the control rods can reach up to 90 %, depending on the neutronic behavior of the core (burn-up reactivity loss, etc.). However, a high content of 10 B is obtained at a high cost.

REACTOR FUELS

Two absorption reactions: (n, α) and (n, 2α) can occur with the 10 B isotope.

The main reaction 10 B+ 1 n → 7 Li+ 4 He+ ≈ 2.6 MeV leads to the formation of an atom of lithium and helium and to an important energy release. The capture cross section of this reaction decreases with the energy (E) of the incident neutron and varies as 1/ √ E. This means that the absorption capacity of boron carbide rods is lower in fast spectrum than in thermal spectrum. Furthermore, the release and accumulation of helium produced during neutron capture in 10 B causes swelling phenomena which contribute to the cracking of the boron pins. Moreover, the poor thermal conductivity of B 4 C ceramic pellets causes a high temperature gradient in the absorber pins, which can also be responsible of cracking phenomena during irradiation.

The secondary reaction, very minor, leads to the formation of tritium which is the main source of radiotoxicity of the irradiated boron: 10 B + 1 n → 3 H + 2 4 He. Therefore, the spent B 4 C, both natural and enriched is classified as high level waste.

Control rods are moving devices in the reactor. At the beginning of the fuel cycle, they are fully inserted into the reactor core to compensate for the initial reactivity reserve necessary to last the duration of the cycle. They are also inserted into the core during handling phases. When fully inserted, control rods must contain enough reactivity worth to maintain the core sub-critical in all situations (cold shutdown, handling error, etc.). In fact, during the reactor lifetime, control rods must also be able to ensure a set of functions as the reactivity loss compensation, the power level regulation, the core shutdown, etc. [START_REF] Guo | Design of innovative systems for the optimized control of reactivity in Gen-IV fast neutron reactors[END_REF].

Primary circuit

Depending on the configuration of the primary circuit in fast spectrum reactors, two main concepts emerge: the pool-type and the loop-type. The Figure 1.5 below shows these two configurations, the pool configuration used in the French Phenix reactor [START_REF] Sauvage | Phénix: 35 years of history: the heart of a reactor[END_REF] and the loop configuration used in the Japanese Monju reactor [START_REF] Aoki | An introduction of MONJU[END_REF]. The pool type, the most widely used, is characterised by a reactor vessel that contains the primary coolant, but also the primary pumps and the intermediate heat exchangers. The main advantage of this configuration is that it allows for significant thermal inertia of the reactor, which is a significant advantage in terms of safety, particularly during transients leading to the loss of the primary pumps. Another advantage of a pool reactor is that the entire radioactive coolant system is confined within the primary vessel. However, one of the disadvantages of this configuration is the presence of rotating machinery in the vessel, which can lead to vibrations and core movements. This configuration also involves large amounts of coolant inventory to be purified. Furthermore, for liquid-metal coolant that are visually opaques, it is difficult to perform inservice inspection, maintenance and repair operations in a pool reactor. Finally, this configuration is also not the most suitable to guarantee a safe seismic behavior, hence the fact that the loop type design is mainly favored in Japan.

Pool

In this type of reactor and in contrast to pool-type, a loop is used to connect the vessel to the other reactor components, including the intermediate heat exchangers. Compared to the pool concept, the loop-type allows for more compact vessels and structures. In addition, the loop concept facilitates maintenance operations and provides a better seismic resistance to the reactor. This seismic resistance is one of the reasons why this configuration was chosen for Japanese reactors. However, this concept offers less thermal inertia, has a higher probability of coolant leakage and slightly higher capital cost [START_REF] Zhang | Relap5 analysis of the hybrid loop-pool design for sodium cooled fast reactors[END_REF].

Decay Heat Removal System

During nominal operating state of the reactor, the fall of the control rods leads to an instantaneous drop in the thermal power produced by the core. However, thermal energy, resulting from the spontaneous decay of fission products and minor actinides, is still released. If this is not evacuated, it can contribute to the heating of the core, as well as of the entire primary circuit. This temperature rise may involve thermal creep of the reactor vessel, the rupture of its structures and finally the leak of radioactive elements from the primary circuit.

In practice, the decay heat removal in a reactor is normally accomplished either by use of the secondary cooling system or by the use of a dedicated cooling system. These dedicated systems often correspond to the Decay Heat Removal System (DHRS). In some situations where the removal of the core decay heat is not possible through the secondary, the DHRS must be capable of preventing, on its own, the thermal 1.1. Fast spectrum reactors creep of the reactor vessel. In these situations, one find for instance the protected transient (i.e. with reactor SCRAM*) called Loss Of Off-site Power (LOOP) transient which involves the loss of all primary and secondary pump. During this transient, the thermal inertia allowed by the primary circuit plays an essential role.

In SFR, DHRS often correspond to loops placed in the primary circuit which can extract the heat from this circuit and evacuate it to the atmosphere through sodium/air exchangers.

Synthesis of the historical objectives and design choices for fast reactors

A brief summary of the main historical drivers behind the development of FR and some of the technological choices considered in their design are given in Tables 1.4 and 1.5 below. These tables indicate the elements of understanding that led to the selection of these drivers and design choices.

In the fast neutron reactors design process, the first step is often the choice of the design options to be considered, i.e. the primary coolant, the nuclear fuel, etc. This choice is mainly made by experts and on the basis of the country's situation. For example, in France, there will be a tendency to choose an oxide fuel rather than a metal fuel since all the nuclear fuel manufacturing and reprocessing industry was designed for oxide fuel. Moving to another type of fuel could mean rebuilding this industry, which implies significant investment and delays. Furthermore, as the deadlines of a project being limited, it is not possible to consider and explore all possible technological options, hence the choices made according to expert opinions. Once the design choices have been made, the next step consists of setting up the reactor design approach. This design process is detailed in the following section.

Table 1.4: Synthesis of the historical fast reactor design objectives

Historical fast reactor design objectives

Context Drivers

Initially

Sustainability: allow better use of natural uranium resources and depleted uranium, in particular through the breeding process.

Economic: overcome significant fluctuations in uranium prices.

Now

Close the fuel cycle: including the multi-recycling of plutonium which, in the absence of FR, accumulates in the spent fuel since thermal reactors such as PWR, are relatively ineffective at fissioning the even-numbered isotopes of plutonium. However, closing the fuel cycle goes beyond plutonium multi-recycling. It also consists of breeding enough plutonium to sustain a nuclear fleet without any imports of fissile material. This state of no need for uranium imports can only be achieved with breeder* reactors. Thus, from the fuel cycle point of view, closing the fuel cycle has the following two main features: 1) No need to mine natural uranium, stocks of depleted uranium are fully utilised;

2) Stabilisation of spent fuel and plutonium inventories.

Transmutation of minors actinides: MA are the main radioactive waste contributors to the long-term radiotoxicity of nuclear fuel. Their fission is more effective in the fast spectrum than in the thermal spectrum, leading to a significant reduction in final geological disposal.

Reduce investment costs and reach niche markets: through the development of AMR to allow the access of nuclear energy at a lower investment costs. AMR also guarantee the transportability of production units, from an operating site to another. They also make it possible to reach niche markets such as the decarbonisation of energy-itensive industrial sectors, supplying energy to isolated areas, heat production, etc.

Table 1.5: Synthesis of the historical fast reactor design options

Some design choices for fast reactors

Reactor components Choices

Coolant

Na is the coolant the most widely used in FR due to its extremely high heat conducting properties that made it possible to obtain high core power density. Other options, such as Pb, He or eutectics (NaK, LBE) are also being studied.

Fuel

MOX fuel remains the most commonly used because it allows high burn-up rate to be achieved. For the first experimental FR programmes, metal fuels was used because they allow higher breeding gain. However, they were found to have poor resistance to swelling under irradiation, hence the use of MOX fuel. That said, metal fuels are still used in the USA. Today, other types of fuel such as carbides and nitrides are being studied and developed.

Assembly shape

The hexagonal shape was chosen to achieve the most compact configuration possible with the fuel pins, but also to optimise the breeding gain. In fact, this lattice maximises the volume fraction of fuel in the assemblies and therefore the amount of 238 U, the isotope used in the breeding process.

Control rods

Boron carbide was chosen because its neutron absorption abilities are superior to those of other possible absorbers. However, the spent B 4 C, both natural and enriched is classified as high level waste.

Primary circuit

The pool type is the most widely used as it allows for significant thermal inertia of the reactor but also, the containment of all radioactive coolant in the primary vessel. However, this configuration is not the most suitable for anti-seismic standard, for inservice inspection and repair operations, hence the use of the loop type design.

Conventional approach to fast reactors design

Once the design options have been selected by experts, the conventional FR design process begins, often with the reactor core. The core design approach is mainly an iterative process between several disciplines: neutronics, safety, thermal-hydraulics, thermal-mechanics, etc., managed by several teams, each of them specialised in a given discipline (Figure 1.6). In order to facilitate exchanges between the teams, a common target criterion is used: often a target linear power of the nuclear fuel pin. After several iterations, a final design of the core that allows the target value for the common criterion to be respected, is obtained.

At this stage of the design, the reactor safety analysis is taken into account in a very simplified way , mainly by the margins to fuel melting, the core pressure drop and some neutronic coefficients. This implies also several iterations between the core design and safety analysis, especially if the resulting core does not meet some safety requirements defined for the reactor [START_REF] Bertrand | Note techinque: conception des réacteurs à neutrons rapides refroidis au sodium: Démarche méthodologique et outils associés[END_REF].

Iterative Several disciplines

Several teams

Thermalmechanics

Neutronic, Cycle

Thermalhydraulics Safety

Figure 1.6: Conventional approach to fast reactor core design Such a design approach leads, on one hand, to multiply the iteration loops per discipline to converge towards the common criterion, but also and on the other hand, to the need to manage the different interfaces between the design teams. This makes it a lengthy and costly process, especially with the use of reference 1.3. Synthesis of key elements on fast reactors codes (neutronic, thermal-hydraulic codes, etc.), which have the characteristic of being time-consuming. Furthermore, the complexity of this approach leads the various teams to set some reactor parameters to conservative values, without subsequently re-optimising them, meaning that the final design obtained may not be the most optimised one, in view of the overall performance expected from the reactor.

Moreover, in the global reactor design approach, there is a tendency to reduce the design/performance objectives of the reactor to sub-level (core, assembly, vessel, etc.), and then to rebuild the reactor around this sub-level. For example, for performance objectives related to the cycle (multi-recycling of plutonium, transmutation of minor actinides, etc.), the design will tend to focus on the reactor core and then to rebuild the other components of the reactor (vessel, assembly, handling systems, etc.) around the core design that has enabled the desired objectives to be achieved. Similarly, the design will mainly focus on the vessel if the design objectives are more related to transportability objectives of the reactor. Such an approach is thus restrictive because it does not consist of a global consideration of the reactor. It tends to be based on reflections from past constructions, on potentially arbitrary choices or on what has already been done/studied.

Whether it is the choice of the design options made by experts or the tendency to set some reactor parameters at fixed values, or even the rebuilding of the reactor around sub-levels, there is a possibility that the final design obtained may not be the most optimal possible, especially in a multi-objective optimisation.

There is therefore an interest in revisiting the FR design approach, which justifies the work done in this present doctoral research. The main objectives of the work carried out in this document are detailed in the following sections.

Synthesis of key elements on fast reactors

In this chapter, it has been shown that the design objectives of the FR are constantly changing and increasingly covering several aspects of the reactor. This raises the need for a design approach that easily makes it possible to follow and to take into account the new expectations set for future nuclear reactors.

For the technological choices, it has also been shown in this chapter that different options are possible and have been studied in the past for FR. The chapter ended with the presentation of the conventional approach to FR design, which raises several questions that the thesis aims to answer. Indeed, the design options are often chosen by experts, in accordance with the historical industrial policy of the country. Thus, in the design process, not all possible options are investigated. In any case, this consideration of all possible design options is difficult with the current approach as it is very computationally expensive, iterative and therefore a highly time consuming process. This complexity of the conventional design approach also leads to the use of conservative assumptions, in particular by imposing conservative values on some reactor parameters. That (design options chosen by experts, fixed values for some reactor parameters) combined with the fact that the design of the FR is often reduced to sub-levels of the reactor, means that the final design obtained is probably not the most optimal according to the target objectives, or in terms of a global consideration of the reactor, etc. These remarks show first of all the need for a design approach representing a viable alternative to the complexity of the conventional approach, which can allow, among other things, to avoid conservative values for some reactor parameters, but also to allow the study and exploration of a set of design options in the FR design process and, finally, a global consideration of the reactor to guarantee the optimal character of the design by considering the reactor as a whole.

The objective of the thesis is thus to revisit the design approach of fast neutron reactors such as to make it possible to evaluate the impact of the technological choices on the design, to avoid as far as possible conservative assumptions on some reactor parameters, but also to allow for a quick consideration of high level design performances which may be related to the current requirements/objectives that advanced GIF reactors must meet. This objective is difficult to achieve within a FR design project with the conventional approach because on one hand, deadlines are associated to the project and on the other, because of the complexity and the computationally expensive nature of this conventional FR design approach. Achieving this objective requires the implementation of a new tool intended for the design of fast reactors.

The thesis research objectives

The present doctoral research focuses on the design of fast neutron reactors in particular through the implementation of a design tool. The main objectives of this work are to address the issues raised in the previous paragraph which are:

As discussed in section 1.1.2: Historical analysis of fast reactor design objectives, FR design objectives increasingly cover several areas of the reactor: cycle, transportability, safety, economics, etc. In line with this evolution of nuclear reactor design objectives currently being observed, this PhD thesis aims to revisit the fast reactor design approach by using an updated perspective allowing high level design objectives and new expectations set for future nuclear power plants to be taken into account. The targeted performances and constraints to be met in this thesis will be defined in the next chapter, section 2.3.

-Complexity of the conventional design approach: a lengthy and costly process

The conventional design approach for FR is a multi-physics, iterative and time-consuming process which leads to set some reactor parameters to conservative values, without subsequently re-optimising them, meaning that the final reactor design obtained may not be the most optimised one, in view of the overall performance expected from the reactor. In order to overcome these difficulties, this doctoral research aims to develop a methodology to take into account this multidisciplinarity in the FR design process while avoiding as far as possible to fix reactor parameters at conservative values. In addition, the problem of this actual time-consuming design process needs to be addressed.

-

Global consideration of the reactor

This thesis also aims to adopt a global consideration of the reactor during the design process, by avoiding in particular to reduce the FR design objectives to sub-levels of the reactor. This global consideration is very important, as it is what will allow to:

• Quantify impacts of a constraint or a targeted performance objective, on the overall reactor design • Understand, if necessary, why a set of objectives applied to the different sub-levels (core, assembly, vessel, etc.) that make up the reactor cannot be achieved simultaneously, either because of technological constraints or R&D needs • Know how the reactor parameters as a whole affect a given performance objective of the FR. This global consideration also makes it possible to avoid arbitrary choices resulting from past reflections.

-Exploration of possible design options

Always with the aim of avoiding arbitrary choice resulting from past reflections, the developed tool must be able to allow the consideration of a set of possible options in the design process. The design options refers to the different possible technological choices for FR design. These technological choices refer for instance, to the coolant used (sodium, lead-bismuth), the nuclear fuel (MOX, metal fuel, etc.), the shape of the fuel sub-assembly (hexagonal, square), the configuration of the primary circuit (pool or loop-type), etc. Such an approach is important as it makes it possible to question the relevance of some of the historical choices that have been made for the design of FR. For example, since fast breeder reactors are no longer a key objective, the relevance of maintaining a hexagonal lattice for FR assemblies may be raised.

The development of such a design tool to achieve the objectives defined above is possible today because of the feedback available from FR design options, the increase in computing power, but also, because learning processes using artificial intelligence concepts are now feasible. Achieving the research objectives of the thesis will provide FR designers with a new computational tool to perform rigorous analyses in the design process of fast spectrum reactors. These analyses may consist of observing the variation of the reactor design according to the objective pursued and/or the constraints considered, or even according to the technological choices made.

Structure of the thesis and the tool developed

The structure of the present doctoral research is organised as hereafter. The next Chapter 2: Methodology, scope and modelling, provides a more detailed analysis of the nuclear plant as a whole. The aim of this analysis is to show the complexity and the wide range of different variables of interest that may be related to objectives and/or constraints to be considered when designing a nuclear reactor. Following this analysis, the variables of interest selected for this thesis and the modelling requirements and developments needed in order to be able to bring out these variables will be defined.

Following this chapter, these needed developments, grouped in modules, are detailed in Chapter 3: Core and assembly design modules and Chapter 4: Systems design modules. These modules are developed 1.5. Structure of the thesis and the tool developed such as to easily accommodate the possible FR design options. Linked together, they constitute the core of the design tool implemented as a result of the present doctoral research. For each module, it will be discussed the general methodology that defines the design rules that govern the module, the reactor variables/parameters calculated by that module in order to achieve the target objectives defined for this work and finally, the set of constraints that must be met by the designs provided by the tool implemented. In this set of constraints, some are mandatory (mechanical strength of cladding, fuel temperature, control rods dedicated functions, etc.) while others can be applied according to the user's wishes (on vessel diameter, on the assemblies irradiation time, etc.). It will also be presented in these chapters the various interactions and flows exchanged between these modules to constitute the design tool.

In Chapter 5: Optimisation process based on use cases, the possibilities offered by the design tool will be demonstrated in relation to each of the research objectives defined for the thesis. Nevertheless, first of all, the details of the optimisation methods/algorithms used in order to guarantee the optimal character of the designs provided by the tool are presented. Then, several application cases, mainly on the design of sodium fast reactors will be carried out to illustrate this. Finally, the main findings of the thesis are summarised in Chapter 6: Conclusions and perspectives. Conclusions along with recommendations for future work are also given in this chapter.

The overall structure of the tool developed in this work is shown in Figure 1.7. It allows to find reactor designs that are optimal according to design objectives while respecting a set of constraints.

Design objectives

Definition of the objectives and constraints: they may be of neutronic order, thermal-hydraulic, transportability, related to safety, fuel cycle etc.

Design options

Select the design options to be considered, i.e. the primary coolant, the nuclear fuel, the shape of the assemblies, etc.

FR design tool

All design modules

Outputs

Optimal reactor designs Methodology, scope and modelling I N the methodology chapter, the aim is to identify the models that need to be implemented in order to achieve the objectives of the thesis.

However, before doing so, the complexity of a fast reactor nuclear power plant and the range of performances to be considered during the design phase will be highlighted.

The scope considered in the thesis will then be presented and the chapter concludes with the developments required to achieve the objectives defined for the thesis. 

Fast reactors power plant

The aim of this section is to enable the reader to understand the complexity of a nuclear reactor power plant, and the different kinds of objectives and technological choices that can be considered during the reactor design process. Firstly, the infrastructure of the reactor facility will be described in a little more detail than in Chapter 1. The design parameters and options will then be highlighted, focusing primarily on the reactor systems. The description of the nuclear reactor infrastructure will be structured around the flow of materials through the reactor and the nuclear fuel cycle: from the extraction of the uranium ore, the manufacturing of the nuclear fuel, its handling through the reactor; to the final storage of the ultimate waste. Figure 2.1 below gives an idea of all the facilities linked to a nuclear reactor.

Describing the complexity of the nuclear ecosystem is necessary to understand the reasons and logic behind the development of the new design approach presented in this document. The nuclear fuel cycle begins with the processes of extracting uranium ore and manufacturing the nuclear fuel (pellets, spacer wire, assembly, etc.) intended to release power in the reactor core. Once the nuclear fuel and core assemblies have been manufactured, they are transported to the nuclear reactor installation.

It is at this stage that the fuel handling chain is used. Its role is to transport and manage the fuel within the nuclear island, from its entry into the nuclear installation to its exit after its stay in the reactor. This fuel handling is often divided into three parts: the in-vessel handling, the loading/unloading operations from the reactor vessel and finally the handling of the core assemblies outside of the reactor vessel. The invessel handling, also referred here as primary handling, corresponds to all of the core-setting operations for new assemblies in the reactor vessel, the extraction of irradiated assemblies from the core to the recovery station, but also, the core assemblies rearrangement operations, possibly with the placement of assemblies in the reactor vessel internal storage. Then, there is the loading/unloading system, which concerns the operations of introducing new assemblies into the reactor core and of extracting spent assemblies from the vessel particularly from the recovery station to the next processing station. Finally, the last stage of the handling chain, the ex-vessel handling or the secondary handling, includes all the operations carried out on the assemblies outside of the reactor vessel, i.e. inspection and conditioning of new assemblies before their introduction into the reactor vessel, the movement of the irradiated assemblies after their extraction from the vessel and between the various stations of the handling chain, the possible storage in an Extra Vessel Storage Tank (EVST), the operations of inspection and washing of the irradiated assemblies and their storage for cooling before departure for reprocessing.

The storage operation for cooling the spent fuel, with typical time scales of several years, is often done under water, which therefore makes washing operations necessary in the case of sodium reactors due to the chemical incompatibility between sodium and water. The washing operations thus mainly aim at eliminating the residual sodium present on the irradiated assemblies before placing them in storage for cooling. However, assemblies can only be washed or removed from the primary reactor vessel if their decay heat is below a certain threshold.

As part of the French strategy, once the assemblies cooled enough, they are transported to the reprocessing facility, where they are dismantled into pieces, dissolved in nitric acid and separation of uranium, plutonium and minor actinides (MA) from the fission product is carried out. The ultimate waste, mainly the fission products are vitrified and disposed as waste while uranium and plutonium are converted into the adequate form (powder, solution or gaseous) to be re-manufactured and reused in a reactor. A major aspect to be taken into account when reprocessing spent fuel is the variation in the isotopic vector/ composition of the plutonium, referred in this document as Pu vector. Indeed, depending on the type of reactor in which this plutonium is produced, the irradiation time, the recycling strategy, etc., the Pu vector changes. Due to the degradation of this vector when plutonium is loaded into thermal reactors, as indicated in Chapter 1, plutonium is only recycled once (monorecycling) in French PWR. MA can also be loaded into the fuel assemblies, so that they undergo fission reactions and are turned into shorter-lived fission products. Depending on how MA are loaded into the fuel assemblies (homogeneous or heterogeneous approach), the impact on the reactor design and in particular the fuel handling system varies. This will be discussed later.

In the strategy described previously, all the activities related to the fuel fabrication before irradiation are grouped together under the notion of front-end of the nuclear fuel. For the back-end, it includes all the activities related to fuel reprocessing after irradiation and conversion into raw materials which can be used for manufacturing new fuels assemblies.

After this brief description of the nuclear reactor infrastructure, the following discussion looks at the various parameters and performances to be taken into account when assessing the reactor design, as well as the impact of the possible technological choices on the various reactor systems.

For each of the following reactor design elements, important considerations to be discussed prior to their selection in the reactor design process will be presented. These elements, in order of appearance in the following paragraphs, are: the handling chain, the primary coolant, the core thermal power, the reactor core, the fuel assembly and the nuclear fuel cycle.

-

Handling chain

The assembly handling chain is one of the major over-cost of the SFR power plants. This system affects the operation and investment cost of the reactor, but also its load factor. According to some estimation, the part of the handling system on the total investment cost of the nuclear facility is about 20% [START_REF] Prele | Some experimental feedback of the fuel handling system of french sodium fast reactors regarding specific operations : cleaning, refuelling, final defuelling[END_REF]. For the load factor, the assembly handling chain is also a major issue, as it determines the length of the reactor shutdown for loading/unloading or core assemblies rearrangement operations. The handling chain is therefore a strategic system of the reactor infrastructure as every fail in one part of the chain could lead to significant loss of time and can consequently lead to longer refuelling time, loss of load factor, of electricity production, etc.

The cost generated by this system is partly linked to the need to have either an internal vessel storage, which increases the diameter of the primary vessel, or a EVST, or both, which in all cases increases the coolant inventory of the reactor and, consequently, the capacity of the systems used to purify and control the physico-chemical properties of the heat transfer fluid. The EVST, is sometimes necessary in a SFR if the operator decide to perform a whole core discharge. For the vessel internal storage, it may also be needed to allow the irradiated assemblies to reach a residual power that enables them to be handled outside the primary vessel. This internal storage will also impact the design of the primary vessel and mainly its diameter. In addition to the internal storage, the technological choice of the primary handling solution also affects the diameter of the reactor vessel [START_REF] Chassignet | Challenges and innovative technologies on fuel handling systems for future sodiumcooled fast reactors[END_REF].

Historically, several primary handling solutions have been studied for FR. Among them are the use of two rotating plugs, the in-cell fuel handling or even the use of single rotating plug associated to a pantograph arm. The two rotating plugs solution consists of a Large Rotating Plug (LRP) slightly off-centre in relation to core axis and a Small Rotating Plug (SRP) located on the LRP and off-centre in relation to the axis of the LRP. The combined rotation of these two plugs should enable all assembly positions (core + internal storage) to be handled. In the solution of the single rotating plug associated to a pantograph arm, the translational movements of the pantograph arm through a vertically penetrating slot in the Upper Inner Structure (UIS), sometimes called the Upper Core Structure (UCS), eliminates one of the rotating plugs in the previous solution and makes the reactor design more compact [START_REF] Katoh | Development of advanced fuel handling machine for JSFR[END_REF]. The UIS is a complex structure above the core, through which the reactor instrumentation passes, as well as the devices for controlling the insertion height of the control rods in the core. Making a slot through the UIS is however quite complex. In the in-cell fuel handling solution, the UIS is removed and placed in a cell above the core to provide to a fuel handling machine, mounted on rails, access to every component in the core. Of the three solutions, the in-cell fuel handling and the pantograph arm handling solution often offer the greatest compactness for the reactor vessel [START_REF] Pantano | ATRIUM : a loop-type inherent safe AMR[END_REF]. However, in the case of the in-cell fuel handling, the structure of the reactor building has to be taller and more robust to accommodate the UIS, which has an economic impact on the reactor.

In conclusion, with regard to primary handling, the choice of the design option must be guided by the search for the best compromise between performance in terms of fuel handling rate as the reactor is shutdown for the time needed to load/unload assemblies from the primary vessel, safety, cost of the system, impact on the compactness of the vessel and the volume of the reactor building, technical/manufacturing difficulty in implementing the system, etc.

For the secondary handling, in case of a SFR, one of the critical paths, from the point of view of its availability, is the washing process which is only possible for a decay heat lower than a certain limit. This limit depends on the geometry and the residual power of the assembly, the type of machines used to handle the fuel assemblies, the type of washing, the safety margins taken, etc. The specific value for this limit derives from a thermal calculation that proves the integrity of the fuel cladding. In practice, the calculation should check if the fuel cladding temperature always stays below a maximum temperature value, dependent on materials and safety margins. In SFR, the washing stage consists of removing sodium residues from the assemblies before they can be stored in a water pool for cooling prior to reprocessing. This operation is necessary because sodium and water are not compatible. So, when an assembly is removed from the primary reactor vessel, the residual sodium is eliminated by this operation, which takes place in a wash pit into which the assemblies are immersed. Nevertheless, washing operations are based on a direct reaction between sodium and water for which it is necessary to demonstrate safety measures implemented to deal with it. Indeed, it's a reaction that is highly exothermic, rapid and produces hydrogen, a gas which is potentially flammable or explosive that must be managed. Soda, which can lead to corrosion problems is also produced by the water-sodium reaction: Na + H 2 O → NaOH + 1/2 • H 2 . In order to guarantee the safety of the process, the assemblies are immersed in the wash pit at very slow speeds. This leads to a very long washing time, around 8 hours. In order to improve the reactor availability, the time allocated to this stage in the overall fuel handling process must be minimised. Several solutions are being studied, with varying degrees of impact on process chemistry: washing rate, impact on assembly structures, etc. [START_REF] Lacroix | Étude de l'effet modérateur de sels sur la réaction sodium-eau, pour le[END_REF].

In conclusion, there are several design parameters and options to consider when choosing a reactor handling chain that can have a direct impact on the reactor design (vessel diameter, building height, etc.). These options have an incidence on performances related to economic aspects, safety, compactness, chemical processes, manufacturability, availability rates, etc.

With regard to the assembly design, several solutions should make it possible to reduce the impact of handling on reactor availability rates. These solutions include improving the draining of assemblies, which would allow more efficient and more direct washing processes to be authorised and would increase the overall handling rate, improving the natural convection cooling of the assemblies, which could allow them to be extracted hotter and therefore earlier (increase in rate and availability, reduction of the storage capacity), make bigger assemblies (i.e. with a greater number of pins) which would make it possible to have large cores with a smaller number of assemblies, resulting in fewer assemblies to handle, etc.

In the core design, one way of reducing the number of times the handling chain is used and therefore its impact on the reactor load factor is to favour longer cycle lengths and irradiation times. In terms of cost reduction, handling of assemblies in gas is the simplest and least expensive solution compared to sodium. Nevertheless, handling of assemblies in gas is penalising because, due to the lower heat transfer coefficient of gas, it is necessary to wait for the decay of power for fuel assemblies (approximately 4 to 6 months compared to 1 month for sodium) before being able to begin to unload assemblies from the primary vessel. In addition to longer cooling times, handling in a gas route also means less time for the fuel to melt down in the event of an accident [START_REF] Chassignet | Challenges and innovative technologies on fuel handling systems for future sodiumcooled fast reactors[END_REF].

In addition to having an impact on the costs and availability of the reactor through the handling chain as mentioned above (washing process, EVST), the use of sodium as a coolant also has an impact on the initial investment of the reactor through the power conversion system PCS, in particular because of the intermediate circuit used to ensure that any water leakage in the steam generators will only affect the non-radioactive sodium of the secondary circuit. Although sodium-water reactions in steam generators are currently well controlled and mastered situations in SFR, particularly by the use of detection and protection equipment, new safety regulations make it difficult for large quantities of water and sodium to coexist in the same building. Studies are underway to replace water with an inert gas such as helium, nitrogen, etc. However, all these solutions lead to different impacts on the reactor, its design, compactness, thermodynamic efficiency, behavior during transients, etc. [START_REF] Alpy | Gas cycle testing opportunity with ASTRID, the french SFR prototype[END_REF], [START_REF] Grange | Méthode d'optimisation multiobjectif de la conduite d'un réacteur nucléaire: application à un RNR-Na fonctionnant avec un cycle de Brayton[END_REF]. In principle, coolants that are chemically inert to water as lead or lead-bismuth can allow the elimination of this intermediate circuit between the primary and the steam generator but also that of the detection and protection equipment. These eliminations are a key factor in the potential reduction of costs of the reactor infrastructure, but also in the management of the facility land use.

Nevertheless, the use of lead in particular LBE implies taking into account considerations about materials corrosion, sustainable use of resources given that resources of bismuth as raw materials are limited, earthquake behavior of the reactor (the density of lead is very high), the management of highly radioactive waste (polonium 210 is produced), etc.

-

Thermal power

The main purpose of using a coolant in a reactor is to evacuate the thermal power produced in the core. For a commercial reactor designed to generate electricity, the choice of the thermal power is often based on economic considerations, but also on the need to meet energy demand. The search for the lowest possible price per kWh is currently driving most projects towards high power reactors. A smaller reactor, typically a SMR requires less investment, but would produce more expensive electricity. However, small reactors offer greater potential for industrial standardisation, series production and transportability than high-power reactors.

-Reactor core Thermal power is produced by the reactor core through fission reactions. This core is placed in a vessel filled with a coolant and connected to an exchange system that extracts heat from the primary circuit to provide various services that may be linked to the production of electricity or to other industrial needs: production of hydrogen, domestic hot water, etc. As mentioned above, the design of this core can have impacts on the reactor's performance and, more specifically in the example given above, on the handling chain and the reactor's load factor in particular by allowing longer irradiation times. This core design can also have impacts on the front-end and back-end of the nuclear fuel cycle, in particular through the inventories of nuclear materials throughout the cycle: masses of uranium and plutonium from reprocessing to be loaded into the core, the masses of uranium and plutonium to be reprocessed, the quantity of minor actinides produced in the core, etc. However, it should be pointed out that the chemical process used to reprocess spent fuel by dissolving it in nitric acid is only possible for fuel enrichments of less than 30% [START_REF] Carrott | The chemistry of (u,pu)o2 dissolution in nitric acid[END_REF]. This technological constraint therefore needs to be taken into account, particularly at the core design stage.

Performances related to economy, such as the amount of energy extracted from the fuel (burnup), can also be derived from the core design. As for the core inlet and outlet temperatures, they are often the result of a compromise between maximising the reactor lifetime and maximising its thermodynamic efficiency. On the one hand, temperature limits are associated with reactor structural materials, with the aim of limiting their creep to increase their lifespan. On the other, the higher the core outlet temperatures, the higher the plant's thermodynamic efficiency.

More generally, the design of a reactor core is the result of a compromise between optimising the reactor's performance (masses of uranium, plutonium, production of MA, burn-up, etc.) and the safety requirements for the project. These safety requirements can lead to given core designs. For example, in the case of SFR fuelled with MOX, the hardening of the neutron spectrum in the event of sodium void results in an increase in reactivity which can be controlled by an appropriate core design [START_REF] Sun | Analysis of advanced sodium-cooled fast reactor core designs with improved safety characteristics[END_REF]. In this sense, the goal of improving the safety characteristics of a SFR when sodium coolant is removed from the reactor core leads to the design of a low void effect core named CFV [START_REF] Sciora | The low void worth core design ('CFV') based on an axially heterogeneous geometry[END_REF]. Similarly, the choice of a breeder*, burner* or iso-generator core has a major impact on the design of the reactivity control systems used to guarantee safe operations for the reactor. Compared with a burner core, a breeder has a lower loss of reactivity. Since the control rods have to compensate for this loss of reactivity by progressively extracting them from the core, the lower the loss of reactivity, the lower the reactivity worth of the control rods. Furthermore, the lower the reactivity worth of the control rods, the less impact there will be on the core in the event of Control Rod Withdrawal (CRW) accident. The CRW accident corresponds to one or more rods that are fully extracted from the core, implying an increase of the global and local core power. The reactivity insertion resulting from this accident, more important in a burner than in a breeder, could lead to a local fuel melting if no active system is implemented or if implemented systems are not operating. Reactivity management in FR is mainly carried out by boron carbide control rods, but other absorbers such as gadolinium, hafnium or europium can be used. Each of these absorbers has different impacts on the nuclear infrastructure in terms of absorption ability, margin to melting, resistance to swelling, economic efficiency, waste management, etc. [START_REF] Guo | Design of innovative systems for the optimized control of reactivity in Gen-IV fast neutron reactors[END_REF].

-Assembly By design, a breeder core is characterised by a high fuel fraction in its assemblies. This is the reason why hexagonal assemblies containing fuel pins arranged in a triangular lattice are used in FR whose initial development objectives were to optimise the breeding of fissile material. Indeed, compared to the square lattice used in PWR, the hexagonal lattice intrinsically allows a higher fuel volume fraction. The question may then arise on the interest of using hexagonal assemblies in FR given that the main development objectives of these reactors are not only the production of fissile material. Nevertheless, this configuration of the assembly lattice allows a compact core, and consequently high power densities. To evacuate this power density, sub-assembly wrappers are employed to force the coolant to flow within the tight sub-assemblies. However, these sub-assembly wrappers as well as the others metallic structures of the assemblies (cladding, spacer wire) constitute what is called Intermediate-level long-lived wastes ILW-LL that required to be to be stocked in deep geological disposal.

Furthermore, high power densities also raise safety issues as it leads to high coolant velocities through the assemblies, which can lead to the detachment and the ingress of some of the assembly internal structures and the blockage of the coolant flow through this assembly. This accident is called Total Instantaneous Blockage (TIB) and lead to the total meltdown of the blocked assembly and a possible propagation of the molten material to the surrounding assemblies [START_REF] Poumérouly | Neutronics aspects associated to the prevention and mitigation of severe accidents in sodium cooled reactor cores[END_REF]. The TIB accident is possible in FR, mainly because of the design of the assemblies and their hexagonal tube which does not allow cross-flow into the core.

With regard to the size of the assemblies, as mentioned above, larger assemblies reduce their number and improve the reactor's load factor because fewer assemblies need to be loaded/unloaded from the primary reactor vessel. However, larger assembly sizes are likely to cause more impact on the core in the event of CRW or TIB accidents or even in case of a handling error consisting of placing a fuel assembly in a location dedicated to a control rod. In the design of the assemblies, a compromise must therefore be found between their size and the management of certain accidents, within the framework of reactor safety.

As for the diameters of the fuel pellets used in the assemblies, larger diameters mean fewer pins have to be manufactured, which represents an economic gain. However, the margin to fuel melting is lower for larger pin diameters: less time before fuel melting. In order to increase this pins margin to fusion, it is possible to put a hole in the centre of the pellets, which allow to lower the fuel centerline temperature.

Other thermal-hydraulic considerations must also be taken into account when choosing the number and size of fuel pellets. Quite simply, for the same fuel fractions in the assembly, larger fuel diameters reduce the margin to fuel melting but also the core pressure drops, whereas smaller diameters imply higher number of fuel pins, higher margins to fuel melting, but also higher pressure drops. Minimising the core pressure drops in a reactor is important because it minimises the pumping power required and also improves the ability for natural convection in the reactor. So, when choosing the design of the fuel pins, compromises have to be made between the margin for fuel melting and the pressure losses in the core.

In the design of the fuel pin, the pellets can be made of MOX, metal, carbide, nitride, with consequences on the core breeding gain and the reactor neutronic in general.

For transmutation, as said above, there are two possible approaches to load MA in a reactor core: the homogeneous and the heterogeneous.

In the homogeneous approach, MA are mixed directly with the fuel in quantities up to a few percent. Consequently, they experience a high level of neutron flux which increases the performances of the transmutation process. However, the homogeneous approach presents several drawbacks, the main one being that MA loading leads to a harder energy distribution of the fission reaction rate, which has potentially negative impacts on the core feedback coefficients [START_REF] Palmiotti | Impact of the core minor actinide content on fast reactor reactivity coefficients[END_REF] and therefore, on the reactor safety.

In the second heterogeneous approach, MA are loaded in dedicated targets usually located at the core periphery. In this configuration, due to the low neutron flux at the core periphery, the performances of the transmutation process are decreased compared to the homogeneous approach. This is compensated by increasing the amount of MA loaded in the fuel assemblies but also, their residence time in the reactor. However, as MA are mainly alpha emitters, the heterogeneous approach leads to a high heat load in the fresh fuel assemblies but also in longer cooling times before reprocessing spent fuel [START_REF] Kooyman | An optimization methodology for heterogeneous minor actinides transmutation[END_REF]. This transmutation approach therefore has a direct impact on fuel handling, since the fuel assemblies will have to remain in the various handling stations for longer before being unloaded from the core. This can also lead to greater storage capacity being required, both for the vessel internal storage and for the EVST, in order to achieve the necessary cooling time before the assemblies can be unloaded. In terms of performances, this impacts mainly the reactor costs.

Thus, between the homogeneous and heterogeneous approaches to the transmutation of MA, a trade-off has to be found between reactor safety and economic competitiveness.

Finally, strategies involving plutonium recycling increase the proliferation risks as plutonium must be separated from the spent fuel and transported across the country between the various facilities.

Several other performances can also be taken into account when building the nuclear power plant, such as the efficiency and the management of effluents from the different processes set up in this infrastructure, the impact of the mine and activities around the mine on the surrounding ecosystem, how the project is perceived by the local populations, its economic, social and political impact, etc.

A reactor design is always chosen for a multitude of reasons and never solely based on their technical or economic merits. There are a number of requirements to be met, starting with energy policy more broadly, to anticipated or projected electricity demand, safety requirement, considerations of military need, etc. Socioeconomic, political and cultural context must be analysed and taken into account in the nuclear infrastructure design process. In [START_REF] Schmid | From "inherently safe" to "proliferation resistant": New perspectives on reactor designs[END_REF] are discussed interesting concepts of sociotechnical imaginaries when designing nuclear reactors.

-Conclusion

What can be learnt from this section is that nuclear power plant is a very complex system, and that many socio-economic criteria need to be taken into account in its design process. It can also be said that the design of the system can be dictated by given performance objectives, and that these performance objectives can be achieved by acting on the design of the nuclear infrastructure itself.

In addition, several options relating to components, power levels, geometry, the nature of the coolant, fuel, etc. can be envisaged to meet the performance requirements defined for the system. On the other hand, many compromises have to be managed, given that some objectives are contradictory, i.e. optimising one performance will degrade another. It is therefore necessary to consider approaches that can manage these compromises and simultaneously optimise all the performances targeted for the reactor.

In this process of designing and optimising the reactor, compliance with a set of safety requirements is a fundamental and even binding aspect of the project. The safety approach consists of assessing the reactor's intrinsic safety, i.e. its natural behaviour during transients, both protected transients (loss of primary and secondary pumps with reactor SCRAM*) and unprotected transients (loss of flow, reactivity insertion, without SCRAM*). It must also assess the need to add active systems to ensure the management of post-accident mitigation, but also the reliability of these active systems.

Literature review on approaches to FR design optimisation

However, this demonstration of safety is often only possible once the design is sufficiently advanced. Nevertheless, a good way to achieve these objectives is to make maximum use of the strengths of the concept to improve its safety: high margin to coolant boiling (in the choice of the nominal core inlet and outlet temperatures. As mentioned above, these temperatures also have a contradictory effect on the reactor lifetime and its thermodynamic efficiency), high margin to fuel melting (in the choice of the number of pins per assembly), negative core feedback coefficients, possibility of efficient natural convection through the reactor, etc. Design Basis Accident (DBA) approaches can also be implemented and followed in the design process to better meet safety requirements. This assessment of the reactor design should not stop at safety alone. Performance and technical-economic criteria must also be assessed as early as possible. Performances are evaluated through indicators that can be a chosen design parameter such as the thermal power, or an output from a calculation such as the in-core mass of heavy nuclides.

That said, the first step before designing and optimising the system is to be able to model it and take into account the various issues highlighted in this section. In the next paragraph, a brief review of the literature will be made to have an overview of the modelling approaches implemented to allow the design and optimisation of fast spectrum reactors. Particular attention will be paid to the design performances, the perimeter considered by the studies in the global nuclear ecosystem and the methods used.

Literature review on approaches to FR design optimisation

The objective of this section is to present some approach used for the design and optimisation of FR. This presentation does not aim to be exhaustive but rather to give an overview of the approaches in the scientific literature. For each work, the scope, design variables and methods implemented will be described.

In [START_REF] Ingremeau | Méthodologie d'optimisation d'un coeur de réacteur à neutrons rapides, application à l'identification de solutions (combustible, coeur, système) permettant des performances accrues: étude de trois concepts de coeurs refroidis à gaz, à l'aide de l[END_REF], the objective is to optimise an iso-generator core of a GFR with a thermal power of 2400 MWth containing carbide fuel. Two options are also being studied for the cladding material surrounding the fuel: a silicon carbide cladding and a vanadium cladding. The core optimisation process is based on the following performance indicators: plutonium inventory in a whole cycle (to be minimised), the reprocessed plutonium mass per unit of time (to be minimised), the core diameter (to be minimised) the following three objectives in case of protected transients*: the supply pumping power defined as the coolant pumping power needed to remove 3% of the nominal power (to be minimised), the time before cladding failure in adiabatic condition following a reactor scram (to be maximised), the pin internal pressure (to be minimised), and for unprotected transients*, the following objectives: in case of Unprotected Loss of Heat Sink (ULOHS: see paragraph 3.2.2.3.1 for the definition of these transients) minimise the shutdown temperature, minimise the core outlet temperature in case of an Unprotected Loss of Flow (ULOF) with a given back up flow, minimise the maximum fuel temperature in case of Unprotected Slow Transient Over Power (USTOP) and finally, in case of Unprotected Fast Transient Over Power (UFTOP), minimise the maximum acceptable reactivity insertion. This constitutes a multi-objective optimisation problem that is solved by using methods based on genetic algorithms. However, prior to this optimisation exercise, the following method was implemented. Firstly, the reference core is described by considering 11 variables: core outlet temperature, core fissile height over core diameter ratio, number of sub-assembly rings, number of pins in each sub-assembly, average burnup at fuel discharge, etc. Then for each of these variables, intervals of variation have been associated with them. This defines a design space for which, surrogate models* have been built on the basis of polynomial interpolations to bring out the indicators to be optimised for each possible core in the design space. These surrogate models are used to avoid the computationally intensive reference codes. The result of this work is a set of optimised cores that more or less achieve trade-off between the various objectives.

