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ABSTRACT 
 

Among all the types of accidents to be considered for the safety licensing of a plant, 
some have a very low probability of occurrence but might have very important 
consequences: the severe accidents or Hypothetical Core Disruptive Accidents (HCDA). The 
studies on the scenario of these accidents are performed in parallel to the prevention 
studies.  

In this PhD report, two representative safety cases are studied: the Unprotected Loss 
Of Flow (ULOF) and the Total Instantaneous Blockage (TIB). The objectives are to understand 
what causes the reactivity increase during these accidents and to find means to reduce the 
energetic release of the scenario (ULOF) or to find ways to trigger the core prior to the 
propagation of the accident (TIB).  

At first, the accidents are studied in static calculations with the ERANOS code system. 
The accidents are divided into several steps and the reactivity insertions at each step are 
explained. This study shows the importance of the removal of the structures as well as of the 
radial leakage changes during the core slumping-down. The study also gives the amounts of 
fuel to be ejected or of absorber to be injected in both accidents. These values give tracks to 
the following more accurate studies, the transient studies. 

The transient studies were performed with the SIMMER code system, coupling 
thermo-hydraulics and neutronics. SIMMER data and algorithms have been improved so as 
to better predict ERANOS results (former discrepancies were up to 1.5$). The SIMMER 
reactivity calculation is improved by 0.8$ with variations of reactivity due to the motion of 

materials correctly predicted. A new algorithm for the β-effective was implemented in 
SIMMER so as to be more accurate and easier to manage. 

SIMMER is then used to calculate the secondary phase of the ULOF, while the 
primary phase is calculated with ERANOS thanks to some assumptions. The assumptions are 
very much based on the fact that the movement of materials stops whenever the energy 
release stops i.e. when the core is back to criticality. This enabled to find which magnitude 
the secondary power excursion could have depending on the upper configuration lay out. 
The study showed that no configuration is quite favourable and that in order to reduce the 
energy release, dispositions should be taken during the primary phase. 

SIMMER is also used to perform transient calculations on the core SFRv2b for the 
whole scenario of the ULOF and TIB accidents.  

For the ULOF calculation, the standard procedure is to calculate the primary phase 
with SAS4A and then to continue with SIMMER. However, since this procedure has some 
deficiencies, SIMMER was used for the primary phase also. The comparison between the two 
methods illustrates the difficulties of both approaches. SIMMER gives quite good results, but 
improvements are however necessary, e.g. on the axial expansion of fuel. Although 
approximate, results show that the event is too quick to activate any passive mitigating 
system. Work should be conducted on core designs (for instance by improving feedback 
effects) so as to give more time for passive mitigating systems to operate.  

For the TIB calculation, large cores, like the SFRV2b one, require the use of SIMMER 
neutronics. This in conjunction with thermal hydraulic requires some specific procedures 
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which were investigated. SIMMER calculations with coarse meshes show their limits when 
compared to the SCARABEE experiments. There are significant discrepancies that could be 
reduced using fine meshes and a more accurate modelling of the pin and the subassembly. 
Improvements in the code are necessary to represent correctly the TIB on a reactor case. 
However, even with the current approximate method, some conclusions and 
recommendations could be drawn on the means of detecting the accident by delayed 
neutron detectors or by thermal couples before its propagation to the whole core.  

 
 
Key-Words: Sodium-cooled Fast Reactors (SFR), Severe accidents, neutronics, 

Unprotected Loss Of Flow (ULOF), Total Instantaneous Blockage (TIB), ERANOS, SIMMER. 
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Résumé 
 

Parmi tous les types d’accidents qui doivent être étudiés pour le rapport de sureté 
d’une centrale nucléaire, certains ont une probabilité d’occurrence très faible mais peuvent 
avoir de très graves conséquences : ces accidents graves sont les accidents hypothétiques de 
dégradation du cœur.  