Similarly, the work of [START_REF] Ammar | Conception multi-physique et multi-objectif des coeurs de RNR-Na hétérogènes : développement d'une méthode d'optimisation sous incertitudes[END_REF] consisted of optimising a heterogeneous SFR (heterogeneous = the height of the fissile zone is not the same for all core assemblies) and by taking into account the uncertainties from the models used and/ or the nuclear data. In this work, a design space was also defined, surrogate models used and a genetic algorithm optimisation method implemented. The optimisation process is based on the minimisation of the following indicators: core volume, mass of plutonium, core void effect, reactivity loss per cycle, maximum temperature of sodium in case of ULOF. 26 design variables are considered in this optimisation exercise, mainly related to the geometric data of the heterogeneous core. [START_REF] Fabbris | Optimisation multi-physique et multi-critère des coeurs de RNR-Na: application au concept CFV[END_REF] also performed an optimisation exercise on the same heterogeneous core as [START_REF] Ammar | Conception multi-physique et multi-objectif des coeurs de RNR-Na hétérogènes : développement d'une méthode d'optimisation sous incertitudes[END_REF], this time with 30 optimisation variables and the following indicators: initial mass of plutonium (to be minimised), reactivity loss per cycle (to be minimised), maximum linear power of the fuel pins (to be minimised), maximum number of DPA* on the assemblies (to be minimised), sodium expansion coefficient (to be minimised), core breeding gain (to be maximised), mass production of minor actinides (to be minimised), maximum temperature of sodium in case of ULOF and ULOHS transients (to be minimised). In all these two previous cases, the solution of the optimisation problem is a population of reactor cores which achieves the best compromise between the design objectives.

The last work presented here in this brief literature review is that of [START_REF] Grange | Méthode d'optimisation multiobjectif de la conduite d'un réacteur nucléaire: application à un RNR-Na fonctionnant avec un cycle de Brayton[END_REF] whose objective is to optimise the thermodynamic behavior of a SFR that used a nitrogen closed Brayton cycle for its power conversion system (PCS). This optimisation mainly deals with the reactor control procedures in the event of a Loss Of Off-site Power (LOOP) transient which involves the loss of all primary and secondary pump. The goals of the optimisation are to minimise simultaneously the thermal stresses on the main vessel and the delay to reach the cold shutdown state. The optimisation parameters are related to the control systems of the reactor tertiary circuit.

Several other interesting studies can be found in the literature on FR design and optimisation: [START_REF] Poumérouly | Neutronics aspects associated to the prevention and mitigation of severe accidents in sodium cooled reactor cores[END_REF] for the study of the ULOF transient and the TIB accident; [START_REF] Stauff | Étude conceptuelle d'un coeur de quatrième génération, refroidi au sodium, à combustible de type carbure[END_REF] for the design of an isogenerator SFR using carbide fuel; [START_REF] Sun | Analysis of advanced sodium-cooled fast reactor core designs with improved safety characteristics[END_REF] to improve the safety characteristics of advanced SFR core designs, in particular, from the viewpoint of the positive sodium void reactivity effect; [START_REF] Qvist | The adopt code for automated fast reactor core design[END_REF] to automate the process of designing and analysing FR fuel assemblies and cores by mainly finding a sub-assembly design that maximises the fuel volume fraction while adhering to set constraints: the aim here is to maximise the core breeding gain; [START_REF] Kooyman | Amélioration des performances de transmutation des actinides mineurs dans les réacteurs de quatrième génération : aspects cycle et coeurs[END_REF] to optimise the transmutation of minor actinides; [START_REF] Guo | Design of innovative systems for the optimized control of reactivity in Gen-IV fast neutron reactors[END_REF] to study alternative absorbers that could replace B 4 C but also to optimise the reactivity control in next-generation SFR by designing innovative systems; [START_REF] Tirel | Méthodologie de couplage de la conception de coeurs avec les scénarios électronucléaires: application au cas des RNR-Na[END_REF] on a coupling methodology between core design and scenario calculations.

Of particular interest is the work by [START_REF] Stauff | Étude conceptuelle d'un coeur de quatrième génération, refroidi au sodium, à combustible de type carbure[END_REF], where an interesting method, known as the KGH method, was introduced to enable the cores to be assessed at the pre-design stage and according to their behaviour during unprotected transients. This method is based on a quasi-static equation that characterises the change in reactivity of the core in the event of transients. The KGH method mainly requires the knowledge of the core feedback coefficients and fuel temperatures to be implemented.

In conclusion to this brief state of the art, one sees that the studies described above mainly focus on the reactor core throughout the nuclear ecosystem. The performances and objectives considered are often related to safety, neutronic and cycle aspects of the reactor. For the design approach aiming to optimise these performances, it is often based on the selection of design variables, the definition of a design space associated to these variables, the use of surrogate models* and finally the implementation of optimisation algorithm to obtain the optimal core designs with respect to the targeted objectives. These optimal designs are often a population of cores that achieve the best trade-offs between the different design objectives.

The research work carried out in this document is positioned within the framework of the work presented above. It is based on the implementation of a design tool intended for the optimisation of the nuclear infrastructure of a FR. The methods used in the development of this tool, the design variables and the scope considered will be discussed in the following paragraphs.

Method and performances considered in the thesis

Among the research objectives defined for the thesis in section 1.4 was the need to implement a less computationally-intensive design approach. This objective could be achieved by the use of surrogate models. The use of surrogate models is relevant when exploring a design space. The one defined in this thesis will be based on the analysis of the nuclear infrastructure carried out above. For example, this design space should at least allow for changes in the isotopic composition of the plutonium vector used in the nuclear fuel because, as mentioned in section 2.1, the Pu vector has an impact on the core design and changes as a function of the spent fuel reprocessing strategy. Following the analysis in section 2.1, geometric data, power and volume fractions in the core must also be able to vary, as they have an impact on the reactor safety, economic and neutronic performance. In addition, as the number of DPA* is a characteristic of the type of steel used in the assemblies to guarantee their physical integrity, which gives them their residence time in the core, the design space defined should also allow for the consideration of different types of material associated with different limits in dpa. In summary, the design space should at least allow to cover 2.4. Developments needed and scope of the thesis from small to high power reactors, from small to large core volume, from burners to breeders, but also take into account the variation of the isotopic composition of the Pu vector and the limit in dpa of steels.

For reactor performance, the aim of the design tool implemented in the thesis is to bring out as much as possible in order to consider and assess as broadly as possible the impact of the reactor design on the nuclear ecosystem as a whole. Given the time available for the thesis, only a limited number of performances could be considered. These performances are grouped into the following 6 categories, knowing that several physical estimators are included in these 6 groups: safety, whether it be the natural behaviour of the core (natural convection) or in protected or unprotected transients, neutronic (enrichment, burn-up, breeding gain, etc.), cycle (uranium and plutonium masses, minor actinides production, volume of ILW-LL, etc.), thermal-hydraulic and thermomechanical (pressure drop, margin to fuel melting, etc.), transportability, particularly of the reactor vessel, and finally simplified economic related performances. Design Basis Accidents (DBA) concepts are also planned to be used, in particular for sizing the core assemblies with regard to the accidents mentioned above, such as TIB accident or handling errors.

In the next section, for each of these outputs of interest (safety, neutronics, cycle, transportability, economic) to be provided, the developments needed to enable their consideration is listed. These developments make it possible to define the modelling that needs to be carried out on a part of the nuclear infrastructure. This definition of the scope of the nuclear ecosystem to be considered and modelled to bring out the targeted performances will also make it possible to define the design options (nature of the primary coolant, the nuclear fuel, etc.) to be explored in the thesis. Typically, the exploration of a set of design options related to the handling solution (rotating plug, in-cell handling, etc.) is possible if the modelling of the primary handling is done within the framework of one of the targeted design performance indicator.

Developments needed and scope of the thesis

The aim of this section is to identify the developments needed to be able to bring out the different outputs of interest from the distinct group of performances previously highlighted: neutronic, cycle, thermalhydraulic, safety, transportability and economics. Safety performances can be separated into outputs relating to the passive behaviour of the core, its behavior in protected and unprotected transients.

The modelling carried out on the nuclear plant to bring out each output of these groups is detailed below.

Neutronics and cycle outputs of interest

In order to obtain neutronic outputs of interest (breeding gain, fuel burn-up, irradiation time, B 4 C rods worth, etc.) and those related to the fuel cycle (inventory of uranium, plutonium, minor actinides, etc.), it is necessary to model the reactor core. In the design tool set up, this will be done using what is referred to here as the core design module. As stated in paragraph 2.3, this model need to be parametric and the core variables should at least allow for changes in the isotopic composition of the plutonium vector used, the limit in dpa of the assembly structural steels, the core geometry and thermal power, etc. These various core parameters must therefore be able to vary in order to cover a wide range of design possibilities (from small power reactors to high power reactors, from breeder to burner cores, etc.).

Neutronic and cycle outputs of interest require the use of neutronic codes which are computationally intensive. One way to reduce these computation times is to simplify the modelling. For example, instead of a reference modelling in 3D-heterogeneous, use a 2D-homogeneous modelling. A 2D-homogeneous calculation means that the reactor core is assimilated to a cylinder and the cross sections are homogenised. This allows precise calculation but also considerable reduction in the calculation time (see Appendix A). However, a homogeneous calculation implies a loss of the assemblies design as the volume fractions in the core medium are used to performed the neutronic calculation, instead of the heterogeneous assembly (pin-by-pin approach). As the assembly design is necessary to assess the thermal-hydraulic performances, opting for homogeneous modelling therefore implies having to set up an assembly design module whose role would be to design the heterogeneous assembly from core volume fractions.

However, despite the homogeneous modelling, the computational times remain high, especially if one wants to explore the wide design space targeted in this work. A more efficient way to avoid this computational time constraint is the use of surrogate models, also called metamodels as noted at the literature review stage (paragraph 2.2). The implementation of these surrogate models, based on learning processes, is possible today thanks to the progress made in artificial intelligence research.

In conclusion, in order to consider neutronic and cycle performances, a core design module will be implemented. This module needs to be parametric and will contain the reactor thermal power data, the core geometry, etc. but also the core volume fractions data given that 2D-homogenous calculations are expected to be made. In order to reduce the computation time, neutronic calculations will be done in a first step following a 2D-homogeneous modelling and in a second step, with surrogate models set up from learning processes based on the homogeneous calculations. Finally, the choice to homogenise the crosssections of the core medium implies the need for an assembly design module to design the heterogeneous assembly in order to be able to assess the thermal-hydraulic behaviour of the designs made.

Thermal-hydraulic outputs of interest

As mentioned above, an assembly design module is required for thermal-hydraulic calculations. This assembly module will use the core geometry and volume fraction data from the core module to design the heterogeneous assembly: the volume conservation principle is applied between the homogeneous and heterogeneous modelling of the core. A fundamental step in obtaining the heterogeneous assembly is to determine the size of the assembly lattice pitch. At this level, it is planned to use a Design Based Accident (DBA) approach based mainly on the consideration of the TIB accident and the handling error. The idea here is to size the assembly on the basis of core data in such a way that, in the event of a TIB or handling error accident, the reactivity management system can control the undesirable effects that could arise as a result of these two accidents.

In this assembly design, the number of fuel pins per assembly should also be able to vary in order to study the impact of its design on the thermal-hydraulic and thermomechanical behaviour of the core. As mentioned above, a high number of fuel pins per assembly increases the margin to fuel melting but leads to higher pumping powers to overcome the higher pressure drops, whereas on the contrary, the core pressure drops decrease with a lower number of pins, which on the other hand reduces the margins to fuel melting. Models for calculating pressure losses and fuel temperature are therefore needed to observe these effects. The core pressure losses can be calculated using conventional models/equations for calculating pressure drops, and for the temperature of the nuclear fuel pins, the use of the heat transfer equation is a viable solution.

Unprotected transients outputs of interest

For outputs of interest related to the core behaviour during unprotected transients*, they will be considered in this research work via the so-called KGH method as used in [START_REF] Stauff | Étude conceptuelle d'un coeur de quatrième génération, refroidi au sodium, à combustible de type carbure[END_REF] as described in the state of the art. This method, based on a static reactivity balance, is described in section 3.2.2.3: Unprotected transients safety indicators: KGH method. It consists of calculating three coefficients: K, G and H. The implementation of such a methodology requires at least the following reactor parameters: the heterogeneous assembly design, the core reactivity feedback coefficients, but also the height of the reactor vessel. Furthermore, a model for calculating the temperature in the fuel pin is also necessary to obtain the K, G, H coefficients.

In summary, to consider thermal-hydraulic and unprotected transients outputs of interest, in addition to the assembly design module, a vessel design module is needed to provide data on the height of the vessel as a function of the core data. In the assembly module, in addition to the simplified models for the calculation of the pressure drops, a thermal model is required to obtain the temperature distribution in the fuel pins. Since the data on the core feedback coefficients can be obtained via neutronic calculations, it is therefore up to the core design module to provide them.

Transportability outputs of interest

For a reactor, the transportability criteria mainly apply to the diameter of the primary reactor vessel, which should not exceed a certain limit. This maximum size is mainly determined by the width of the roads used to transport the reactor to its operating site. In the reactor design, the diameter of the vessel is such as to allow the containment of the core, the internal storage of assemblies with a high decay heat, the primary handling system and for a pool-type* configuration, the containment of the primary pumps and the intermediate heat exchangers (IHX).

To obtain the diameter of the reactor vessel and thus to consider transportability, a model is needed to dimension the size of the vessel's internal storage, a model to obtain the diameter of the primary pumps and IHX, and finally a handling design module to calculate the diameter of the primary handling devices.

Synthesis of the developements needed

As different handling solutions are studied for FR (in-cell handling, rotating plugs, pantograph, etc., see Chapter 4), this handling module should therefore allow the exploration of a set of these design options.

In this thesis, the internal storage sizing model will be integrated into the assembly design module, the pump and IHX sizing model integrated to the vessel design module. As for the handling design module, its only role is to determine the primary handling size according to the handling options considered, while ensuring that all assemblies in the reactor vessel (core + internal storage) can be handled. All these models/modules are therefore important to set up in order to take into account transportability.

Passive safety outputs of interest

Passive safety often refers to the ability to cool the core passively, mainly by taking advantage of the natural convection cooling capacity of the core. Natural convection is the natural circulation of a fluid between a cold spot and a hot spot mainly due to the difference in density. Thus, it requires a temperature difference and is given to the first order by the height between the core inlet and the IHX inlet, and thus the height of the reactor vessel. This height of the reactor vessel will be calculated by the vessel design module.

Safety in protected transients outputs of interest

A protected transient is one that causes the fall by gravity into the core of the control rods, thus stopping the fission chain reaction. For example, the Loss Of Off-site Power (LOOP) transient, which involves the loss of all primary and secondary pumps, is a protected transient. During this transient, the thermal inertia of the primary circuit plays a very important role in limiting the global heating of the core.

Usually, in case of LOOP transient, the reactor standard procedure relies on the Decay Heat Removal Systems (DHRS) to cool down the primary circuit. Indeed, even if the fall of the control rods leads to a reactor SCRAM*, decay heat is still released from the core. This cooling of the primary circuit must avoid reaching certain thresholds such as the irreversible creep of the reactor vessel structures which occurs if the temperature reaches 650 °C. Criteria for evaluating the cores according to their behavior in protected transient can therefore be, the thermal inertia provided by the primary circuit, the required power of the DHRS to avoid reaching irreversible creep of the vessel, the time before reaching the maximum temperature in the vessel, etc. The calculation of these outputs of interest necessarily requires having data on the masses of coolant and steel in the reactor vessel, masses which are the main responsible for the thermal inertia of the reactor.

In the FR design tool developed in this thesis, coolant and steel masses data will be provided on the basis of models integrated in the vessel design module and according to the primary circuit configuration (pool-type* or loop-type* ). For the reactor performances in case of LOOP transient, they will be given by the DHRS design module.

Economic outputs of interest

Considering economy into account is not an easy task. In this work, economic outputs of interest are considered through characteristic parameters that can be interpreted as a means to perform economic analyses between the different designs proposed by the design tool. Among these characteristic parameters, one can mention the fuel irradiation time. For example, a high residence time of the nuclear fuel in the reactor core implies higher fuel cycles, less reactor shutdown for fuel loading/unloading phases, and thus a higher load factor of the nuclear power plant. The same analysis can be done with parameters such as the core power density or vessel height. Maximising the power density and minimising the vessel height means smaller buildings, less land use and thus less impacts of the design according to economic point of view. All these characteristic parameters are provided by the modules mentioned in the previous sections. However, this approach should however not be seen as a robust economic analysis, but rather as a first rough estimation that can be used to compare different designs.

Synthesis of the developements needed

In the previous sections, it has been shown that a set of design modules is needed to be able to calculate outputs of interest related to reactor performances. In first place, a core design module which has to be parametric is needed to define a design space, but also to obtain neutronic and cycle outputs of interest. Secondly, four other design modules (assembly, vessel, handling, DHRS) must also be implemented. These modules consist of a set of models whose role is to determine the reactor parameters (as a function of the core parameters) needed to bring out the other target performances estimators (thermal-hydraulic, safety, transportability, etc.).

For each module, in addition to allowing the design of the FR and obtaining the outputs of interest related to different performances of the reactor, they are also used to calculate of a set of interface parameters in order to be able to move from one design module to another and thus create a link between the different group of performances. For example, the internal storage sizing model in the assembly module provides input data to the handling module, making it an interface parameter between the vessel and the handling module.

Figure 2.2 summarises the role of each of these modules, the models that constitute them and the interface parameters they calculate for use by the other modules.

Core design module

Role: calculate outputs of interest related to neutronic and fuel cycle.

Principles: implementation of a parametric approach that consists in describing the reactor core by using variables capable of taking a set of values over ranges of variation. These ranges will be defined in such a way as to cover a target design space which ranges from small reactors to large reactors and from burners to breeder cores. To reduce the calculation time, surrogates models are built based on neutronic calculations performed using a 2D-homogeneous core modelling.

Interface parameters: the core data (thermal power, geometry, etc.) are input data for the other design modules. Moreover, it is up to this module to provide core feedback coefficients needed by the assembly design module to implement the KGH method.

Assembly design module

Role: calculate outputs of interest related to thermal-hydraulic and unprotected transients.

Principles: design the heterogeneous assembly as a function of the core parameters with a DBA approach. By the use of simplified models, calculate the core pressures losses, the fuel temperature and the K, G, H coefficients to estimate the reactor behavior in case of unprotected transients.

Interface parameters: the sizing of the vessel's internal storage is done in this module. This storage is intended to contain the assemblies with a high decay heat. In this work, the vessel internal storage is mainly needed to bring out transportability consideration via the sizing of the reactor primary handling devices.

Handling design module

Role: the main role of this module is to determine the diameter of the primary handling devices, needed to bring out indicators related to transportability.

Principles: the primary handling size is such to allow handling of all core assemblies and other assemblies in the vessel internal storage.

Interface parameters: the diameter of the primary handling devices is used for the calculation of the vessel diameter.

Optimisation module 4. Vessel design module

Role: calculates outputs of interest related to the passive safety of the reactor and also its transportability.

Principles: the reactor vessel must be able to contain the core, the internal storage of assemblies with a high decay heat, the primary handling system and for a pool-type configuration, the primary pumps and the intermediate heat exchangers.

Interface parameters: in this module, the steel and coolant mass data in the primary circuit are to be calculated in order to be used as input in the DHRS design module. In addition, the height of the vessel is also to be determined according to the core parameters. This height will be used by the assembly module in the calculation of the K, G, H coefficients. It also allows to obtain estimators of the reactor passive safety, especially through the establishment of a natural circulation.

DHRS design module

Role: provide outputs of interest related to core behaviour in the case of protected transient.

Principles: calculate the power of the DHRS in such a way to avoid the reaching of a state of irreversible creep of the reactor vessel. This power is calculated with the thermal inertia of the primary circuit as input data.

Interface parameters: none.

Figure 2.2: Design modules needed

To conclude, the design tool calculates a set of parameters within a framework defined by the following sub-levels of the reactor: core, assemblies, primary handling, vessel, DHRS. In this thesis, the global consideration of the nuclear reactor ecosystem is therefore defined by this scope. For instance, the secondary handling is not part of this scope and is neither considered nor studied in the thesis as it is not needed for the achievement of the performances targeted in this research work. The framing of the target performances was done because of the limited time allocated to the thesis. Furthermore, in order to explore the defined design space and find the optimal designs with respect to given objectives, a last module is necessary to implement. This module, called the optimisation module, is quickly summarised in the next section.

Optimisation module

Formulating an optimisation problem means clearly identifying the following three ingredients: the decision variables, the objectives of the problem and the constraints.

In our case, the variables are the reactor parameters associated with the core, the assemblies, the vessel, the primary handling system and the DHRS. For the objectives, they are the outputs of interest related to performances calculated by the various modules. Finally, the constraints are used to define the feasible search space in the initial target design space. They ensure the physical relevance of the designs provided by the design tool. For example, ensuring that the control rods can compensate for the loss of reactivity per cycle, or that the pins cladding can withstand the pressure of the fission gases are mandatory constraints to be respected in a reactor to guarantee its physical feasibility.

The optimisation module is a module that is supplied with data by the other five modules. Its objective is to explore the feasible search space (defined by the constraints to be respected) to provide the FR designs that are optimal according to selected objectives. 

Conclusions of the chapter

The aim of this chapter has been, firstly, to describe and illustrate the complexity of the nuclear ecosystem and, secondly, to show the path to be followed in order to take into account the different groups of performances to be brought out by the design tool developed in this thesis. This work has shown that it is necessary to consider the following sub-levels of the reactor in the design process: the core, the assemblies, the vessel, the primary handling and finally the DHRS. The global consideration of the reactor is therefore defined by this perimeter. Furthermore, the design of each of these sub-levels is managed by modules.

In order to allow the design tool to provide a wide variety of designs (low or high power reactors, burner cores, breeder cores, isogenerators, small core volumes, large core volumes, etc.), it was decided to implement a parametric approach, especially in the core design module. The parameters associated with the other sub-levels of the reactor are then determined according to the values taken by the core parameters.

The role of the different design modules is to first calculate the reactor parameters in order to bring out, in a second step, the outputs of interest related to reactor performance and targeted in this work. Finally, a last module, called the optimisation module, which is fed with data from the other five modules, is used to explore the feasible design space and provide optimal FR designs according to selected objectives.

In these developments, it has been shown that the heterogeneous assembly will be designed according to the core data and following a DBA approach. Secondly, that these two modules (core and assembly) are necessary to achieve the objectives defined in the other three modules. Therefore, in the following Chapter 3: Core and assembly design modules and Chapter 4: Systems design modules, all design modules implemented in this research work will be presented in detail: the core and assembly design modules in Chapter 3, the vessel, handling and DHRS design modules in Chapter 4. The core and assembly design modules will be presented first, as they provide the input data for the systems design module.

As required by the optimisation module which is defined by the following three ingredients: variables, constraints and objectives, each of these design modules will be structured in such a way as to clearly show the design outputs which are calculated and which can be used as objectives in an optimisation process, the design variables involved, and finally, the design constraints to be respected.

In line with the objectives of the thesis, all these design modules are developed in such a way as to allow the exploration of a set of possible design options. The design options considered as part of the scope of the thesis, and which are characteristic of the possible technological choices for FR, are listed below:

• Coolant type possibilities: sodium, lead-bismuth. In this work and for the primary coolant, neither sodium-potassium nor lead was selected for the following reasons. The only advantage of NaK over Na is that it has a lower melting point. Lead was not selected because of its high boiling point (327 °C), which poses a significant risk of coolant solidification.

• Fuel type: metal, carbide, nitride, oxide

• Shape of the assemblies: hexagonal, square. Traditionally, in FR, the assemblies are hexagonal in shape. The aim here is to investigate the effect on the reactor design of changing only the shape of the assemblies.

• Pin design: pins with a central hole, pins without a central hole. The objective of a pin design with a hole in the centre of the pellet is often to meet the fuel non-fusion criterion. However, it leads to a modification of the pin design and often to an increase in the pellet diameter in order to keep the same fuel fraction in the assemblies. The impact of the choice of the pin design, with or without a central hole can therefore be investigated here thanks to the exploration of these design options allowed by the tool developed in the thesis.

• Primary circuit configuration: pool, loop.

• Type of the primary handling: historically, several handling solutions have been studied in the design of FR. Among them, the following are the options that will be explored in this thesis: two rotating plugs, single rotating plug + pantograph, in-cell fuel handling. These solutions will be presented in Chapter 4 of this document.

Chapter 3

Core and assembly design modules E ARLIER, it was decided to set up design modules. This chapter presents the details of the core and assembly design modules, as well as the models that make them up. For each module, the general methodology followed, the design parameters, the outputs provided by the module (and that can be used as criteria in an optimisation problem) and the constraints to be considered are highlighted.

As a reminder, the role of the core design module is to allow the consideration of a set of neutronic and cycle objectives during the design process while the assembly design module aims to provide a set of thermalhydraulic and transient reactor safety indicators useful for the evaluation of reactor performance.

As mentioned in the previous chapter, the design process proposed in this document starts with the core design module. This module must be parametric in order to cover and define a design space. For the other modules, in particular in this chapter the assembly design module, their development is made according to the values taken by the parameters of the reactor core.

Contents

Variables and outputs

The purpose of this section is to list the core variables to be considered in this module, as well as the outputs of interest to be calculated.

For the core variables, as stated in Chapter 2, a parametric approach is envisaged at this stage of the core design module. This parametric approach consists of describing the reactor core by using variables, capable of taking a set of values within ranges of variation that define a design space. In the following lines, some of these variables of interest will be highlighted. Some of these variables must be used to characterise the geometric and thermal power data of the reactor core. In addition to these variables, others must also make it possible to include data characteristic of the media in the control rods and in the fuel assemblies. Furthermore, the isotopic composition of the plutonium used in the nuclear fuel must also be considered as variable in order to take into account the possibility of evolution and change of the plutonium vector (Pu vector) used in the nuclear fuel. Indeed, it was shown that the Pu vector can have impacts on the core performance and therefore on its design [START_REF] Kooyman | Some considerations on the design of a small versatile fast reactor[END_REF], [START_REF] Tirel | Méthodologie de couplage de la conception de coeurs avec les scénarios électronucléaires: application au cas des RNR-Na[END_REF].

Plutonium does not exist in nature, it is only produced by successive captures of 238 U during a uraniumbased nuclear fuel irradiation in a reactor core. Depending on the type of reactor in which this plutonium is produced, the irradiation time, the multi-recycling strategy, etc., the isotopic weights of the different isotopes that make up the Pu vector change. These plutonium isotopes are: 238 Pu, 239 Pu, 240 Pu, 241 Pu, 242 Pu. To these isotopes must be added 241 Am which comes from 241 Pu during the cooling phase. Table 3.1 below gives some examples of Pu vector. The Pu vector quality in this table is obtained as the ratio of the isotopic weights of the fissile isotopes of plutonium ( 239 Pu, 241 Pu) to the sum of the isotopic weights of all isotopes in the vector. In Table 3.1, the Pu vectors indicated are the results of studies on scenarios projecting the state of the French nuclear fleet in the coming years. In the design tool, to take these possible scenarios into account, the design space will be defined in such a way as to be able to cover all the Pu vectors shown in this table.

Quality =

W239 Pu + W241 Pu W238 Pu + W239 Pu + W240 Pu + W241 Pu + W242 Pu + W241 Am (3.1) As discussed in Chapter 2, another variable that need to appear in the list of the core design module variables is the limit in DPA* of the structural steels inside the reactor core. Indeed, as discussed in paragraph 1.1.4.2, beyond a certain level of damage measured in dpa, the assemblies must be removed from the core to ensure their physical integrity. The number of dpa thus gives, to the first order, the total irradiation time of the nuclear fuel. This maximum number of dpa depends on the type of steel used in the core assemblies. For example, with a nuclear-grade 316 stainless steel, up to 50 dpa can be achieved, whereas with AIM1 steels (Austenitic Improved Material, nuance 1), the maximum amount of damage is 130 dpa [CEA, 2012b]. In this research project, several types of steel for the core assemblies structures will therefore be considered according to the maximum amount of damage they can undergo. This will give the design tool developed greater flexibility for the type of steel materials in the assemblies.

For the outputs, they must include the core feedback coefficients useful for safety assessment of the reactor (see Chapter 2), neutronic parameters (fuel enrichment, burn-up, irradiation time, etc.), parameters in relation to the core reactivity management (reactivity loss, control rods reactivity worth, etc.), and cycle indicators (mass of plutonium in core, mass of minor actinides at the end of irradiation, etc.).

For the cycle considerations, in addition to the conventional outputs (mass of uranium, plutonium, minor actinides), an assessment of the amount of Intermediate-Level Long-Lived Waste (ILW-LL) will also be provided. Indeed, during the spent fuel reprocessing, the sub-assemblies are cut up to recover the materials that can be recycled. The remaining metallic structures, corresponding to the amount of steel in the reactor core and mainly consisting of the assembly wrapper tube, the cladding, and the spacer wire, constitute the majority of what is called Intermediate-level long-lived wastes (ILW-LL). In France, one estimates that the intermediate level wastes accounts for 3% of the total volume of all radioactive waste (most from PWR) and require to be stocked in deep geological disposal. This quantity will be all the more important in a FR fleet mainly because of the steel in the wrapper tubes of the core assemblies. The reduction of the amount of this waste is therefore of great interest. It can be done by optimising the steel fraction in the core medium.

As a reminder, one of the objectives of this thesis is also to enable the exploration of a set of possible design options for FR. In the case of the core design module, the options concerned are related to the primary coolant (sodium, LBE) and the nuclear fuel (MOX, metal, carbide, nitride). In the following section, the method implemented for the neutronic and cycle assessment of the possible reactor designs in the design space will be done with this objective in mind.

Methodology

As said above, at this stage of the design, a parametric approach is implemented. This parametric approach consists in describing the reactor core by using variables, capable of taking a set of values over ranges of variation. This approach was chosen in order to allow the developed tool to be able to cover a wide design space that ranges from AMR to high power reactors and from burner* to breeder* cores.

To define more precisely the core design variables, a core configuration is necessary. The one chosen here is shown in Figure 3.2. It's a homogeneous core consisting of two fissile zones: an inner core and a outer core, with no fertile blankets. The homogeneous aspect of the reference core means that the height of the fissile column is the same for all assemblies. Furthermore, the enrichment of the outer core will be defined in such a way that it is always higher than that of the inner core. This choice allows to flatten the power distribution and to compensates the neutron leakage higher at the core periphery than in the core centre (see Paragraph 1.1.4.1).

It should be noted that for the reference core considered in this study, the following assumptions have been made. For all possible reactor cores in the target design space, the reflector thickness (T SR ) is kept constant at 50 cm: T SR = 50 cm. Calculations carried out during the thesis have shown that beyond 50 cm in thickness of the steel reflectors, few changes occur in the neutronic results of the core.

The other important assumption made in this work is the location and the number of the control rods in the core. It has been defined for the reference core that it will always contain two rings of boron carbide rods: the first one is placed at the centre of the inner core and the second one at the inner and outer core interface. This configuration was set based on the feedback experiences in the design of SFR [IAEA, 2006].

The second ring allows to attenuate the neutron flux at the entrance to the outer core more enriched than the inner core. For the radial thickness of the two control rods rings in the reactor core (or the number of control rods, N B4C-Ass ), they were defined according to the radial dimensions of the fissile zone (or the number of fuel sub-assemblies, N Fuel-Ass ) and also on the basis of data from the scientific literature on FR. In Figure 3.1 are compared the ratio between N B4C-Ass and N Fuel-Ass in the traditional and the future SFR. Based on the data in this figure, the following assumptions have been made for the reference core:

• The ratio between the number of control rods and the number of fuel sub-assemblies is set to 7%

N B4C-Ass = 7% × N Fuel-Ass (3.2)
• 60% of these rods are placed in the centre of the inner core and the remaining 40% at the inner/outer core interface.

These two previous hypotheses were defined on the basis of feedback on the design of historically built FR. 3.1: Ratio of the number of control rods to the number of fuel sub-assemblies in historical and planned construction of SFR. The value after the reactor name designates its nominal thermal power. Data are from: [IAEA, 2006], [START_REF] Chenaud | STATUS OF THE ASTRID CORE AT THE END OF THE PRE-CONCEPTUAL DESIGN PHASE 1[END_REF], [START_REF] Guo | Design of innovative systems for the optimized control of reactivity in Gen-IV fast neutron reactors[END_REF], [START_REF] Zajaczkowski | Fast reactor design with enhanced Doppler Effect : Core design, computer scheme design, uncertainty evaluation[END_REF] Reflector Boron Carbide: Obtaining the neutronic performance of a reactor core requires the use of neutronic codes. Ideally, the goal in the reactor physics is the heterogeneous three-dimensional calculation of the entire core where the assemblies are described using a complete pin-by-pin approach. However, this objective lays in a distant future because of the vast computer resources that it requires (see Appendix A). For this reason, it was defined in the previous chapter that a simplified 2D-homogenous core modelling will be adopted for the neutronic calculations. This simplified modelling approach implies that the volume fractions in the core medium are used to perform the neutronic calculations instead of the heterogeneous assembly data (pellet diameter, cladding thickness, ect.). Thus, to return to the parametric approach adopted in this core design module, the core volume fractions should appear as core variables to characterise the assemblies.

The neutronic code used in this study to obtain the neutronic outputs is presented in the next paragraph.

Neutronic code

The ERANOS* code system [START_REF] Rimpault | The ERANOS code and data system for fast reactor neutronic analyses[END_REF] is used for the neutronic calculations performed in this study. ERANOS is a deterministic code, developed at the French Alternative Energies and Atomic Energy Commission (CEA: Commissariat à l'Energie Atomique et aux énergies alternatives) and capable of predicting with a very good accuracy the neutronic characteristics of fast reactors.

As a reminder, for this report, the neutronic calculations are done using a 2D-homogenous core modelling. This means that the reactor core is assimilated to a cylinder and the cross sections are homogenised. This choice allows precise calculations and a reduction of the computation time. In Appendix A, one estimates the error of this homogeneous modelling compared to a reference one in 3D-heterogeneous. In homogeneous modelling, volume fractions in the sub-assemblies and core medium are used to perform the neutronic calculations. This justifies why they will be used as core variables. 

Calculation approach with the ERANOS tool

The initial start-up phase of a reactor being particular, we will consider a state of equilibrium for the cores studied here. A reactor core in equilibrium follows a regular cycle of handling according to a given frequency. In this work, an assumption was made to consider a fuel reloading frequency of 4 for all reactors, meaning that for the equilibrium core, there is 4 batches of fuel loading and at the end of each cycle, 1/4 of the fuel sub-assemblies are handled out of the core and replaced by new ones. We define the cycle time, Time Cycle as being the time elapsed between two cycles of loading and the irradiation time by the time that a fuel batch remains in the core, between its initial loading until it is handled out of the core beyond its 4 cycles, i.e. Time Irr. = 4 × Time Cycle . Figure 3.4 gives the state of the core at the Beginning Of Cycle (BOC) and at the End Of Cycle (EOC) along with the reactivity evolution in the core during the fuel cycle. The fuel enrichment is such as to not exceed the maximum damage rate (in dpa) of the structural materials of the core assemblies at the end of the irradiation time but also, to allow zero reactivity (criticality) at the EOC. 

BOC EOC

Here, the fuel batch has to be handled out of the core after its 4 cycles. However, with the homogeneous modelling approach chosen for this thesis, all fuel sub-assemblies are homogenised and therefore are at the same level in terms of number of cycles. They are all discharged from the core and replaced by new assemblies at the end of a single cycle (Time Irr. = Time Cycle : reloading frequency of 1) reached when the limit in dpa is reached. In order to consider a fuel reloading frequency of 4 with a homogeneous modelling, a representative cycle has to be found based on the reloading scheme in frequency 1. The analysis performed on Figure 3.5 shows that a representative cycle can be found between steps 3 and 5 of an 8-step calculation.

Step 3 represents the BOC of a core in frequency 4 and step 5 to the EOC. In Figure 3.5, BOL is for Beginning Of Life and EOL for End Of Life.

Another method for finding the equivalence cycle, which gives the same result as the one obtained above, is presented in Appendix C: Representative cycle as a function of reloading frequency. 

EOL, frequency 1

The representative cycle in a frequency 4 corresponds to :

• BOC :

6 16 = 3 8
• EOC : 

Calculation of the control rods reactivity worth with ERANOS

The control rods worth is the total amount of reactivity they bring in the reactor core when they are fully inserted. When a control rod is inserted, the neutron flux decreases close to it, but further out, in the outer region of the rod, the flux increases. This phenomenon is the illustration of the so called spatial self-shielding effect*. It appears not only in control rods but also in all materials that have important absorption ability. There are therefore a significant gradients in the effective absorption cross-section in the control rod as the efficiency of a boron rod depends on the level of neutron flux at its location.

So, in the homogeneous description of boron carbide sub-assemblies, it is incorrect to calculate an effective cross-section on the homogenised medium of the rod with the classical calculation schemes: modelling the absorbing assembly in an infinite medium with a flux from a lattice calculation. This procedure does not take into account the spatial self-shielding effect of the flux, nor the strong flux gradient in the different boron rods. To accurately simulate the spatial self-shielding effect, the ERANOS* code uses some equivalence or correction methods at the lattice calculation level [START_REF] Tommasi | Analysis of superphenix and phenix neutron physics experiments with the ERANOS code and data system[END_REF]]. This method is described in [START_REF] Guo | Design of innovative systems for the optimized control of reactivity in Gen-IV fast neutron reactors[END_REF] and some others techniques for control rod homogenisation in heterogeneous SFR can be found in [START_REF] Andersson | Control Rod Homogenization in Heterogeneous Sodium-Cooled Fast Reactors[END_REF].

Without these correction techniques, the homogeneous description tends to overestimate the control rods worth. In this work, this overestimation is estimated to be around CR Rod = 20%. Thus, the effective worth of control rods Rho B4C , compared to that obtained with homogeneous modeling Rho B4C-Homog , is:

Rho B4C = 1 -CR Rod × Rho B4C-Homog (3.3)

Definition of the core design module variables and outputs

Table 3.2 below shows all the variables defined in the core design module and their allowed range of variation. In line with what has been said above, these core design variables are related to the core medium, core geometry, reactor thermal power, the type of steel used in the cladding and in the structural materials of the core assemblies and, finally, to the isotopic composition of the plutonium used in the nuclear fuel. The ranges of variation of these variables were defined to cover a wide range of possible designs, but also on the basis of feedback from FR designs. Typically, the thermal power of the reactor can vary from 50 MW, corresponding to very small reactors, to 4500 MW, corresponding to high thermal power reactors such as the European Pressurised Reactor. These ranges have been defined to cover all the possible Pu vector of Table 3.1. W240 Pu was not sampled because the sum of all isotopic weights in a Pu vector must be equal to 100, but also because 240 Pu is the isotope that has the least impact on the core neutronic performances [START_REF] Tirel | Méthodologie de couplage de la conception de coeurs avec les scénarios électronucléaires: application au cas des RNR-Na[END_REF]. W240 Pu is therefore equal to: 100 -W239 Pu + W241 Pu + W242 Pu + W241 Am

For the core design module outputs, in addition to the volume of ILW-LL, they are shown in Table 3.3. These outputs include the core feedback coefficients useful for safety assessment, conventional neutronic parameters (fuel enrichment, irradiation time, etc.), parameters in relation to the core reactivity management (reactivity loss, control rods worth, etc.), and cycle indicators (mass of plutonium in core, of minor actinides after irradiation, etc.). Rho Loss : burn-up reactivity loss between the BOC and the EOC, mainly due to the consumption of fissile materials and the accumulation of fission products; Rho Cold : corresponds to the reactivity effect from nominal state to isothermal state. The isothermal state corresponds to that of the core when it is at a temperature allowing handling operations; Rho B4C : amount of reactivity inserted by the control rods when they are all fully inserted in the reactor core. The control rods worth correction coefficient CR Rod is applied to this quantity.

In order to obtain these outputs with the ERANOS tool, a two-step calculation was made:

• First, an enrichment search is performed to have zero reactivity at EOC, but also, to reach a target value of dpa at the end of the irradiation time. This number of dpa, input data for the calculation, is characteristic of the type of steel used. This first calculation provides the fuel irradiation time allowing to respect these two criteria.

• The total fuel irradiation time thus obtained, a search for enrichment is again carried out to have zero reactivity at EOC, but also, to carry out an evolution of the isotopic composition of the nuclear fuel according to this irradiation time. This evolution is done over the 8 steps mentioned in paragraph 3.1.2.2. It consists of a flux calculation (by solving the Boltzmann equation) for each of the 8 steps and, with this resulting flux, solving the Bateman equations. The evolution of the fuel is thus obtained for each of the 8 steps, particularly at BOC, at EOC, and at the end of the total fuel irradiation time.

In this step, a calculation is also made to obtain the contributions of each reactivity feedbacks in the reactor core (effects of thermal expansion of the coolant, structures and fuel, Doppler effect). These reactivity feedbacks are used to estimate the behaviour of the reactor core in case of transients. They are obtained using the perturbation theory in reactor physics and the calculation of the adjoint flux.

An introduction of the fundamental theoretical concepts related to these techniques are given in [START_REF] Valocchi | Modélisation neutronique de coeurs complexes en cinétique multidimensionnelle : application au coeur astrid faible vidange et à la préparation d'expériences de validation[END_REF].

The core feedback coefficients in Table 3.3 are as follow:

• K D , in PCM : the Doppler constant. It is a logarithm correction usually employed to calculate the Doppler effect due to fuel temperature variation [START_REF] Storrer | Reactivity coefficients in large fast power reactors[END_REF].

• α Fuel , in PCM/K : reactivity feedback caused by the fuel expansion due to increased temperature in the nuclear fuel and therefore a reduction of its density. With the ERANOS tool, the calculation of this reactivity feedback depends on whether the fuel is free or linked. Linked-fuel* means that the fuel expansion is conducted by the clad temperature while free-fuel* expansion depends only on fuel temperature and fuel thermal-expansion coefficient. Here, a linked-fuel is assumed and the α Fuel calculation is done by assuming a reduction of the fuel density by 10% from its nominal value. • α Coolant , in PCM/K : the core coolant coefficient. As for the fuel coefficient, α Coolant is calculated with a 10% reduction in coolant density.

• α Stru , in PCM/K : this coefficient correspond mainly to the clad and the assembly duct expansion and is obtained with reduction by 10% of these structures density.

• α Grid , in PCM/K : the thermal expansion of the grid supporting the core sub-assemblies is at the origin of this feedback effect.

For Rho Cold , it is the effect of the core cold shutdown. When the reactor is in a cold shutdown state for handling operations for instance, a positive reactivity is inserted in the core mainly because of the Doppler effect, the variation of the coolant density, the dilatation of the core structures, etc. In this document, both for sodium and lead-bismuth coolant, the cold shutdown corresponds to an isothermal state with fissile and fertile materials temperature as well as coolant temperature set at 180 °C.

However, under nominal conditions, the core inlet and outlet temperatures considered in this study are defined according to the primary coolant as shown in Table 3.4. These operating temperatures are often the result of a compromise between maximising the reactor lifetime and maximising its thermodynamic efficiency. Theoretically, high temperatures maximise the thermodynamic efficiency but reduce the mechanical strength of the vessel structures and therefore the reactor lifetime. For lead-cooled reactors, the limitations on core coolant temperatures are to avoid corrosion risk (see Section 1.1.3.2: Primary coolant). Having defined the core variables, design space and design outputs, the next step is to be able to provide these outputs for all possible reactors in the design space. This objective is challenging, as the use of the reference neutronic codes, which require a very long time for a complete core calculation, makes them unsuitable for the study carried out in this work. Achieving this objective will be the main focus of the following section.

Method for neutronic assessment of the target design space

At this stage of the design, the main objective is to be able to perform the neutronic assessment of all possible reactors over the whole range of variation of the parameters in Table 3.2. Indeed, even with a 2D-homogeneous core modelling, the time for a complete core calculation with the ERANOS tool remains very high (see Appendix A). Added to this, the optimisation processes that will be implemented later are also very costly in terms of computing time, making it also unsuitable the use of the reference neutronic code ERANOS.

The solution chosen in this research work is the use of surrogate models* also called metamodels. Surrogate models are more or less complicated functions that reproduce / mimic as best as possible the behaviour of a complicated code [START_REF] Blanchard | The uranie platform -a broad introduction[END_REF]. In our case, the complicated code is the reference neutronic tool ERANOS. Surrogate models need a training/ learning basis, L and a testing basis, T obtained by using a Design Of Experiment (DOE). DOE corresponds to the database obtained after the implementation of a sampling method. The use of surrogate models in nuclear engineering design has already been explored in several studies, including the following: [START_REF] Ingremeau | Méthodologie d'optimisation d'un coeur de réacteur à neutrons rapides, application à l'identification de solutions (combustible, coeur, système) permettant des performances accrues: étude de trois concepts de coeurs refroidis à gaz, à l'aide de l[END_REF], [START_REF] Fabbris | Optimisation multi-physique et multi-critère des coeurs de RNR-Na: application au concept CFV[END_REF], [START_REF] Ammar | Conception multi-physique et multi-objectif des coeurs de RNR-Na hétérogènes : développement d'une méthode d'optimisation sous incertitudes[END_REF], [START_REF] Kooyman | Amélioration des performances de transmutation des actinides mineurs dans les réacteurs de quatrième génération : aspects cycle et coeurs[END_REF], [START_REF] Grange | Méthode d'optimisation multiobjectif de la conduite d'un réacteur nucléaire: application à un RNR-Na fonctionnant avec un cycle de Brayton[END_REF], [START_REF] Tirel | Méthodologie de couplage de la conception de coeurs avec les scénarios électronucléaires: application au cas des RNR-Na[END_REF].

The process of creating a surrogate model can be summarised in six steps as shown in Figure 3.6.

1-Defining the problem • n X inputs

• n Y outputs 2-Generating DOE of size n L for the learning basis.

2-Generating DOE of size n T for the testing basis. In a very simplified way, the process of creating metamodels consists of first generating calculations using the complex code (reference neutronic tool), then, on the basis of these data, setting up a learning process by using regression methods and, finally, testing the learning ability of the regression model on other data that were not used in the learning phase. Each of the steps in Figure 3.6 is detailed in the following paragraphs.

3-Computing

Creation of surrogate models

Definition of the problem

The definition of the problem consists of defining the variables as well as their associated range of variation, but also, the outputs of interest to be meta-modeled. Here, this is done with Table 3.2 andTable 3.3. With the problem thus defined for the metamodelling process, the next step is to generate the so-called Design Of Experiment (DOE*), i.e. the database needed for the learning and validation processes of the surrogate models and obtained after the implementation of a sampling method.

Generation of a Design Of Experiment

Two DOE to form the learning base, L and the testing base, T are defined. The DOE for the testing base is made up of simulation points that are not in the the learning base. DOE consists in generating sample represented by a matrix U called matrix of the design-of-experiments. The number of columns of the matrix U corresponds to the number of input variables n X , and the number of lines is equal to the size of the sample: N L S for the learning base and N T S for the testing base. The quality of the DOE depends on the number of samples and their distribution in the space of the input parameter.

Different methods exist to obtain a DOE from uncertain parameters which can be classified in two categories [CEA, 2020]:

1. Stochastic methods: these methods, also called Monte-Carlo, consist in using a random number generator to produce new samples. The famous Latin Hypercube Sampling method (LHS) belongs to this method. The LHS considers a unit hypercube of dimension n X and consists in partitioning the interval of each parameter or axis of the hypercube into N layers so as to obtain segments of equal probabilities, forming N n X zones, N being the size of the sample and n X the number of input variables. Then, N points are randomly chosen in the different zones as follow: for each segment, a value representing this segment is selectioned. Once a point has been chosen in a segment of the first variable x 1 , no other point of this segment will be picked up later. It is the same thing for all other variables, and this process is repeated until the N points are obtained.

In Figure 3.7 is presented a sample of size N = 8 coming from the LHS method for two random variables x 1 , x 2 according to a uniform law.

x 1

x 2 Figure 3.7: DOE of size 8 for two variables, generated with the LHS method according to a uniform law.

2. Deterministic methods: some of these methods are sequences which are sometimes called quasi-Monte Carlo (qMC). In these methods, two distinct calls with the same parameters will always give the same point in a DOE. qMC methods are qualified as low-discrepancy methods. Discrepancy is a measure for the irregularity of point sequences in a multidimensional unit cube [START_REF] Thiémard | Sur le calcul et la majoration de la discrépance à l'origine[END_REF]. qMC methods use algorithms that reduce the discrepancy of generated samples and thus, allow to cover at best the space of the input variables by reducing gaps between the points. Furthermore, qMC sampling methods can produce design-of-experiments with well defined properties, that can be very useful in specific cases such as to explore the extreme cases.

Several sequences can be used in a quasi Monte-Carlo sampling method: Halton, Hammersley, Sobol, Faure, etc. [START_REF] Franco | Planification d'expériences numériques en phase exploratoire pour la simulation des phénomènes complexes[END_REF]. In Figure 3.8, a comparison is made between a qMC sampling method with a sequence of Sobol and LHS method when dealing with two uniform attributes. These sampling were obtained by using the URANIE* platform [START_REF] Cea | La neutronique[END_REF]. URANIE is a software, developed at CEA and dedicated to perform studies on uncertainty propagation, sensitivity analysis and surrogate model generation and calibration. In this platform, for the sampling generation with the qMC method, only the sequences of Sobol or Halton can be used. A comparison of these two sequences shows that Sobol sequence maintains the feature of low-discrepancy while this feature is deteriorated with Halton sequence as the dimension of the input variables, n x , increases [START_REF] Mohammed | IMPACT OF INTEGRAL DIMENSIONS ON HALTON AND SOBOL SEQUENCES PERFORMANCE[END_REF]].

However, a major disadvantage of the DOE obtained from the qMC method is that they are not robust or size-independence related to the dimensions of input variables [START_REF] Franco | Planification d'expériences numériques en phase exploratoire pour la simulation des phénomènes complexes[END_REF]. This feature is disadvantageous since it means that the sample will not keep good characteristics if some of the input variables have no influence on the neutronic core performance that must be described by the surrogate models [START_REF] Fabbris | Optimisation multi-physique et multi-critère des coeurs de RNR-Na: application au concept CFV[END_REF]. Thus, when reducing the number of dimensions of the initial study

Core design module

domain, the new learning sample will not possess the adequate statistical and geometric properties of the initial sampling design which aimed to optimise the metamodel fitting process. 3.2, generated with the LHS and the qMC method.

For the study performed in this document, both the qMC method with a sobol sequence and the LHS sampling have been tested and compared: the qMC method mainly because of the best space coverage it allows compared to the LHS method and the LHS to avoid the size-dependance associated to the qMC method. From this study, it was found that slightly better accuracy was obtained for the metamodels when the sampling was of the LHS type. Thus, for all the surrogate models* built in this document, the sampling used is the LHS. In order to avoid the filling of just a part of the validity domain defined for the metamodels, all inputs variables are sampled in their range of variation (defined in Table 3.2) according to a uniform distribution. For the size of the sample, it was defined as follow for the learning and the testing basis: N L S = 1500; N T S = 1500. However, it should be noted that in [START_REF] Iooss | Numerical study of the metamodel validation process[END_REF], an optimised LHS that minimises the discrepancy of the sample points of the DOE is proposed. This optimised LHS was further used in the study performed in [START_REF] Fabbris | Optimisation multi-physique et multi-critère des coeurs de RNR-Na: application au concept CFV[END_REF], but not used here.

After this DOE step, the next one is to perform the neutronic calculations by using the reference code (ERANOS) and for each of the sampling points, to obtain the outputs defined for the problem. This step provides the learning and testing basis.

Output calculation and building of the learning and testing basis

Mathematically, the learning basis L, is defined and obtained as follow:

L = X L i , y L i i∈[1, N L S ]
with

X L i = (x 1 i ...x nx i ) (3.4)
• x i is the i th realisation of random variable inputs vector X. This realisation corresponds to the DOE obtained from the sampling, in their range, of the input variables defined in Table 3.2.

• y i is the i th realisation of the output random variable Y. This output variables are obtained from the neutronic code C: y i = C(x i ) and are defined in Table 3.3.

• C is the code, here the ERANOS tool.

• N L S the size of the learning basis.

In the same way, the testing basis T corresponds to:

T = X T i , y T with X T i = (x 1 i ...x nx i ) (3.5)

Building of the surrogate models

This step aims at finding a regression capable of faithfully reproducing the results of the neutronic calculation code ERANOS over the whole study domain defined in this work and thus, at replacing cputime expensive computer models by cpu inexpensive mathematical functions, called metamodels. In the URANIE* platform, four regression models exist to create surrogate models: the linear regression, the chaos polynomial expansion, the artificial neural networks and the Kriging method, or gaussian process.

Each of these regressions is discussed in the paragraphs below. It is recommended to follow the law of parsimony meaning that the simplest model should be tested first, unless one has insight that it is not well suited for the problem under consideration [START_REF] Cea | La neutronique[END_REF]. In this work, these methods will be compared with each other.

-

The linear regression

The idea of the linear regression is to write any output as:

y = β 0 + nx i=1 β i x i (3.6)
y: the output variable; β i : the regression coefficients; x i : the regressors or the input variables; n x : the number of input variables -

The chaos polynomial expansion

This regression method consist in writing the vector of output, y as stated in Equation 3.7. In the URANIE platform, the user is only left to choose the degree of the polynomial to be constructed. However, in this study, the choice of a degree higher than 2 led either to errors in the metamodel fitting process or to a less accurate metamodel. As a result, for all metamodels built with the polynomial regression in this work, the degree was set to 2.

y = β 0 + nx i=1 β i x i + i,j β ij x i x j (3.7)
-

The artificial neural networks

In URANIE, the Artificial Neural Networks (ANN) are Multi Layer Perceptron (MLP) with one or more hidden layer containing n i H neurons (i is use to identify the layer) and one output variable. A MLP is a network composed of successive layers where every formal neuron that constitute a layer is a model that does not talk to any other neuron on the considered hidden layer. Each neuron is a weighting function which correlates the inputs, X i and the output, y. Training of the ANN is done by adjusting the various weights of the weighting function. In addition to the weight vector [w 0 , w 1 , ..., w nx ] , each neuron is a model that is characterised by an internal state, the input signals vector X i and an activation function Φ that performs a transformation of a linear combination of the input signals [START_REF] Blanchard | The uranie platform -a broad introduction[END_REF]. The ouput y is therefore obtained as shown in Equation 3.8.

y = Φ w 0 + nx i=1 w i X i with Φ(x) = 1 1 + e -x or tanh(x) (3.8)
A schematic description of the working flow of an ANN as used in Uranie is given in Figure 3.9.

In the creation process of an ANN using the URANIE platform, the following informations are needed:

• The number of hidden layer, n i

• The number of neurons in the hidden layer, n H

• The tolerance parameter (n Tol. ) to stop the learning process for the ANN

• The number of iterations (n iter ) and initialisation (n init ) in the training process. An iteration corresponds to a splitting of the learning base L into two parts, a training L l and testing database L t . Each iteration contains n init . The training session ends, keeping the best performance model obtained after the n iter . It should be noticed that running twice the same code will not give the same results as there is a stochastic part in the splitting of the training database.

Here, for all surrogate models, this parameters was set in the following values: n i = 1, n Tol. = 10 -9 , n iter = 5, n init = 5. However, from one metamodel to another, the number of neurons in the hidden layer, n H changes. Several n H are tested for each metamodel and the one that gives the best metamodel accuracy is retained. The kriging method, also called gaussian process is another way to construct surrogate models* that has the particularity of being an exact interpolator of the points in the learning basis, i.e. C(x i ) = M(x i ), with x i ∈ X L i , M the surrogate models* , C the computer code. The gaussian process uses a correlation function between observations in the training basis to make predictions along with its uncertainty, which can then be used to plan the simulations and therefore improve the predictions of the metamodel. In the URANIE platform various correlation functions, optimisation criteria and algorithm are proposed to build the prediction model. On the four optimisation criteria, ten optimisation algorithms and ten correlation functions proposed by URANIE and detailed in [START_REF] Cea | La neutronique[END_REF], the following choice give the best results for the study performed in this research work: correlation function: matern3/2, optimisation criterion: maximum likelihood, optimisation algorithm: neldermead.

Validation process of the surrogate models

The validation process aims to quantify the confidence degree associated with the use of the metamodel instead of the reference neutronic code, making it an essential step in the metamodels creation process. One of the following two methods is usually used at this step: the test basis approach and the cross validation method [START_REF] Iooss | Numerical study of the metamodel validation process[END_REF]. The cross validation method consists on dividing the initial learning basis on a learning sample and a test sample and to estimate the metamodel with the points in the new learning sample and prediction residuals via the new test sample. This method is used in URANIE when splitting the learning basis into two parts in the metamodel fitting process.

For the test basis approach, it consists in comparing the metamodel predictions on simulation points not used in the metamodel fitting process. This approach has been chosen in this document and justifies the choice of the two DOE made in section 3.1.3.1.2. In this method, global and local quality measures can be computed such that:

• The metamodel predictivity coefficient, Q 2 defined in Equation 3.9 below:

Q 2 = 1 - N T S i=1 y i -ŷi 2 y i -y 2 (3.9)
Where y i is the i th realisation of the output random variable Y obtained with the reference code C, from the input variables x i with x i ∈ X L i : y i = C(x i ) , y is the the mean value of all the y i , ŷi is the estimation of the output of interest from the surrogate model, M: ŷi = M(x i ).

Q 2 is a global measure of how well the metamodels reproduce the reference computer code. When measured on the training basis, this coefficient is called R 2 . The closer to 1, R 2 and/or Q 2 are, the better the surrogate model, M is. Nevertheless, a metamodel will be considered acceptable if the Q 2 estimator is higher than 0.95 (or 95%) [START_REF] Fabbris | Optimisation multi-physique et multi-critère des coeurs de RNR-Na: application au concept CFV[END_REF]. 

Application to metamodel construction

In Tables 3.5 and 3.6, some of the previous statistical estimators are calculated for the surrogate models* built on the basis of the ERANOS code in order to replace it on the design space considered in this research work. In these tables, the metamodels have been obtained for sodium coolant and MOX fuel. The number in brackets for the ANN method represents the number of neurons in the hidden layer, n H , that gave the best accuracy for the metamodels.

From these tables, the following conclusions can be made :

• In most cases, the ANN regression and kriging methods provide the best accuracies for the metamodels, with a slight improvement for the ANN method.

• With the ANN and the kriging method, we obtain predictivity coefficients always higher than the 95% target on the global estimator Q 2 , meaning that all the surrogate models* built with these regressions can be deemed as acceptable.

In addition to this statistical validation, a more visual and intuitive method can be used to validate surrogate models*. This visual validation consists of plotting on a graph, the comparison between the values, y i , of the output obtained with the reference code C, (y i = C(x i )) and those, ŷi , given by the metamodel M, (ŷ i = M(x i )). The more the points of the graph are on the line y i = ŷi , the more the metamodel is an exact interpolator of the reference code, i.e. C(x i ) = M(x i ).

For the inner core enrichment output (Enr. Core1 ), this visual validation graph is shown in Figure 3.10 for all 4 regression models considered in this study. The Figure 3.10 is obtained using the random variable inputs vector, X T i , contained in the testing basis, T . From this figure, one can see visually that, compared to the other three regression methods, the ANN method has the highest concentration of points on the line y i = ŷi , which means that the best accuracies are obtained with this method. This observation is consistent with the calculation of the Q 2 coefficient in Table 3.5, which is higher when the ANN regression method is used.

Following the calculation of the statistical estimators and the visual validation, it was decided that all the neutronic studies done in this work will be carried out with the cpu inexpensive mathematical functions obtained via the neural networks method. With these functions, one can thus describe neutronically all possible reactors over the whole target design space considered in this work.

Although the metamodels obtained by kriging in this study are also satisfactory, the choice of ANN over kriging is justified by the fact that in most cases in Tables 3.5 and 3.6, the ANN metamodels are better than those obtained by kriging. In addition, in [START_REF] Ammar | Conception multi-physique et multi-objectif des coeurs de RNR-Na hétérogènes : développement d'une méthode d'optimisation sous incertitudes[END_REF], it is stated that the use of kriging in an optimisation process requires a higher computation time compared to ANN. Knowing that in the design tool developed in this thesis, optimisation algorithms are implemented to ensure the optimality of the proposed reactor designs, neural networks have been chosen over kriging. Now to explore the design options, this process of building metamodels must be followed for any combination of primary coolant and nuclear fuel to be considered and studied. As a reminder, for the core design module, the design choices considered in this study are, for the coolant, sodium and lead-bismuth and for the nuclear fuel, oxide, metal, carbide and nitride.

So this is how a design space is defined for the tool developed in this thesis and neutronic and cycle indicators are obtained for all possible reactors in this design space. The last output calculated in the core design module is related to steel waste corresponding to the Intermediate-Level Long-Lived Waste (ILW-LL). The approach to the calculation of this quantity is detailed in the following lines. In the core design module, the volume of steel wastes in the core is provided as follows, as a function of the core variables in Table 3.2:

V ILW-LL = V Core × F Steel = P Th P Dens. × F Steel (3.14)
Finally, the last step of the work carried out in the core design module consists in setting up a set of constraints to be respected by the FR designs provided by the design tool. The core constraints will be the subject of the following paragraph.

Design constraints

In order to ensure the feasibility of the reactors provided by the design tool developed in this thesis, constraints have been integrated into the design process. These constraints allow to delimit the feasible research space. In the core design module, the design constraints are related to the following aspects:

• Fuel enrichment: the enrichment of the outer core (always more enriched than the inner core) should not exceed 30% . This limit was initially established for MOX fuel (for reasons of dissolution in nitric acid during spent fuel reprocessing [START_REF] Bertrand | Note techinque: conception des réacteurs à neutrons rapides refroidis au sodium: Démarche méthodologique et outils associés[END_REF], [START_REF] Carrott | The chemistry of (u,pu)o2 dissolution in nitric acid[END_REF]) but has been generalised to all other fuel types considered in this study.

Enr. Core2 < 30% (3.15)

• Dedicated functions to control rods: during the reactor lifetime, control rods must be able to ensure a set of functions [START_REF] Guo | Design of innovative systems for the optimized control of reactivity in Gen-IV fast neutron reactors[END_REF]. Here, we consider that they must be able to ensure, in all circumstances, the following functions:

-The reactivity loss compensation per cycle, Rho Loss : to produce the needed power, the reactor core should be kept in a critical state (ρ = 0). However, during the normal operation, the core reactivity decreases due to the consumption of fissile materials and the accumulation of fission products. To compensate for this reactivity loss also called burn-up reactivity loss, the reactor core is characterised by an excess of reactivity in the beginning of cycle (BOC). To balance this excess of reactivity, the control rods are inserted in the reactor core in the BOC and partially extracted as the core loses in reactivity. Thus, the excess of reactivity balanced by the control rods should be sufficient to compensate for the burn-up reactivity loss per cycle of the reactor. However, the operating mode described above corresponds mainly to burner* cores, which are characterised by a negative Rho Loss . In breeder* reactors, unlike the previous ones, these cores present a reactivity that increases as the cycle progresses. To compensate for this reactivity, control rods must be inserted into the reactor core. Thus, for breeders, in the BOC, the boron carbide sub-assemblies are in a high position above the core and must be lowered as the cycle progresses.

-The reactivity effect compensation due to a cold shutdown, Rho Cold : when the reactor is in a cold shut-down state for handling operations for instance, a positive reactivity is inserted in the core because of the Doppler effect and the variation on the coolant and structures density.

-The redundancy margin, Rho Redundancy : as the assemblies containing boron carbide are the only reactor reactivity control systems, they are often gathered in two redundant shutdown groups [START_REF] Fontaine | ASTRID an innovative control rod system to manage reactivity[END_REF]. Each of these independent groups must be able to perform the two functions mentioned above on its own. This need is taken into account in this report by setting the uncertainty margin at: Rho Redundancy = |Rho Loss | + Rho Cold .

-Other feedbacks effects are often considered in reactivity margin assessments: absorber depletion in control rods, defective rods, etc. These were not considered here.

These design constraints are taken into account by the equation 3.16 below, meaning that any core design that does not respect this constraint is considered impossible and unfeasible. 

Schematic representation of the design process

Figure 3.12 below gives a visual summary of the method followed in the design process implemented in the core module. This figure shows three main elements to be retained.

First, several variables are used to characterise the core, its geometry, thermal power and power density, the volume fractions of its medium, the type of steel used in the core structural materials and even the isotopic composition of the plutonium used in the nuclear fuel. The approach adopted in the core design module is parametric in order to allow the developed tool to cover a wide design space. The eighteen variables and their associated range of variation allow the tool to provide, as output, low and high power cores, breeder* cores and burner*, etc.

Then, for each possible core in this design space, a set of outputs data related to the neutronics of the core (enrichment, breeding gain, irradiation time, etc.), to the nuclear fuel cycle (mass inventory of uranium, plutonium, minor actinides), to the reactor safety (core feedback coefficients, control rods worth) or to the amount of ILW-LL wastes, are calculated. This approach is important because it will allow, depending to the design objective, to rank and to compare the possible FR design. For the neutronic assessment of the design space, as the use of reference neutronic codes for which the computation time for a complete core calculation is very high, making them unsuitable for the study performed in this work, surrogate models*, built using neural network based regression methods, were used. Before selecting the metamodels obtained with neural networks method, a comparison was made with three other regression methods (linear, polynomial and kriging). This work showed that the neural networks regression method provides a better reproduction of the calculations of the reference neutronic tool. These metamodels were set up on the basis of 2D-homogenous neutronic calculations in order to reduce the calculation time to obtain the learning and testing bases for the surrogate models. Furthermore, in the core design module, interface parameters, intended for the other design modules as defined in Chapter 2, are also calculated. These interface parameters are shown in Figure 3.12 below.

Finally, all designs must comply with a set of rules defined by design constraints. In the core design module, these constraints are related to fuel enrichment and control rods functions in a reactor. To consider among others thermal-hydraulics in the design process, because of the homogenised approach considered in the neutronic assessment done in the core design module, an important step is to fully design the heterogeneous assemblies and pins. This will be discussed in the following section: the assembly design module.

Primary Coolant

As indicated in Chapter 2, the objective of the assembly design module is to allow the consideration of thermal-hydraulic performances as well as outputs related to core behaviour during unprotected transients*. It should also provide the handling design module with data on the quantity of assemblies to be stored in the reactor vessel internal storage and this, in order to bring out transportability objectives in the design process. However, a step prior to the calculation of these outputs consists in the design of the heterogeneous assembly and this, due to the homogenisation approach adopted in the core design module, which results in a loss of information about the assembly design. This design of the assembly must therefore be redefined according to the values taken by the core parameters.

In the following, we will first discuss the assembly design variables and the method used to design the heterogeneous assembly, before looking at the outputs and associated constraints considered in this module.

In addition, the assembly module was defined to allow exploration of a set of design options. Here, these options are related to the shape of the assemblies and the pin design as follows:

• Shape of the assemblies: hexagonal, square

• Pin design: pins with a central hole, pins without a central hole.

Methodology and variables

The fuel pins and sub-assemblies designs consist in computing the parameters shown in Figure 3.13, in case of a hexagonal lattice. For square assemblies, the calculated parameters are the same, only the shape of the lattice is updated. • Sub-assembly:

-Sub-assembly lattice pitch, P lat -Distance between two consecutive sub-assemblies, D Ass -Tube wall thickness of the core sub-assemblies, W T -Total core fuel sub-assemblies, N Fuel-Ass -Control rods sub-assemblies, N B4C-Ass

• Fuel pin:

-Ring count, n c in a fuel sub-assembly.

-Fuel pellet radius, R Pellet -Central hole radius, R Hole -Cladding thickness, T Clad -Gap thickness, T Gap -Spacer wire radius, R Wire -Height of the plenum or expansion chamber, H Plenum : it is assumed that the fuel pins have only one expansion chamber located at the bottom of the pin (lower plenum).

The parameters covered by the design approach are therefore only those of the fuel assemblies. The design of the boron carbide pins is not covered by the current version of the FR design tool developed in this work.

In this tool, the general methodology followed in the fuel assembly design approach is to first determine the size of the sub-assembly lattice pitch P lat . This size is set by considering two possible accidents: one that could lead to the melting of the fuel assemblies, and the other corresponding to a handling error. These accidents must be mitigated by the full insertion, in the reactor core, of the assemblies containing boron carbide. Finally, with this sub-assembly size, the parameters associated with the fuel pins are determined according to the volume fractions in the core medium.

Once the fuel sub-assembly and pin design is completed, thermal-hydraulic outputs such as the pressure drop, the radial temperature distribution in the fuel pin, etc. are calculated. In the following sections, the methodology used to calculate parameters in Figure 3.13 is detailed.

Sub-assembly design

The process used to calculate the sub-assemblies design parameters, in particular the parameter P lat , is developed in the following paragraphs. It is based on the consideration of two potential accidents: the Total Instantaneous Blockage (TIB) and the fuel handling error. The lattice pitch is given by the most penalising approach between these two accidents:

P lat = min P lat-TIB ; P lat-Handling (3.17)

Fuel assembly total instantaneous blockage

The Total Instantaneous Blockage (TIB) of a fuel sub-assembly combines both the features of being total and instantaneous [START_REF] Papin | Behavior of fast reactor fuel during transient and accident conditions[END_REF]. It starts with a stop of the coolant flow through the sub-assembly, which lead in case of SFR to sodium boiling and vaporisation, and then to the melting of clad and fuel pins, the degradation of the tube surrounding the blocked sub-assembly and a possible propagation of the molten material to the surrounding sub-assemblies. The trigger for this accident may be the ingress of some external material into the sub-assembly, which may lead to a blockage of the coolant flow.

The TIB of a sub-assembly is a hypothetical accident that is characterised by being instantaneous, which prevents the early detection of the accident. In other words, there is no way of detecting the blockage before the assembly tube failure, by using for instance, the usual detection systems by delayed neutrons (DND) or thermal-couples. Thus, there is no power shutdown at the early stage of the accident sequence. The main safety concern of this accident is the risk of evolution toward the melt propagation to the surrounding subassemblies and toward a generalised core melting. The following papers have modelled and assessed the impact of this accident on the reactor core: [START_REF] Poumérouly | Neutronics aspects associated to the prevention and mitigation of severe accidents in sodium cooled reactor cores[END_REF], [START_REF] Marie | Physico-statistical approach to assess the core damage variability due to a total instantaneous blockage of SFR fuel sub-assembly[END_REF], [START_REF] Rahm | Analysis of the total instantaneous blockage accident consequences in the innovative inherently-safe CADOR SFR core[END_REF].

Once the melting of clad and fuel pins has occurred, and since liquid fuel and liquid steel are non-miscible, separate phases are formed in the sub-assembly. In this work, for the neutronic modelling of the TIB accident, the steel pool is placed on the top of the fuel pool because the molten steel is less dense than the molten fuel. Figure 3.14 below gives a schematic representation of the TIB accident modelling, in its most penalising configuration (in the core centre, where there is less neutron leakage), done with the ERANOS tool. This modelling corresponds to the final phase of the accident as it can be seen in [START_REF] Poumérouly | Neutronics aspects associated to the prevention and mitigation of severe accidents in sodium cooled reactor cores[END_REF].

For the detection of the TIB accident, we will assume here that it is done by the DND after the melting of 2.5 fuel assemblies. In the opinion of a safety expert, the figure of 2.5 assemblies is realistic for this accident [START_REF] Bertrand | Personal communication[END_REF]. By varying the size of the core dimension (R TIB ) affected by the fuel melting, Figure 3.15 shows the reactivity insertion brought by the TIB accident as a function of a lattice pitch (P lat-TIB ) equivalent to the melted core radius (R TIB ). The core parameters used to obtained this graph are: thermal power (563 MWth), core height (85 cm), core radius (69.5 cm), maximum damage (130 dpa), fuel fraction (35.73 %), natural boron carbide fraction (21.67 %), Pu vector (Pu65, see Table 3.1). In Figure 3.15, the lattice pitch is obtained as follow, whether the assemblies are hexagonal or square in shape (volume conservation):

• Hexagonal assemblies As it can be seen in this Figure 3.15, the TIB accident causes a positive reactivity insertion in the reactor core that increases with the size of the melted zone. Once detected, the challenge is to power shut-down the reactor in order to limit its propagation.

2.5 × √ 3 2 × P 2 lat-TIB = π × R 2 TIB (3.18) • Square assemblies 2.5 × P 2 lat-TIB = π × R 2 TIB (3.19)
The TIB accident has been studied in [START_REF] Poumérouly | Neutronics aspects associated to the prevention and mitigation of severe accidents in sodium cooled reactor cores[END_REF] and the following solutions have been proposed to limit its reactivity insertion and its propagation in the core: decreasing the fissile height or having only one enrichment zone in the core, using a material miscible with fuel for the claddings, and during the accident, adding an absorber miscible with fuel in the pool or find means to eject fuel from the core.

The approach adopted in this document consists in using Figure 3.15 to size the maximum lattice pitch, P lat-TIB in such a way that in case of a TIB accident, the reactor reactivity control system, made of boron carbide control rods, can compensate the reactivity insertion in the core. The maximum allowable reactivity Rho TIB-Max , that can be inserted can therefore be computed as:

Rho TIB-Max = Rho B4C -2 × |Rho Loss | + Rho Cold (3.20)
Rho Loss : Reactivity loss per cycle; Rho Cold : Cold shutdown reactivity effect; Rho B4C : Control rods worth By using Rho TIB-Max and Figure 3.15, one can obtained the maximum sub-assembly lattice pitch, P lat-TIB which guarantees a reactor shutdown in the event of a TIB accident, while taking into account the fact that the detection of the accident is not possible before at least 2.5 fuel assemblies have melted.

In order to obtain, for all possible reactors in the target design space, the reactivity insertion brought by the TIB accident as a function of the core melt radius, surrogate models* must be built. As for core neutronic performance, they were built by considering a LHS sampling with a learning and testing basis size of N L S = 1500; N T S = 1500. These learning and testing basis are different from those used to create metamodels for core and control rods neutronic performances. Here, an additional variable, R TIB , is considered at the sampling stage. Statistical estimators for the metamodel's accuracy are given below. 

Fuel assembly handling accident

In this study, the handling accident consists of placing a fuel assembly in a location dedicated to a control rod during handling operations. A positive reactivity is therefore inserted in the reactor core. This accident occurs when the reactor is shut down, i.e. when all control rods are fully inserted in the core which is in an isothermal state at 180 °C. Thus, in this study, the reactivity effect of this accident is only measured when the reactor is in a cold shutdown state. By design, reactor operation with misplaced assemblies cannot occur since different hole diameters prevented core assemblies from being inadvertently placed in the wrong position [START_REF] Koch | Experimental Breeder Reactor-II (EBR-II): An Integrated Experimental Fast Reactor Nuclear Power Station[END_REF]. To determine the variation of the core reactivity in case of fuel handling error as a function of the assembly size, calculations are made according to the core modelling below and by varying the parameter R Handling (Figure 3.16). For hexagonal assemblies, the equivalent lattice pitch is obtained as: As for the TIB accident, metamodel was also built to reproduce the reactivity insertion shown in Figure 3.16b. The measure of its accuracy is given below: In the design tool, P lat-Handling is such a way that in case of handling error, the positive reactivity inserted is less than: Rho B4C -2 × |Rho Loss | + Rho Cold . Using this margin with Figure 3.16 gives P lat-Handling .

Calculation of the fuel assembly design parameters

The assembly lattice P lat is sized such that in the event of a fuel handling error or a complete meltdown of at least 2.5 fuel assemblies, the reactivity margin of the control rods Rho B4C -2 × |Rho Loss | + Rho Cold is sufficient to handle the positive reactivity insertion induced by these two potential accidents. In line with what was done in the previous paragraphs, P lat = min P lat-TIB ; P lat-Handling . P lat-TIB and P lat-Handling are in fact maximum sizes, but they are considered as the lattice pitch of the core assembly in the developed design tool.

For small reactivity margins in the control rods, the handling error is the dimensioning accident for the size of the assemblies whereas it is the TIB accident for higher margins. This statement is verified in Figures 3.15a and 3.16b which were obtained with the same input data.

The lattice pitch thus obtained, the tube thickness of the core sub-assemblies (W T ) is calculated using CEA recommendations based on manufacturing experience feedback and the study of the nuclear fuel behavior.

To ensure the manufacturability of the assemblies, the following recommendation is followed for W T :

W T P out = β Manuf acture ; with β Manuf acture = constant (3.21)

With P out = P lat -0.35: a fixed inter-assembly distance of D Ass = 0.35 cm is assumed for all reactor designs. This value of D Ass has been set on the basis of the value of this parameter in the French FR Phenix.

Finally, by using the equivalence scheme between a 2D and a 3D core modelling (Figure 3.17) and keeping the volumes between these two schemes, one obtains the total core fuel sub-assemblies N Fuel-Ass and control rods sub-assemblies N B4C-Ass as follows.

2D -Core Modelling 3D -Core Modelling Equivalence 𝐑 𝐂𝐨𝐫𝐞 Figure 3.17: Equivalence scheme between a 2D and a 3D core modelling, hexagonal lattice R Core : the core radius, obtained from the core parameters (Table 3.2 S lat = lattice section. For hexagonal lattice: S lat = √ 3 2 × P 2 lat . For square assemblies: S lat = P 2 lat .

Fuel pin design

The fuel pin design parameters are obtained from the volume fractions in the core medium. These volume fractions, given by the core design module, are expressed as follows, S tube : the tube section of the assembly:

• Fuel Fraction:

π • R 2 Pellet -R 2 Hole • N Pins/SubAss S lat (3.25)
• Steel Fraction:

S tube + π • R 2 Wire + R Pellet + T Gap + T Clad 2 -R Pellet + T Gap 2 • N Pins/SubAss
S lat (3.26) • Helium Fraction: (3.27) • Coolant Fraction: 1 -Fuel Fraction + Steel Fraction + Helium Fraction (3.28)

π • R Pellet + T Gap 2 -R 2 Pellet + R 2 Hole • N Pins/SubAss S lat
Whether the assembly is square or hexagonal in shape, we have:

• In the design tool, the first step in the fuel pin design is to obtain the ring count, n c in the fuel sub-assembly. This ring count must be a natural number: n c ∈ N * . Moreover, for a same inner flat to flat distance (P in ), several ring counts can lead to similar volume fractions in a fuel assembly (Figure 3.18). To deal with all these possible designs, the fuel pin design is based on the eight-steps algorithm presented below: 3. For this value of n c , calculate the fuel pellet radius, R Pellet using Equation 3.25. Here, if the design option "pins without central hole" is selected, then R Hole = 0. Otherwise, the radius of the central hole is defined according to the radius of the fuel pellet, based on feedback from the pins of the French FR Superphénix [START_REF] Guidez | Superphénix : Les acquis techniques et scientifiques[END_REF]: R Pellet = 0.28 × R Hole . Thus, in this step, both R Pellet and R Hole are calculated.

4. Calculate the gap thickness, T Gap using Equation 3.27 and R Pellet previously obtained.

5. Finally, the fuel clad thickness, T Clad can be obtained by using Equation 3.26. We assume here a fixed spacer wire radius of R Wire = 0.0575 cm, based on the wire diameter of the reactor Phenix.

6. If all these parameters exist: R pellet , T Gap , T Clad ∈ R * + and e 1 + e 2 > 0 (see Figure 3.19), store this fuel design solution in an output vector, V Output-Fuel This eight-steps algorithm makes it possible to consider all possible solutions for the design of the heterogeneous assembly, particularly during the optimisation phase. Indeed, depending on the assembly ring count, the diameter of the fuel pellets changes, which directly impacts the margins to fuel melting, the reactor thermal-hydraulic behaviour (coolant velocity, pressure losses), etc. and therefore the reactor performance.

The last design step in the assembly module is the sizing of the height of the expansion chambers that are to contain the fission gases. This will be dealt with in the next paragraph.

Height of the lower expansion chamber

In a fuel rod, the plenum or expansion chamber is a free volume within the rod, holding no fissile material. This space serves to confine fission gases released by the fuel, preventing such release from causing too much pressure increase in the rod. The total free volume in the rod is thus (pellet-cladding gap + plenum):

V Free-Pin = π × R Pellet + T Gap 2 -R 2 Pellet × H Core + π × R Pellet + T Gap 2 × H Plenum (3.29)
H Core corresponds to the height of the fissile column and is obtained from the core parameters (Table 3.2); H Plenum : height of the plenum. By assimilating the fission gases to an ideal gas and applying the ideal gas law, one obtain:

V Free-Pin = n × R × T Gas P Gas (3.30)

• n: Number of moles, n = N N A

; N: Number of atoms; N A : Avogadro constant. N A = 6.022 × 10 23

• R: Ideal gas constant. R = 8, 314 J • K -1 • mol -1

• T Gas : Temperature of the gas in Kelvin. Here, it is assumed that the gas temperature in the lower plenum corresponds to the core inlet temperature: T Gas = 400 °C = 673.15 K, whether the coolant is lead or sodium (Table 3.4).

• P Gas : Gas pressure in Pascal

To calculate the height of the plenum H Plenum , the gas pressure was set at 45 bar. This pressure corresponds to the maximum pressure that the cladding must withstand to guarantee their integrity (according to CEA feedback). At this level, the only unknown for the calculation of the plenum height remains the number of gas atoms (N). In this work, it was obtained through a calculation made with the GERMINAL* code on a small core of 320 MWth [START_REF] Guo | Design of innovative systems for the optimized control of reactivity in Gen-IV fast neutron reactors[END_REF]. GERMINAL (please refer to the glossary at the end of this document for further details of this code) was mainly developed for MOX fuel and SFR, but the number of gas atoms obtained with this code has been generalised to all fuel and coolant considered in this study.

From the GERMINAL calculation and by assuming a total release of all fission gases produced in the nuclear fuel, the number of gas atoms was expressed as follows, per unit volume of the fuel pellet and average core burn-up: N GERMINAL = 5.68 • 10 21 atoms/ m 3 • MWd t .

Based on this result, the value of N used in the calculation of H Plenum is then obtained as follows:

N = 5.68 • 10 21 × π • R 2 Pellet -R 2 Hole • H Core × BurnUp Core (3.31)
All the parameters of the assembly thus calculated, the outputs of interest calculation stage begins.

Outputs of interest

The outputs calculated in the assembly design module are related to the thermomechanical and thermalhydraulic behaviour of the FR designs, but also to their behaviour during unprotected transients*.

Thermal-hydraulic outputs

The main calculated thermal-hydraulic outputs are related to the coolant velocity, V Coolant and the total core pressure drop, ΔP Drop . They are obtained as follows, depending on whether the assembly is square or hexagonal.

Coolant velocity: V

Coolant V Coolant = ṁFuel-Ass ρ Coolant × S h (3.32)
ṁFuel-Ass : mass flow rate in the fuel sub-assembly kg/s ṁFuel-Ass = P Th N Fuel-Ass × C p-Coolant × ΔT C p-Coolant : coolant heat capacity J/kg/ • C ; ΔT: core inlet and outlet temperature (see Table 3.4).

ρ Coolant : coolant density kg/m 3 ; S h : cross-sectional area of the flow in the fuel assembly m 2 . C p-Coolant and ρ Coolant are functions of the temperature and are calculated at the core coolant average temperature.

The cross-sectional area of the flow in the fuel assembly is as follows, whether the assembly is hexagonal or square • Hexagonal lattice:

S h = √ 3 2 • P 2 int -π R pellet + T Gap + T Clad 2 + R 2 Wire × N Pins/SubAss.
• Square lattice:

S h = P 2 int -π R pellet + T Gap + T Clad 2 + R 2 Wire × N Pins/SubAss.

Core pressure drop: ΔP Drop

The total pressure losses in the core corresponds to the sum of the gravitational, acceleration, frictional and the singular pressure losses in the assembly.

ΔP Drop = ΔP Frition + ΔP Singular + ΔP Acceleration + ΔP Gravitational (3.33) Each of these losses, expressed in Pascal , is calculated as follows:

• Frictional pressure drop

The frictional pressure loss is defined as the energy lost in a fluid transportation through a pipe due to friction between the fluid and the pipe wall. It is calculated as follow, over the length of the fuel assembly rods (fuel + plenum): -Hexagonal lattice:

ΔP Friction = f × H Core + H Plenum × ρ Coolant × V 2 Coolant 2 × D h ( 3 
P W = 2 × √ 3 × p int + 2 • π × R pellet + T Gap + T Clad + R Wire × N Pins/SubAss.
-Square lattice:

P W = 4 × p int + 2 • π × R pellet + T Gap + T Clad + R Wire × N Pins/SubAss.
• Singular pressure drop Singular pressure losses are related to local geometrical changes in the flow channel (changes in direction or cross-sectional area). Here, they are calculated at the inlet and outlet of the fuel assembly pins as:

ΔP Singular = 1 2 • K Inlet + K Outlet • ρ Coolant • V 2 Coolant (3.35)
K Inlet , K Outlet : singularity coefficients, respectively at the inlet and outlet of the fuel assembly pins. They are expressed as follows according to [START_REF] Idel'cik | DE CHARGE : Coefficients de pertes de charge singulières et de perte de charge par frottement[END_REF], knowing that the inlet of the fuel assembly corresponds to a contraction of the hydraulic circuit and the outlet, an expansion:

K Inlet = 1 2 • 1 - S h-small S h-big ; K Outlet = 1 - S h-small S h-big 2
; S h : hydraulic cross -section Depending on the shape of the assembly, S h-small and S h-big are expressed as:

-Hexagonal lattice:

S h-small = √ 3 2 • P 2 int -π R pellet + T Gap + T Clad 2 + R 2 Wire × N Pins/SubAss. ; S h-big = √ 3 2 • P 2 int -Square lattice: S h-small = P 2 int -π R pellet + T Gap + T Clad 2 + R 2 Wire × N Pins/SubAss. ; S h-big = P 2 int • Acceleration pressure drop
The acceleration pressure drop in the assembly corresponds to:

ΔP Acceleration = 1 ρ Outlet - 1 ρ Inlet • ρ Coolant • V 2 Coolant (3.36)
ρ Inlet and ρ Outlet , the coolant density calculated respectively at the core inlet and outlet temperatures.

• Gravitational pressure drop

The expression of the gravitational pressure drop is:

ΔP Gravitational = Δρ • g • H Core + H Plenum (3.37)
By assuming the Boussinesq approximation:

Δρ = ρ Coolant • β Coolant • ΔT
β Coolant : thermal expansion coefficient of the coolant K -1 , g is the gravity acceleration m/s 2 .

For all these models, the thermophysical properties of the coolant materials used (density, heat capacity, thermal expansion coefficient, etc.) are taken from [START_REF] Morin | Copernic, a new tool based on simplified calculation methods for innovative lwrs conceptual design studies[END_REF] and [START_REF] Sobolev | Database of thermophysical properties of liquid metal coolants for GEN-IV[END_REF].

The next output calculated in the assembly design module is about the thermomechanical behaviour of the fuel, in particular its temperature profile.

Fuel temperature

With the fuel sub-assemblies and pins design, an important step in the reactor design process is to assess the thermomechanical behaviour of the nuclear fuel. An important output used to evaluate this thermomechanical behaviour is the radial temperature distribution in the cladding and fuel materials. This temperature distribution is obtained here by solving the heat transfer equation through conduction inside the fuel pin from steady state. A nuclear fuel being most often thermally stressed in its radial direction, it is assumed when solving the heat transfer equation that the heat flow rate is unidirectional only along the radial dimension of the fuel pin. In the nuclear fuel, the heat flow rate is the power released by the fuel pellet and corresponds to: (3.39) with P Dens.-Fuel the fuel pin power density:

Φ = P Dens.-Fuel × π × r 2 × H Core
P Dens.-Fuel = P Th π × R 2 pellet -R 2
Hole × H Core × N Pins/SubAss. × N Fuel-Ass × P. Factor P Th : reactor thermal power; P. Factor core power peaking factor, given by the surrogate models* and taken into account to reflect the temperature in the hottest pin. From Equation 3.38 and 3.39, one can derived the following relationships used to obtain the radial temperature distribution in the fuel pin:

∂T ∂r = - P Dens.-Fuel 2 • λ • r 2 -R 2 Hole r (3.40)
A numerical solution of the Equation 3.40 requires boundary/initial conditions, calculated here by considering convection between the core coolant and the fuel cladding. The core coolant temperatures are known (see Table 3.4). The heat transfer coefficient between these two medium are computed using the non-dimensional coefficients Nusselt, Reynolds and Prandtl. Finally, the thermal conductivity and other thermophysical properties of the medium (pellet, gap, cladding) in the fuel pin used are taken from [START_REF] Philipponneau | Thermal conductivity of mixed oxide fuel[END_REF] for MOX fuel, [START_REF] Sheth | Thermal conductivity values for advanced fuels[END_REF] for nitride fuel and [IAEA, 2011[START_REF] Morin | Copernic, a new tool based on simplified calculation methods for innovative lwrs conceptual design studies[END_REF] for the other materials (metal fuel, carbide, steel of claddings, helium in the fuel-cladding gap).

However, it should be noted that in this work, the influence of irradiation is neglected which means that the radial temperature distribution in the fuel pin is calculated only for the fresh fuel. An illustration of this temperature distribution is given in Figure 3.20 below obtained by using equation 3.40, in case of a sodium coolant and a MOX fuel subjected to a flux of P Dens.-Fuel = 1746 W/cm 3 . This temperature profile is used to verify the non-melting and the margin to fuel melting of the hottest pin. It is also useful for the calculation of outputs related to the core behavior during transients as that will be discussed hereafter.

Unprotected transients safety indicators: KGH method

Traditionally, at the pre-design stage of the core, the reactor safety analysis are carried out in a very simplified way, mainly by the margins to fuel melting and the core pressure drop. It is only when the core design is sufficiently advanced that detailed safety studies begin, particularly with regard to unprotected transients*. This implies thus several iterations between the core design and safety studies, especially if the resulting core does not meet some safety requirements defined for the reactor. It becomes then a lengthy process when designers need to quickly assess safety trends.

The methodology used in this research work consists of using three global neutronic feedback coefficients: K, G and H, of a method known as KGH, to estimate the core behaviour during unprotected transients. The KGH method is based on a static reactivity balance allowing an analytical determination of the asymptotic equilibrium states induced by the transients. Such an approach is very interesting as it increases the prevention of severe damage to the reactor core.

The KGH method has been used at CEA for sensitivity studies [START_REF] Gauthe | Sensitivity studies of sfr unprotected transients with global neutronic feedback coefficients[END_REF]] and for core design optimisation but in a quasi-static approach [START_REF] Stauff | Étude conceptuelle d'un coeur de quatrième génération, refroidi au sodium, à combustible de type carbure[END_REF]. A quite similar method was first developed at Argonne National Laboratory (ANL) in the 1980s [START_REF] Wade | The integral fast reactor (IFR) concept: Physics of operation and safety[END_REF] and was based on the A, B and C integral reactivity coefficients.

The KGH approach is used here to quickly evaluate and compare core designs in order to exclude some concepts whose reactivity feedback would be prohibitive from a safety point of view, or, on the other hand, to select promising concepts. Table 3.9 below summarises the various ways in which the KGH methodology is used in this work to improve the robustness of reactor core designs against unprotected transients.

In the next paragraphs, the different accident scenarios considered by the KGH method are briefly developed. These accidents are: the Unprotected Loss of Flow (ULOF), the Unprotected Loss of Heat Sink (ULOHS), the Unprotected Loss of Supply Station Power (ULOSSP; sometimes referred to in the literature as Unprotected Loss Of Off-site Power: ULOOP), the Unprotected Slow Transient Over Power (USTOP) and the Unprotected Fast Transient Over Power (UFTOP). Following this introduction to unprotected transients, the calculation method for the K, G, H coefficients will be detailed. Table 3.9: Recommendations from the KGH methodology to improve the reactor core robustness against unprotected transients, demonstrated in [START_REF] Gauthe | Sensitivity studies of sfr unprotected transients with global neutronic feedback coefficients[END_REF] Unprotected transients* Quantity to be maximised or minimised However, these recommendations assume that the K, G and H coefficients remain constant during the transient.

Unprotected transients considered by the KGH method

-Unprotected Loss of Flow: ULOF

The ULOF transient corresponds to a loss of all primary pumps during a nominal operating state aggravated by the non falling down of the control rods sub-assemblies (flow run-down without SCRAM*). In case of ULOF transient, the decrease of the cooling rate leads to an increase of the core temperature that creates feedback effects (Doppler, materials expansion) having positive or negative effects on the reactivity.

When modelling an ULOF, it is assumed that the secondary system continues to evacuate the reactor thermal power, thus maintaining a constant core inlet temperature in the first moments of the transient. Depending on the value of the flow rate maintained after the loss of the primary pumps, either by natural convection or by other active systems, the ULOF accident may lead to core meltdown (especially in SFR if sodium boiling occurs, which causes a positive reactivity insertion in the core, thus increasing the thermal power of the reactor [START_REF] Sun | Analysis of advanced sodium-cooled fast reactor core designs with improved safety characteristics[END_REF]), or to a stabilised state where the core is at a greatly reduced power of the order of 10 % of the nominal power and is cooled despite the low flow rate.

The goal of improving the safety characteristics of a SFR when sodium coolant is removed from the reactor core leads at CEA to the design of a low void effect core named CFV [START_REF] Sciora | The low void worth core design ('CFV') based on an axially heterogeneous geometry[END_REF].

-Unprotected Loss of Heat Sink: ULOHS

The ULOHS transient corresponds to a cold source loss without SCRAM*, typically a failure in secondary circuits or tertiary circuits or both. The loss of flow in these circuits leads to an increase of the sodium core inlet and outlet temperature. The ULOHS transient has the main advantage to be slow thanks to the large thermal inertia of the primary system particularly for the pool-type* FR design.

In case of ULOHS, through the feedback effects, the reactor reaches a state of thermal equilibrium, in which the primary circuit temperatures are homogeneous and the core neutronic power becomes zero. In the long term, in the absence of Decay Heat Removal Systems (DHRS), sodium boiling may occur.

-Unprotected Loss of Supply Station Power: ULOSSP

The ULOSSP transient corresponds to the loss of all electrical power to the reactor without automatic core shutdown. This incident combines both ULOF and ULOHS transients.

Compared to a ULOF, it is assumed that the secondary cannot remove the thermal power from the reactor, and the core inlet temperature increases. Then, when this temperature reaches the ULOHS thermal equilibrium temperature, the neutronic power in the reactor core becomes zero.

-Unprotected Slow Transient Over Power: USTOP An USTOP transient models a slow reactivity insertion without SCRAM* in the core, that can be initiated for instance by a Control Rod Withdrawal (CRW). The reactor power then increases until it stabilises at a value above the nominal power, thanks to fuel and structures thermal-expansion coefficients.

-Unprotected Fast Transient Over Power: UFTOP Unlike USTOP, UFTOP is a fast reactivity insertion without SCRAM* in the core. The main reactivity insertion accident initiators are a flow of a large gas bubble through the core, a significant core compaction (induced by a seism for instance) or a sudden break of the core support structure, leading to the withdrawal of all the control rods from the core.

In case of UFTOP, the fast increase of the nuclear power induces a strong temperature rise in the fuel pellets leading to strong mechanical and thermal loads on the cladding which could lead to clad failure or/and fuel meltdown. The only feedback effect that has an influence in this transient is the Doppler effect. Furthermore, in the case of UFTOP, problems associated with prompt-criticality aspects may arise.

The Core with Adding DOppleR effect (CADOR) based on reinforced Doppler reactivity feedback is shown to be an attractive means of effectively preventing such reactivity insertion accidents [START_REF] Zaetta | CADOR "core with adding DOppleR effect" concept application to sodium fast reactors[END_REF].

KGH coefficients calculation

The KGH method is used in this work to evaluate the behavior of the reactor core during transients at a pre-design stage. A transient is characterised by the variation of a limited number of core parameters (see Paragraph 3.2.2.3.1) : reactivity, power, flow rate, inlet and outlet sodium temperatures, but also by the creation of feedback effects which tend to bring the reactor back to a state of equilibrium. At this state of equilibrium due to the feedback effects, the reactivity balance can be written as:

ρ Transient + ρ Feedback = 0 (3.41)
The use of partial derivative allows to write the reactivity feedback ρ Feedback as a function of the core inlet temperature T • Int , the core heating ΔT • and the relative core power P P Th :

ρ Feedback = ∂ρ Feedback ∂T • Int • dT • Int + ∂ρ Feedback ∂ΔT • • dΔT • + ∂ρ Feedback ∂ P P Th
• d P P Th (3.42) From the Equation 3.42, K, G, H coefficients are defined as:

• K = ∂ρ Feedback ∂T •

Int

: core reactivity variation following a variation of the core inlet temperature, T • Int .

The K coefficient is representative of the asymptotic response of the reactor to a change of T • Int . It is expressed in [PCM/°C] meaning that a coolant temperature increase of 1 °C at the inlet of the core induces a reactivity feedback insertion of K PCM. K, G, H coefficients are then functions of well known operational reactor parameters: the core inlet temperature, the core outlet temperature, and the nominal core power, but also of the core reactivity feedback effects. These feedback are: the Doppler effect, the materials expansion (sodium, fuel, hexcan, fuel cladding, grid) and the differential expansion core-rods-vessel. The differential expansion core-rods-vessel reflects the change in the position of the control rods in the reactor core, which leads to a change of the core reactivity. This change of position is mainly due to the expansion of the control rods mechanisms. The main advantage with using the KGH method is that the K, G and H coefficients can be measured in FR during start-up tests. In the next paragraph, the calculation method used to obtain each of them is developed. Obviously all K, G, H coefficients must be negative, if not, the reactor would be unstable.

-Calculation of the coefficient K K is the core inlet temperature coefficient. To calculate only the reactivity effect of this coefficient, the method used is to simulate only a change in the core inlet temperature while keeping unchanged the core heating and thermal power. The aim is to isolate and highlight only the reactivity effect due to this coefficient.

By varying T •

Int by +1°C, T • Int-Perturbate = T • Int-Nominal + 1 and keeping unchanged the other operational reactor parameters, the core heating ΔT • = unchanged and the nominal core power P Th = unchanged , the reactivity feedback effects that occur are shown in Table 3.10. To keep ΔT • unchanged, the core outlet temperature T • Out is increased by +1°C. Table 3.10: Reactivity feedback effects included in K coefficient

Main feedback effects K: Inlet T°coefficient

Doppler Effect X Coolant Expansion X

Structure Expansion X Fuel Expansion X Grid Expansion X

Core-rods-vessel Expansion

The K coefficient is therefore calculated as follows: • T Fuel-Perturbate : corresponds to the fuel temperature for the state with an increase in core inlet temperature of 1°C with unchanged ΔT • and P Th . Thus, the core coolant temperature increase by 1°C. This new core coolant temperature is therefore used to obtain the new initial condition (see Paragraph 3.1.3.1.6) to solve the heat transfer equation and thus, obtain T Fuel-Perturbate .

K = K D ×ln T Fuel-
• ΔT Fuel = T Fuel-Perturbate -T Fuel-Nominal

• ΔT Coolant = T Coolant-Perturbate -T Coolant-Nominal = 1

• ΔT Stru = T Stru-Perturbate -T Stru-Nominal : T Stru is the clad temperature, also given by solving the heat equation in the cladding.

• ΔT Grid = T Grid-Perturbate -T Grid-Nominal : it is assumed that the grid has the same temperature as the fuel cladding.

-Calculation of the coefficient G G is the core heating temperature coefficient. To measure it, the core heating temperature is varied by +1°C ΔT • Perturbate = ΔT • Nominal + 1 while keeping the core inlet temperature T • Int and thermal power P Th unchanged. In this case, only T • Out increases by +1 °C.

The expression of G and the feedback effects included in it are: (3.44) The contributions of the fuel, structure and core coolant to the G coefficient are calculated in the same way as for the K coefficient. Note here that the core coolant temperature used to obtain the initial condition for solving the heat equation in the fuel pin increases by +0.5 °C.

For α Core-rods-vessel , it corresponds to the reactivity inserted in the reactor core as a result of the change in position of the boron carbide sub-assemblies, mainly due to the thermal expansion of their driving mechanisms. In this work, this reactivity is obtained from the initial position of the control rods in the reactor core H rods-Init and their total reactivity worth when fully inserted Rho B4C . To do so, a graphical parameter, named S-curve, has been used.

The S-curve is a characteristic curve of the control rods worth as a function of their insertion position in the core. It is a two-dimensional curve where the ordinate S Curve-Y corresponds to the integral control rods worth normalised to 1, while the abscissa S Curve-X is the relative position of this rods into the fissile zone.

S Curve-Y = 1 Rho B4C × H Core 0 ρ rods • dy ρ rods : rods worth at the position dy

S Curve-X = 1 H Core × H rods-Core
H rods-Core : position of the control rods in the core. H rods-Core = 0 means that the control rods are not inserted in the core where H rods-Core = H Core means that they are fully inserted.

Figure 3.22 shows the S-curve for two core geometries, the EBR-II R Core = 34.85 cm, H Core = 34.30 cm geometry and the Phenix geometry R Core = 69.50 cm, H Core = 85.00 cm and for different 10 B content in the boron carbide sub-assemblies.

It can be deduced from Figure 3.22 that the S-curve is independent of both the core geometry and the 10 B content. By fitting this S-curve, one obtains the expression of the normalised control rods worth Y, as a function of their percentage of insertion in the reactor core, X: Y = f • X . The calculation of the α Core-rods-vessel follows thus the 3 steps below:

1. Calculation of the control rods mechanism height (see Figure 3.21)

H Mec. = H Vessel -H Grid -H Plenum -H Core -H Shield -H Core -H Shield + H Init (3.45)
H Vessel is given by the vessel design module; H Grid = Constant and H Shield = T SR = 50 cm 2. The variation in length of the mechanism and therefore the position of the control rods in the core corresponds to:

ΔH Mec. = β Steel × H Mec. × Δ ΔT • (3.46)
β Steel is the linear thermal expansion coefficient of steel, β Steel = 16 • 10 -06 in m/ m. • C [START_REF] Nedoseka | 2 -welding stresses and strains[END_REF] Δ ΔT • = 1 °C: the core heating temperature increases by +1 °C.

3. Using expression of the S-curve, α Core-rods-vessel is then given by:

α Core-rods-vessel = f • H Init + ΔH Mec. H Core -f • H Init H Core × Rho B4C (3.47)
-

Calculation of the coefficient H

For the the core power coefficient H, the reactivity feedback effects that occur when varying the nominal core power by 1%, P Th-Perturbate = 1.01 × P Th-Nominal , and keeping unchanged T • Int and ΔT • are shown in Table 3.12: Table 3.12: Reactivity feedback effects included in K coefficient

Main feedback effects K: Inlet T°coefficient G: Heating coefficient H: Power

coefficient Doppler Effect X X X Coolant Expansion X X Structure Expansion X X Fuel Expansion X X X

Grid Expansion X

Core-rods-vessel Expansion X

The H coefficient is therefore obtained as:

H = K D × ln T Fuel-Perturbate + 273 T Fuel-Nominal + 273 + α Fuel × ΔT Fuel (3.48)
The calculation of the fuel temperature is done by solving the heat transfer equation at an adjusted heat flow rate that corresponds to the increase of the nominal power by 1% (see Paragraph 3.2.2.2). Furthermore, in this resolution, the cladding temperature remains unchanged compared with the nominal state.

In the case of a linked-fuel (as assumed here) where the fuel expansion is conducted by the pin cladding, α Fuel = 0 in the calculation of the H coefficient.

With the calculation of K, G, H coefficients but also the core pressure drop and the fuel pins temperature, several outputs are thus available to evaluate the designs provided by the design tool. Now it is the stage of putting constraints in place to ensure that some physical aspects are respected.

Design constraints

As with the core design module, constraints are also imposed in the assembly module stage to ensure the physical feasibility of the designs provided. These constraints are as follows:

• Vibrations & Corrosion: to avoid structural vibrations in the reactor, the coolant velocity should be less than 12 m/s [START_REF] Qvist | The adopt code for automated fast reactor core design[END_REF]. For a lead coolant, the most restrictive constraint is that related to the control of the corrosion of the core structure, which implies a coolant velocity of less than 2 m/s (see Paragraph 1.1.3.2).

V Coolant < V Limit = V Limit = 12 m/s • C for sodium coolant V Limit = 2 m/s • C for lead coolant (3.49)
• Fuel centerline temperature: for each design, the fuel centerline temperature in the hottest pin (with the highest power peaking factor) should not exceed the melting temperature of the nuclear fuel used. These melting temperatures are as follows [IAEA, 2011]:

T Center-Fuel ≤ T Melting-Fuel =        2750 • C for MOX fuel 1127 • C for metal fuel 2477 • C for carbide fuel 2797 • C for nitride fuel (3.50)
• Eutectic formation for metallic fuels: one of the major drawbacks of metallic fuel is its chemical reaction with some cladding materials. This interaction leads to the formation of liquid phase in the cladding and occurs for cladding temperatures above 700 °C [START_REF] Viallard | Etat des connaissances sur le combustible métallique des RNR[END_REF]. As a result, the following constraint is mandatory in the design process but only for metallic fuels.

T Clad-Metal < 700 • C (3.51)

• Reactor stability: all K, G, and H coefficients must be negative, if not, the reactor would be unstable:

KGH method :

   K < 0 G < 0 H < 0 (3.52)
• Cladding resistance to fission gases: the 8-step algorithm proposed in paragraph 3.2.1.2 makes it possible to fully design the heterogeneous assembly, and therefore, to calculate the cladding thickness of the fuel pins. Furthermore, the expansion chambers are sized such to withstand the pressure of the fission gases, but in nominal regime.

The constraint checked here aims to ensure the mechanical integrity of the cladding with respect to the pressure of the fission gases, particularly in a very penalising transient which is that of the Loss Of Off-site Power (LOOP). For this transient, the cladding temperatures can reach up to 800 °C, which leads to a decrease in the mechanical strength of the cladding steels (Figure 3.23).

For this integrity constraint, the approach adopted here is a purely mechanical one, which consists of ensuring that the clad thickness T Clad , obtained by the 8-step algorithm is at least greater than a minimum clad thickness, δ Clad-min calculated by taking into account the minimum material laws.

T Clad ≥ δ Clad-min (3.53) δ Clad-min is calculated as follows. According to [START_REF] Qvist | The adopt code for automated fast reactor core design[END_REF], the maximum pressure P max , allowed for pressurised tubes, and by equivalence in a pin rod, is: σ max : the maximum allowable stress in MPa , given by the following relationship,

P max = σ max × δ Clad-min 0.5 × D Clad -0.4 × δ Clad
σ max = min σ Tensile 3 , σ Yield-stress-0.2% 1.5
where σ Tensile is the tensile strength and σ Yield-stress-0.2% the yield stress at 0.2% of the cladding.

σ Tensile and σ Yield-stress-0.2% are function of the irradiation, the type of material and the cladding temperature. As a reminder, in this thesis, the cladding material is characterised by its limit in dpa. In Figure 3.23 are given the variations of σ Tensile and σ Yield-stress-0.2% as a function of the temperature , for an irradiated steel of type AIM1 (i.e. with a maximum dpa of 130) [START_REF] Pétesch | Règles d'analyses mécaniques des strucures irradiées -RAMSES II[END_REF].

In this graph, both the minimum and average laws of the materials are given. For the calculation of δ Clad-min , Equation 3.54 is used with the following CEA recommendations:

-The minimum material laws are used for the calculation of σ Tensile and σ Yield-stress-0.2% .

-It is calculated for a temperature of 800 °C to which a margin of +20 °C has been added. The last step in the assembly design module is to estimate the number of assemblies whose high decay heat at the end of their irradiation time would not allow them to be handled out of the reactor vessel.

σ max = 1 2 • min σ Tensile [T = 820 • C] 3 , σ Yield-

Interface parameters: vessel internal storage

The sizing of the vessel internal storage is used to calculate the diameter of the primary handling devices.

As a reminder, this handling sizing is necessary to bring out transportability considerations in the FR design process.

The internal storage is intended to receive the fuel assemblies that cannot be handled out of the vessel after their total irradiation time mainly because of their high decay heat. Indeed, removal of a fuel subassembly from the primary vessel is only possible when its decay heat reaches a value of 30 kW [START_REF] Chassignet | Challenges and innovative technologies on fuel handling systems for future sodiumcooled fast reactors[END_REF], if not, it remains in the internal vessel storage.

In this work, it is assumed that there is 4 batches of fuel loading and therefore 4 cycles (see section 3.1.2.2). At the end of each cycle, 1/4 of the fuel sub-assemblies (N Fuel-Ass ) are to be removed from the core. The sizing of the internal storage done in this document consists mainly in calculating the number of batches among the 4 to be placed in the internal storage. To obtain it, a correlation is used which gives the decay heat law of a core as a function of the time and the reactor nominal thermal power. Several correlations for measuring the decay heat of a reactor core are proposed in the literature. The one used for this study is taken from [START_REF] Cea | EFR98 decay heat removal system technical synthesis[END_REF], [START_REF] Morin | Copernic, a new tool based on simplified calculation methods for innovative lwrs conceptual design studies[END_REF]. As an illustration of this correlation used, Figure 3.24 below gives the decay heat curve of a 563 MWth reactor power before shutdown at time 0. Based on this correlation, the method for sizing the internal storage, N Storage-Fuel is as follows:

• N Storage-Fuel = 0; i.e. no internal storage is needed if:

Core Decay Heat t = 0 N Fuel-Ass ≤ 30 kW This is how the number of assemblies to be placed in the internal storage is calculated. These assemblies should be able to be reached by the handling devices once their decay heat allows them to be removed from the vessel. For the handling design module, the main requirement is then to allow the handling of all assemblies in the reactor vessel, i.e. core assemblies and those in storage.

Schematic representation of the design process

The schematic representation of the design process implemented in the assembly design module is summarised in the two figures below. It is a process that first deals with the design of the heterogeneous assembly as function of the core design module data and parameters as shown in Figure 3.25. In this design process, the sub-assembly lattice pitch P lat , is first calculated. This is done by considering two potential accidents: the total instantaneous blockage accident and the handling error; and by simulating the reactivity insertion resulting from these accidents. P lat is then obtained by considering the most penalising of them, while ensuring that the reactivity reserve in the control rods is sufficient to compensate for the positive reactivity effect inserted in the core by these accidents. P lat thus obtained, the design of the fuel pin is then carried out in particular according to the core volume fractions. Given that several pin designs are possible depending on the assembly ring count, an 8-step algorithm is used to highlight all the possible design solutions, which can then be studied at the optimisation stage. Finally, the last parameter calculated for the fuel assembly is the height of the expansion chambers. This is calculated to ensure that the fission gases release under nominal operating conditions do not cause too much increased pressure on the pin cladding.

Once the design is complete, the outputs of interest calculation stage begins. The outputs calculated are related to the thermomechanical and thermal-hydraulic behaviour of assembly designs, but also to the core behaviour during unprotected transients. The thermal-hydraulic outputs, mainly the coolant velocity and the pressure drops, are obtained using analytical formulas. For the thermomechanical output considered, which is the radial temperature distribution in the pin rod, it is obtained by numerically solving in steady state the heat equation in the hottest fuel pin. Finally, for the calculation of the outputs related to the core behavior during unprotected transients, it is done by using the so-called KGH method. This method is based on the calculation of three global reactivity feedback coefficients: K, G, H and on a quasi-static equation which describes the evolution of the core state following a change in its inlet temperature, its heating, its thermal power and/or its reactivity. The calculation of these three global reactivity coefficients requires the core feedback effects: Doppler constant, structure, coolant, grid, fuel expansion coefficients (provided by the core module) and the reactor vessel height (must be provided by the vessel design module).

As for the core design module, the respect of physical constraints are also checked in the assembly design module. These constraints are related to the vibrations of the reactor structures, the temperature distribution in the hottest fuel pin, the neutronic stability of the reactor core and the cladding resistance to fission gases during a very penalising transient such as that of LOOP. Figure 3.26 below summarises the calculation process for these design outputs and related constraints. Additionally, the assembly design module has been developed to allow the exploration of design options related to the design of the fuel pin (with or without central hole) and the shape of the assembly (square or hexagonal). In the following chapter, the design approach implemented in the handling, vessel and DHRS design modules will be discussed, according to the specifications defined in Chapter 2: Methodology, scope and modelling.

Fuel handling system design module

Methodology and variables

The handling design module is mainly important in this research work to calculate the diameter of the reactor vessel in order to take transportability into account in the design process. Indeed, the primary handling is intended to be placed in the primary vessel.

In FR, several technological solutions can be used for this primary handling. Of these solutions, three options will be explored in this document: the use of two rotating plugs, the in-cell fuel handling and the use of a single rotating plug associated to a pantograph arm. In the following paragraphs, each of these technological solutions will be presented and then, in a second stage, the methodology followed to determine the space occupied by the handling devices in the primary reactor vessel will be discussed.

Primary handling design options

Use of two rotating plugs

Of the three handling options considered in this document, this solution is the most mature technology. It is characterised by the use of a:

• Large Rotating Plug (LRP) slightly off-centre in relation to the core axis

• Small Rotating Plug (SRP) located on the LRP and off-centre in relation to the axis of the LRP

• Direct lift machine placed in the centre of the core cover structure and finally

• Rotating arm fixed to the LRP [START_REF] Dechelette | Study and evaluation of innovative fuel handling systems for sodium-cooled fast reactors: Fuel handling route optimization[END_REF].

By their combined rotational movements, the two rotating plugs enable the handling machine to reach all the core assembly locations. The rotating plugs also support the core Upper Inner Structure (UIS) and seal the reactor slab. The UIS is a structure located at the top of the core that carries many core and assembly control and monitoring systems, such as the control rods driving mechanisms, the thermalcouple for measuring the outlet temperatures of the assembly, etc. In this primary handling solution, an assembly is removed from the core in two stages. Firstly, the direct lift machine moves the assembly to the recovery station, which are specific locations on the periphery of the fissile core. Next, the handling arm picks up and moves the assembly to the loading/unloading station, before final removal from the reactor vessel through this loading/unloading station. The solution of the primary handling by the use of a single rotating plug, a UIS with a slot, and a flexible arm is an idea mainly developed by the Japan Atomic Energy Agency (JAEA). This solution eliminates the need for one more rotating plug (compared with the two rotating plugs solution) and therefore considerably reduces the diameter of the vessel. In this type of handling, a pantograph-type fuel handling machine goes through a slot made in the UIS giving access to the core components so that it could handle them (Figure 4.2). This innovative solution is of great interest, but there are still many questions about the feasibility of its implementation and, above all, about the consequences of such a concept on the design of the reactor vessel, on the instrumentation of the assemblies under the UIS slot, etc.

UIS LRP

Reactor vessel UIS slot Pantograph (a) UIS slot steam supply system (reactor structure, primary and secondary cooling systems) in the used systems. That means that the reactor construction costs of the used systems are strongly affected by their large reactor vessels, and an innovative compact reactor vessel design could reduce the construction cost dramatically. In the JSFR design, we have adopted a new fuel handling system that consists of a single rotating plug, a UIS with a slit, and a flexible arm. Figure 2 shows a concept of the JSFR FHM, which is an example of the manipulator type. The FHM arm goes through the UIS slit accessing core components so that the FHM could handle them without large UIS motion to achieve a compact reactor vessel (RV). After accessing a fuel subassembly, the gripper in the gripper storage case goes down to catch a fuel subassembly. The gripper consists of three gripper hooks arranged in the same plane at 120 degree interval, which open from inside to outside. After catching a fuel subassembly, the gripper goes up and a fuel subassembly is pulled out from the core to the gripper storage case. By using the proposed in-vessel fuel handling system, the JSFR RV diameter is 1.5 times as large as that of Monju, while the power output is 5.4 times, as shown in Fig. 1.

In the design study of the FHM mentioned above, we have studied two types of FHM concept, one is the manipulator type 2) and the other is the pantograph one. As a result, we have chosen the pantograph type from the viewpoint of a possibility of ease of recovery from abnormal events during telescopic motion of the arm, because the arm can be folded only by enforced pull motion even in the narrow RV space, 3) while the manipulator one must be controlled in two directions. Figure 3 shows the overview of the pantograph-type FHM. The new FHM consists of the main body, pantograph arms (long and short arms), gripper, gripper storage case, and drive unit. There are few experiences on the pantograph-type FHM with flexible positioning. Fermi, Phenix, FFTF, and Monju have pantograph-type FHMs, but their arms are fixed at offset positions. 4) Only PFR has accumulated experiences on a pantograph-type FHM with flexible positioning. The experiences of the PFR FHM have shown that the system works excellently. 5) However, the JSFR FHM requirements seem to be harder than those of PFR, as discussed in the next paragraph.

Adoption of the proposed FHM involves the following new challenges: stiffness against subassembly load/unload operation, positioning accuracy, and toughness against seismic conditions. The FHM arm and gripper mechanism must be designed to suit the narrow UIS slit since the FHM arm and gripper mechanism go through that. In normal operation, friction of subassembly load/unload operation could be large due to the tight inter-subassembly contact caused by the subassembly deformation with high burnup. From the viewpoint of operation, the FHM arm position has to be predicted in the order of millimeters, since in-vessel subassembly handling is conducted under the reactor vessel plug and sodium. To confirm the FHM positioning accuracy, a full-scale test is required because the required accuracy is in the order of millimeters. At this development stage, it is better to conduct the positioning accuracy test in air instead of under sodium, since measurements under sodium are not flexible. Under seismic conditions, the interaction between the FHM and other components has to be avoided, and the seismic analysis model has to be validated by an experiment. Since there are many mechanical parts and movable parts that have certain clearances, a full mock-up is also preferable from the viewpoint of the seismic model validation.

In this study, a full-scale mock-up of the JSFR FHM has been manufactured. Normal operation tests in air have been conducted simulating the JSFR FHM operation conditions including subassembly load/unload operation. Positioning of the FHM arm has been checked to confirm that the FHM meets the accuracy requirements. Stiffness data of the mock-up FHM has been accumulated to show that the FHM has the required stiffness and to improve the seismic analysis model. The seismic analysis model has been validated by comparing the numerical and experimental results of the natural frequency and the oscillation mode. 

Use of in-cell fuel handling

The in-cell handling solution is based on the evacuation of the UIS in a cell located above the vessel, freeing access to the core and allowing a machine to carry out assembly handling through the reactor slab and in an inert gas environment. Thus, in the in-cell handling solution, the core assemblies are accessed directly from outside the reactor, after removal of the core cover structure. The reactor core is surmounted by a sealed enclosure in which the handling machines are deployed (Figure 4.3).

However, this solution has a number of drawbacks. First of all, there is a risk of falling of the UIS during the handling operations. Moreover, the structure composing the cell is bulky, expensive and it should stand high temperatures within a fully-inert atmosphere for all the reactor lifetime. Finally, this solution presents a very little feedback, and to date the only cell-based handling system is the small SEFOR reactor (Southwest Experimental Fast Oxide Reactor, 20 MWth) in the United States. The three handling options explored in this document thus presented, the methodology used in this work to determine their impact D Handling , in the primary vessel is purely geometric. This variable of interest D Handling , that need to be calculated in the handling design module so that it can be used in the vessel module for transportability considerations corresponds, for each of the design options explored, to: the diameter of the large rotating plug for the handling solution with two rotating plugs, the diameter of the single rotating plug in the solution with a pantograph arm and finally, for the in-cell handling, the diameter of the core cover structure. The method for calculating D Handling is discussed in the next section.

Interface parameters: diameter of the primary handling devices

The parameter D Handling is calculated in this document on the basis of what has been done in a tool named COPERNIC*. COPERNIC is a reactor pre-design tool developed by CEA [START_REF] Morin | Copernic, a new tool based on simplified calculation methods for innovative lwrs conceptual design studies[END_REF]. As a reminder, there is a glossary at the end of the document where terms in bold followed by an asterisk (as COPERNIC*), are explained/presented in more detail.

In order to calculate the dimensions of the primary handling devices, COPERNIC uses a geometric approach, ensuring that a set of constraints are met. A set of handling devices parameters is then determined based on input parameters to be entered by the user. For the case of handling solution with two rotating plugs, the geometric representation of this solution and some of the variables that are determined by the COPERNIC tool are shown in Figure 4.4. • Calculation of the UIS diameter, D UIS : it is determined by the position of the instrumented assembly furthest from the core centre. Its calculation requires the core diameter and the assembly lattice pitch to be entered as input data.

• The spacing between the axes of the SRP and the LRP, T SRP-LRP as well as the diameter of the SRP, D SRP are then calculated according to D UIS , to which margins have been applied. In this calculation, the input data are the diameter covered by the core assemblies and those in the vessel internal storage. Here, it is assumed that these assemblies in the reactor vessel internal storage are placed uniformly around the steel reflector assemblies.

• Finally, the diameter of the LRP, D LRP is calculated as a function of T SRP-LRP and D SRP , taking into account margins to reflect the size of the bearings around the mechanism.

Similarly, for the handling solution using a pantograph arm, the spacing between the axis of the arm and the rotating plug is first determined on the basis of the dimensions of the UIS. Then, by taking into account a set of margins resulting from the feedback from the work carried out by the JAEA on this concept, the space required by the large rotating plug is calculated.

Finally, in the case of in-cell handling, since the UIS is removed during handling operations, it is the diameter of the core cover structure that is given by the COPERNIC tool and that will be taken into account when calculating the diameter of the reactor vessel. This core cover structure diameter is mainly given by the size of the internal storage for the assemblies with high decay heat, assemblies which are placed around the steel reflectors of the core.

A simplified graphical representation of the design process in the handling design module and the input data used is given in the next section.

Schematic representation of the design process

The schematic representation of the design process implemented in the assembly design module is summarised in the Figure 4.5 below. The main inputs needed are the size of the assembly lattice pitch, the core diameter and the size of the internal storage. 

Primary handling options

Two rotating plugs, single rotating plug + pantograph, in-cell handling.

𝐃 𝐔𝐈𝐒 𝐃 𝐇𝐚𝐧𝐝𝐥𝐢𝐧𝐠 This handling module is only used in the design process in order to have, depending on the handling design options studied, the impact of the size of the handling devices on the diameter of the primary vessel. This impact must be calculated in order to consider transportability which often depends on the diameter of the reactor vessel. In this work, the reactor vessel transportability is evaluated by the vessel design module which is discussed in the next section.

Reactor vessel design module 4.2.1 Methodology and variables

In the design tool developed in this thesis, the vessel module allows to consider transportability and passive safety objectives in the FR design process. In order to consider these criteria, it was shown in Chapter 2 that it is necessary to calculate both the vessel diameter and the vessel height respectively to evaluate the transportability and the core passive safety. It was also shown that the steel and coolant mass data in the primary circuit are to be calculated in the vessel design module in order to be used as input in the DHRS design module. In what follows, the conventional method used for reactor vessel sizing will first be presented before showing the design approach adopted in this module.

The conventional approach to the design of FR vessel consists in estimating the energy released when all the nuclear fuel in the reactor core vaporises following a gravity compaction of the whole core and the failure of the reactor cooling systems [START_REF] Bethe | An estimate of the order of magnitude of vigorous interaction expected should the core of a fast reactor collapse[END_REF]. This energy released has been used for years to conservatively size the reactor vessel. However, applied to large volume cores as the SFR Superphenix, this method proved to be too conservative and led to an overestimation of the mechanical loading on the reactor vessel. Thus, for large volume cores, a representative scenario is chosen and the mechanical energy released from this scenario is estimated and used to design the primary containment. For example, for the Superphenix reactor, the representative scenario used was the Unprotected Loss of Flow (ULOF). This transient was presented in paragraph 3.2.2.3.1. The following Figure 4.6 shows the different phases of the core during a ULOF transient in a homogeneous core [START_REF] Droin | Modélisation d'un transitoire de perte de débit primaire non protégé dans un RNR-Na[END_REF]: This approach differs from the methodology followed in this research work. Here, the height of the vessel is determined so as to be able to evacuate, by natural convection flow, the power of the core corresponding to the moment when the boiling sequence in case of a ULOF transient is reached. In other words, what is calculated is the driving height necessary for the accident to end by natural circulation at the step of the boiling phase of the primary coolant (see Figure 4.6). This calculated height can therefore be seen as an output to evaluate the reactor passive safety, but also as a rough economic estimator since it has a direct impact on the reactor structures, particularly on the height of the reactor containment building.

For the vessel diameter, it is calculated such to allow the containment of the primary handling devices and for a pool-type configuration, the primary pumps and the IHX. This diameter can be seen as an estimator for the compactness of the vessel since it will make it possible to take into account considerations related to the transportability of the reactor.

Finally, for the safety estimation related to protected transients that will be considered in the next DHRS design module, the coolant and steel mass inventories in the primary must be calculated and will be calculated in this vessel module. The methodology followed for calculation of these inventories is mainly based on the feedback experiences from SFR. Furthermore, the vessel module is developed in such a way that the following two options for the configuration of the primary circuit can be taken into account: the loop-type* design and the pool-type*. As the vessel height and diameter are linked to outputs of interest: natural convection ability of the reactor for the vessel height and transportability for the vessel diameter, they are calculated in the following section.

Outputs of interest

Ability to natural convection

Natural convection is the natural circulation of a fluid between a cold spot and a hot spot mainly due to the difference in density between these two spots. By equalising the driven pressure of the natural circulation and the overall pressure drop in the core, one can write:

Δρ • g • H Driving = ΔP Drop (4.1)
By considering in the calculation of ΔP Drop only the regular and singular pressure losses and by using the Boussinesq approximation, the previous equation becomes: As previously stated, H Driving is determined as to be able to evacuate the core thermal power at the time of coolant boiling in case of a ULOF transient, so V Coolant-Conv. corresponds to:

β Coolant • ΔT • g • H Driving = 1 2 f × H Core + H Plenum D h + K Inlet + K Outlet • V 2 Coolant-Conv.
V Coolant-Conv. = P Th-Boiling

ρ Coolant × S h × N Fuel-Ass × C p-Coolant × ΔT
The thermophysical properties of the coolant (density, heat capacity) are obviously to be calculated according to the new thermal state of the core. For the calculation of the core power at the time of coolant boiling, it is done by using the quasi-static equation from the KGH method, Equation 3.42, integrated from the initial/nominal state of the core to the state corresponding to the boiling of the coolant:

δρ Transient + K • δ T • Int + G • δ ΔT + H • δ %P Th = 0 (4.3)
In this equation, one assumes that the coefficients K, G and H are constant between the beginning of the transient and the first moments of boiling. Knowing that in case of ULOF transient no reactivity is inserted in the core on one hand ρ Transient = 0 and on the other, it is assumed that the secondary continues to evacuate the reactor thermal power, thus maintaining a constant core inlet temperature δ T • Int = 0 , Equation 4.3 becomes:

G • ΔT Boiling -ΔT + H • P Th-Boiling P Th -1 = 0 (4.4)
ΔT and P Th : the core heating and thermal power in nominal operation; ΔT Boiling and P Th-Boiling : the core heating and thermal power at the state of the coolant boiling.

P Th-Boiling is therefore obtained from this Equation 4.4. For a sodium coolant, boiling is considered to occur at 900 °C, so ΔT Boiling = 900 -400 (see Table 3.4). However, for a lead-bismuth coolant, given that boiling of such a coolant is practically impossible, the thermal power used in the calculation of the driving height is also based on a final state of the core corresponding to a core outlet temperature of 900 °C. This gives the necessary driving height, H Driving , to end the sequence of an ULOF transient by establishing a natural convection flow.

This calculated H Driving corresponds in fact to the height between the core inlet and the IHX inlet. Thus, in the design tool, the vessel height provided corresponds to this driving height to which a margin is added (based on feedback from SFR) to take into account the height of the grid and the free volume above the primary coolant [START_REF] Sciora | Personal communication[END_REF].

H Vessel = H Driving + 4.2 m (4.5)
However, here a problem of circular reference should be pointed out. Indeed, to obtain the G coefficient in the KGH method, it is necessary to consider the vessel height as input data in order to calculate the change in reactivity caused by the differential expansion core-rods-vessel. Nevertheless, as shown above, this G coefficient is used for the calculation of the vessel height. To deal with this circular reference, an iterative process has been set up. It consists of guessing a vessel height to calculate the G coefficient and then recalculating this height following the approach proposed in this section. The iterations stop when this recalculated height and the initially guessed height differ by a tolerance of less than 10 cm ±10 cm .

Whatever the configuration of the primary circuit, pool or loop, the same process is followed for the calculation of H Vessel .

Transportability

The calculation of the vessel diameter is done in the thesis in order to consider economic and transportability indicators in the design process. Depending on the configuration of the primary circuit, Figure 4.7 below gives a schematic representation of the vessel and the components it contains. In a pool-type* configuration, the diameter of the vessel is mainly given by the diameter of the handling devices and that of the IHX: the radial dimension of the IHX is often larger than that of the primary pumps, hence the fact that their impact in the vessel diameter is covered by that of the IHX. For a loop-type* concept however, the diameter of the vessel is given in the first order only by that of the handling devices which is obtained here from the handling design module.

In this sense, the vessel diameters given by the design tool are as follows. They correspond in fact to minimum values but they are the ones that are considered in the design process as the vessel diameter.

• The main work in this section is mainly the calculation of the diameter of the IHX, only in case of pool design. The approach taken in this document is to find the number of tubes N Tubes that each exchanger must contain to ensure that the thermal power generated in the core can be removed.

The diameter of an IHX is then as follows, D Tube being the diameter of a single tube:

π • D 2 IHX 4 = π • D 2 Tube 4 × N Tubes (4.6)
By highlighting this number of tubes in the following equation of the power to be evacuated by the exchanger, one obtain the following expression:

Φ IHX = k IHX × π • D Tube • L Exchange • N Tubes × Δ LMTD (4.7) 
Φ IHX : thermal power removed by an IHX in W ; k IHX : heat transfer coefficient in W / m 2 • • C ; L Exchange : length of single tube in [m]; Δ LMTD : the logarithmic mean temperature difference.

For the calculation of N Tubes and subsequently the diameter of each exchanger, the following assumptions and procedure are followed:

• For all designs provided by the developed tool, it is considered that there are 3 loops of IHX in the reactor (as in the French Phenix, Japanese Monju and British PFR fast reactors), each loop capable of removing 1/3 of the nominal thermal power of the reactor:

Φ IHX = P Th 3
• The effective exchange length of the IHX, L Exchange must be equal to the previously calculated driving height. Indeed, L Exchange corresponds to the definition of the driving height which is the length between the exchanger inlet and the core inlet (See Figure 4.8).

L Exchange = H Driving

• The diameter of a single tube in the IHX is considered constant. The value taken is that of the French SFR ASTRID D Tube = constant

• The logarithmic mean temperature difference Δ LMTD , is calculated by considering as temperature data at each end of the double pipe exchanger the same as those of the Phenix reactor, which can be found here [START_REF] Sauvage | Phénix: 35 years of history: the heart of a reactor[END_REF].

• The calculation of the heat transfer coefficient k IHX requires the calculation of the non-dimensional coefficients Nusselt, Reynolds and Prandtl. However, these coefficients cannot be calculated without knowing the design of the exchanger, more particularly the number of tubes it contains. The following procedure is therefore considered:

-Guess an initial value for N Tubes -Calculate k IHX knowing that the design of the IHX and its power are known -Use of the Equation 4.7 to calculate L Exchange -This process is repeated until the difference between L Exchange and H Driving is within a tolerance of ± 10 cm.

This approach therefore makes it possible to obtain N Tubes , then D IHX and finally D Vessel for a pool reactor. 

Interface parameters: coolant and steel inventory in the primary circuit

The coolant masses, m Coolant , are obtained from correlations based on coolant inventory data from past sodium reactors. These data come from [IAEA, 2006]. For the correlations, they have been established according to the primary circuit as follows:

• Pool reactor: an exponential law is used for the mass of the primary coolant as a function of the core thermal power (See Figure 4.9a). This law chosen is based on the feedback from Chinese, Russian and American reactors. Another trend given by the French and English reactors can also be observed.

• Loop reactor: here, the law used is linear as a function of the core power (See Figure 4.9b).

m Coolant = f • P Th (4.8)
Finally, the steel masses are derived from this primary coolant mass by using the following equation:

m Steel = π • D 2 Vessel 4 × H Vessel -V Core • F Fuel + F He - m Coolant ρ Coolant • ρ Steel (4.9)
V Core , F Fuel and F He are obtained from the core parameter (Table 3.2).

This equation means that the volume of steel corresponds to the vessel volume minus the helium and fuel volumes in the core, but also minus the volume of the primary coolant. However, it should be noted that the volume of argon (or inert gas), which is often above the primary coolant, is not considered here.

The primary coolant and steel inventory thus obtained can be used to highlight safety estimators related to a loss of off-site power transient as it will be discussed in the section following the next paragraph, which will deal with the schematic representation of the design process in the vessel module. 

Schematic representation of the design process

The vessel design process is shown schematically in Figure 4.10 below. In simple terms, it is a threestage design process. Firstly, the height of the vessel is calculated in order to guarantee the evacuation, by natural convection, of the core thermal power at the state of coolant boiling during a ULOF transient. This core thermal power is determined by using the global reactivity feedback coefficients of the KGH method.

Next, the diameter of the reactor vessel is calculated by ensuring that it can contain both the primary handling devices and, in the case of a pool configuration for the primary circuit, the intermediate heat exchangers. Three loops of IHX are considered and sized so that each can evacuate at least one third of the reactor nominal thermal power.

Finally, the masses of coolant and steel in the primary vessel are obtained according to the feedback from SFR, but also according to the size of the primary vessel previously calculated. These data on the mass of steel and coolant are necessary to study the behavior of the core during protected transients as it will be studied in the next section. 

Methodology and variables

The DHRS module mainly focuses on the consequences of a Loss Of Off-site Power (LOOP) transient which involves the loss of all primary and secondary pumps and leads to a reactor SCRAM*. This accident is thus a protected accident and the main challenge here is to evacuate the core decay heat and avoid a rise in temperature that could lead to irreversible conditions. After the reactor shutdown, the change in temperature in the primary vessel with the time can be known by solving the following equation:

∂T ∂t = P Core-Decay (t) -P DHRS (T) m Steel × C p-Steel (T) + m Coolant × C p-Coolant (T) (4.10) 
T: Temperature variable characteristic of the average temperature in the reactor vessel • C ; t: time variable characteristic of the time elapsed after the reactor shutdown [s]; P Core-Decay (t): core decay heat as function of the time variable W ; P DHRS : thermal power removed from the core by the Decay Heat Removal System (DHRS) W ; m Steel × C p-Steel (T) + m Coolant × C p-Coolant (T): thermal inertia of the primary circuit, depending on the masses of steel and coolant in the vessel but also on the heat capacity properties. Heat capacities are functions of the temperature variable. Masses are in kg .

In Equation 4.10, both the thermal leakage through the reactor vessel and the thermal power extracted by the mechanical inertia of the primary pumps are neglected. To solve this equation, the correlation used for the core decay heat is shown in Figure 3.24.

In case of LOOP transient, the reactor standard procedure relies on the DHRS to cool down the primary circuit such to avoid an irreversible creep of the reactor vessel structures which occurs if the temperature reaches 650 °C. Thus, to avoid this threshold temperature, the procedure implemented in the DHRS design module consists in calculating the needed power, P DHRS of the DHRS. For this purpose, P DHRS (T) is described as follows:

P DHRS (T) = k DHRS × f • (T) (4.11)
f • (T) is a function for regulating P DHRS according to the temperature in the primary circuit. It is of the form f • (T) = α + β × T, α and β being constants. This expression is derived from what was used for the French SuperPhenix reactor. k DHRS : a regulation coefficient that allows P DHRS to be adjusted according to the reactor nominal power.

The solver algorithm of Equation 4.10 consists of adjusting the coefficient k DHRS so that the peak temperature in the reactor vessel is 650 °C. Once the algorithm has converged, a set of outputs are returned. Some of these outputs are summarised in the next paragraph.

Outputs of interest

Solving Equation 4.10 by using the method described above leads to the Figure 4.11 below. It gives the temperature profile in the vessel after the reactor SCRAM*, but also the decay heat produced in the core and that extracted by the DHRS.

This graph was obtained for m Steel = 725 t and m Coolant = 800 t but also, with an imposed delay of 60 s before the effective activation of the DHRS: t Delay-DHRS = 60 s.

From this figure, several outputs of interest are obtained:

• The maximum power P DHRS , that the DHRS must be able to extract in order to avoid a temperature peak above 650 °C in the primary and therefore an irreversible state of creep as mentioned above.

• The value of the regulation coefficient, k DHRS

• The grace period before reaching the maximum temperature in the primary, t/T • (max)

• And, as lead and sodium are liquid metals, one can also calculate the time before reaching the melting temperature of the coolant, t/T • Melting-Coolant , which is to be avoided in order to prevent the solidification of the coolant. However, the calculation of t/T • Melting-Coolant requires quite long simulation times with the time variable t, to obtain it (t ≈ several weeks or even months after reactor shutdown). 

Schematic representation of the design process

The design process followed in the DHRS design module is summarised in the Figure 4.12 below. It consists in avoiding an irreversible creep of the steel structures in the reactor vessel by preventing the temperature from exceeding 650 °C. Several outputs such as the required power of the DHRS or the time before reaching the maximum temperature peak in the primary vessel, are calculated in order to be able to estimate and compare the behavior of the reactor designs during a LOOP transient. The mass data used comes from the vessel design module and the nominal core thermal power data from the core design module.

A summary of all the reactor parameters, outputs of interest and constraints evaluated by the design tool as well as the design options explored is provided in the next section.

Synthesis of the tool design modules

The main work of this thesis was to take into account a wide range of design consideration at the very start of the reactor design process. To do so, a deep analysis has been done and from it, a tool for the design of fast spectrum reactors has been developed. The initial goal of the thesis was to consider the nuclear plant in its entirety by highlighting as many parameters of interest as possible. In view of the time allocated to the project, the parameters considered in this document are those related to neutronics and nuclear fuel cycle, reactor safety (whether related to the natural behaviour of the core, or its behaviour in case of protected and unprotected transients), thermal-hydraulics and thermomechanics, transportability and finally some rough economic aspects.

In order to obtain these parameters of interest, 5 design modules were required and developed: core, assembly, primary handling, vessel and DHRS. In the specific case of the core design module, a parametrical approach was implemented and a design space was defined to enable the design tool to provide a wide range of FR designs, from low-power to high-power cores, isogenerators or burners, and so on. A total of 18 core parameters which can take several values in given ranges, have been used at the core module level. These parameters include the core thermal power, its geometry, the various volume fractions in the core medium, the isotopic composition of the plutonium used in the nuclear fuel, the type of steel, etc. In this core design module, in order to reduce the calculation times (one of the initial objectives of the thesis, see section 1.4), surrogate models were built on the basis of a learning base constructed using simplified 2Dhomogeneous core modelling with the neutronic reference code ERANOS. These surrogate models make it possible to bring out both neutronic and cycle outputs, for all the possible reactors in the design space explored.

The homogeneous modeling approach adopted in the core design module results in a loss of information on the assembly design, design which is necessary to take into account thermal-hydraulics and thermomechanical considerations. Thus, in the assembly design module, the first step is to design the heterogeneous assembly according to the core data. This assembly design process, in particular its lattice pitch, is based on a Design Basis Accident (DBA) approach. In this approach, the assembly lattice pitch is calculated so that in the event of TIB accident or handling error, the reactor reactivity control system, made of boron carbide control rods, can compensate the positive reactivity insertion induced by these two potential accidents. Once the heterogeneous assembly has been designed, thermal-hydraulic, thermomechanical related outputs as well as core behavior estimators during unprotected transients are calculated. The behavior of the core during these unprotected transients is studied here via the so-called KGH method based on the calculation of three global reactivity coefficients (K, G and H) and on a quasi-static equation of the reactivity evolution in the reactor core. Finally, in the assembly design module, the vessel internal storage is also sized to contain the assemblies with a high decay heat that does not allow them to be handled outside of the primary vessel after their total irradiation time. This internal storage is necessary in order to size the diameter of the handling devices, a step necessary for calculating the diameter of the primary vessel in order to evaluate the transportability of the reactor vessel by road. The calculation of the diameter of the handling devices is done in the handling design module.

Outputs related to transportability, which mainly depend on the diameter of the reactor vessel, are provided by the vessel design module. The diameter of the vessel is such that it can contain the primary handling devices as well as the intermediate heat exchangers if the primary circuit is of the pool-type configuration.

In this module, the vessel height is also calculated in order to be able to bring out an estimator on the ability to naturally cool the reactor (natural convection). In the design process, this height is determined in such a way as to guarantee the evacuation, by natural convection, of the core thermal power at the state of the coolant boiling in case of ULOF transient. This thermal power when coolant boiling occurs is obtained by using the K, G, H coefficients. Finally, the coolant and steel inventory in the primary vessel are calculated in this vessel module using data from SFR feedback.

These coolant and steel masses are used to derive estimators for the reactor behaviour during protected transients such as the LOOP transient. In the event of a LOOP, the core cooling by the DHRS must prevent irreversible creep of the vessel structures, which occurs if the temperature in the primary exceeds 650 °C. Several outputs such as the required power of the DHRS or the time before reaching the maximum temperature peak in the primary vessel, can then be calculated.

All five modules have been developed to explore a range of design options. In each module, the reactor variables calculated in order to bring out the target outputs are listed in the Table 4.1 below. These variables can be discrete or continuous. The discrete variables make it possible to take into account the possible technological choices for FR, such as the nuclear fuel type, the primary circuit configuration, the primary handling option, etc. Table 4.1: Variables and design options considered by the design tool

Continuous variables

Modules Variables Parameters

Reactor core 16

Thermal power, power density, inner on outer core radius ratio, height on core diameter ratio, enrichment ratio, fuel fraction, helium fraction, steel fraction, coolant fraction, maximum dpa for core structure, isotopic composition of the plutonium used in the nuclear fuel: W238 Pu , W239 Pu , W240 Pu , W241 Pu , W242 Pu , W241 Am .

Control rods 2 Rods B 4 C fraction, 10 B Content.

Fuel pins 6

Fuel pellet radius, central hole radius, cladding thickness, fuelcladding gap thickness, ring count in a fuel sub-assembly, height of the plenum expansion chamber to confine fission gases.

Fuel sub-assemblies 5

Lattice pitch, tube wall thickness, total core fuel sub-assemblies, total control rods sub-assemblies, number of fuel assemblies to be placed in the vessel internal storage.

Handling system 1 Large Rotating Plug (LRP) diameter.

Reactor vessel 6

Vessel height, number of tubes in the IHX, diameter of the IHX, vessel diameter, primary coolant mass, primary steel mass.

DHRS 2

Total power of the DHRS, power regulation coefficient.

Discrete variables: technological choices

Design choices Variables Parameters

Coolant 2 Sodium (Na), lead-bismuth (LBE).

Nuclear fuel 4 Oxide, metal fuel, carbide, nitride.

Primary circuit 2 Pool-type, loop-type.

Pins design 2

With a central hole, without a central hole.

Assembly shape 2 Hexagonal, square.

Handling system 3 Two rotating plugs, single rotating plug + pantograph, in-cell fuel handling.

This table shows that 38 reactor parameters are calculated by the design tool in order to assess the reactor ability to answer properly to a set of objectives and constraints defined in this thesis. In addition, the design tool implemented allows a set of 15 design options to be explored, which are characteristic of the possible technological solutions that can be retained in the design process.

As for the outputs related to objectives or constraints, those calculated by the design tool are shown in the Table 4.2 below. These outputs make it possible to evaluate and compare reactor designs in terms of neutronics, cycle, safety, thermal-hydraulics and other aspects. In this design tool, a set of constraints, shown in Table 4.2, are also checked to ensure the physical feasibility of the FR designs provided by the design tool. These mandatory constraints concern the mechanical strength of the cladding, the fuel centerline temperature, the control rods dedicated functions in a reactor, the reprocessing of the spent fuel, etc.

In the following chapter, Chapter 5: Optimisation process based on use cases, the structure of the design tool implemented as a result of this research work will be presented. This chapter also presents the results provided by the design tool and a set of graphical tools to facilitate the use, understanding and drawing of conclusions based on the results provided by this design tool. 

Objective functions

Objective families Variables Parameters

Neutronic 13

Fuel enrichment, breeding gain, fuel irradiation time, burnup, power peaking factor, structure expansion, fuel expansion, coolant expansion, grid expansion, Doppler constant, reactivity loss per cycle, reactivity effect iso-thermal, control rods worth.

Cycle 9

Initial mass of uranium, initial mass of plutonium, final mass of uranium, final mass of plutonium, initial mass of americium, final mass of americium, final mass of neptunium, final mass of curium, steel volume in the core.

Thermal-hydraulic 3 Pressure losses, coolant velocity, fuel temperature.

Unprotected transients 3 K coefficient, G coefficient, H coefficient.
Natural circulation 1 Vessel height. 

Mandatory constraints

Design modules Variables Parameters

Core and control rods 2

Fuel enrichment, control rods dedicated functions: reactivity loss compensation per cycle, reactivity effect compensation due to a cold shutdown, uncertainty margin, total instantaneous blockage, handling accident.

Assembly 5

Vibration and corrosion of structures, fuel centerline temperature, eutectic formation for metallic fuels, reactor stability -KGH method, cladding resistance to fission gases.

Handling 1

Handling of all assemblies in the reactor vessel (core + vessel's internal storage) Vessel 1 Containment of the primary handling devices, the primary pumps and IHX.

DHRS 1

Avoid an irreversible creep of the reactor vessel structures.

Introduction

The aim of this chapter is to give an illustration of the analyses that can be carried out by the design tool developed in the thesis, in line with the research objectives detailed in section 1.4. To do this, four use cases, which aimed at optimising performances related to safety, nuclear fuel cycle and cost aspects in a FR will be presented and studied. The aim here is to highlight the reactor designs that increase the reactor safety, reduce the quantity of waste to be placed in deep geological disposal and finally, the ones that reduce the investment and operating costs.

However, before presenting these use cases, the optimisation module will first be presented. Indeed, as indicated in Chapter 2, its role is to explore the design space defined in this work and to find the optimal FR designs with respect to chosen objectives. Following the presentation of this optimisation module, the design tool, its general structure and the code language used to implement it will be presented in more detail. In addition, and as a means of validation, a comparison will be made between the orders of magnitude of the data provided by this tool and real data from a French FR built in the past.

It is only at the end of the presentation of the optimisation module and the overall structure of the tool that the uses cases defined in this chapter will be presented.

Optimisation module

The optimisation module aims to explore the feasible search space to provide the FR designs that are optimal according to given objectives. It is supplied with data by the other five modules detailed in the previous chapters 3 and 4. In the case of an optimisation problem, this data must be classified as follows: the constraints, the objectives and the variables. In this research work, these three elements are:

• The vector of design variables X = x 1 , x 2 , ..., x n ⊆ R n with x ∈ S, S: the feasible search space. In our case, these variables correspond to the reactor parameters highlighted by the design modules (see Table 4.1). These parameters include, for example, the core thermal power and power density, the core fuel fraction, the 10 B content in the B 4 C rods, the fuel pellet diameter, the diameter of the handling devices, the reactor vessel diameter, the power of the DHRS, etc.

• The vector of design constraints, g(x) = g 1 (x), g 2 (x), ..., g j (x) , which determine S. In the design tool, some constraints are mandatory such as those detailed in the various design modules: limit on the fuel enrichment to allow reprocessing of the spent fuel, compliance with the functions to be performed by the control rods, cladding resistance to fission gases, non-melting of the fuel pins, etc. (see Table 4.2). Nevertheless, additional constraints can be added, for example on the reactor vessel diameter, the irradiation time, the breeding gain, etc.

• The vector of objective functions, f (x) = f 1 (x), f 2 (x), ..., f m (x) that have to be optimised (minimised or maximised) over the feasible search space. The optimisation can therefore aim to minimise the MA mass balance over the irradiation time in order to reduce the long lived waste, minimise H/G (KGH method, Table 3.9) to improve the core behavior in case of ULOF transient, maximise the time before reaching the temperature peak in the primary in case of LOOP transient, etc. In an optimisation problem, if the number of objectives is 1, it is a single-objective optimisation problem, whereas the optimisation is a multi-objective problem if the number of objectives is at least equal to 2.

A reactor, and more specifically a FR, is a complex system in which several objectives often have to be taken into account at the same time in the design process. A practical method to deal with this is to implement a multi-objective optimisation approach. Therefore, in the optimisation module, the approach used is that of a Multi-Objective Optimisation (MOO) problem whose solution consists in finding the vector of design variables X, which are within a feasible region S, delimited by the constraint vector g(x), in order to minimise a vector of objective functions f (x). The mathematical formulation of this problem is:

Minimise f m (x); m = 1, 2, ..., M Subject to g j (x) ≥ 0; j = 1, 2, ..., J

x Lower bound i

≤ x i ≤ x Upper bound i ; i = 1, 2, ..., n
As a reminder, any maximisation problem can be reduced to a minimisation problem knowing that:

Maximise f m (x) = Minimise -f m (x)
In a MOO process, a population, i.e. a set of individuals, each individual being a reactor design in our case, is optimised and the notion of optimality is replaced by the notion of dominance. An individual is said to dominate another if he is better than him on all its performances. The notion of dominance is mathematically formulated as follows:

A = f 1 (⃗ x A ), f 2 (⃗ x A ), ..., f m (⃗ x A ) B = f 1 (⃗ x B ), f 2 (⃗ x B ), ..., f m (⃗ x B )
Individual A is said dominant to B if :

∀m : f m (⃗ x A ) ≤ f m (⃗ x B ), f or all m = 1, 2, ..., M
The set of non-dominated solutions of the population undergoing the optimisation process is called the Pareto front. Thus, the solution of a MOO problem in this formalism corresponds to the set of points on the Pareto front, representing optimal trade-offs between the objectives of the problem, as there is often, no unique solution that is simultaneously optimal for all objectives.

Several optimisation algorithms are proposed in the scientific literature to solve MOO problems as: genetic algorithms, particle swarms and simplex method. These three methods were compared in [START_REF] Ammar | Conception multi-physique et multi-objectif des coeurs de RNR-Na hétérogènes : développement d'une méthode d'optimisation sous incertitudes[END_REF] which showed that the genetic algorithm optimisation method present, in general, the best convergence for the Pareto front. Consequently, the optimisation module implemented in the design tool developed in this work is based on the principle of a genetic algorithm.

Genetic algorithms are based on the process of natural selection inspired by the Darwin's theory of evolution. They belong to the family of evolutionary algorithms and are based on the principles of natural selection and genetics. In summary, the different steps of a genetic algorithm are the following:

1. The starting point of the optimisation algorithm is the sampling process. At this stage, an initial population N Sample-Gen is randomly generated in the design space. Each individual of this initial population is a vector of the optimisation variables. 3. If all the individuals of the population are not of rank 0, the algorithm will iterate, evolving its population and modifying its composition. From the initial population, individuals are selected to produce new offsprings N of f springs-Gen . Different strategies for selecting parents are possible. After the mating selection, the parents are passed to the crossover operator which will create offsprings during the evolution. Mutations can also occur randomly. It consists by randomly selecting an individual and then replacing one stored value by a new randomly sampled one. Often, the mutation operator has to be initialised with a probability to be executed. Having a high probability of mutation will most of the time increase the diversity in the population [START_REF] Blank | Pymoo: Multi-objective optimization in python[END_REF].

4. Finally, the algorithm terminate the run if a number of iterations N Iter-Gen has been reached or if all the individuals are non dominated (of rank 0).

The use of a genetic algorithm in this work therefore makes it possible to optimise the FR design by simultaneously acting on a very large number of parameters. However, it raises the problem of analysing and understanding the results of such a complex optimisation, especially as there is no unique solution but a set of non-dominated individuals on a Pareto front. To deal with this, a set of graphical and sensitivity analysis tools have been integrated into the design tool to make it easier to understand the results of the optimisation process. These tools will be presented at the same time as the use cases that will be studied in the following sections. Prior to these studies, the structure of the FR design tool developed in this work will be presented in the following section.

Design tool architecture

The design tool developed in this thesis is a script written in Python3 (about 10 000 lines of code, including 3 000 on the surrogate models) whose algorithm follows the design rules defined in the various modules presented in the previous chapters. For the genetic algorithm used in the design tool, it is based on pymoo, an open source framework for multi-objective optimisation in python [START_REF] Blank | Pymoo: Multi-objective optimization in python[END_REF]. To launch a simulation using the developed design tool, the following steps must be followed:

Design tool architecture

1. Definition of the core variables and variation ranges for these variables: as shown in Table 3.2, 18 core variables can be considered with associated variation ranges that allow the design tool to provide a wide variety of FR designs. However, the user can choose to impose given values on some of these variables and not allow them to vary. He can also define smaller ranges of variation for these variables.

As a reminder, the designs of the other parts of the reactor (assembly, primary handling, vessel, DHRS) are obtained from these initial core variables thanks to the modules presented in Chapters 3 and 4.

2. Definition of the objectives and constraints to be considered in the design process: the outputs related to a target objective can be chosen from the set of outputs provided by the various design modules. For constraints, those indicated in the design modules (fuel enrichment, cladding resistance, etc.) are mandatory and imposed by default in the design tool. However, the user can choose to add others. These additional constraints can be applied for example to the core thermal power, the breeding gain, the reactivity loss per cycle, the vessel diameter, the total fuel irradiation time, etc.

3. Definition of the design options to be considered by the tool in the design process, i.e. the primary coolant, the nuclear fuel, whether or not a central hole is placed in the centre of the fuel pellet, the shape of the assembly, the primary circuit configuration and finally the primary handling option.

For each of these elements, only one option can be considered per simulation. In other words, for a given simulation, it cannot be allowed that the primary circuit configuration can be, for some of the designs provided by the design tool, of the loop type and for others of the pool type. All the optimised reactors design can only be of the loop type if this is the option that has been defined at this stage of design option choice, or of the pool type if it is the opposite.

Run the simulation

Thus, the tool developed in this work allows to find FR designs that are optimal according to design objectives while respecting a set of constraints, and given a design space initially defined by the user. It can also be used to study the impact of a change in the possible technological choice of the reactor on its design and performance. A simplified representation of the procedure to be followed to run a calculation with the design tool developed in the thesis is shown in Figure 5.1 below:

1. Variables + Variation ranges Definition of the core variables and variation ranges for these variables.

Objectives and Constraints

The outputs to be optimised and the constraints to be met by the designs

Design options

The possible technological choices to be considered in the design process To give the reader an idea of the order of magnitude of the results provided by the design tool for some of the reactor parameters, a comparison is made, using data from an existing reactor, between the results provided by the design tool when given the necessary input data, and the exact data from the reactor used for the comparison.

Run the simulation

The reactor on which this comparison is based is the French FR Phenix. The input data required by the tool to provide reactor designs according to the rules defined in the design modules chapters are those of the core variables presented in Table 3.2, which are: the core thermal power (P Th ) and power density (P Dens. ), the height on core diameter ratio (R H/D ), the inner on outer core radius ratio (R C1 /R C2 ), the enrichment ratio (Ratio Enr. ), the volume fraction in the core medium (fuel: F Fuel , steel: F Steel , helium: F He , boron carbide: F B 4 C ), the 10 B content in the control rods (Enr10 B ), the limit in dpa of the structural steels of the assemblies (DPA max ), and finally, the isotopic composition of the plutonium used in the nuclear fuel (W238 Pu , W239 Pu , W241 Pu , W242 Pu , W241 Am ).

In Phenix, the values taken by these core variables are shown in the Table 5.1 below and are taken from [IAEA, 2006]. The maximum number of dpa for the structural steels is 130 dpa, given that the cladding are made of AIM1 steels. For the isotopic composition of the plutonium vector used in the nuclear fuel, as exact data for the Phenix reactor are not available, the Pu vector used is the Pu65, as shown in Table 3.1. When these data are provided as input to the design tool, the results obtained in the design of the fuel assemblies and the reactor vessel are shown in Table 5.2 below. For these parameters used in the comparison, their exact values in the Phenix reactor, taken from [START_REF] Chenu | Single-and two-phase flow modeling for coupled neutronics/thermal-hydraulics transient analysis of advanced sodium-cooled fast reactors[END_REF]] [IAEA, 2006], are also given in Table 5.2. In this comparison, the design options selected in the design tool are: sodium for the primary coolant, MOX for the nuclear fuel, hexagonal assemblies, pins without a central hole, pool type for the primary circuit configuration and finally the two rotating plugs solution for the primary handling. Several conclusions can be deduced from this table. Firstly, the tool tends to provide smaller sizes for the assembly lattice, P Out . The main reason for this is the Design Basis Accident (DBA) approach used to size the assembly, taking into account the TIB and handling error accidents in highly penalising configurations where they occur in the core centre. In the case of the application shown here, the small size of P Out implies smaller numbers of pins per sub-assembly and pins diameters for the fuel assemblies. Regarding the radius of the spacer wire, it keeps the same dimension as it is imposed at a fixed value in the design tool, a value of 0.0575 cm based on the exact data from the Phenix reactor (see Paragraph 3.2.1.2: Fuel pin design).

This table also shows that the vessel diameter provided by the design tool is smaller than the exact vessel diameter of the Phenix reactor. This can be explained by the fact that the diameter provided by the design tool is a minimum diameter which only takes into account the diameter of the handling devices (which is calculated as a function of the diameters of the reactor core, that of the steel reflectors but also of the vessel internal storage) and the IHX (D Vessel = D Handling + 2 × D IHX ), without taking into account the spacing margins between the various components placed in the vessel. Added to this is the fact that the lateral shield which is necessary to prevent the activation of the secondary circuit elements and which tends to increase the vessel diameter, is not taken into account by the design tool.

Finally, the vessel heights given by the design tool are logically higher since they are calculated so as to be able to evacuate, by natural convection, the core thermal power corresponding to the boiling phase in case of ULOF transient.

In the following, it will be considered that the tool gives acceptable orders of magnitude, even if additional modelling needs to be done to improve its accuracy for certain parameters, such as the vessel diameter for example.

In the next section, we will illustrate the analyses and studies that can be carried out by the design tool, through the resolution of four use cases, whose objectives and contents are presented in this next section.

Fast reactor design and optimisation: use cases

In this section, the aim is to use the design tool to find reactor designs that are optimal in terms of economy (use case 1), nuclear fuel cycle aspects (use case 2) and safety (use case 3).

With regard to economy, the aim is to take into account both the initial investment costs and the operating costs of the reactor. That said, taking economic criteria into account is not an easy task. Therefore, the results of the use case 1 should be seen as a rough estimation and not a fully economic analysis, as the precise cost evaluation of a reactor is more complex than the exercise proposed here. In this first use case, these investment and operation costs will be taken into account through the following output parameters provided by the design tool and which can be interpreted as economic characteristics of a reactor: the vessel height (H Vessel ), the vessel diameter (D Vessel ) and the total fuel irradiation time of the core assemblies (Time Irr. ). Optimising the size of the vessel height and diameter allow to reduce the size of the buildings, the use of land, etc., and therefore to optimise the initial investment cost of the reactor.

As for operating costs, these are taken into account via the total fuel irradiation time, which we aim to maximise. Maximising Time Irr. reduces the reactor downtime required for fuel loading and unloading, and therefore maximises the load factor of the reactor. The load factor of a power plant needs to be high in order to maximise the use of its total capacity, thereby reducing the cost of the electricity produced by the plant.

As stated above, it should be noted once again that the vessel itself is not enough to define the initial investment cost, and that neither the irradiation time is enough to define the operation cost of a FR. But these estimators may give us a way to compare several designs. That said, in the use case 1, the following three objective functions will be considered: minimise D Vessel ; minimise H Vessel ; maximise Time Irr. .

In the use case 2, which aims to optimise cycle estimators, the main focus will be on reducing the impact of high-level radioactive products on the size of the deep geological repository. The outputs that will be considered as objectives to be optimised are: the volume of ILW-LL or steel wastes (V ILW-LL ) that we will seek to minimise, as well as the mass of americium produced in the reactor at the end of the total irradiation time (Mass. Am-Fin ), given that americium is the main minor actinide present in spent fuel [START_REF] Kooyman | An optimization methodology for heterogeneous minor actinides transmutation[END_REF], and for the last optimisation objective, it will concern the minimisation of the volume of 10 B in the reactor core. For this last objective, there are two reasons why it is considered as an output to be minimised with regard to the objective of reducing the size of the deep geological storage. Firstly, irradiated 10 B produces tritium, which makes spent B 4 C a high level waste (see Paragraph 1.1.4.3: Reactivity control systems). Secondly, helium is released by the 10 B during irradiation, which tends to favour the swelling of the absorber pins and involve the unloading of the control rods. The higher the 10 B content in the rods, the more frequent the unloading phases would be, which would tend to involve even more assemblies to be placed in the deep repository. These are the two reasons for considering the minimisation of the volume of 10 B as an objective. Nevertheless, it should be remembered that the 10 B content (Enr10 B ) in the B 4 C rods must be sufficient to satisfy the control rods dedicated functions such as the reactivity loss compensation, etc.

For this optimisation, in order not to favor only small cores, which by default have smaller volumes of steel, 10 B and americium, to the detriment of large cores, all of these outputs of interest will be normalised with respect to the energy extracted from the nuclear fuel during irradiation. This energy corresponds to the core thermal power (P Th ) times the total fuel irradiation time (Time Irr. ). Therefore, the mathematical expression of the three objective functions considered in this use case 2 are then as follows: minimise V ILW-LL P Th • Time Irr.

; minimise Mass. Am-Fin P Th : the core volume; R N B4C-Ass /N Fuel-Ass = N B4C-Ass N Fuel-Ass : the ratio between the number of control rods (N B4C-Ass ) and the number of fuel sub-assemblies (N Fuel-Ass ). In the design tool, R N B4C-Ass /N Fuel-Ass is always set to 7%; F B 4 C : the B 4 C volume fraction in the control rods.

In the third use case, only outputs related to reactor safety will be considered, with the aim of observing optimal core designs with respect to safety objectives. The objective functions selected for optimisation are: minimise (|Rho Loss |), the reactivity loss per cycle to facilitate the reactor control operations; minimise H G , the ratio between H and G coefficients of the KGH method to improve by design the core behaviour in case of ULOF transient but also, to reduce the impact, on the reactor core, of a reactivity accident of type USTOP or UFTOP transient (see Table 3.9); minimise (ΔP Drop ), the total core pressure drop in order to promote the natural cooling of the core by natural convection.

Finally, a last use case, the use case 4, whose optimisation objectives correspond to all the objectives considered in the three previous use cases, will be dealt with. The objective of this last use case will be to observe the reactor designs that simultaneously optimise economic and cycle objectives, as well as those related to the reactor safety.

For all these use cases, the design space explored is defined by the core variables and the variation ranges shown in Table 5.3 below. To make it easier to interpret the results, the maximum number of damage allowed for the structural materials in the core has been set at 130 dpa for all possible reactors in this design space. The same applies to the Pu vector, which also remains unchanged in the designs that will be provided by the design tool at the end of the design and optimisation process. The Pu vector used is the Pu65 (see Table 3.1). Once again, remember that in the design tool, the designs of the other parts of the reactor (assembly, primary handling, vessel, DHRS) are based on the values taken by the core variables. It should also be remembered that in the design of the fuel assemblies and pins, the ring count in the assembly (n c ) is allowed to vary in the range n c ∈ [0, 50], which makes it possible to consider all possible solutions for the design of the heterogeneous assembly, particularly during the optimisation phase. Indeed, several ring counts can lead to similar volume fractions in a fuel assembly and depending on these ring counts, the impacts on the reactor performance, mainly thermal-hydraulic, change (see Paragraph 3.2.1.2: Fuel pin design). In the design tool, the heterogeneous assembly is designed from the core volume fractions.

The results provided by the design tool for each of the use cases considered in this section, and the analyses that can be made on the basis of these results, are shown in the following paragraphs. Prior to this step, it should be indicated that all the simulations made in the use cases have been made with the following design options:

• Primary coolant: sodium

• Fuel type: MOX

• Shape of the assemblies: hexagonal

• Pin design: pins without a central hole.

• Primary circuit configuration: pool-type.

• Type of the primary handling: two rotating plugs.

For these options, the mandatory constraints to be met by the designs are summarised in Table 5.4 below: 

Use case 1: economic objectives

The optimisation problem solved in the use case 1 is shown in Figure 5.2 below. This figure also shows the sub-levels of the reactor that are involved in the optimisation process: in this case the reactor core and the primary vessel. These sub-levels are highlighted in red.

We would also point out here that all the sub-levels of the reactor considered by the design tool correspond to the following parts: the core, the assemblies, the vessel, the primary handling and finally the DHRS.

For constraints, only the mandatory ones (mechanical strength of the cladding, the fuel temperature, core enrichment, control rods dedicated functions, etc.), calculated in the various design modules, are considered; no additional constraints are added. This use case 1 does not take into account the instantaneous service provided by the reactor, in particular the energy produced. This issue will be addressed in the use case 2.

Use

Results

The optimisation was launched by setting the parameters of the genetic algorithm as follows: initial population, N Sample-Gen = 300; new offsprings selected after each generation, N of f springs-Gen = 200; number of iterations to terminate a run, N Iter-Gen = 30. The simulation was run on a computer with the following characteristics: 16 Go of installed memory (RAM), 4 CPU cores with maximum speed of 2.30 GHz and 8 logical processors. With this computer, it took approximately 11 hours to obtain results. This fairly long calculation time for such a small number of iterations (N Iter-Gen = 30) is due, on the one hand, to the intrinsic nature of genetic algorithms, which often involve high calculation times and, on the other hand, to the convergences required in the process of calculating the vessel height and the diameter of the IHX. Indeed, iterative algorithms have been implemented to calculate these two parameters, which in turn increases the design and optimisation times (see Section 4.2: Reactor vessel design module).

As mentioned in the core design module, for all neutronic performances such as the fuel irradiation time, it is the surrogate models* built in that module that are used in the optimisation process. Figures 5.3,5.4 and 5.5 show the distribution of the optimal solutions over the design space. In Figure 5.3, the optimal solutions are displayed according to their power density and thermal power. In Figure 5.4, the projection plane (D Vessel , H Vessel ) is used to display the solutions which are discriminated according to their thermal power. In Figure 5.5 , the discrimination criterion used to display the optimal designs is the core power density and they are shown on the projection plane (D Vessel , Time Irr. ).

In Figures,5.4 and 5.5, the exact positioning of the Phenix reactor is shown in the projection planes used and thus, in order to better visualise and delimit the space covered by the FR designs that are solutions of the optimisation process. From these figures, the following observations can be made:

• The FR designs that minimise the vessel height and diameter while maximising the total fuel irradiation time in the core exhibit low thermal powers and very low power densities (Figure 5.3). • For this optimisation, the Phenix reactor is not in the space of optimal solutions. For the irradiation time, this can be explained by the fact that the Phenix reactor targeted low doubling times. The doubling time is the time required for a breeder reactor to produce enough new fissile material to replace the original fuel and produce an equivalent quantity of fuel for another nuclear reactor.

So, for the same value of the breeding gain, the shorter the irradiation time, the shorter the doubling time: which was the objective in the Phenix reactor. • Some of the optimum solutions have a very low vessel height (Figure 5.4). This height can go down to around 5 m, which is the classic length of FR assemblies (4 -5 m) [IAEA, 2006]. • Simultaneous minimisation of the vessel height and the diameter is not possible: reducing the diameter of the vessel increases its height (Figure 5.4). • The optimal designs with respect to the irradiation time maximisation objective, i.e. which maximises it, correspond to those with low power densities (Figure 5.5).

To make it easier to interpret and understand these observations on the basis of the results provided by the design tool, the following three techniques can be used: the use of cobweb-type graphs, sensitivity analyses and finally, extractions from the set of optimal solutions to observe the results in more detail. Each of these techniques will be detailed in the next paragraph.

Interpretation -Cobweb graph

Cobweb graphs are widely used in high-dimensional problems. They consist of plotting every dimension on a vertical axis and connecting all the points for a single event with a straight line. Cobweb graphs are particularly useful to spot correlation in high-dimensional problems as it is simple to highlight certain regions, by changing the colour, to see if the rest of the variables are randomly distributed or not.

In our case, we will use it to display each individual of the optimal population provided by the design tool according to the values taken by its design variables and its optimised outputs. Here, the outputs of interest are the design objectives used in the use case 1 and the parameters are the reactor variables (thermal power, power density, etc.). A cobweb graph based on the optimal solutions observed in the previous paragraph is shown in Figure 5.6 below. In this figure, each line (in green) corresponds to an individual in the optimal population. Each vertical axis represents the range of variation, within the population, of the parameters and outputs of interest for all individuals. The lines connect the values taken by the variables to those taken by the design objectives for the same individual.

In the cobweb graph of Figure 5.6 generated using the URANIE* platform, the variables displayed are the height on core diameter ratio (H/D), the inner on outer core radius ratio (C1/C2), the core thermal power and power density, the fuel volume fraction in the assembly, the B 4 C volume fraction and 10 B content in the control rods, the core enrichment ratio and finally the ring count (n c ) in the fuel assemblies. For the outputs of interest, those displayed are those of the optimisation problem: H Vessel , D Vessel and Time Irr. .

In fact, at the end of each optimisation process, the design tool provides the values taken for a set of reactor parameters (∼ 40) and the corresponding set of values taken by the outputs (also ∼ 40) which were synthesised in Tables 4.1 and 4.2. However, displaying all these parameters and outputs would make the cobweb graph unreadable. From this Figure 5.6, one specifies in Figure 5.7 a region-of-interest in the vessel diameters, when its value is lower than 11.3 m, i.e. the region with minimal D Vessel . In this case, by using the cobweb graph, a correlation is highlighted between the small vessel diameters and the region of high R H/D . Similarly, by highlighting the region of low vessel height values, the cobweb graph shows a correlation between this region and that of low power densities: the lower P Dens. , the lower H Vessel . This correlation can be explained by the approach used to calculate the vessel height, which is based on the ability for natural convection. Indeed, the lower the power density, the lower the core friction coefficient, which tends to limit the pressure losses and therefore facilitate natural convection in the reactor. The cobweb graph also shows that low vessel heights can have both low and high R H/D , although they are mainly low R H/D . The distribution of the vessel heights according to the power density is also noticeable when in the display of the results, they are discriminated according to the power density, as shown in the Figure 5.9 below. From Figure 5.9b, it can be seen that the very low vessel heights obtained in the use case are possible because of the very low power densities of the optimal solutions. This figure also helps us to understand why Phenix is not part of the space of optimal solutions, given its high power density (∼ 437 W/cm 3 ).

For the objective of maximising Time Irr. , the use of the cobweb graph brings out conclusions similar to those observed in Figure 5.5: the optimal designs with respect to the irradiation time objective correspond to those with low power densities. These solutions also have low vessel heights (logical because P Dens. is low) and mainly low R H/D . This figure shows that the variables with the greatest influence on Time Irr. are the power density and the limit in dpa of the structural steels. However, for all the use cases studied in this section, it was decided to leave the limit in dpa unchanged. Thus, as with the previous graphs (Figure 5.5 and 5.10), the sensitivity analysis shows that the fuel irradiation time is closely linked to the core power density and tends to be greater when the power densities are low.

Still according to this sensitivity analysis, it can be seen that other variables such as the core H/D ratio (R H/D ) or thermal power (P Th ) also have an impact on Time Irr. , but in a weaker way compared to P Dens. . It can also be seen from Figure 5.11 that the interaction between P Dens. and the other variables act on the influence that P Dens. has on Time Irr. .

In the next paragraph, more detailed observations and comparisons will be made on some of the optimal solutions given by the design tool after solving the optimisation problem formulated in use case 1.

-Extraction of optimal solutions

Four designs will be extracted from the space of optimal solutions and compared in more detail. These 4 solutions are:

• The one that is better with respect to the H Vessel minimisation, i.e. the optimal solution with the lowest vessel height dimension. It will be noted "Best -H Vessel " thereafter.

• The best solution with respect to the minimisation of D Vessel : "Best -D Vessel ".

• The "Best -Time Irr. " solution, which best maximises the total fuel irradiation time.

• And finally, the "trade-off" solution that achieves a compromise between the previous three optimisation objectives.

Each of these 4 extractions is shown in the Figure 5.12 below. Compared with the best solutions on the optimisation objectives, the trade-off solution degrades the D Vessel minimisation objective by -18%, the H Vessel minimisation objective by -38% and the Time Irr. maximisation objective by -37% (Table 5.5).

Figure 5.13 also shows that the Best -D Vessel solution has larger fuel pellet diameters but also a higher power density than the trade-off solution. This means that the margins to fuel melting in the trade-off solution are higher than in the Best -D Vessel solution. Nevertheless, remember that in both these two solutions, the power density remains low (see Figure 5.3). .14 shows that the trade-off design has a lower thermal power and power density than the Best -H Vessel design, but it is not the most optimal for minimising the vessel height. The explanation for this finding in Figure 5.14 could be the higher value for the H/G ratio in the case of the trade-off design. According to the equation used to calculate the thermal power to be evacuated by natural convection and corresponding to the boiling phase of an ULOF transient: G -1 = 0, one can say that for the same core thermal power (Best -H Vessel and Trade-off have quite similar thermal powers, 230 MW for the former and 203 MW for the latter), the lower H/G ratio, the lower Pth -Boiling, which leads, to the first order, to smaller vessel height. The values of the H and G coefficients depend, among other things, on the design of the fuel pellet, the control rods worth, etc.

Finally, the comparison radar chart between the trade-off design and the Best -Time Irr. solution is shown in Figure 5.15 below. This solution has very long irradiation times but a high H/G ratio, which does not favour this core for an ULOF transient. Indeed, by design, the core behaviour in case of ULOF transient is improved by minimising this H/G ratio. In the next section, and always with the aim of illustrating of the functionalities enabled by the tool, additional studies that can be carried out with the design tool following this use case 1 will be presented.

Additional studies to use case 1

An interesting additional objective which could be considered when exploiting the results provided by the design tool in this use case 1 is the transportability of the reactor vessel. Indeed, transportability can also be seen as an economic indicator since it means that production units can be transported to isolated sites or sites hit by meteorological hazards to supply energy in order to boost the economic activity. The transportability mainly depends on the size of the roads used to transport the vessel. In France, it is considered possible only if the vessel diameter is less than 9 m: D Vessel ≤ 9 m.

If the optimal solutions of the use case 1 are discriminated according to this transportability, the Figures below are obtained. Figure 5.17 is the figure initially provided by the design tool with the primary handling option of two rotating plugs selected in the definition of the optimisation problem for use case 1. On the basis of these solutions, in Figures 5.18 and 5.19, only this handling option is changed to pantograph handling and in-cell fuel handling (no new optimisation has been launched for these last two figures). The aim here is to observe the impact of the primary handling on the vessel diameter and with regard to the transportability of the reactor vessel. From these figures, it can be concluded that transportability of the reactor vessel is not possible with the two rotating plugs option, but that it may be possible, for some designs, with the pantograph arm handling solution or the in-cell handling solution.

Still in this use case 1, another type of analysis that could be carried out using the design tool developed in the thesis is to observe the deformation of the previous optimal design space induced by the addition of a new constraint for example.

For instance, due to the low core power densities obtained in the use case 1 optimisation problem, a use case 1.1 can be simulated in which, compared to the previous one, only one additional constraint is added to the optimisation problem. This constraint can be applied to the core power density as follows:

• Additional constraint: P Dens. > 100 W/cm 3 , This constraint means that the core power density must be higher than P Dens. > 100 W/cm 3 which is the typical power density of PWR. When it is applied, Figures 5.20 and 5.21 below give an overview of the deformation of the optimal space due to the addition of this additional constraint.

From these figures, it can be observed that optimal solutions with higher thermal powers and power densities can be reached, but on the other hand, the total fuel irradiation times are greatly reduced. Displaying the vessel heights (not done here) would also have shown that the H Vessel obtained are higher, because of the higher power densities (which tend to increase the core pressure drops) but also the higher thermal powers (which have to be evacuated by natural convection). On the other hand, compared with the optimal solutions in the use case 1, smaller vessel diameters can be obtained in the use case 1.1.

In conclusion, with the additional constraint on the core power density P Dens. > 100 W/cm 3 , higher core thermal power and densities can be obtained, compared to the solutions in the use case 1. Lower vessel diameters can also be achieved. However, the vessel heights given by the design tool are highers and the total fuel irradiation times are greatly reduced. These two additional studies shown in this section illustrate the flexibility of the design tool and the additional analyses that can be carried out thanks to this flexibility.

Conclusion of the use case 1

In this use case, the objective was to use the design tool to optimise the value of some outputs of interest related to economic criteria. The criteria selected were the following three: minimise D Vessel ; minimise H Vessel ; maximise Time Irr. .

The optimal solutions provided by the tool showed that the optimal reactor designs with respect to these objectives have low thermal powers and power densities. Several tools such as cobweb graphs, sensitivity analyses or even displays on radar graphs have been presented in order to facilitate the understanding of the results provided by the design tool.

To summarise the exercise of interpreting the results, the following points can be made:

• The use of cobweb graphs and sensitivity analysis by calculating the Sobol indices showed that the fuel irradiation time is closely linked to the reactor power density and that Time Irr. is maximised for cores exhibiting low power densities.

• The low power densities also make it possible to obtain low vessel heights. In fact, given that the vessel height calculation in the design tool is based on natural convection ability, the lower the core power density, the lower the core friction coefficient, which tends to limit the pressure losses and therefore facilitate natural convection in the reactor.

• The vessel diameter was found to be optimised for high cores, i.e. with a high H/D ratio. The extraction also showed that Best -D Vessel has the smallest core diameter.

In the design tool, D Vessel is given by the diameter of the handling devices (which in turn is a function of the core diameter, the diameter of the steel reflectors and that of the internal storage in the primary vessel) and the intermediate heat exchangers. So a smaller core diameter does indeed reduce the vessel diameter. However, other options can also be used to reduce this diameter. In the presentation of possible functionalities with the design tool, it was shown that reducing the vessel diameter can be possible with handling solutions such as pantograph arms or in-cell handling. This reduction in D Vessel can, for example, make it possible the transportability of the reactor vessel.

Finally, by reducing the thermal power of the reactor, one can also reduce the diameter of the IHX, which also allows to reduce the diameter of the vessel. In that way, Figure 5.12a shows that higher thermal powers also mean larger D Vessel .

• For the Phenix reactor, it is not part of the space of optimal solutions since it has a high power density and thermal power.

• In Figure 5.21, it has been shown that by adding a constraint, higher power densities can be achieved. However, this will be done at the expense of the total irradiation time, which will be greatly reduced.

• In the optimal solutions obtained at the end of the optimisation process (see Figure 5.12a), some have very low vessel heights (5 -6 m). This point must be further investigated, in particular with regard to the total height of the assemblies which must be able to be placed in the primary vessel.

In the next section, the use case 2 whose objective is to optimise the reactor design from a fuel cycle point of view will be discussed.

Use case 2: fuel cycle considerations

Figure 5.22 below shows both the objectives for the optimisation problem considered in the use case 2 and the reactor sub-levels involved in the optimisation process, here mainly the reactor core.

The objective of this optimisation is to minimise the volume of steel in the core (V ILW-LL ), the mass of americium produced at the end of the irradiation time (Mass. Am-Fin ), and the volume of 10 B in the core. All these outputs of interest are normalised in relation to the amount of energy produced by the reactor, corresponding to the core thermal power (P Th ) times the total fuel irradiation time (Time Irr. ): Energie = P Th × Time Irr. . The aim of this normalisation is to avoid favouring small cores, which by default have smaller steel volumes, 10 B content and americium mass, compared to large cores. In this use case however, minimising the mass of americium at the end of the irradiation time is questionable, as a large amount can be produced after irradiation. This will be discussed in section 5. • Minimise

V ILW-LL P Th ×Time Irr.

• Minimise

Mass. Am-Fin P Th ×Time Irr.

• Minimise

V Core ×7%×F B4C ×Enr 10 B P Th ×Time Irr. The results of this optimisation problem, which aim to reduce the impact of high-level radioactive waste on the size of the deep geological repository, are presented in the next paragraph. In the presentation of these results, V ILW , Mass Am-Fin and V10 B will be referred to hereafter, respectively as the volume of steel waste, the mass of americum and the volume of 10 B, all normalised in relation to the energy produced. 5.23, 5.24 and 5.25 show the results of the optimisation problem in the following projection planes: (P Th , P Dens. ), ( V ILW , V10 B ) and ( V ILW , Mass Am-Fin ). V ILW and V10 B are expressed in cm 3 / MW.EFPD and Mass Am-Fin in g/ MW.EFPD . Overall, the figures above show that the optimal solutions have relatively low power densities and are only burner-type cores (i.e. BG < 0). The next paragraph will aim to explain and interpret these results.

Use Case 2 -Additional constraints • None

Results

Figures

However, it should be pointed out here that an analysis carried out on the surrogate models* used to obtain Mass. Am-Fin showed that it was likely to provide negative masses. To prevent this, a constraint was added to the optimisation algorithm so that it would not provide any cores with negative mass of americium. As a reminder, statistical estimators for metamodels accuracies are shown in Table 3.5.

Interpretation

As mentioned above, the space of optimal solutions is mainly made up of cores with relatively low power densities. This can be justified by the fact that low P Dens. allows high fuel irradiation times, Time Irr. , which increases the P Th × Time Irr. term quantifying the energy extracted from the fuel. Maximising this term implies minimising the volumes and masses of radioactive waste, normalised to energy, which constitute the objectives for the optimisations carried out in use case 2.

For the same core volume, very high P Th would also have allowed P Th × Time Irr. to be maximised, although the power density would have increased leading to a reduction in Time Irr. . However, high thermal powers lead to higher temperatures in the fuel pellets. To ensure that these pellets do not melt, small pin diameters are required, which increases the ring count in the assembly, and consequently the steel fraction in the reactor core. But, because this steel fraction has to be minimised, the design tool tends not to favour these high P Th over low P Dens. in order to maximise the P Th × Time Irr. term and simultaneously optimise the 3 design objectives defined in the use case.

Below, the techniques presented above (cobweb graph, sensitivity analysis, extractions) will be used to look in more detail at the results provided by the design tool after solving the use case 2 optimisation problem.

Figure 5.26 uses a cobweb graph to highlight the links between the design variables and the V ILW output.

In this graph, P Out is in centimetre and R Pellet in metre. What can be noted from this figure is that there seems to be a correlation between the regions where this objective is optimised and the regions of large external lattice pitch (P Out ) and large pellet radius (R Pellet ). We also note that, for the steel fraction in the reactor core (F Steel ), its range of variation in the space of optimal solutions is F Steel ∈ [22 -28]%, whereas the search space initially defined for this parameter was F Steel ∈ [10 -30]%. One would have expected lower values of F Steel for the optimal solution. However, because of the mandatory constraint on the fuel pin cladding (T Clad ≥ δ Clad-min ), this fraction cannot take very low values as it must be sufficient to guarantee the mechanical integrity of the cladding against fission gases.

Furthermore, for the fission gases, the greater the fuel pellet diameters and the core burn-up, the greater the quantity of fission gases released from the nuclear fuel. On the other hand, the larger the pellet diameters, the less the ring count (n c ) in the assemblies and therefore the steel fraction in the core (for the same P Out and F Fuel ).

To minimise the quantity of intermediate level wastes normalised to the energy produced by the reactor, V ILW , the algorithm seems to maximise P Out and R Pellet in order to take advantage of the scale effect.

Another way to take advantage of the scale effect would have been to maximise the core power density which tends to reduce the core volumes. However, this option is not the one followed by the design tool: the range of variation of P Dens. in the space of optimal solutions is P Dens. ∈ [22 -135] W/cm 3 while its initially defined range of variation is P Dens. ∈ [20 -900] W/cm 3 . The reason for this is that by maximising P Dens. , the total fuel irradiation time is reduced, which does not favor the maximisation of the energy produced in the core: Energy = P Th × Time Irr. .

In the design tool, the size of the assembly lattice pitch is calculated according to the control rods worth (see Paragraph 3.2.1.1: Sub-assembly design). The higher Rho B4C -2 × |Rho Loss | + Rho Cold , the higher P Out . This could explain why the high P Out in Figure 5.26 often have a high 10 B content. Now, for the optimisation objective of minimising V10 B , the cobweb graph drawn on the basis of the optimal solutions (Figure 5.27) shows that, as expected, this output is optimised for low Enr10 B in the control rods.

In this graph, instead of showing R Pellet , the loss of reactivity per cycle in absolute value, Rho Loss is shown. It can thus be noted from Figure 5.27 that there is no correlation between Rho Loss and the regions where V10 B is minimised. However, it seems to be a correlation between these regions with that of the low P Out . Low P Out means low reactivity inserted in the event of a TIB accident or handling error. For the last optimisation objective of the use case, to explain the values taken by Mass Am-Fin and the negative values for the breeding gain, one show in Figure 5.28, the Sobol indices calculated for the mass of americium and the breeding gain. The use of cobweb graphs did not reveal any correlation for these two parameters. From this sensitivity analyses, what emerges from is that the mass of americium is mainly a function of the core power density and thermal power, whereas for the breeding gain, in addition to these two variables, the fuel fraction also influences its value.

For the mass of americium, to reduce it, high power densities would be required, which would result in shorter fuel irradiation time and consequently lower production of americium by radioactive decay of the plutonium, more precisely 241 Pu. These 4 extracted solutions include the one that is the best with respect to V ILW minimisation Best -V ILW , the solutions that best minimise V10 B and Mass Am-Fin Best -V10 B , Best -Mass Am-Fin and finally, a Trade -of f solution between these 3 previous ones.

As in case 1, these four solutions will be observed using a radar charts, according to 10 parameters and 10 performance objectives. The maximum values for these parameters and objectives in the radar charts are shown in Table 5.7 below. For Mass Am-Fin , Figure 5.31 below shows that it seems to be optimised for high power densities and low thermal powers, which means low core volumes. As a reminder, the calculation of the Sobol indices had shown that Mass Am-Fin is mainly a function of these two parameters.

Finally, the Figure 5.32 below shows that V10 B is minimised thanks to the low 10 B content in the control rods. All the statements made above can be verified by observing these 4 extracted solutions when they are grouped together and displayed on the same graph (Figure 5.33).

For a final step in this exercise of interpreting the results of the use case 2, the burner aspect of all the cores obtained from the optimisation problem can be explained by the absence of a objective/constraint on the breeding gain or the absence of an objective on the reactivity loss per cycle (see use case 3). It can be seen from these figures that, as for use case 2, the optimum solutions always remains mainly burner cores with relative low power densities and thermal powers. This burning aspect of the cores is probably due to the absence of objective on the reactivity loss per cycle. That being said, in this use case 2.1, the use of a cobweb graph (Figure 5.35) highlights the following correlations.

• Mass Init-Pu seems to be optimised for high 10 B content, low B 4 C fraction, high H/D ratio (that minimise the core neutron leakage and therefore the fuel enrichment), and relatively low P Th and P Dens. .

• By minimising Mass Init-Pu , Mass Am-Fin is also minimised. That makes sense since americium is produced from plutonium, in particular from the isotope 241 Pu. • As in use case 2, V10 B is optimised for low Enr10 B . This can be explained by the observation made above: by minimising Mass Init-Pu , Mass Am-Fin is also minimised.

Conclusion of the use case 2

In the use case 2, the aim was to use the design tool to reduce the impact of high-level radioactive products on the size of the deep geological repository. The three objective functions considered in this use case are: minimise V ILW-LL P Th • Time Irr.

; minimise Mass. Am-Fin P Th • Time Irr.

; minimise

V Core • 7% • F B 4 C • Enr10 B P Th • Time Irr. .
The optimal solutions provided by the design tool are mainly low power density cores. As shown in use case 1, low P Dens. maximises the total fuel irradiation time and therefore the term P Th × Time Irr. , which consequently implies the minimisation of the design objectives listed above and retained in the use case 2. However, the power densities obtained were not the lowest possible in relation to the range of variations initially defined for this parameter. In fact, high power densities tends to reduce the mass of americum in the core by reducing Time Irr. . So a trade-off had to be found between the high and low values of P Dens. with respect to the optimisation criteria.

Furthermore, for the same core volume and although very high thermal powers could have enabled the term P Th × Time Irr. to be maximised, they were not provided as solutions for the optimisation problem because they tend to lead to a higher ring count in the sub-assembly to avoid fuel melting. This increase in the ring count increases the core steel fraction, which is not desired in this use case 2. Moreover, for the same core volume, an increase in P Th results in an increase in P Dens. and a decrease in Time Irr. . As a result, the design tool tends not to favour these high P Th over low P Dens. in order to maximise the P Th × Time Irr. term and simultaneously optimise the three design objectives.

A more detailed analysis of the optimisation results (by use of cobweb graphs, sensitivity analyses and extractions), showed that large assembly lattice pitch and pellet diameter minimise V ILW , Mass Am-Fin is minimised for high P Dens. and low P Th and finally, for V10 B , it is minimised thanks to low Enr10 B in the control rods.

It has also been shown that all the optimal solutions of the use case 2 are burner cores, and this burning aspect of the cores may be due to the absence of any constraint or objective on the loss of reactivity per cycle. In the next use case 3, the objective of minimisation of the loss of reactivity will be included in an optimisation problem whose global objective is to optimise the reactor safety.

Finally, in a use case 2.1, the objective of which was to take into account, in addition to the objectives of uses case 2, that of minimising the mass of plutonium normalised to the energy produced, it was shown that the optimal solutions are always burners and that the regions where Mass Init-Pu is minimised correspond to those which present high 10 B content, low B 4 C fraction, and high values for the H/D ratio. In addition, compared with the solutions in the use case 2, the space of optimal solutions in the use case 2.1 has remained relatively unchanged with the addition of the objective of minimising the mass of plutonium. In fact, the objectives of minimising the mass of plutonium and that of minimising the mass of americium remain quite related objectives.

However, it should be noted that all these studies minimise the mass of americium produced at the end of the irradiation time of the fuel assemblies in the reactor core. This approach is incomplete as a large amount of americium can be produced after irradiation during the cooling period of the spent assemblies.

For a more complete study, this cooling period must be taken into account in order to estimate more accurately the mass of americium produced during and after irradiation.

In addition, minimising the production of 241 Am on a fleet/cycle scale is not equivalent to minimising its production in the core, as the 241 Am inventory on a cycle scale is highly dependent on cycle parameters such as spent fuel cooling time, fuel management deployed in the fleet, etc. The addition of models for modelling the cycle was not considered in this thesis due to lack of time. This has been done in [START_REF] Tirel | Méthodologie de couplage de la conception de coeurs avec les scénarios électronucléaires: application au cas des RNR-Na[END_REF], which shows that in the future it would be quite possible to add cycle models to the approach developed in this work. Having said that, by considering the reactor as an isolated system, as was done in this use case 2, it remains interesting to highlight possible levers that could limit the production of 241 Am at the core scale, levers that could subsequently be used in a more complete study at the cycle scale.

Furthermore, given that 241 Am is produced by the beta decay of 241 Pu, another solution to improve the accuracy of the study done in this use case could be to add the mass of 241 Pu to the minimisation of the mass of americium produced after irradiation, since 241 Pu becomes 241 Am during the cooling period.

Use case 3: safety considerations

In the problem solved in this section, the objective is to facilitate the reactor control operations and to improve the core behaviour in case of USTOP and UFTOP transient, and this, through the minimisation of the loss of reactivity per cycle: minimise |Rho Loss | , to minimise the total core pressure drops in order to promote natural cooling of the core by natural convection: minimise ΔP Drop and finally, to improve by design the core behavior in the event of ULOF transient (see Table 3.9): minimise H G .

These objectives mainly apply to the following two sub-levels: the core and the fuel assemblies, as highlighted in red in the Figure 5.37 below, even if the calculation of the G coefficient requires a vessel height. From these figures, it can be seen that the power density of the optimum cores is very low. As a reminder, for the power density, the range explored in all the use cases is: P Dens. ∈ 20, 900 W/cm 3 . Most of the optimal solutions obtained in the use case 3 therefore lie on the lower bound of this interval.

Primary handling

DHRS

It can also be seen from these figures that the pressure losses are more optimised for low thermal power, that the optimum solutions contain burner cores as well as breeders and isogenerators and that the reactivity loss per cycle is minimised for isogenerator and breeder cores.

Interpretation

The use of cobweb graphs (Figure 5.41) shows that ΔP Drop is minimised for low thermal power and low values of the H/D ratio (yellow lines). Indeed, low thermal power combined with low power densities reduce the coolant velocity in the core, which leads to lower ΔP Drop . In addition, the low values of the H/D ratio correspond to low cores with a shorter length of the hydraulic pipe and therefore less ΔP Drop by friction. For Rho Loss , and in contrast to ΔP Drop , it is the high thermal powers that seem to enable it to be minimised (blue lines). Minimising Rho Loss also implies cores exhibiting a breeding gain near to zero: BG ≈ 0. The sensitivity analysis carried out on Rho Loss , as well as on BG (Figure 5.42) shows that they are mainly a function of the following three variables: the power density, the thermal power and the fuel fraction. The value of other parameters such as the R H/D or the isotopic weight of 239 Pu also influence Rho Loss and BG, but in a weaker way compared the other three parameters mentioned before.

In addition, on also see in Figure 5.42 that for Rho Loss , the Sobol indices of the number of dpa is nonnegligible. Nevertheless, as a reminder, this input is considered constant for all use cases studied here. For the reactivity loss, during periods when the reactor is operating, it is mainly due to the consumption of fissile materials and the accumulation of fission products. In fast-breeder reactors and iso-generators, this fissile materials are regenerated in the core, resulting in lower reactivity loss than in burners where the fissile materials are consumed and not regenerated (see Figure 5.40).

As in the previous use cases, a closer look will be given to four extracted solutions: Best -Rho Loss , Best -ΔP Drop , Best -H/G and Trade -of f which are shown in Figure 5.43. These four solutions will be observed on radar graphs whose maximum values for each of the parameters that make up their axes are shown in Table 5.8 below: 

EFPD

This table shows that the maximum vessel height for these extractions is very low (5.56 m). This is due to the very low power densities of the optimum solutions of the use case 3.

In Figure 5.44, the Best -Rho Loss and the Trade-off solution are compared. One can see that the Best -Rho Loss solution has a higher thermal power (P Th. ) and a lower fuel fraction (F Fuel ). As a reminder, the sensitivity analysis carried out on Rho Loss indicates that it is mainly a function of P Dens. , P Th. and F Fuel .

Figure 5.44 also shows that Best-Rho Loss has a larger core diameter and height than the other extractions.

In terms of performance, it involves larger vessel diameter and height, but on the other hand offers longer irradiation times. After solving this optimisation problem, it was found that the optimal solutions are mainly made up of cores with very low power densities. These low power densities, combined with low thermal power, low core H/D ratio and low ring count in the sub-assemblies, make it possible to minimise ΔP Drop .

As far as the reactivity loss per cycle is concerned, it was found that 3 parameters have the greatest influence on it: the fuel fraction, the core thermal power and power density. In addition, a cobweb graph drawn up on the basis of the optimal solutions shows that, unlike the core pressure losses, Rho Loss is minimised for high thermal powers. This can also be seen in Figure 5.47, which compares the 4 solutions extracted from the set of optimal solutions of the use case 3. From this figure, one can see that the most optimal solution with regard to the Rho Loss objective is the one that tends towards high thermal powers. Furthermore, depending on this reactivity loss, three types of core are observed: burner, isogenerator and breeder. In burner or breeder cores where fissile materials are bred, small values of Rho Loss are obtained.

Finally, with regard to the H/G ratio, no particular correlation was found between the regions where it is minimised and the design variables, even if the observation made according to the four extracted solution showed that the Best-H/G solution was the one with the lowest core thermal power.

In conclusion to the results obtained in this use case 3, it comes as no surprise that it is the low power densities and thermal powers that make it possible to optimise criteria linked to the reactor safety. Only the criterion on the reactivity loss seeks high thermal powers, while remaining however on low power densities.

In the last optimisation problem to be solved in this chapter (use case 4), it will be observed the optimal designs space variation when all 10 objectives considered in the 3 use cases solved previously are selected simultaneously for the optimisation problem.

increase the production of americium which is to be minimised. The design tool therefore found trade-off designs between the low and high P Dens. . For the same core volume, one might also have expected high thermal powers to maximise the P Th × Time Irr. term, although the power density would have increased leading to a reduction in Time Irr. . However, with high thermal powers, high temperatures can be reached in the nuclear fuel. To prevent the fuel pellets from melting, the design tool tend to reduce their diameter, which increases the ring count in the assembly, and consequently the steel fraction in the reactor core. However, because this steel fraction has to be minimised, the design tool tends not to favour these high P Th over low P Dens. in order to maximise the P Th × Time Irr. term.

In the optimisation solved in the use case 2.1, the optimal solutions are therefore mainly low P Dens. and P Th , but not the lowest ones (nor the highest) in relation to the range of variations initially defined for these two parameters.

-Figure 5.49a also shows that the optimal solutions obtained in the use case 3 are characterised by very low P Dens. . This comes as no surprise given that the objectives defined in this use case are to optimise criteria related to the reactor safety. The objective functions defined aimed to minimise the following 3 criteria: |Rho Loss |, ΔP Drop and H G derived from the KGH method.

In this use case 3 and compared to the two previous ones, high thermal powers appear in the set of optimal solutions. As indicated in Paragraph 5.4.3 -Use case 3: safety considerations, these high thermal powers are given by the design tool because they enable Rho Loss to be minimised.

-Finally, this Figure 5.49a shows that by grouping together all the criteria defined for the three previous use cases in the same problem (use case 4), it is now possible to achieve higher P Dens. and P Th . On the one hand, this can be explained by the fact that the genetic algorithm provides more solutions in the use case 4 than in the previous cases, because of the higher initial population, N Sample-Gen that has been defined. On the other hand, given that the optimal solutions provided by a genetic algorithm are trade-offs between the various objective functions to be optimised, the set of optimal solutions tends to cover a wider space as the objectives increase, even if this means degrading certain performances.

• This point raised above can also be made by looking at Figure 5.49b, which shows that, compared with the use case 1, whose objective was to optimise 3 objective functions in which D Vessel and H Vessel were minimised, the Pareto front in the use Case 4 has moved to a less optimal space, because a trade-off now has to be found between 10 objectives. In conclusion to this study, higher power densities and thermal powers could be achieved in use case 4 compared to the three previous ones because they allow the 10 defined objective functions to be simultaneously optimised, despite degrading the performance of the reactor compared to cases where the optimisation focuses on a smaller number of these objectives.

Conclusions of the chapter

A FR, is a complex system in which several objectives, usually conflicting must be taken into account in the design process. To do so, a multi-objective optimisation (MOO) approach has been implemented through an optimisation module included in the design tool developed in the thesis. For the resolution of this MOO problem, genetic algorithms have been chosen over particle swarm or simplex methods because they allow to obtain a better convergence for the set of optimal solutions.

In order to use this tool to design and optimise FR, the user is asked to follow the steps below. Firstly, the design variables need to be defined, along with their associated range of variation. Then, the outputs for the reactor to be optimised and, finally, the constraints to be met by the designs provided by the tool must be indicated. Once these steps have been completed, the user must then enter the design options to be considered during the design process. Once all these steps have been defined, the calculation can be launched .

In this chapter, in order to illustrate the analyses that can be carried out by this tool, four use cases have been defined and studied. The aim of these use cases was to find the optimum reactor design when considering objectives related to economy, nuclear fuel cycle and safety criteria of the reactor. The objectives selected for these use cases applied to one or simultaneously to different sub-levels of the reactor (core, assembly, vessel, etc.). Depending on the number of parameters defined for the genetic algorithm (initial population, offsprings, iterations) and the problem to be solved (number of variables, outputs, etc.), it takes a few hours (around 24h for the use cases presented in this chapter) for the design tool to provide a set of optimum designs with respect to the desired objectives while complying with the constraints of the problem. These optimal designs achieve trade-offs between the different objective functions (Pareto front).

The uses cases presented in this chapter was intended to illustrate the various analyses that can be carried out by a user using the design tool. It has been shown that it can be used to observe the variation of the optimal design space as a function of the outputs to be optimised (see use case 4) or even as a function of the constraints to be met (see use case 1, Figure 5.20). In addition to the mandatory constraints, additional constraints can also be applied either to design variables (for instance P Dens. > 100 W/cm 3 ) or to design outputs (for instance Time Irr. > 2400 EFPD), or to both.

Analyses can also be carried out according to the design options: see Figures 5.17 5.18 and 5.19, where the transportability of the reactor vessel has been studied according to several handling options.

Another possibility offered by the tool and not illustrated here is that it can be used to highlight constraints of interest that need to be addressed, through R&D programmes in order to achieve given performances for the reactor. Indeed, at the end of an optimisation process, the values taken by the various mandatory constraints to be respected by the optimal solutions can be displayed. If for a constraint, (the fuel enrichment for instance), the maximum value of this constraint (30% for the enrichment) is reached by the majority of the optimal solutions, this may indicate a technological constraint of interest that needs to be addressed. In this case, the tool can be used to highlight R&D needs.

To facilitate the understanding and interpretation of the results, three techniques have been presented which are: the use of cobweb graphs which make it possible to highlight any correlation between the design variables and the regions where the design outputs are optimised, sensitivity analyses by the calculation of Sobol indices which allow to rank the design variables according to their influence on the design objectives, and finally, extractions and visualisation using radar charts which allow to observe in more detail the designs provided by the tool.

In the next Chapter 6, the conclusions of the thesis along with recommendations for future work will be given.

Position of the problem and main works of the thesis

Today, fast neutron reactors are a promising way to decarbonise the energy sector, but also to make nuclear energy production more sustainable (through a better use of natural uranium resources), while allowing better management of highly radiotoxic products (through multi-recycling of plutonium, transmutation of minor actinides, etc.). A broader introduction to FR is given in Chapter 1: Introduction.

However, the design of a fast spectrum reactor is a complex process. In the context of this design, this thesis focuses in particular on the following four research objectives:

-New expectations set for future nuclear reactors

The expectations behind the development of FR increasingly cover more and more disciplines. In Chapter 2: Methodology, scope and modelling, Section 2.1: Fast reactors power plant, the complexity of a nuclear power plant and the range of performance that can/must be taken into account during its design have been highlighted in more detail. In this sense, one of the aims of this thesis has been to enable a large number of high-level objectives to be taken into account in the FR design process. These objectives may be related to the historical criteria retained for the development of FR, such as achieving high conversion rates and breeding gain, or to more contemporary criteria such as the transportability of the reactor vessel.

Given the limited time available for the thesis, the high-level objectives that have been considered in this work are grouped into the following themes: neutronics, cycle, thermal-hydraulics, safety, economics and transportability of the vessel. Transportability means being able to transport the reactor vessel from one production site to another. In the design approach, it is taken into account as a function of the vessel diameter, which must not exceed the size of the roads that will be used to transport the reactor.

In order to be able to bring out these criteria, it has been shown that 5 design modules are required: core, assembly, vessel, handling and DHRS. A more detailed explanation of the role of each of these design modules is given in Chapter 2: Methodology, scope and modelling. All of these modules, together with an optimisation module, form the design tool developed in this work with the aim of providing answers to the problems addressed by the research objectives. The aim of the optimisation module is to ensure that the FR designs provided by the tool are optimal, but also that they are physically relevant. The optimality of the designs is ensured by a genetic algorithm implemented in the optimisation module. As for the physical feasibility of the designs, it is checked by ensuring that they respect a set of mandatory constraints. These constraints are, for example, that the control rods can compensate for the loss of reactivity per cycle, or that the pins cladding can withstand the pressure of the fission gases, etc.

In relation to this first research objective of the thesis, the tool developed provides a total of approximately 40 outputs through all five design modules implemented, outputs that can be considered as design objectives in a FR design process.

-Complexity of the conventional design approach: a lengthy and costly process

As described in Chapter 1: Introduction, the conventional approach to FR design is a lengthy and costly process. It is estimated that with this approach, it takes around one year to have a complete version of the reactor design [START_REF] Fabbris | Optimisation multi-physique et multi-critère des coeurs de RNR-Na: application au concept CFV[END_REF]. In addition, it is a process that requires several teams, each of them specialised in a given discipline: whether neutronics, thermal-hydraulics, thermomechanics, etc. This means having to manage the interfaces between the different design teams. In addition, to facilitate exchanges between the teams, a common criterion is set, a criterion towards which all the teams must converge. This leads to multiply the iteration loops per discipline in order to converge towards this common criterion. With this approach, detailed safety studies are carried out once the design is sufficiently advanced, which may again involve several iterations, particularly if this design does not meet certain safety requirements. Finally, the complexity of this approach leads some teams to set some of the reactor parameters at conservative values without subsequently re-optimising them or estimating the impact of this action on the performance of the reactor.

To address these issues, several aspects were taken into account in the development of the design tool obtained at the end of this thesis.

Firstly, it is a multi-physics tool in which several disciplines are taken into account. As a reminder, these disciplines are grouped around the following themes: neutronics, cycle, thermal-hydraulics, safety, economics and transportability of the vessel. These themes are considered through the approximately 40 outputs provided by the design modules included in the design tool and mentioned in the previous paragraph. Thus, this approach eliminates the need for the design to be managed by several teams and the issues raised by this management (interface management, multiplication of the iteration loops, etc.).

To take into account safety indicators, in particular related to the core behavior in unprotected transients*, the design tool also makes it possible to carry out analyses for this purpose from the first stages of the design process. Despite the fact that this consideration is made in a very simplified way in this thesis, mainly through the KGH methodology (see Section 3.2.2.3: Unprotected transients safety indicators: KGH method), it allows to quickly evaluate and compare core designs in order to exclude some concepts whose reactivity feedback would be prohibitive from a safety point of view, or, on the other hand, to select promising concepts.

The design tool developed is also a parametric tool with a very large number of dimensions: about 40 reactor parameters can be considered as variables in the design tool (see Table 4.1). These variables are related to the following parts of the reactor which are the core, the assemblies, the reactor vessel, the primary handling and the DHRS. To enable the design tool to cover a design space and provide a wide variety of FR designs, the core variables were allowed to take a set of values over ranges of variation.

Then, the other reactor variables are calculated based on the values taken by these core variables. This high-dimensional approach was chosen to avoid, as far as possible, setting some of the reactor parameters at conservative values without estimating the impact of this action on the reactor's performance.

To ensure the physical relevance of the designs provided by the design tool, a set of mandatory constraints have been defined. However, additional constraints can also be added by a user of the design tool.

Furthermore, in relation to the outputs given by the design modules, and more specifically the neutronic outputs, sensitivity analyses were carried out, which showed that almost all the core variables considered in the thesis were influential in relation to these outputs. More details on these sensitivity analyses are given in Appendix B: Sensitivity analysis. In practice, sensitivity analysis are used to identify the most influential parameters as those on which uncertainty should be reduced as a priority in order to achieve a reduction in uncertainty on the output. Conversely, the least influential parameters can be set to conservative values, thus simplifying the model. Sensitivity analysis can also be used to validate or invalidate intuitively based assumptions about the most influential parameters of a physical system.

The time-consuming and costly aspect of the conventional FR design process is also addressed in this thesis and partially resolved by the use of surrogate models* and other simplified models. In fact, the use of reference codes (neutronic, thermal-hydraulic codes, etc.), which have the characteristic of being timeconsuming, are partially responsible for the long and costly aspect of the conventional FR design process. The use of surrogate models in nuclear engineering design is not new as it has already been explored in some scientific papers. This approach adopted in the thesis has shown, through the use cases presented in Chapter 5: Optimisation process based on use cases, that it takes a few hours for the design tool to provide optimal reactor designs with respect to design objectives to be defined by a user. -

Global consideration of the reactor

As also mentioned in Chapter 1: Introduction, in the conventional FR design approach, there is a tendency to reduce the reactor performance objectives to sub-levels (core, assembly, vessel, etc.) and then to rebuild the reactor around these sub-levels. For example, in an FR design process aimed at achieving objectives related to the nuclear fuel cycle, for example to reduce plutonium and minor actinide mass inventories, there will be a tendency to focus mainly on the reactor core and then to rebuild the other parts of the reactor (assembly, vessel, primary handling, DHRS) around this sub-level which is the core.

This approach is therefore restrictive since it does not consist of a global consideration of the reactor.

Furthermore, in the process of rebuilding the reactor around a targeted sub-level, it is often based on reflections from the past and therefore on potentially arbitrary choices. Moreover, this may mean that the resulting reactor design may not be the most optimal from an overall point of view of the reactor.

To address this issue, the design tool enables design objectives to be applied to one or simultaneously on several of the following sub-levels: the core, the assemblies, the reactor vessel, the primary handling and the DHRS. In this work, the global consideration of the reactor is therefore defined by this perimeter.

In Chapter 5: Optimisation process based on use cases, several use cases with different design objectives were studied. For each of these case studies, the sub-levels of the reactor to which the design objectives applied were indicated.

Thus, in relation to this third objective of the thesis, the design tool has been developed in such a way as to enable objectives to be applied to one or simultaneously to five sublevels of the reactor. These five sub-levels are: the core, the assemblies, the reactor vessel, the primary handling and the DHRS. They thus constitute the perimeter of the reactor considered in the thesis.

-

Exploration of possibles design options

The final objective of the thesis addressed by the design tool developed in this work is to enable the exploration of a set of design options. Indeed, several design options are possible for some of the reactor sub-levels considered in this manuscript. For the reactor core, for example, the coolant can be sodium or lead-bismuth, the nuclear fuel MOX or metal fuel, etc.

In the conventional FR design approach, the choice of the design options is often the first step in the design process. This choice is often made by experts on the basis of the historical industrial policy of the country concerned. For example, as mentioned in Chapter 1: Introduction, in France, there will be a tendency to choose an oxide fuel rather than a metal fuel since all the nuclear fuel manufacturing and reprocessing industry were designed for oxide fuel. Moving to another type of fuel could mean rebuilding this industry, which involves significant investment and delays. Moreover, for a project with fixed deadlines, it is not possible to consider and explore all possible technological options, hence the choices made by experts.

In this work, the design tool is developed in such a way as to allow the exploration of a set of design options. These design options are characteristic of the technological choices that can be made during the FR design process. Those considered in the tool proposed at the end of this thesis are listed below:

• Primary coolant: sodium, lead-bismuth.

• Nuclear fuel: metal, carbide, nitride, oxide

• Shape of the assemblies: hexagonal, square.

• Pin design: pins with a central hole, pins without a central hole.

• Primary circuit configuration: pool-type*, loop-type*.

• Type of the primary handling: two rotating plugs, single rotating plug + pantograph, in-cell fuel handling.

For this last objective of the thesis, the design tool has been developed to allow the exploration of a range of design options. Those selected in the thesis are related to the primary coolant, the nuclear fuel, the assembly shape, the fuel pin design, the primary circuit configuration and the primary handling type.

In the use cases presented in Chapter 5: Optimisation process based on use cases, it is rather the conventional options found in FR that have been considered, i.e. sodium coolant, MOX fuel, hexagonal assemblies, pins without a central hole, pool-type design for the primary vessel and the two rotating plugs option for the primary handling. At the current state of development of the design tool, the other options mentioned above can obviously be considered in a design process. However, a validation phase of the tool on these options must be carried out first, a step that has not been done at the time of writing this manuscript. For example, the definition of coolant inventories in the primary reactor vessel was based on feedback from sodium fast reactors. For lead-bismuth coolant, this assumption needs to be discussed.

Research perspectives

More generally and in simplified terms, what the design tool allows is to find a set of FR designs that are optimal according to design objectives while respecting a set of constraints. For example, in the use case 3 studied in Chapter 5: Optimisation process based on use cases, it has been shown that the FR designs with very low power densities and thermal power were those that allow objectives related to reactor safety to be optimised. The tool developed in this work can also be used to study the impact of the possible technological choices on the FR designs as shown in the use case 1 studied in Chapter 5.

In the next section, some interesting research perspectives to be opened up in order to improve the work that has been done in the thesis will be presented.

Research perspectives

Following the work presented in this manuscript, several perspectives can be raised with the aim of improving the design tool developed here, and also to enabling additional analyses to be carried out.

The perspectives raised here are mainly related to the design modules included in the design tool. Those for which additional modelling would be of particular interest are: the core module, the assembly module and the vessel module. Areas of interest for each of these modules are highlighted below.

Core design module

In the core module, several interesting perspectives can be raised, in particular with regard to the homogeneous aspect of the reference core, the positioning of the control rods in the core and the choice of core inlet and outlet temperatures.

-Homogeneous aspect of the reference core

For the study performed here, a core configuration which acts as a reference core, has been defined. It's a homogeneous core which means that the height of the fissile column is the same for all assemblies.

As a perspective for this choice, it would have been interesting to opt for a heterogeneous core, i.e. whose fissile height would not be the same for all assemblies. This choice would certainly have made the designs and studies carried out in this manuscript even more complex, particularly in relation to the design of the heterogeneous assembly. That being said, it would have made it possible to widen the range of FR designs that can be provided by the design tool. Indeed, for a heterogeneous core, in the choice of the core variables, in particular the geometric variables, and the range of variations associated with these variables, they can be made in such a way as to make it possible to cover both homogeneous and heterogeneous core types.

-

Position of the control rods

The positioning of the control rods in the core is also an important aspect to be reconsidered in future work.

In this study, the number and position of control rods in the core have been fixed on the basis of feedback from SFR design: they always represent 7% of the core volume, and within this 7%, 60% are placed in the centre of the inner core and the remaining 40% at the inner/outer core interface.

This choice can be very disadvantageous for cores with a low H/D ratio and a large diameter. In fact, in this case and with the spatial distribution chosen in this document for the positioning of the control rods, the effectiveness of these rods may be greatly reduced, which may not make it possible to comply with the constraints on the functions that the control rods must perform in a reactor core (reactivity loss compensation per cycle, reactivity effect compensation due to a cold shutdown, etc.).

For future studies, it would be interesting to reconsider the number and/or the position of the control rods in the reactor cores with large diameters. The aim would be to avoid penalising this type of core because of the assumptions that have been made.

-

Core inlet and outlet temperatures

In a reactor, the core inlet and outlet temperatures, under nominal conditions, have a direct impact on the reactor's performance, in particular on its thermodynamic efficiency, but also on its lifetime. In this study, these temperatures have been defined as a function of the primary coolant, knowing that they remain constant for the same primary coolant, whatever the reactor design (see Section 3.1: Core design module).

For future studies, it would have been interesting to consider these core inlet and outlet temperatures as variable. However, to study the impact of this choice on the reactor performance, such an approach would require at least two additional models to be implemented. First a model to calculate the thermodynamic efficiency of the nuclear power plant according to these temperatures: a simplified approach would be to use the Carnot efficiency which corresponds to an ideal efficiency.

For the second model, it should make it possible to estimate the reactor lifetime as a function of these temperatures. Indeed, if the high core outlet temperatures theoretically maximise the thermodynamic efficiency of the reactor, they can lead to creep in the primary vessel which can induce a reduction in the reactor's lifetime. This second model should therefore make it possible to link the core temperatures to the vessel creep and to the reactor lifetime.

Assembly design module

As for the core module, several perspectives would be interesting to consider in future work for the assembly module. For this module, three main questions are raised here to be further investigated: the first related to the consideration of irradiation in the calculation of the radial temperature distribution in the fuel pins, the second one related to the height of the assemblies and the last to the design of boron carbide pins.

-Influence of irradiation on the calculation of the fuel temperature

In this work, the radial temperature distribution in the fuel pin is calculated only for the fresh fuel: the influence of irradiation on this temperature is not considered. This is an important issue to be addressed for future works, as irradiation affects the thermal properties of the fuel used to calculate its temperature. This is a complex process that requires several parameters to be taken into account and updated as the fuel is irradiated. Some of these parameters are described in [START_REF] Philipponneau | Thermal conductivity of mixed oxide fuel[END_REF] for mixed oxide fuel.

-Height of the assemblies

In the assembly design module presented in Section 3.2: Assembly design module, no mention is made of the design and height of the assembly head and foot. This aspect is particularly important for the following two reasons. Firstly, the head and foot of the assembly increase the core pressure drop and therefore affect reactor performance. Then, their design would allow us to ensure that for all FR designs provided by the design tool, the assemblies with their total height, including head and foot, can be placed in the primary vessel. This verification can be done by applying the following mandatory constraint: H Vessel > H Assembly ; H Vessel : the vessel height, H Assembly : the assembly height.

-Boron carbide pins design

The B 4 C pins contained in the control rods are ceramics characterised by a poor thermal conductivity which leads to a high temperature gradient in the absorber pins. In this sense, the non-melting of these pins would be an important constraint to ensure in the reactor design process. To achieve this, the heterogeneous design of the control rod assemblies and the absorber pins they contain, as has been done for the fuel assemblies, remains the first step to be considered.

It would also be interesting to combine this approach to the design of reactivity control assemblies with models for studying the swelling of the absorber pins which is a phenomenon often observed in these rods. This swelling could trigger the physical contact between the absorber and the cladding which is the principal effect that limits the residence time of control rods in a reactor core [START_REF] Guo | Design of innovative systems for the optimized control of reactivity in Gen-IV fast neutron reactors[END_REF].

In the use case 2 studied in Chapter 5: Optimisation process based on use cases, we try to limit these B 4 C swelling effects by minimising the 10 B content in the control rods. Indeed, this swelling is due to the helium released by the 10 B during the absorption reactions. The higher the 10 B content in the rods, the more frequent the unloading phases would be, hence the objective of minimising the 10 B content defined in the use case 2.

Reactor vessel design module

A perspective that would be interesting to address in future work would be to improve the accuracy of the model, particularly with regard to the calculation of the vessel diameter. As indicated in Chapter 5: Optimisation process based on use cases, Section 5.3: Design tool architecture, the design tool tends to undersize the vessel diameter. This is due to the fact that the calculation method used for this parameter 6.3. About the design tool is based only on the calculation of the diameter of the primary handling devices and that of the IHX, which means that the vessel diameters provided by the design tool are in fact minimum diameters.

To improve the precision of the design tool on the calculation of the vessel diameter, it would be necessary to consider the lateral shield which tend to increase this diameter. These neutronic radiation shielding are placed in the primary vessel and have the role of preventing the activation of the secondary circuit.

Then, by using a neutronic flux calculation, it will be possible to estimate the diameter of these shielding so that the number of dpa in the secondary circuit structures is almost zero. The diameter of these devices thus obtained would be used in the calculation of the primary vessel diameter.

Moreover, in the calculation of the diameter of the IHX, it was assumed that there were three loops of them, each loop capable of removing 1/3 of the nominal thermal power of the reactor (as was the case in the French Phenix, Japanese Monju and British PFR fast reactors). In perspective to this thesis, this parameter can also be considered as a variable.

Finally, a last perspective to investigate further would be the calculation of the height of the components in the primary vessel, the grid for instance. This would prevent the conservative assumption that has been made in this work, particularly the 4.2 m characteristic of the grid height and used in the calculation of the vessel height (see Section: 4.2: Reactor vessel design module).

All of these points raised in this section are relevant elements to be taken into account in future work aimed at improving what has been done in this thesis.

For the moment, the modelling of the nuclear power plant is limited to the primary circuit. The impact of the secondary circuits and the power conversion system has not been taken into account.

However, in parallel with this thesis, we emphasize here that a work aiming to study the possibility of a sodium fast reactor operating in direct cycle has been studied as part of a 6-month internship. A direct cycle means that the sodium coolant reaches its boiling point and the sodium vapor produced is sent directly to the turbine. Compared to a conventional SFR, the intermediate and secondary circuits are eliminated in this case. The objective behind this study was to eliminate any possibility of a sodium-water reaction.

Even if this study was preliminary, it was interesting to carry out given that it is an innovative concept requiring the consideration of several complex physics.

In order to integrate this work on the direct cycle into the framework of this manuscript, it would have been necessary to add models to take into account the number of heat removal loops in the reactor, their impact on the thermodynamic efficiency of the nuclear facility, the service provided, the land use, etc. We have therefore chosen to leave this study independent of the thesis.

About the design tool

The design tool presented and developed in this thesis is based on a set of simplified models. It is therefore not a reference tool for reactor design, or even an innovation tool. It only provides FR designs according to the design rules that have been defined through the various modules that make it up. Any design emerging from it would therefore require a validation stage and probably additional optimisation processes.

However, it can be seen as a decision-making tool, highlighting the objectives that it is possible to achieve as a function of the current design constraints, or even highlighting thresholds related to different technologies and their impacts on the overall performance achievable by the reactor.

The design tool can also be seen as a tool to help highlight R&D needs for the current constraints that should be raised to reach certain unreachable areas in the performance space.

In some scientific publications highlighting the work carried out in this document, the tool developed as part of this thesis is referred to as ADAM, an acronym which stands for AI-based reactor Design Approach for Mapping.

In order to estimate the error of the homogeneous modelling compared to the reference model, ten 3Dcore configurations were specially defined for the study performed in this section. For each core, the 2D equivalence is obtained by keeping the volumes between the two schemes. Furthermore, in the definition of these ten cores in 3D, the following rules have been respected:

• All core correspond to sodium reactors consisting of hexagonal assemblies containing MOX fuel.

• The ratio between the number of B 4 C assemblies and the number of fuel assemblies is set to 7%: R B 4 C-Fuel = 7%.

• 60% of these control rods are placed in the inner core and the remaining 40% at the inner and outer core interface.

• The number of reflector rings around the outer core is such as to allow a radial thickness of the reflectors of at least 50 cm: T SR ≥ 50 cm. Beyond this thickness, little impact is observed on the neutronics of the reactor.

Table A.1 below provides a summary of all the core data used for the comparison in this annex. The legend of the symbols in this table are as follows: For each medium of the core and depending on the number of assemblies of this medium, the equivalent radius of the 2D core model is obtained as follows, from the 3D model:

√ 3 2 × P 2 lat × N Ass-3D = π × R 2
Core-2D As an illustration, Figure A.1 shows the modelling of the "core 2", either according to the 2D and 3D approach.

In all 3D-heterogeneous modelling, only the fuel assemblies of the inner and outer core are described using a pin-by-pin approach. The medium in the boron carbide assemblies and in the steel reflectors are homogenised. Furthermore, the control rods are always in the upper position and are not inserted into the core. The heterogeneous fuel assembly data used in the 3D-heterogeneous calculation and their homogenised equivalence in the 2D-homogeneous calculation are shown in the 3.1

-Results

The results of the comparative study are presented in Tables A. 3,A.4 and A.5 below. First,in Table A.3, one can see the order of magnitude of the reduction in the computation time allowed by the 2D-homogeneous modelling. In this table, Ratio t-Calcul corresponds to the ratio between the duration of the calculation in 3D-heterogeneous, t Calcul-3D and that in 2D-homogeneous, t Calcul-2D :

Ratio t-Calcul = t Calcul-3D t Calcul-2D In Tables A.4 and A.5, depending on the modelling approach, the values obtained for the neutronic performance considered in this comparative study as well as the absolute and relative deviations (Abs. dev. and Rel. dev.) calculated from the results are indicated. The neutronic performance considered are:

• The inner core enrichment, Enr. • The final mass of americium, Mass. Am-Fin in [kg]

• The final mass of neptunium, Mass. Np-Fin in [kg]

• The final mass of curium, Mass. Cm-Fin in [kg] All these neutronic performance were obtained following calculations aimed at reaching a target value of 130 dpa at the end of the irradiation time.

-Conclusion

The 2D-homogeneous modelling approach provides a significant reduction in computation time, up to a factor of 61 compared to 3D-heterogeneous modelling (See Table A .3). Moreover, the error compared with the 3D-heterogeneous modelling remains rather small. For the fuel enrichment for example, this error varies between 2 and 10% on all ten cores used for the study. 

  La mise en place d'une méthodologie pour atteindre les objectifs de la thèse nécessite d'abord d'analyser l'infrastructure nucléaire pour mettre en évidence l'éventail des composants du réacteur et des performances à considérer lors de la phase de conception. Dans ce chapitre, cette analyse est réalisée sur la base de la Figure1ci-dessous qui présente une vision globale et synthétique de l'infrastructure d'un réacteur nucléaire et plus particulièrement un RNR. Cependant, avant cette analyse et dans le prochain paragraphe, une description des divers éléments indiqués dans la Figure 1 est faite. Cette description s'appuie sur le flux de matières à travers le réacteur qui, dans cette figure, fonctionne avec un cycle fermé.
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 1 Figure 1 : Le cycle du combustible dans un RNR Dans un RNR, le combustible chargé en coeur est à base d'uranium et de plutonium. L'uranium provient d'opérations d'extractions minières, alors que le plutonium, qui lui n'existe pas dans la nature, est issue du retraitement d'un combustible à l'uranium irradié dans un réacteur nucléaire. Dans la fabrication du combustible neuf et dans le cadre d'une stratégie de fermeture du cycle, des contraintes liées au retraitement des assemblages usés impliquent une limite à ne pas dépasser pour la teneur en plutonium.Par ailleurs, dans cette stratégie de fermeture du cycle, des actinides mineurs peuvent aussi être chargés dans le combustible neuf afin de les transformer en produits de fission de plus courte durée de vie. Cette opération impacte cependant le comportement du coeur lors de transitoires, mais aussi, la production de chaleur résiduelle des assemblages usés. À l'issue du processus de fabrication, le combustible neuf se présente sous la forme d'assemblages constitués d'aiguilles. Pour la thermo-hydraulique et la sûreté du réacteur, la conception de ces assemblages revêt une grande importance. Ces assemblages sont introduits dans la chaudière primaire et placés dans le coeur où ils vont produire de l'énergie thermique à travers les réactions de fission. Cette opération de placement des assemblages dans le coeur est réalisée par le système de manutention primaire dont la conception et les dimensions impactent aussi celles de la cuve primaire. L'énergie thermique produite dans le coeur est évacuée par le caloporteur primaire qui peut de plusieurs natures : sodium, plomb, etc. (Voir Table1). Les températures d'entrée et de sortie de ce caloporteur dans le coeur influencent le rendement thermodynamique de l'installation nucléaire, mais aussi la durée de vie de la cuve au travers du fluage mécanique de ses structures. Finalement, à l'issue de leur temps d'irradiation, les assemblages sont placés dans un stockage qui peut être soit interne à la cuve primaire, soit dans une autre cuve externe. Cette opération de stockage a pour but de permettre la réduction de la puissance résiduelle des assemblages irradiés afin de pouvoir entamer les opérations de lavage. Dans le cas des RNR à caloporteur sodium, ces opérations de lavage sont nécessaires afin de permettre l'élimination du sodium résiduel avant le stockage des assemblages en piscine de refroidissement en eau. En raison de l'incompatibilité chimique entre le sodium et l'eau, les opérations de lavage se font à une cadence très lente, ce qui a un impact sur la disponibilité du réacteur.
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 2 Figure 2 : Paramètres d'un réseau d'assemblages combustibles à forme hexagonale

Figure 3 :

 3 Figure 3 : Étapes à suivre pour lancer un calcul avec l'outil mis en place Appliquons ces étapes dans le cadre d'une démarche de conception ayant comme objectif d'optimiser des critères économiques du RNR, notamment en rapport avec le coût d'investissement du réacteur et son coût d'exploitation. Cela dit, la prise en compte de critères économiques est une chose complexe. Les résultats de ce cas d'application doivent donc être considérés comme une estimation grossière et non comme une analyse économique fine et complète. Ce cas d'application est traité en utilisant l'outil de conception mis en place dans ce travail pour résoudre un problème d'optimisation avec contrainte dont les objectifs sont indiqués sur la Figure 4. Ces objectifs s'appliquent sur des grandeurs pouvant être interprétés comme des estimateurs économiques d'un réacteur. Ces grandeurs, toutes fournies par les modules de conception, sont la hauteur de la cuve H Cuve , son diamètre D Cuve et le temps d'irradiation des assemblages en coeur Temps Irr. . Dans le cas d'application, on va chercher à minimiser H Cuve et D Cuve pour minimiser le coût d'investissement du réacteur. Quant aux coûts d'exploitation, ils sont pris en compte par le biais du temps total d'irradiation du combustible, que l'on cherche à maximiser pour réduire les temps d'arrêt nécessaires aux phases de chargement/ déchargement du combustible : ce qui a un effet favorable sur le facteur de charge de l'installation nucléaire.
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 4 Figure 4 : Objectifs de l'optimisation et composants du réacteur sur lesquels ils s'appliquent
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 6 Figure 6 : Calcul des indices de Sobol pour le temps d'irradiation total En permettant la mise en évidence des variables les plus influentes pour une grandeur donnée, cette analyse de sensibilité par le calcul d'indices de Sobol permet la réduction de la dimension du problème, ce qui facilite la réalisation d'exercices de mise en évidence d'effets de seuil et de cartographie de l'espace des variations de la grandeur étudiée.

Figure 7 :

 7 Figure 7 : Mise en évidence du critère de transportabilité en fonction de la solution de manutention xix
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  Figure 1.1: Neutron per absorption as function of the energy[START_REF] Kloosterman | 2.3 principles of a nuclear reactor[END_REF] 
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 1 Figure 1.2: Evolution of the radiotoxicity of a typical UOX spent fuel [CEA, 2012c]
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 13 Figure 1.3: Schematic layout of a fast reactor plant
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 14 Figure1.4: Fuel pins layout and sub-assembly design in fast reactors[START_REF] Sofu | Fast reactor fuels[END_REF] 
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 15 Figure 1.5: Comparison between the pool design (Phenix reactor) and the loop design (Monju reactor)
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 17 Figure 1.7: Simplified diagram of the design tool operation mode

  Figure 2.1: Highlighting all the facilities associated to a nuclear reactor

Figure 2

 2 Figure2.3 provides a schematic representation of the different modules and the design process followed.
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 3 Figure 3.2: 2D Representation of the reference core, control rods in an upper position
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 33 Figure 3.3: Heterogeneous and homogeneous modelling of a sub-assembly in the ERANOS tool

  State of the core at the Beginning Of Cycle (BOC) and at the End of Cycle (EOC). It is indicated on each of the 4 fuel batches their number of cycles in the reactor core.
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 34 Figure 3.4: State of a core at BOC and EOC with a reloading frequency of 4
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 35 Figure 3.5: Representative cycle of a frequency 4 in case of homogeneous modelling
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 3 Figure 3.6: Simplified description of the process for creating surrogate models
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 338 Figure 3.8: Comparison of the 2D projection of the DOE for the sixteen variables in Table3.2, generated with the LHS and the qMC method.

Figure 3 . 9 :

 39 Figure 3.9: Working flow of an artificial neural network with 1 hidden layer and 10 neurons

•

  value of the RSD: it is a local measure of the metamodel accuracy.
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 3 Figure 3.10: Visual validation technique for surrogate models

Rho B4C > 2

 2 Figure 3.11: Constraints on the reactor reactivity control system
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 3 Figure 3.12: Schematic representation of the method, outputs and constraints in the core design module
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 3 Figure 3.13: Schematic representation of a hexagonal lattice sub-assemblies and fuel pins These parameters are:
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 3 Figure 3.15: TIB accident reactivity insertion, sodium coolant and MOX fuel
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 3 Figure 3.16: Handling error modelling with the ERANOS tool and its reactivity effect

  ).S lat × N Core-Ass = π × R 2 Core(3.22) N Core-Ass = N Fuel-Ass + N B4C-Ass(3.23) N B4C-Ass = 7% × N Fuel-Ass(3.24) 

Figure 3 .

 3 Figure 3.18: Core fuel fraction as a function of sub-assembly ring count

7.Figure 3 .

 3 Figure 3.19: Constraint to ensure that all fuel pins are contained within the sub-assembly hexagonal tube

  .34) f: friction coefficient, dimensionless, function of the fluid flow and the Reynolds coefficient (Re). wetted perimeter of the cross-section.

  heat flow rate transferred through conduction W ; T: temperature of the medium • C λ: thermal conductivity of the medium W • m -1 • • C -1 ; S: cross-sectional area of the heat flow m 2 , equal to S = 2πr × H Core ; H Core being the core height r: space variable in the radial direction of the heat flow [m].
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 3 Figure 3.20: Radial temperature distribution in a fuel pin

  Feedback ∂ΔT • : reactivity variation following the core heating, in [PCM/°C] with ΔT • = T • Outthe core power coefficient in [PCM/%P Th ]. It is representative of the variation of the core reactivity as a function of the percentage of change in the nominal thermal power P Th .
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 33 Figure 3.21 below shows some of the reactor parameters used in this document for the K, G and H calculation method.
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 3 Figure 3.22: Impact of core geometry and the 10 B content on the S-Curve

  the inside diameter of the cladding, D Clad = 2 × R Pellet + T Gap δ Clad-min : the minimum cladding thickness

Figure 3 .

 3 Figure 3.23: Minimal and average law for the tensile and the yield stress for irradiated steel of type AIM1

5 -

 5 stress-0.2% [T = 820 • C] 1.P max = 45 bar = 4.5 MPa: see Paragraph 3.2.1.3.
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 3 Figure 3.24: Decay heat of a 563 MWth reactor core after 3 days of shutdown
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 3 Figure 3.25: Schematic representation of the design process in the assembly design module
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 3 Figure 3.26: Schematic representation of the design outputs and related constraints in the assembly design module
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 41 Figure 4.1: Schematic representation of the handling solution with two rotating plugs
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 3 Fig. 2 Concept of JSFR refueling
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 4 Figure 4.2: Handling solution with pantograph-type fuel handling machine[START_REF] Katoh | Development of advanced fuel handling machine for JSFR[END_REF] 
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 43 Figure 4.3: Schematic representation of the in-cell handling solution

Figure 4 . 4 :

 44 Figure 4.4: Some of the variables in the handling solution with two rotating plugs For this solution with two rotating plugs and in this study, D Handling = D LRP . The general principle followed to obtain D LRP via COPERNIC consists of successively following the steps below:
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 45 Figure 4.5: Schematic representation of the design process in the handling design module
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 46 Figure 4.6: General sequence of a ULOF transient in a homogeneous core

  driving height [m]; V Coolant-Conv. : average coolant velocity in natural convection m/s .
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 47 Figure 4.7: Schematic representation of the vessel and its components
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 48 Figure 4.8: Highlighting the IHX inlet and outlet position in a pool reactor
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 49 Figure 4.9: Coolant inventory calculation in the primary

Figure 4 .

 4 Figure 4.10: Schematic representation of the design outputs in the vessel design module

  f • (Time) -P Th = 563 MWth -Coolant = Na -Loop = No k DHRS = 0.77 -P DHRS = 3.8 MWth -T • (max) = 652 • Ct/T • (max) = 47.Power of the DHRS[MWth] 
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 4 Figure 4.11: Outputs provided by the DHRS design module

Figure 4 .

 4 Figure 4.12: Schematic representation of the design outputs of interest in the DHRS design module

2.

  The individuals of this initial population are classified according to what is called "rank". The rank is what allows the selection of the optimal individuals in the Pareto front. That of an individual represents the number of times it is dominated according the objective functions. Individuals of rank 0 therefore represent the solutions of the optimisation problem.
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 51 Figure 5.1: Procedure for running a simulation with the design tool
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 5 Figure 5.2: Optimisation objectives in the use case 1 and the reactor sub-levels involved
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 55 Figure 5.3: Power density

Figure 5

 5 Figure 5.6: cobweb graph representing the distribution of the optimal solutions for the use case 1

Figure 5 . 8 :

 58 Figure 5.8: Highlighting regions that minimise the vessel height

  Dens. ≤ 30 W/cm 3 30 < P Dens. ≤ 50 W/cm 3 50 < P Dens. ≤ 85 W/cm 3 Phenix -Real data (b) As function of P Dens.
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 59 Figure 5.9: Highlighting the correlation between low H Vessel and low P Dens.
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 5 Figure 5.10: Highlighting regions that maximise the fuel irradiation time

  Figure 5.12: Highlighting the 4 solutions extracted in the use case 1
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 55 Figure 5.13: Comparison radar chart between the trade-off and Best -D Vessel solutions -use case 1 Figure 5.14 shows that the trade-off design has a lower thermal power and power density than the Best -H Vessel design, but it is not the most optimal for minimising the vessel height.
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 5 Figure 5.14: Comparison radar chart between the trade-off and Best -H Vessel solutions -use case 1
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 5 Figure 5.16: Comparison radar chart between the trade-off and the best solutions -use case 1
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 5 Figure 5.17: Two rotating plugs

  Case 1.1 with constraint on P Dens.

Figure 5 .

 5 Figure 5.20: Optimal design space variation following the constraint P Dens. > 100 W/cm 3

  Use Case 1.1 with constraint on P Dens.
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 5 Figure 5.21: Optimal design space variation following the constraint P Dens. > 100 W/cm3 
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 5 Figure 5.22: Optimisation objectives in the use case 2 and the reactor sub-levels involved
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 555 Figure 5.23: Power density
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 5 Figure 5.26: Highlighting regions that minimise the normalised volume of ILW
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 5 Figure 5.27: Highlighting regions that minimise the normalised volume of 10 B in the reactor core

PFigure 5 .

 5 Figure 5.28: Sobol sensitivity analysis: final mass of americium and breeding gain A more detailed observation of the results provided by the design tool on this use case 2 will be made in the next lines, on the basis of the 4 extracted solutions shown in Figure 5.29.
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 5 Figure 5.30: Comparison radar chart between the trade-off and Best -V ILW solutions -use case 2
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 5 Figure 5.32: Comparison radar chart between the trade-off and Best -V10 B solutions -use case 2

Figure 5 .VFigure 5 .

 55 Figure 5.33: Comparison radar chart between the trade-off and the best solutions -use case 2As said above, all the designs obtained from the optimisation process of the use case 2 are burner-type cores. In relation to the nuclear fuel cycle, this means a reduction in the amount of plutonium stock, stock that are needed to start up a fleet of fast spectrum reactors. In order to optimise this initial mass of plutonium required to start up the reactor, in a new use case 2.1, in addition to the three optimisation objectives considered in the use case 2, the minimisation of the initial mass of plutonium normalised to the energy extracted from the fuel has been added: minimise Mass Init-Pu = Mass. Init-Pu P Th • Time Irr.. Solving this new optimisation problem gives the results shown in the Figure5.34 below.
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 5 Figure 5.35: Highlighting regions that minimise the normalised mass of plutonium It is difficult to explain the correlation between Mass Init-Pu and the parameters Enr10 B , F B 4 C and R H/D .The sensitivity analysis below (Figure5.36) shows that Mass Init-Pu is a function of P Th and P Dens. , and that the parameters Enr10 B , F B 4 C and R H/D , as expected, have an impact on the control rods worth.
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 5 Figure 5.37: Optimisation objectives in the use case 3 and the reactor sub-levels involved5.4.3.1 ResultsSolving the optimisation problem formulated above gives the results shown in the figures below. The projection planes used are (P Th , P Dens. ) for Figure5.38, (H/G Ratio, ΔP Drop ) for Figure5.39 and in Figure5.40, (Rho Loss , ΔP Drop ).

  Figure 5.38: Power density

Figure 5 .

 5 Figure 5.41: Highlighting regions that minimise pressure drop (in yellow) and reactivity loss (in blue)

  Figure 5.42: Sobol sensitivity analysis: reactivity loss per cycle and breeding gain
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 5 Figure 5.43: Highlighting the 4 solutions extracted in the use case 3
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 5 Figure 5.46: Comparison radar chart between the trade-off and Best -H/G solutions -use case 3
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 53433 Figure 5.47: Comparison radar chart between the trade-off and the best solutions -use case 3
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 55 Figure 5.49: Comparison of the optimal design space between all the use cases

  ,

So, in relation

  to this second research objective, the tool developed in this work is a multiphysics tool, with a very large number of dimensions (approximately 40 variables). It uses a set of simplified models to avoid the reference codes which have the characteristic of being time-consuming.

  P lat : assembly lattice pitch; N Ass-C1 : number of fuel assemblies in the inner core; N B 4 C-C1 : number of boron rods in the inner core; N Ass-C2 : fuel assemblies in the outer core; N B 4 C-C2 : boron rods in the outer core; N Ass-SR : steel reflectors. R C1-1 : radial dimension of the inner core to the first ring of boron carbide rods (see Figure A.1b); R B 4 C-1 : radial dimension of the inner core to the end of the first B 4 C ring; R C1-2 : radial dimension of the inner core; R B 4 C-2 : radial dimension to the end of the second B 4 C ring; R Core : core radius; R SR : radial dimension to the end of the last ring of steel reflectors; T SR : radial thickness of the reflectors, T SR = R SR -R Core .

  Core1 in [%] • The core breeding gain, BG Core • The fuel irradiation time, Time. Irr in [EFPD] • The average fuel burn-up, BurnUp Core in [MWd/t] • The power peaking factor, P. Factor • The burn-up reactivity loss per cycle, Rho Loss in [PCM] • The initial mass of uranium, Mass. U-Init in [kg] • The initial mass of plutonium, Mass. Pu-Init in [kg] • The final mass of uranium, Mass. U-Fin in [kg]• The final mass of plutonium, Mass. Pu-Fin in[kg] 

Figure

  Figure A.2 below compares, for the ten cores defined for the study, the fuel enrichment obtained with the two modelling approaches. This figure also shows the time reduction factor allowed by the 2D-homogeneous modelling.

  

Table 2 :

 2 Options considérées dans les modules de conception

	Modules de conception	Options de conception
	coeur	Caloporteur : Sodium, plomb-bismuth
		Combustible : Métal, oxyde, carbure, nitrure.
	Assemblage	Forme des assemblages : Hexagonale, carrée.
		Aiguille combustible : Avec trou central, sans trou central.
	Chaudière	Configuration du circuit primaire : Piscine, à boucles.
	Manutention	Solutions de manutention primaire : Deux bouchons tournants, bras pantographe, manutention cellule.

  Ces pompes et échangeurs sont dimensionnés pour pouvoir évacuer la puissance thermique nominale du réacteur qui est une donnée fournie par le module de conception coeur. Pour ce qui est de l'emprise radiale des systèmes de manutention primaire, c'est une sortie fournie par le module de conception manutention.Grâce à ces approches retenues pour calculer les hauteur et diamètre des cuves de RNR, le module chaudière permet ainsi de réaliser des analyses sur la facilité d'établissement d'un débit de convection naturelle dans le réacteur, mais aussi, sur la transportabilité de la cuve principale.

Finalement, le module chaudière estime les inventaires en masse d'acier et de caloporteur primaire dans la cuve du réacteur. L'estimation de ces inventaires est réalisée en s'inspirant du retour d'expérience sur la conception des RNR. Par ailleurs, ces masses sont nécessaires au dimensionnement des systèmes d'Évacuation de la PUissance Résiduelle (EPUR), travail qui est réalisé par le module EPUR.

Table 3 ,

 3 entre les sorties fournies par l'outil conception et les données exactes d'un réacteur rapide français, le réacteur Phénix. Pour cette comparaison, les paramètres du module coeur sont fixés à des valeurs correspondant au coeur du réacteur Phénix. Pour ces données du coeur et en utilisant les autres modules de conception, une comparaison est faite, entre les valeurs fournies par l'outil de conception et les données exactes du réacteur Phénix. Sur certains paramètres du RNR, les résultats de cette comparaison sont indiqués sur la Table3.

Dans cette comparaison, les options de conception sélectionnées dans l'outil sont les suivantes : du sodium pour le caloporteur primaire, de l'oxyde pour le combustible nucléaire, une forme hexagonale pour les assemblages avec des aiguilles sans trou central, une configuration piscine pour le circuit primaire et enfin la solution des deux bouchons tournants pour la manutention primaire.

Table 3 :

 3 Comparaison entre les données exactes du réacteur Phénix avec celles fournies par l'outil de conception développé dans ce travail De ce tableau, on peut faire les observations suivantes. D'abord, l'outil de conception tend à fournir des tailles plus faibles pour l'entre plat externe des assemblages, P ext . Cela s'explique par la méthodologie retenue dans le calcul de ce paramètre qui implique qu'en cas d'accident de bouchage total instantané ou d'erreur de manutention, les barres de contrôle doivent être en mesure de compenser la réactivité positive insérée dans le coeur par ces accidents. Avec cette taille plus faible de P ext , il est alors logique de ne pouvoir contenir qu'un nombre plus faible de couronnes d'aiguilles, n c .

	Parameters	Phénix -Données réelles	Sorties -Outil de conception	Unité
	Entre plat externe : P ext	12.37	9.089	cm
	Couronnes d'aiguilles : n c	8	6	-
	Rayon de la pastille : R Pastille	0.271	0.2628	cm
	Épaisseur du gap : E Gap	0.0115	0.0111	cm
	Épaisseur de la gaine : E Gaine	0.045	0.04338	cm
	Rayon du fil espaceur : R Fil	0.0575	0.0575	cm
	Hauteur du plenum gaz : H Plenum	-	83.62	cm
	Hauteur de la cuve : H Cuve	12	16.04	m
	Diamètre de la cuve : D Cuve	11.82	9.1640	m

La Table

3

montre également que le diamètre chaudière fourni par l'outil de conception est plus faible que la valeur exacte de ce paramètre pour le réacteur Phénix. La principale explication à ce constat est qu'en réalité, le diamètre obtenu à la suite de notre méthode de conception est un diamètre minimal qui ne prend en compte que le placement dans la chaudière des dispositifs de manutention primaire mais aussi des pompes primaires et échangeurs intermédiaires. Un calcul plus exact doit prendre en compte les réflecteurs en acier qui sont placés dans la chaudière primaire pour empêcher l'activation du circuit secondaire du réacteur. Enfin, les hauteurs de cuve données par l'outil de conception sont logiquement plus élevées puisqu'elles xvi sont calculées de manière à pouvoir évacuer, par convection naturelle, la puissance thermique du coeur correspondant à la phase d'ébullition en cas d'un transitoire non protégé de perte de débit primaire.

  Le calcul des indices de Sobol permet de mettre en évidence les paramètres les plus influents sur une grandeur donnée. Sur la Figure6, ce sont les indices du 1 er ordre et d'ordre total qui sont calculés. Les indices du premier ordre permettent de quantifier l'impact d'un paramètre, pris individuellement, sur une sortie donnée. Quant aux indices d'ordre total, ils quantifient l'impact de ce paramètre sur la sortie, mais en prenant en compte cette fois-ci l'effet des interactions de ce dernier avec tous les autres paramètres du problème.

		Espace des conceptions optimales	Espace des conceptions optimales
		10	P Th ≤ 200 MW 200 < P Th ≤ 300 MW P Th > 300 MW	9000	
	Hauteur cuve [m]	6 7 8 9		Temps de séjour [JEPP]	4500 6000 7500	
		5			3000	
		10	11 Diamètre cuve [m] 12 13 14	15	10	11 Diamètre cuve [m] 12 13 14	15

20 < P Dens. ≤ 30 W/cm 3 30 < P Dens. ≤ 50 W/cm 3 50 < P Dens. ≤ 85 W/cm 3

Figure 5 : Répartition des solutions optimales dans l'espace exploré Sur ces graphes, l'affichage permet de mettre en évidence certaines corrélations telles que celle entre le temps de séjour et la densité de puissance du coeur. En effet, on remarque que le temps de séjour, ici exprimé en Jour Équivalent Pleine Puissance (JEPP) 1 , est optimisé pour les faibles densités de puissance du coeur, P Dens. . Pour faciliter la compréhension et l'interprétation des résultats, l'outil de conception fournit un ensemble d'estimateurs statistiques et d'affichages graphiques. Par exemple, sur la Figure 6 ci-dessous, sont indiqués les indices de Sobol des différents paramètres du module coeur sur le temps d'irradiation total des assemblages.

Ce calcul des indices de Sobol sur Temps Irr. est réalisé en fonction des paramètres suivants : la puissance thermique du coeur P Th , sa densité de puissance P Dens. , le ratio entre la hauteur et le diamètre du coeur R H/D , le ratio entre les rayons des coeurs interne et externe R C1 /R C2 , le ratio d'enrichissement entre ces coeurs Ratio Enr. , les fractions volumiques des milieux du coeur (combustible : F Fuel , acier : F Steel , hélium : F He , carbure de bore : F B 4 C ), la teneur en 10 B dans les barres de contrôle Enr10 B , la limite en dpa pour les aciers des assemblages DPA max et finalement, la composition isotopique du plutonium utilisé dans le combustible nucléaire W238 Pu , W239 Pu , W241 Pu , W242 Pu , W241 Am .

On constate grâce à ce calcul que la densité de puissance est le paramètre le plus influent sur la valeur du temps d'irradiation, d'où l'observation faite plus haut qui est que Temps Irr. est maximisé pour les faibles P Dens. .
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Table 1 .

 1 1: Ratio of capture by fission microscopic cross-sections for some isotopes

	Isotopes	Thermal	α = σc σ f	Fast
	235 U	0.22		0.29
	238 U	8.3		7.5
	239 Pu	0.58		0.3
	240 Pu	396.6		1.6
	241 Pu	0.40		0.19
	242 Pu	65.5		1.8
	237 Np	63		5.3
	241 Am	100		7.4
	243 Am	111		8.6
	244 Cm	16		1.4
	245 Cm	0.15		0.18
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	.2 below [IAEA, 2011]:			
	Table 1.2: Comparison of some major properties between various fuels for FR
	Properties	MOX	Metal	Carbide	Nitride
	Melting point K	3023	1400	2750	3070
	Conductivity at 1000 K W/m • K	2.6	25	18.8	15.8
	Breeding gain	1.1 -1.15	1.35 -1.4	1.2 -1.25	1.2 -1.25
	Swelling	Moderate	High	High	High
	Compatibility clad-coolant	Average	Eutectics	Carburization	Good
	Irradiation experience	Large	Limited	Limited	Very little
	1.1				

.3.2 Primary coolant

  

Table 1

 1 

	.3: Thermophysical properties for FR coolants. Bold = Evaluated at 300	°C
	Properties	Na	Pb	LBE	He
	Atomic weight	22.997	207.21	208	4
	Melting point • C	97.8	327.4	123.5	n/a
	Boiling point • C	892	1737	1670	-267
	Density kg/m 3	880	10500	10300	0.178
	Specific heat J/kg • K	1300	160	146	5200
	Heat capacity MJ/m 3 • K	1.14	1.68	1.50	0.0009
	Thermal conductivity W/m • K	76	16	11	0.238
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	Isotopes	Pu38	Pu49	Pu Vector Pu56	Pu63	Pu65
	238 Pu	2.82	3.5	3.57	2.7	0.61
	239 Pu	32.67	43.2	47.39	56	62.89
	240 Pu	43.6	35.1	29.66	25.9	30.46
	241 Pu	5.69	5.8	8.23	7.4	2.54
	242 Pu	13.91	10.9	10.37	7.3	3.05
	241 Am	1.31	1.5	0.78	0.7	0.45
	Quality [%]	38	49	56	63	65

1: Isotopic composition of the Pu vectors considered

Table 3 .

 3 2: The reactor core variables and their range of variation These variables include the geometric and power data of the reactor. The ranges are defined based on SFR design feedback[IAEA, 2006], but also to cover several possible geometrical designs for FR.The various fractions in a fuel sub-assembly. F He characterises the amount of helium in the fuel-clad gap and in the central hole of the fuel pellet. For the coolant fraction, F Coolant , it corresponds to: F Coolant = 100 -F Fuel + F Steel + F He . Furthermore, the breeding or burning aspect of a reactor can be characterised by the amount of fuel fraction in the core. Burner* cores are characterised by a low fuel fraction to reduce the amount of 238 U and thus decrease the production of 239 Pu. For breeder*, it is the opposite[START_REF] Rimpault | Neutronique des réacteurs rapides, gestion du pu et des déchets, qu'est ce qui a été réalisé ? où en sommes nous?[END_REF]. This parameter characterise the maximum amount of damage that a material can undergo to ensure its physical integrity. In this range, the lower bound is the limit in dpa in Rapsodie[CEA, 2012b], a French fast reactor and the upper bound that of a Japanese reactor concept[IAEA, 2015].

		Parameters	Symbol	Min.	Max.	Unity
	1	Thermal Power	P Th	50	4500	MW
	2	Power Density	P Dens.	20	900	W/cm 3
	3	Inner/Outer Core radius Ratio	R C1 /R C2	0.5	0.95	-
	4	Height/Diameter Core Ratio	R H/D	0.2	1	-
	5	Enrichment Ratio	Ratio Enr.	0.6	1	-
	6	Fuel Fraction	F Fuel	20	60	%
	7	Steel Fraction	F Steel	10	30	%
	8	Helium Fraction	F He	1	8	%
	9	Coolant Fraction	F Coolant	100 -	F Ass.	%
	10	Rods B 4 C fraction	F B 4 C	20	50	%
	11	10 B Content in B 4 C	Enr10 B	20	90	%
	Boron carbide fraction and 10 B content in control rods. 10 B is present at 19.9 % in natural boron, but
	its content in control rods can reach up to 90%.			
	12	Maximum dose	DPA max	40	300	dpa
	13	238 Pu Content	W238 Pu	0.1	5	-
	14	239 Pu Content	W239 Pu	25	65	-
	15	240 Pu Content	W240 Pu	100 -	W Pu	-
	16	241 Pu Content	W241 Pu	0.5	10	-
	17	242 Pu Content	W242 Pu	1	15	-
	18	241 Am Content	W241 Am	0.1	4	-

Table 3 .

 3 3: The outputs data defined for the core design module : inner core enrichment allowing zero reactivity (criticality) at EOC 1 ; BG Core : average BG between BOC and EOC; Time Irr. : total irradiation time of the 4 fuel batches, measured in Equivalent Full Power Days (EFPD); BurnUp Core : average burn-up of the nuclear fuel at EOL; P. Factor : ratio between the maximum peak power in the core and the average power, measured at BOC. Initial mass of uranium and plutonium at BOL; Final mass of uranium and plutonium at EOL.

		Parameters	Symbol	Unity
	1	Core enrichment	Enr. Core1	%
	2	Breeding gain	BG Core	-
	3	Burn-up	BurnUp Core	MWd/t
	4	Power peaking factor	P. Factor	-
	5	Fuel irradiation time	Time Irr.	EFPD
	Enr. 6	Initial mass of uranium	Mass. U-Init	kg
	7	Initial mass of plutonium	Mass. Pu-Init	kg
	8	Final mass of uranium	Mass. U-Fin	kg
	9	Final mass of plutonium	Mass. Pu-Fin	kg
	10 Initial mass of americium	Mass. Am-Init	kg
	11 Final mass of americium	Mass. Am-Fin	kg
	12 Final mass of neptunium	Mass. Np-Fin	kg
	13 Final mass of curium	Mass. Cm-Fin	kg
	Initial mass of americium at BOL; Final mass of MA (neptunium, americium, curium) at EOL.
	14 Structure expansion	α Stru	PCM/K
	15 Fuel expansion	α Fuel	PCM/K
	16 Coolant expansion	α Coolant	PCM/K
	17 Grid expansion	α Grid	PCM/K
	18 Doppler constant	K D	PCM
	Core feedback coefficients, useful for safety analysis.	
	19 Reactivity loss per cycle	Rho Loss	PCM
	20 Cold shutdown reactivity effect	Rho Cold	PCM
	21 Control rods reactivity worth	Rho B4C	PCM

Core1
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 3 4: Core inlet/outlet temperature. References: Phenix-[START_REF] Guidez | [END_REF]; RBEC-[START_REF] Alekseev | Rbec lead-bismuth cooled fast reactor: Review of conceptual decisions[END_REF] 

	Coolant	Na	LBE
	Core Inlet Temperature [°C]	400	400
	Core Outlet Temperature [°C]	560	500
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 3 5: Statistical estimators of core metamodels accuracy; sodium coolant -MOX fuel -1/2

	Surrogate Models Regression	Testing Basis: T Q 2 [%] RSD [%]	ASD	Learning Basis: L R 2 [%] RSD [%] ASD
		Linear	75.09	18.34	4.27	76.75	17.80	4.10
	Inner core	Polynomial	90.61	10.34	2.48	93.26	8.46	1.98
	enrichment [%]	Neurons (20)	99.39	2.28	0.46	99.84	1.45	0.26
		Kriging	98.92	3.86	0.90	1	0	0
		Linear	90.34	-	0.06	90.44	-	0.05
	Breeding gain [-]	Polynomial Neurons (22)	96.59 99.71	--	0.03 0.01	97.91 99.86	--	0.02 0.007
		Kriging	99.76	-	0.009	1	0	0
		Linear	86.80	26.54	21000	85.58	27.99	21696
	Burn-up [MWd/t]	Polynomial Neurons (12)	96.08 98.99	12.50 4.99	11070 3805	97.41 99.54	10.20 4.08	8770 2849
		Kriging	98.63	6.23	6296	1	0	0
		Linear	71.43	8.57	0.16	72.74	8.50	0.16
	Power peaking	Polynomial	92.16	4.72	0.08	95.65	3.53	0.06
	factor [-]	Neurons (15)	96.95	3.02	0.06	97.98	2.94	0.06
		Kriging	97.30	2.53	0.05	1	0	0
		Linear	78.17	33.09	213.69	79.43	36.66	206.95
	Fuel irradiation	Polynomial	92.21	20.80	133.56	95.89	15.62	94.72
	time [EFPD]	Neurons (11)	99.09	12.06	92.75	98.85	11.72	95.42
		Kriging	97.84	15.95	102.20	1	0	0
		Linear	76.26	153.25	4736	77.96	209.14	4367
	Initial mass of	Polynomial	95.87	58.49	1957	96.83	87.38	1667
	uranium [kg]	Neurons (15)	99.62	16.17	974	99.95	15.89	589
		Kriging	99.05	18.13	1207	1	0	0
		Linear	78.04	35.22	894	82.17	35.43	840
	Initial mass of plu-	Polynomial	94.59	15.07	401	97.02	14.39	339
	tonium [kg]	Neurons (18)	99.82	5.27	179	99.86	5.34	176
		Kriging	99.34	7.28	195	1	0	0
		Linear	69.72	292.11	1002	72.70	412.01	992.01
	Final mass of ura-	Polynomial	91.86	107.28	817	94.78	166.24	757
	nium [kg]	Neurons (21)	99.97	7.80	412	99.35	10.18	924
		Kriging	97.59	36.57	715	1	0	0
		Linear	62.84	466.61	743	61.58	1009	675
	Final mass of plu-	Polynomial	97.50	94.01	634	98.02	164	539
	tonium [kg]	Neurons (11)	98.97	7.29	270	99.83	6.07	169
		Kriging	99.36	5.97	211	1	0	0
		Linear	54.14	422	20.51	62.59	456	17.76
	Initial mass of	Polynomial	84.41	228	16.94	92.09	284.90	14.56
	americium [kg]	Neurons (14)	97.17	16.50	9.20	99.84	11.05	4.08
		Kriging	97.29	13.29	5.56	1	0	0
		Linear	60.18	215.07	18.85	57.32	198.6	15.99
	Final mass of	Polynomial	70.30	123.14	19.71	72.28	117.67	13.45
	americium [kg]	Neurons (24)	99.21	14.80	11.27	99.62	14.86	11.09
		Kriging	98.07	17.39	16.18	1	0	0
		Linear	85.21	80.44	4.05	87.82	97.76	5.92
	Final mass of nep-	Polynomial	96.88	25.43	3.86	98.42	25.69	3.59
	tunium [kg]	Neurons (24)	99.53	15.10	0.72	99.51	12.04	0.75
		Kriging	99.21	12.11	1.96	1	0	0
		Linear	65.17	182.01	10.13	66.27	182.89	9.09
	Final mass of	Polynomial	89.89	88.91	5.76	93.02	71.52	4.15
	curium [kg]	Neurons (18)	95.08	37.19	3.62	98.80	25.69	2.16
		Kriging	94.63	39.66	3.85	1	0	0
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 3 6: Statistical estimators of core metamodels accuracy; sodium coolant -MOX fuel -2/2

	Surrogate Models Regression	Testing Basis: T Q 2 [%] RSD [%]	ASD	Learning Basis: L R 2 [%] RSD [%] ASD
			Linear	83.89	29.52	0.0146	86.03	25.97	0.01
	Structure expan-	Polynomial	95.36	15.55	0.0069	97.58	9.75	0.0055
	sion [PCM/K]	Neurons (15)	99.51	3.15	0.002	99.81	2.31	0.001
			Kriging	99.48	3.72	0.002	1	0	0
			Linear	86.77	5.61	0.0202	88.97	5.34	0.0195
	Fuel	expansion	Polynomial	96.43	3.007	0.0109	97.83	2.41	0.0088
	[PCM/K]	Neurons (18)	99.24	1.56	0.005	99.66	1.07	0.003
			Kriging	99.61	1.08	0.004	1	0	0
			Linear	78.78	35.94	0.07	80.97	42.82	0.07
	Sodium expansion	Polynomial	93.16	17.49	0.04	96.51	16.70	0.03
	[PCM/K]	Neurons (23)	99.49	7.69	0.01	99.83	3.45	0.009
			Kriging	99.43	8.59	0.01	1	0	0
			Linear	81.86	6.88	0.06	83.79	6.68	0.053
	Grid	expansion	Polynomial	94.21	3.66	0.029	96.33	2.91	0.023
	[PCM/K]	Neurons (21)	99.87	0.64	0.005	99.95	0.41	0.003
			Kriging	99.88	0.55	0.004	1	0	0
			Linear	80.79	12.42	63.63	84.61	11.74	58.33
	Doppler constant	Polynomial	93.80	6.83	34.35	96.59	5.37	26.13
	[PCM]		Neurons (16)	99.14	2.09	12.87	99.64	1.49	9.12
			Kriging	99.02	2.57	14.33	1	0	0
			Linear	82.09	126.77	1190	81.36	154	1247
	Reactivity loss per	Polynomial	96.50	97.95	499.84	97.82	50	409
	cycle [PCM]	Neurons (19)	98.56	48.21	270	99.48	36.66	172
			Kriging	97.55	57.18	312	1	0	0
	Cold reactivity shutdown effect [PCM]	Linear Polynomial Neurons (20) Kriging	70.07 92.33 98.06 97.38	13.19 6.39 3.06 3.56	145.94 73.43 37.01 42.49	71.59 95.61 98.22 1	12.83 4.93 2.94 0	149.86 56.59 36.15 0
	Control rods re-activity worth [PCM]	Linear Polynomial Neurons (16) Kriging	67.67 90.78 97.75 97.39	20.74 11.03 5.58 5.78	2535 1280 626 718	69.49 93.58 98.74 1	19.43 8.96 4.12 0	2409 1068 461 0

Table 3 .

 3 7: Statistical estimators of the TIB metamodel accuracy; sodium coolant -MOX fuel

	Surrogate Models Regression	Testing Basis: T Q 2 [%] RSD [%] ASD	Learning Basis: L R 2 [%] RSD [%] ASD
	Reactivity inser-tion in case of TIB accident [PCM]	Linear Polynomial Neurons (14) Kriging	60.08 80.75 95.98 93.07	----	2835 1380 462 610	57.49 90.58 98.77 1	---0	2709 968 297 0

Table 3 .

 3 8: Statistical estimators of the handling error metamodel accuracy; sodium coolant -MOX fuel

	Surrogate Models Regression	Testing Basis: T Q 2 [%] RSD [%] ASD	Learning Basis: L R 2 [%] RSD [%] ASD
	Reactivity inser-	Linear	62.65	-	2714	56.02	-	2510
	tion in case of	Polynomial	78.35	-	1207	76.14	-	768
	handling accident	Neurons (10)	95.32	-	419	97.21	-	336
	[PCM]	Kriging	94.56	-	620	1	0	0

  Perturbate + 273 T Fuel-Nominal + 273 +α Fuel ×ΔT Fuel +α Coolant ×ΔT Coolant +α Stru ×ΔT Stru +α Grid ×ΔT Grid T Fuel-Nominal : corresponds to the fuel temperature in the nominal state. The model used to calculate this temperature is presented in the Paragraph 3.2.2.2.

(3.43) 

• As a reminder, K D in PCM , is a logarithm correction usually employed to calculate the Doppler effect due to fuel temperature variation. This feedback coefficient, as well as α Fuel , α Coolant , α Stru and α Grid are given by the surrogate models* built in the core design module as a function of the core variables (see

Paragraph 3.1.3.1.6

).

•

Table 3 .

 3 11: Reactivity feedback effects included in K coefficient Fuel +α Coolant ×ΔT Coolant +α Stru ×ΔT Stru +α Core-rods-vessel

		Main feedback effects	K: Inlet T°coefficient G: Heating coefficient
		Doppler Effect	X	X
		Coolant Expansion	X	X
		Structure Expansion	X	X
		Fuel Expansion	X	X
		Grid Expansion	X
		Core-rods-vessel Expansion	X
	G = K D ×ln	T Fuel-Perturbate + 273 T Fuel-Nominal + 273	+α Fuel ×ΔT

Table 4 .

 4 2: Outputs of interest and related performances and constraints considered by the design tool

Table 5 .

 5 1: Values taken by the core variables in the French FR Phenix

	Variables	Values	Unity	Variables	Values	Unity
	P Th	563	MW	F B4C	21.67	%
	P Dens.	436.7	W/cm 3	Enr10 B	48	%
	R C1 /R C2	0.69	-	DPA max	130	dpa
	R H/D	0.61	-	W238 Pu	0.61	-
	Ratio Enr.	0.78	-	W239 Pu	62.89	-
	F Fuel	37	%	W241 Pu	2.54	-
	F Steel	25	%	W242 Pu	3.05	-
	F He	3	%	W241 Am	0.45	-

Table 5 .

 5 2: Comparison of the exact data from Phenix reactor with that given by the design tool

	Parameters	Phenix -Real data	Data -Design tool	Unity
	External pitch wrapper tube: P Out	12.37	9.089	cm
	Pins per assembly: N Pins/SubAss	217	127	cm
	Pellet radius: R Pellet	0.271	0.2628	cm
	Gap thickness: T Gap	0.0115	0.0111	cm
	Cladding thickness: T Clad	0.045	0.04338	cm
	Spacer wire radius: R Wire	0.0575	0.0575	cm
	Height of the pins plenum: H Plenum	-	83.62	cm
	Vessel height: H Vessel	12	16.04	m
	Vessel diameter: D Vessel	11.82	9.1640	m

  • Time Irr. ; minimise V Core • R N B4C-Ass /N Fuel-Ass • F B 4 C • Enr10 B P Th • Time Irr..

	With V ILW-LL = fuel assembly; V Core = P Th P Dens.	× F Steel : the volume of ILW-LL wastes; F Steel : the steel volume fraction in a P Th P Dens.

Table 5 .

 5 3: The core variables and design space explored in the use cases

		Parameters	Symbol	Min.	Max.	Unity
	1	Thermal Power	P Th	50	4500	MW
	2	Power Density	P Dens.	20	900	W/cm 3
	3	Inner/Outer Core radius Ratio	R C1 /R C2	0.5	0.95	-
	4	Height/Diameter Core Ratio	R H/D	0.2	1	-
	5	Enrichment Ratio	Ratio Enr.	0.6	1	-
	6	Fuel Fraction	F Fuel	20	60	%
	7	Steel Fraction	F Steel	10	30	%
	8	Helium Fraction	F He	1	8	%
	9	Coolant Fraction	F Coolant	100 -	F Ass.	%
	10	Rods B 4 C fraction	F B 4 C	20	50	%
	11	10 B Content in B 4 C	Enr10 B	20	90	%

Table 5 .

 5 4: Mandatory constraints to be met by the designs for all use cases

	Parameters	Constraints
	Fuel enrichment	Enr. Core2 < 30%
	Control rods dedicated functions	Rho B4C > 2 × |Rho Loss | + Rho Cold
	Vibrations & Corrosion	V Coolant < 12 m/s
	Fuel centerline temperature	T Center-Fuel < 2750 • C
	K -KGH method	K < 0
	G -KGH method	G < 0
	H -KGH method	H < 0
	Cladding resistance to fission gases	T Clad ≥ δ Clad-min

C1_C2:P_Dens.:P_Th:F_Fuel:F_B4C:Enr_10B:Ratio_Enr.:n_c:D_Vessel:H_Vessel:Time_Irr.{1>0}

  

	0.998751	0.923387	82.6882	349.161	34.7723	49.5699	81.1598	0.969924	17	15.5118	10.4552	10017.7
	0.231813	0.753462	20.0058	134.583	23.7646	28.4267	28.2115	0.709277	5	9.56235	4.79522	2553.63
	2023-06-17 16:42:56 H_D	C1_C2	P_Dens.	P_Th	F_Fuel	F_B4C	Enr_10B	Ratio_Enr.	n_c	D_Vessel	H_Vessel	Time_Irr.
				Figure 5.7: Highlighting regions that minimise the vessel diameter	

H_D:

2023-06-17 16:06:42 H_D 0.998751 0.231813 C1_C2 0.923387 0.753462 P_Dens. 82.6882 20.0058 P_Th 349.161 134.583 F_Fuel 34.7723 23.7646 F_B4C 49.5699 28.4267 Enr_10B 81.1598 28.2115 Ratio_Enr. 0.969924 0.709277 n_c 17 5 D_Vessel 15.5118 9.56235 H_Vessel 10.4552 4.79522 Time_Irr.

  

  • ΔT Boiling -ΔT +

	H •	P Th-Boiling P Th

Table 5 .

 5 7: Maximum values for the variables and performances of the four extracted solutions -Case 2 .30, which compares the Trade -of f and Best -V ILW solutions, it can be seen that the latter has the larger pellet radius (R Pellet ) and assembly lattice pitch (P Out ). Best -V ILW also has a low power density, which allows long Time Irr. and low H Vessel (given that ΔP Drop is also lower, which facilitates natural convection).These observations therefore support the comments made earlier, which are that the large P Out and R Pellet allow to optimise the optimisation objective V ILW .As P Out is calculated as function of the control rods worth, the Best -V ILW , has a high 10 B content.

	Variables	Values	Unity	Variables	Values	Unity	
	R Core	204	cm	D Vessel	16.7	m	
	H Core	189	cm	H Vessel	15.1	m	
	P Dens.	93.5	W/cm 3	H/G	12.9	-	
	P Th	634	MW	ΔP Drop	0.52	bar	
	F Fuel	32.2	%	Rho Loss	2782	PCM	
	Enr10 B	82.8	%	Mass Pu-Init	0.0029	g/(MW.EFPD)	
	Ratio Enr. n c	0.89 19	--	Mass Am-Fin V10 B	0.0861 0.079	g/(MW.EFPD) cm 3 /(MW.EFPD)	
	P Out	39.5	cm	V ILW	1.24	cm 3 /(MW.EFPD)	
	R Pellet	0.41	cm	Time Irr.	16586	EFPD	
	In Figure 5R Core	Trade-off Best-V ILW		R Core D Vessel	Trade-off Best-V ILW	
	H Core	R Pellet	H Core H Vessel		R Pellet Time Irr.	
		0.8			0.8 0.8		
	P Dens.	0.4 0.6	P Out	P Dens. H/G	0.2 0.4 0.6 0.4 0.6	P Out V ILW	H
	P Th		n c	P Th ∆P Drop		n c V10 B	∆P
	F Fuel	Ratio Enr.	F Fuel Rho Loss		Ratio Enr. Mass Am-Fin	
		Enr10 B			Enr10 B Mass Pu-Init		
		(a) Variables		(b) Performances		
		R Core			R Core D Vessel		
	H Core	R Pellet	H Core H Vessel		R Pellet Time Irr.	
		0.8			0.8 0.8		
	P Dens.	0.4 0.6	P Out	P Dens. H/G	0.4 0.6 0.4 0.6	P Out V ILW	H

C1_C2:P_Dens.:P_Th:F_Fuel:F_B4C:Enr_10B:Rho_Loss:P_Drop:H_on_G:BR{1>0}

  

	0.424344	0.948336	22.5464	1385.05	37.1713	45.9732	83.1238	1737.86	0.0874259	30.0279	0.0265319
	0.229437	0.85345	20.0002	229.295	29.0551	20.0426	39.1101	0.0311189	0.0100039	2.11521	-0.212641
	2023-06-24 12:05:56 H_D	C1_C2	P_Dens.	P_Th	F_Fuel	F_B4C	Enr_10B	Rho_Loss	P_Drop	H_on_G	BR

H_D:

Table 5 .

 5 8: Maximum values for the variables and performances of the four extracted solutions -Case 3

	Variables	Values	Unity	Variables	Values	Unity
	R Core	251	cm	D Vessel	19.4	m
	H Core	210	cm	H Vessel	5.56	m
	P Dens.	22.1	W/cm 3	H/G	29.2	-
	P Th	852	MW	ΔP Drop	0.08	bar
	F Fuel	36.01	%	Rho Loss	1404	PCM
	Enr10 B	56.9	%	Mass Pu-Init	0.006	g/(MW.EFPD)
	Ratio Enr. n c	0.93 23	--	Mass Am-Fin V10 B	0.00012 1.22 ×10 -7	g/(MW.EFPD) cm 3 /(MW.EFPD)
	P Out	33.8	cm	V ILW	2.45 ×10 -6	cm 3 /(MW.EFPD)
	R Pellet	0.62	cm	Time Irr.		

  Comparison radar chart between the trade-off and Best -Rho Loss solutions -use case 3For the Best -ΔP Drop solution, it has the largest assembly external pitch (P Out ) and the lowest ring count (n c ). For the same P Out , a low n c means a larger hydraulic cross-section, which tends to reduce the coolant velocity and therefore the core pressure losses(Figures 5.45 and 5.47).

				R Core	Trade-off Best-H/G						R Core	D Vessel		Trade-off Best-H/G
		H Core			R Pellet				H Core	H Vessel					R Pellet Time Irr.	H V
			0.8	R Core	Trade-off Best-Rho Loss					0.8	R Core 0.6 D Vessel 0.8		Best-Rho Loss Trade-off
	P Dens.	H Core	0.8 0.6 0.4	R Pellet	P Out	P Dens.	H Core H/G	H Vessel	0.6 0.4 0.8 0.6 0.8 0.4 0.2		R Pellet	Time Irr. P Out	V ILW	H/G	H V
	P Dens.		0.6		P Out	P Dens.		H/G		0.6	0.4		P Out	V ILW	H/G
	P Th			0.4		n c	P Th	∆P Drop			0.4	0.2		n c	V10 B	∆P Drop
	P Th	F Fuel			Ratio Enr.	n c	P Th	∆P Drop F Fuel	Rho Loss				n c Mass Am-Fin Ratio Enr.	V10 B	∆P Drop	Rho
				Enr10 B								Enr10 B Mass Pu-Init
		F Fuel		Ratio Enr. (a) Variables R Core				F Fuel	Rho Loss (b) Performances R Core D Vessel	Ratio Enr. Mass Am-Fin	Rho
		H Core	Enr10 B	R Pellet				H Core	H Vessel	Enr10 B Mass Pu-Init	R Pellet Time Irr.	H V
	R Core 0.4 0.6 0.8 (a) Variables R Pellet 0.8 0.4 0.6 Figure 5.44: R Core H Core P Dens. P Dens. Trade-off P Out P Out Best-∆P Drop P Th n c	H Core H/G H/G ∆P Drop P Dens. P Dens. P Th	R Core 0.4 0.6 0.8 (b) Performances 0.8 0.8 D Vessel H Vessel 0.2 0.4 0.6 0.8 0.4 0.6 0.2 0.4 0.6 R Core D Vessel		R Pellet	P Out Time Irr. P Out Trade-off V ILW V ILW Best-∆P Drop n c V10 B	H/G H/G ∆P Drop	H V
		H Core			R Pellet				H Core	H Vessel					R Pellet	Time Irr.	H V
	P Th	F Fuel	0.8		Ratio Enr.	n c	P Th	∆P Drop F Fuel	0.8 Rho Loss	0.8 0.6		n c Mass Am-Fin Ratio Enr.	V10 B	∆P Drop	Rho
	P Dens.		0.6 Enr10 B		P Out	P Dens.		H/G		0.6 Enr10 B Mass Pu-Init 0.4	P Out	V ILW	H/G
		F Fuel		0.4	Ratio Enr.				F Fuel	Rho Loss	0.4	0.2	Ratio Enr. Mass Am-Fin	Rho
			Enr10 B							Enr10 B Mass Pu-Init
	P Th					n c	P Th	∆P Drop						n c	V10 B	∆P Drop
		F Fuel			Ratio Enr.				F Fuel	Rho Loss			Ratio Enr. Mass Am-Fin	Rho
			Enr10 B							Enr10 B Mass Pu-Init
				(a) Variables					(b) Performances	
				R Core								R Core	D Vessel	
		H Core			R Pellet				H Core	H Vessel					R Pellet	Time Irr.	H V
												0.8		
			0.8							0.8			
												0.6	
	P Dens.		0.6		P Out	P Dens.		H/G		0.6	0.4		P Out	V ILW	H/G
				0.4								0.4	0.2	

Figure 5.45: Comparison radar chart between the trade-off and Best -ΔP Drop solutions -use case 3

Finally, Figure

5

.46 shows that the Best-H/G solution is the one with the lowest thermal power. However, using a cobweb graph, one can see that there is in fact no correlation between the low powers and low values of the H/G ratio. Nevertheless, it should be pointed out that it is logical that low thermal powers and low power densities optimise reactor safety objectives.

Table A .

 A 1: Reactor core data considered in the study

		Cores	1	2	3	4	5	6	7	8	9	10
		P lat [cm]	12.72	12.72	12.72	12.72	12.72	12.72	12.72	12.72	12.72	12.72
		N Ass-C1	34	85	160	205	256	313	376	445	520	601
		N B 4 C-C1	3	6	9	12	15	18	21	24	27	30
	3D	N Ass-C2	37	58	54	81	101	116	124	126	123	113
		N B 4 C-C2	2	4	6	8	10	12	14	16	18	20
		N Ass-SR	195	244	318	325	339	460	492	416	453	497
		R B 4 C-Fuel	7%	7%	7%	7%	7%	7%	7%	7%	7%	7%
		R C1-1	17.67	29.11	40.62	52.16	63.71	63.71	75.26	86.82	98.38	98.38
		R B 4 C-1	21.12	33.39	45.30	57.06	68.76	69.73	81.25	92.78 104.32 104.96
	2D [cm]	R C1-2 R B 4 C-2 R Core	40.62 41.71 58.22	63.71 65.09 82.61 101.06 116.83 130.53 143.08 154.47 165.08 175.17 184.60 86.82 98.38 109.94 121.50 133.07 144.63 156.20 167.76 88.35 100.18 111.95 123.69 135.39 147.08 158.75 170.40
		R SR	112.94 135.72 162.08 171.05 181.18 203.56 215.27 216.10 228.83 242.09
		T SR	54.72	53.11	61.02	54.23	50.65	60.48	60.80	51.02	53.65	57.49
	P Th MWth	300	750	1200	1650	2100	2550	3000	3450	3900	4350
	H Core [cm]	50	80	85	90	95	100	105	110	115	120
	R H/D		0.43	0.48	0.42	0.39	0.36	0.35	0.34	0.33	0.33	0.33
	V Core [m 3 ]	0.53	1.72	2.73	3.86	5.09	6.43	7.87	9.42	11.09	12.85

P Dens. W/cm 3 563.42 437.30 439.97 427.58 412.98 396.48 381.13 366.34 351.78 338.62

  Table A.2 below: Table A.2: Heterogeneous and homogeneous data of the fuel assembly

	Heterogeneous fuel assembly data	
	Assembly lattice pitch [cm]	12.72
	Hexagonal duct outer flat-to-flat distance [cm]	12.37
	Tube wall thickness [cm]	0.346
	Ring count in a fuel assembly	8
	Fuel pellet diameter [cm]	0.542
	Gap thickness [cm]	0.0115
	Cladding thickness [cm]	0.044
	Spacer wire diameter [cm]	0.115
	Homogeneous fuel assembly data	
	Fuel fraction [%]	35.73
	Steel fraction [%]	25.07
	Sodium fraction [%]	36.10
	Helium fraction [%]	

Table A .

 A 3: Duration of the calculation

	Cores	1	2	3	4	5	6	7	8	9	10
	t Calcul-2D [min]	25	18	14	15	15	16	22	15	15	18
	t Calcul-3D [min]	345 338 458 525 683 698 809 813 644 1065
	Ratio t-Calcul [min]	14	19	33	35	44	45	37	53	42	61

Table A .

 A 4: Results of the comparison 1/2 Cores Enr. Core1 BG Core Time. Irr BurnUp Core P. Factor Rho Loss Mass. U-Init

		2D-homo.	32.33	-0.56	743.66	125 057	1.35	-5043.42	1079.12
	Core 1	3D-hete. Abs. dev.	31.67 0.67	-0.56 0.01	711.99 31.66	119 838 5219	1.37 0.02	-4932.68 110.74	1092.51 13.39
		Rel. dev.	2%	1%	4%	4%	1%	2%	1%
		2D-homo.	22.02	-0.31	709.99	93 711	1.60	-3174.80	4172.52
	Core 2	3D-hete. Abs. dev.	21.38 0.64	-0.29 0.01	669.77 40.21	88 472 5238	1.62 0.02	-3016.57 158.23	4211.51 38.99
		Rel. dev.	3%	4%	6%	6%	1%	5%	1%
		2D-homo.	20.09	-0.21	593.23	79 009	1.83	-2270.14	6898.02
	Core 3	3D-hete. Abs. dev.	19.60 0.49	-0.20 0.01	590.80 2.44	78 715 394	1.78 0.05	-2274.53 4.39	6945.56 47.54
		Rel. dev.	2%	4%	0%	0%	3%	0%	1%
		2D-homo.	18.61	-0.16	566.84	73 541	1.93	-1739.22	9940.46
	Core 4	3D-hete. Abs. dev.	18.13 0.48	-0.15 0.01	566.15 0.70	73 470 70.20	1.86 0.06	-1747.85 8.63	10004.80 64.34
		Rel. dev.	3%	5%	0%	0%	3%	0%	1%
		2D-homo.	17.57	-0.11	543.99	68 303	2.04	-1288.34	13280.50
	Core 5	3D-hete. Abs. dev.	17.08 0.49	-0.10 0.01	537.99 6.00	67 558 745.80	2.01 0.03	-1290.93 2.59	13367.10 86.60
		Rel. dev.	3%	9%	1%	1%	2%	0%	1%
		2D-homo.	16.95	-0.08	566.18	68 267	2.03	-1037.91	16947.30
	Core 6	3D-hete. Abs. dev.	16.44 0.52	-0.07 0.01	557.68 8.51	67 226 1041.40	2.01 0.02	-1015.40 22.51	17065.00 117.70
		Rel. dev.	3%	16%	2%	2%	1%	2%	1%
		2D-homo.	16.30	-0.04	537.53	62 377	2.19	-679.69	20947.30
	Core 7	3D-hete. Abs. dev.	15.76 0.53	-0.03 0.01	530.65 6.87	61 573 803.90	2.18 0.01	-661.48 18.22	21093,30 146
		Rel. dev.	3%	41%	1%	1%	1%	3%	1%
		2D-homo.	15.80	-0.01	509.81	56 972	2.38	-388.67	25258.40
	Core 8	3D-hete. Abs. dev.	15.25 0.55	0.01 0.01	498.97 10.84	55 760 1211.14	2.39 0.02	-373.22 15.45	25439.10 180.70
		Rel. dev.	4%	237%	2%	2%	1%	4%	1%
		2D-homo.	15.34	0.02	493.76	53 027	2.54	-137.31	29955.20
	Core 9	3D-hete. Abs. dev.	14.78 0.56	0.04 0.01	477.95 15.82	51 330 1697.10	2.59 0.05	-121.16 16.15	30169.50 214.3
		Rel. dev.	4%	38%	3%	3%	2%	13%	1%
		2D-homo.	15.74	0.05	495.19	51 214	2.62	16.21	34888.70
	Core 10	3D-hete. Abs. dev.	14.49 1.26	0.06 0.02	476.33 18.86	49 272 1941.11	2.70 0.08	46.61 30.40	35141.20 252.50
		Rel. dev.	9%	26%	4%	4%	3%	65%	1%

Un combustible utilisé à 80% de sa puissance nominale pendant 10 jours a passé 8 JEPP dans le coeur.xviii

World Energy Outlook

2022, IEA, https://www.iea.org/reports/world-energy-outlook-2022 2 Expressions in bold followed by an asterisk (*) are defined in a glossary, available at the end of the document

This approach is correct for cores with a negative reactivity loss per cycle (mainly burner cores). For reactor cores whose the reactivity loss per cycle is positive (mainly breeder cores), the inner core enrichment should have been that which should allow zero reactivity at BOC (and not at EOC as it is done here). Thus, for these cores, there is a bias on the fuel enrichment with the current approach.

i i∈[1, N T S ]
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Chapter 4

Systems design modules R ELATED to the design modules, and following the presentation of that of the core and assembly modules, the system design modules, including the handling, vessel and DHRS modules, are presented here.

This presentation begins with that of the primary handling module, since the design of the handling system must precede that of the reactor vessel in which the handling devices are housed. As explained in Chapter 2, the purpose of the handling system is to move the fuel assemblies within the reactor core.

Following the presentation of the handling and vessel modules, that of the Decay Heat Removal System (DHRS) is presented.

As with the assembly and core design modules, the outputs of interest from each of these modules are presented, outputs that can be used to define criteria in an optimisation problem.
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Chapter 5

Optimisation process based on use cases R EACTOR design tool developed in this thesis and its features are illustrated in this chapter. The illustrations presented here are done on the basis of use cases that will be studied.

However, first the optimisation module, the algorithm used to solve the optimisation problems and finally the general architecture of the design tool developed in this thesis will be presented. Then, by way of validation, the results provided by the tool will be compared with the real data of a French FR that was built in the past.

At the end of this validation step, four use cases are presented to show the analyses that can be performed by the design tool and the features that it offers.

In order to understand and quantify this link between the irradiation time and the core power density, we will carry out a sensitivity analysis on the parameter Time Irr. in the next section. The objective will be to highlight the variables that have the greatest influence on it.

-Sensitivity analyses

Sensitivity analysis is a set of techniques used to assess the effect of a single input variable or group of inputs to a mathematical model on its outputs. Here, sensitivity analysis are carried out to allow the input parameters to be prioritised according to their influence on a output of interest for the optimisation: the aim being to rank the inputs from most to least influential. Such an approach is very interesting given that it provides a better understanding of the results provided by the design tool.

The method used in this work to perform the sensitivity analysis is the so-called Sobol method, based on the calculation of Sobol indices of first order (S i ) and total order (S Ti ). This method is described in more detail in Appendix B: Sensitivity analysis. The first order indices allows to quantify the impact of a parameter x i , taken individually, on an output Y i . For the total order indices, they allow to quantify the impact of this parameter on the output by taking into account this time the interactions effect between x i with all the other inputs of the mathematical model. Interaction indices, S ij can also be calculated to quantify the impact of interactions between two, three, etc. variables on the output of the mathematical model.

In this work, the calculation of the Sobol indices is done with the URANIE* platform and for all neutronic outputs (see Appendix B: Sensitivity analysis). The mathematical models of these neutronic outputs are the surrogate models* built in the core module to avoid the use of the time-consuming reference code. For the variables, these are those indicated in Table 3.2.

In this report, for each output, only the first and total order indices are calculated. On the basis of these data, the following interpretation can be made:

• If the 1st order index S i , is high, the parameter x i is influential on the output Y.

• If the total order index S Ti , is small, the parameter x i has little influence on Y.

• If the first-order index is low but the total index is high, it is the interaction effects between the variables that give its influence to x i

For the fuel irradiation time, the graphical representation of each of these Sobol's indices, S i and S Ti is shown in the Figure 5.11 below:

Figure 5.11: Sobol sensitivity analysis on the fuel irradiation time -37 %

In the following, more detailed observations and comparisons of these 4 solutions will be made according to the values they take on 10 variables and 10 outputs of interest. Radar graphs will be used for this purpose.

The 10 parameters selected are: the core radius and height (R Core and H Core ), the core power density and thermal power (P Dens. and P Th ), the fuel volume fraction in the fuel assemblies (F Fuel ), the 10 B content in the control rods (Enr10 B ), the outer/inner core enrichment ratio (Ratio Enr. ), the assembly ring count (n c ), the assembly external pitch (P Out ) and finally the fuel pellet radius (R Pellet ).

For the outputs of interest displayed in these radar graphs, they include: the vessel height (H Vessel ), the vessel diameter (D Vessel ), the total fuel irradiation time (Time Irr. ), the volume of ILW-LL waste normalised to the energy produced in the reactor ( V ILW ), the final mass of americium produced at the end of Time Irr.

and normalised to the energy produced ( Mass Am-Fin ), the volume of 10 B in the reactor normalised to the energy produced ( V10 B ), the initial mass of plutonium required to start up the reactor, also normalised to the energy produced ( Mass Pu-Init ), the reactivity loss per cycle in absolute value (Rho Loss ), the core pressure drop (ΔP Drop ) and finally, the ratio between H and G coefficients of the KGH method (H/G).

On the basis of these 10 variables and 10 performances, a comparison is made in Figures 5.13,5.14 and 5.15 between the trade-off solution and the best solutions (Best-D Vessel , Best-H Vessel and Best-Time Irr. ), taken one by one and obtained from the optimisation process of the use case 1.

For each parameter or performance in these figures and for each of the 4 solutions displayed, the score shown on the graph corresponds to the value of the solution for that parameter or performance divided by the maximum value for the parameter or performance for all 4 solutions. These maximum values are shown in Table 5.6 below. 

EFPD

In Figure 5.13, it can be seen that the Best-D Vessel core is the one which has the smallest core diameter. In addition, this core has the least impact on the deep geological storage (lowest values of V ILW , Mass Am-Fin and V10 B ) and also requires less plutonium start-up fuel in relation to the energy that can be extracted from it. On the other hand, the trade-off design shows better results particularly on the vessel height and irradiation time.

Use case 4: economic, safety and cycle considerations

Here, the objective is to observe, compared to the optimal solutions obtained in the three previous use cases, the designs space variations when all the 10 objectives considered in the previous use cases are defined in the same optimisation problem. These objectives are shown in Figure 5.48 below and the reactor sub-levels involved are highlighted in red in this figure. 

• Minimise

V ILW-LL P Th ×Time Irr.

• Minimise

Mass. Am-Fin P Th ×Time Irr.

• Minimise

V Core ×7%×F B4C ×Enr 10 B P Th ×Time Irr.

• Minimise

Mass. Pu-Init P Th ×Time Irr. In this use case 4, the optimisation was launched by setting the parameters of the genetic algorithm as follows: initial population, N Sample-Gen = 700; new offsprings selected after each generation, N of f springs-Gen = 600; number of iterations to terminate a run, N Iter-Gen = 30. With these parameters, it took approximately 24 hours to obtain results. To observe the variation in the space of optimal solutions, the following figures, obtained from several projection planes, are used:

• In Figure 5.49a, the projection plane used is that of (P Dens. , P Th ). This figure shows the space of optimal solutions for each of the 4 use cases studied here. As a reminder, and as it can be seen from this figure, for each of the use cases, the space of optimal solutions is as follows:

-In the use case 1, whose goal was to optimise objectives related to the reactor economy (D Vessel , H Vessel , Time Irr. ), it was observed that the optimal FR designs that minimise the vessel height and diameter while maximising the total fuel irradiation time in the core exhibit low thermal powers and very low power densities. Indeed, as it has been shown in Paragraph 5.4.1 -Use case 1: economic objectives, low P Dens. make it possible to optimise both Time Irr. and H Vessel . In addition, it was also shown that the absence of high thermal powers as optimal solutions in this use case was due to the fact that they did not allow D Vessel to be optimised. On the other hand, very low thermal powers were not included in the set of optimal solutions either, certainly due to the reactivity loss per cycle which can reach high values in this case (for more details, see Paragraph 5.4.3 -Use case 3: safety considerations), especially as a mandatory constraint on the control rods and taking into account Rho Loss must be respected by the designs provided by the design tool. This tool has therefore found trade-off designs between low and high thermal power.

-For the use case 2.1, the objective was to simultaneously minimise the following 4 criteria, related to the nuclear fuel cycle: V ILW , Mass Am-Fin , V10 B and Mass Init-Pu . In the calculation of these criteria, a normalisation is made with respect to the energy produced in the reactor and which corresponds to: P Th × Time Irr. . From this study, what has been shown in Paragraph 5.4.2 -Use case 2: fuel cycle considerations, is that the optimal solutions have low thermal powers and low power densities, but not as low as those obtained in the use case 1. Indeed, for P Dens. , even if its low values maximise the term P Th × Time Irr. used in the normalisation, given that Time Irr. is maximised for low P Dens. , they

Chapter 6

Conclusions and perspectives E NDING chapter: here, the context of this work, the research objectives that have been defined and the answers that have been provided to the questions raised by the thesis will be indicated. At the same time, some of the main results obtained in this research are presented.

Then, some of the models developed will be recalled and, for each of them, some interesting perspectives will be indicated in order to improve the work carried out in the context of the thesis. 
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Appendices

Appendix A Homogeneous VS heterogeneous core modelling: neutronic error estimation

-Introduction

The purpose of this appendix is to provide an estimate of the neutronic bias induced by the modeling of the FR reactor cores with a 2D-homogeneous approach at the expense of the reference modelling, which is in 3D-heterogeneous. As a reminder, the modelling approach adopted throughout this research work is that in 2D-homogenous, mainly justified for reasons of computation time reduction. Ideally, the goal of reactor physics is the three-dimensional heterogeneous calculation of the entire core where the assemblies are described using a complete pin-by-pin approach. However, this goal requires vast computational resources, which has led to a simplification of the modelling into a 2D-homogeneous model. In the 2Dhomogenous modelling, the reactor core is assimilated to a cylinder and the assemblies are described by the volume fractions of their medium. As mentioned above, two fundamental differences can be noted between the two modelling approaches compared in this section, 3D-heterogeneous (which is the reference) and 2D-homogeneous (which is a simplification to reduce calculation time):

• In 3D-heterogeneous modeling, the core is modeled in 3D and the assemblies are described by a pin-by-pin approach.

• In the 2D-homogeneous approach, on the other hand, the reactor core is assimilated to a cylinder and the volume fractions in the assembly medium are used for the neutronic calculations. Appendix B

Sensitivity analysis -Introduction

Sensitivity analysis is a set of techniques used to assess the effect of a single input variable or group of inputs to a mathematical model on its outputs. In practice, sensitivity analysis are used to identify the most influential parameters as those on which uncertainty should be reduced as a priority in order to achieve a reduction in uncertainty on the output. Conversely, the least influential parameters can be set to conservative values, thus simplifying the model. Sensitivity analysis can also be used to validate or invalidate intuitively based assumptions about the most influential parameters of a physical system. In this document, to allow a better understanding of the results provided by the design tool, sensitivity analysis are carried out to allows the input parameters to be prioritised according to their influence on the design criteria. This inputs are thus ranked from most to least influential.

The method used in this work to perform the sensitivity analysis is the so-called Sobol method, based on the calculation of Sobol indices [START_REF] Sobol | Global sensitivity indices for nonlinear mathematical models and their monte carlo estimates[END_REF]. The main idea behind this method is the variance decomposition based on the fact that any integrable function can be decomposed into a series of elementary functions of the form [START_REF] Iooss | A review on global sensitivity analysis methods[END_REF]:

There is therefore a functional decomposition of the variance, often referred to as functional ANOVA:

where the variables x 1 , x 2 , ..., x n are mutually independent, Y the output of the function:

, and so on for higher order interactions.

The variance of an input parameter x i is a real quantifying the dispersion of Y when only x i varies. The higher this variance, the more x i is influential on the output Y. The so-called Sobol indices, that express the share of variance of Y that is due to a given input or input combination are therefore obtained as follows:

S i : first order indices; S ij : interaction indices For the total indices, Homma and Saltelli introduce the following expression [START_REF] Homma | Importance measures in global sensitivity analysis of nonlinear models[END_REF]]:

Where #i are all the subsets of 1, ..., n including i.

The numerical calculation of these indices requires numerical solutions of the mathematical model for a large number of parameter instances. For computational time and interpretation reasons, only the first order indices and the total indices are often computed, thus giving a good information on the model sensitivities.

-Results

In this annex, the calculation of these sensitivity indices is done with the URANIE* platform and only for the neutronic outputs. The mathematical models of these neutronic outputs are the surrogate models* built in the core module to avoid the use of the time-consuming reference code. For the variables, these are those indicated in Table 3.2.

For each output, only the first and total order indices are calculated. On the basis of these data, the following interpretation can be made:

• If the 1st order index S i , is high, the parameter x i is influential on the output Y.

• If the total order index S Ti , is small, the parameter x i has little influence on Y.

• If the first-order index is low but the total index is high, it is the interaction effects between the variables that give its influence to x i

For each output, the graphical representation of each of these Sobol's indices, S i and S Ti is shown below:

-Core enrichment and breeding gain 

Conclusion

In conclusion, it can be said from all of these graphs that the helium fraction has almost no effect on any of the performances considered. It can also be said that the isotopic composition of the plutonium used has less effect on the neutronic quantities compared to the other core variables, although its effect is not zero. In addition, all the other variables considered in the study have more or less important effects on the neutronic performance of the reactors, depending on the output considered.

Appendix C

Representative cycle as a function of reloading frequency

-Method

Neutronic modelling in which the core is described in 2D and the assemblies homogenised, assumes a fuel reloading frequency of 1. A reloading frequency of 1 means that all the assemblies are unloaded and replaced by new assemblies at the end of a single fuel cycle.

In order to consider a core with a fuel reloading frequency of « n » in a homogeneous modelling and to have the characteristics of this core in each cycle, it is necessary to find a representative cycle. This is useful, for example, to indicate to the resolution algorithm used where to impose zero reactivity in the search for fuel enrichment, allowing a critical core at the end of the cycle.

A reloading frequency of « n » means that for the core at equilibrium, there are « n » batches of fuel loading and that each batch completes « n » cycles in the reactor core. At the end of each cycle, 1/n of the assemblies is unloaded and replaced by new assemblies. Thus, depending on the cycle time Time Cycle , the total irradiation time Time Irr. , of the assemblies in the reactor core is given by the following equation: Time Irr. = n × Time Cycle .

The representative cycle referred to in this section corresponds to the state of the "average" core at equilibrium, for which the same type of assembly is always reloaded at the same location. In the case of a core managed at frequency « n », the Beginning Of the Cycle at equilibrium (BOC) corresponds to a mixture of assemblies with 0, 1, 2, ..., (n-1) cycles. At the End Of the Cycle (EOC), the core is a mixture of assemblies with 1, 2, 3, ..., n cycles.

Assuming that each cycle always produces the same average burn-up rate « b », the average burn-up rates of the core at the beginning and end of the cycle of a core managed at frequency « n » are therefore: The burn-up rate « B » of the average core over the total irradiation time Time Irr. , being B = n × b, the burn-up rates at the beginning and end of cycle of the core managed at frequency « n » become:

The two equations above mean that the material balance of a core with a fuel reloading frequency of 1 is similar to that of an equilibrium core managed at a frequency of « n », starting its cycle (BOC) at (n -1) 2.n .Time Irr. and ending it (EOC) at (n + 1) 2.n .Time Irr. . Thus, for a frequency of 4 (the assumption made in this document), the representative cycle is between 3 8 and 5 8 of the total irradiation time of a 2D-modelled core with homogenised assemblies. In other words, the representative cycle is between steps 3 and 5 of an 8-step burn-up calculation with the homogeneous core.

Glossary breeder a breeder is a fast spectrum reactor with a positive breeding gain*, meaning that they produce more fissile materials than they consume. 2, 3,12,22,35,39,51 breeding gain it corresponds to the difference between the ratio of final to initial mass of fissile material and 1. COPERNIC can be used for parametric and pre-design studies for a given reactor concept. It can also be used for comparative studies between different reactor concepts and technologies [START_REF] Morin | Copernic, a new tool based on simplified calculation methods for innovative lwrs conceptual design studies[END_REF]. 77 DOE for Design Of Experiment, corresponds to the database obtained after the implementation of a sampling method. 42

DPA for Displacement Per Atom (dpa), is the number of times each atom in a given sample of solid matter has been ejected from its site by radiation [START_REF] Cea | La neutronique[END_REF]. The number of dpa is used to characterise the maximum amount of damage that a material can undergo during irradiation to ensure its physical integrity. For FR assemblies, they must be removed from the core and replaced by new assemblies if the damage to their steel structures reaches the maximum damage limit intrinsic to the material used. 10, 25, 34

ERANOS stands for European Reactor ANalysis Optimized calculation System. It is a deterministic code, i.e. using numerical resolution of the transport equation (Boltzmann equation) to derive the neutron flux in the reactor core. ERANOS uses the classical two-step calculations: lattice, core. The lattice calculation consists in finely modeling the assemblies and producing the cross sections of the core medium (fuel, coolant, control rods, structural material) allowing the core calculation to be carried out. These assemblies can be described either by using a complete pin-by-pin approach or by volume fractions (homogenised approach).

Cross sections produced at the lattice level are used in the core calculation to evaluate the neutronic performance of the reactor and the feedback coefficients needed for transients (Doppler, structures expansion, etc.). R-Z or 3D calculations can be done at this level. For the research work carried out in this document, the finite-difference BISTRO Solver with SN angular discretization was used for R-Z calculations. For the 3D calculation, they were performed using the diffusion approximation of the transport equation to save computation time.

The PARIS platform developed by CEA and which is a graphical user interface for the ERANOS code was used to create all of the cases studied here. 37, 38 free-fuel the fuel expansion depends only on fuel temperature and fuel thermal-expansion coefficient. 41

Glossary

GERMINAL is a fuel performance code developed by the French Alternative Energies and Atomic Energy Commission (CEA) to simulate the in-pile behaviour of mixed oxide fuel pins in Sodium-cooled Fast Reactors. Further information on this code can be found in the following publication [START_REF] Lainet | GERMINAL, a fuel performance code of the PLEIADES platform to simulate the in-pile behaviour of mixed oxide fuel pins for sodium-cooled fast reactors[END_REF]. 60 linked-fuel the fuel expansion is conducted by the clad temperature. 41 loop-type in loop type designs, the primary coolant circulates through intermediate heat exchangers and primary pumps located outside the reactor vessel. 28, 79, 80, 131 pool-type in a pool type SFR design, the reactor core, primary pumps and intermediate heat exchangers are all immersed in a pool of sodium coolant within the reactor vessel. 27,28,64,79,80,131 protected transients a protected transient is a transient that leads to a reactor SCRAM*. 24 SCRAM a scram is an automatic reactor shutdown. There are many instruments that are designed to automatically shut down the reactor if a parameter is outside its nominal range. When an instrument sends a scram signal, the control rods (which are held up by electromagnets) drop down by gravity, shutting down the reactor in less than a few seconds. 12,23,28,64,65,84,153 SMR small modular reactors, also called Advanced Modular Reactors (AMR) when it is a GIF concept, vary in size from tens of megawatts up to hundreds of megawatts. They can be used for power generation, process heat, desalination, or other industrial uses. 5 spatial self-shielding effect a sample containing a small amount of a strongly absorbing isotope has a disturbed neutron flux at its entrance. This natural phenomenon, which has been associated with shielding, is called spatial self-shielding effect. It leads to a decrease in reaction rates. A self-shielded cross section qualifies a cross-section when it is reduced by the application of a factor intended to take into account the self-shielding effect [START_REF] Raouafi | Étude numérique de l'autoprotection spatiale dans des échantillons fortement absorbants irradiés dans le réacteur SLOWPOKE[END_REF], [START_REF] Cea | La neutronique[END_REF]. 38

surrogate models a surrogate model is a more or less complicated function that reproduce/ mimic as best as possible the behaviour of a complicated code. 24,25,42,44,46,47,51,56,62,66,97,101,110,130,143 unprotected transients an unprotected transient is a transient that does not involve the fall of control rods sub-assemblies and their total insertion in the reactor core. 24,27,53,60,63,64,130 URANIE is an open-source software developed at the French Alternative Energies and Atomic Energy Commission (CEA) and dedicated to perform studies such as uncertainty propagation, sensitivity analysis, surrogate model generation and calibration, optimisation issues, etc. [START_REF] Blanchard | The uranie platform: an opensource software for optimisation, meta-modelling and uncertainty analysis[END_REF]. 43,45,98,101,143