Dans cette thèse, deux accidents représentatifs sont étudiés : la perte de débit 
généralisée du cœur non protégée (Unprotected Loss Of Flow, ULOF) et le Bouchage Total 
Instantané (BTI). 

Les objectifs de la thèse sont de comprendre ce qui fait augmenter la réactivité 
pendant ces accidents afin, d’une part, de trouver des moyens de réduire les dégagements 
énergétiques lors de l’ULOF et, d’autre part, pour le BTI, de trouver les moyens de limiter la 
propagation de l’accident. 

Tout d’abord, les accidents sont étudiés en statique avec le code ERANOS. Les 
accidents sont décomposés en plusieurs étapes pour lesquelles les variations de réactivité 
sont calculées et étudiées. Cette étude montre l’importance de la disparition des structures 
ainsi que des modifications (réductions) de fuites radiales durant la compaction. Cette étude 
donne aussi les quantités de combustible à éjecter ou d’absorbant à insérer dans les deux 
accidents. Ces valeurs donnent des pistes pour les études suivantes plus précises, les études 
en transitoire. 
Les études en transitoire sont calculées avec le code SIMMER, couplant thermo-hydraulique 
et neutronique. Les données fournies à SIMMER et les algorithmes ont été améliorés pour 
être plus proches des résultats ERANOS (les précédentes différences sur la réactivité allaient 
jusqu’à 1.5$). Les calculs de réactivité avec SIMMER sont améliorés d’en moyenne 0.8$ avec 
des calculs corrects concernant les effets en réactivité des mouvements de matériaux. Un 

nouvel algorithme pour le calcul du β-effectif a été ajouté à SIMMER pour permettre un 
calcul plus précis et rendre le calcul plus facile à réaliser. 

SIMMER est ensuite utilisé pour calculer la phase secondaire de l’ULOF, alors que la 
phase primaire est calculée avec ERANOS grâce à plusieurs hypothèses. Ces hypothèses sont 
surtout basées sur le fait que les mouvements des matériaux s’arrêtent lorsque le 
relâchement d’énergie s’arrête, c'est-à-dire lorsque le cœur redevient critique. Cela permet 
de déterminer quelle amplitude la seconde excursion de puissance pourrait avoir selon la 
géométrie haute du cœur.  Cette étude montre qu’aucune configuration du cœur n’est 
favorable, et que pour réduire le dégagement d’énergie, des dispositions devraient être 
prises pendant la phase primaire. 

SIMMER est aussi utilisé pour réaliser des calculs transitoires sur les cœurs SFRv2b 
sur un scénario complet d’ULOF et de BTI. 

Pour le calcul d’ULOF, la procédure standard est de calculer la phase primaire avec 
SAS4A et de continuer ensuite avec SIMMER. Cependant, comme cette procédure comporte 
quelques défauts, SIMMER a aussi été utilisé pour le calcul de la phase primaire. La 
comparaison des deux méthodes de calcul indique les difficultés des deux approches. 
SIMMER donne des résultats plutôt corrects, mais des améliorations sont nécessaires, par 
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exemple sur la description des dilatations des matériaux solides. Cependant, même 
approchés, les résultats montrent que l’accident est trop rapide pour activer un système de 
mitigation. Des études doivent être réalisées sur les projets des cœurs (en améliorant par 
exemple les coefficients de contre-réaction) pour donner plus de temps aux systèmes de 
mitigation d’être efficace. 

En ce qui concerne le calcul de BTI, de gros cœurs tels que le cœur SFRv2b 
nécessitent l’utilisation de la neutronique. Cependant, les calculs SIMMER sur un gros 
maillage montrent leurs limites lorsqu’ils sont comparés aux résultats des expériences 
SCARABEE. Il y a d’importantes différences qui pourraient être résolues par l’utilisation de 
mailles fines et d’un modèle plus précis pour la description de l’aiguille et de l’assemblage. 
Des améliorations dans le code sont nécessaires pour représenter correctement le BTI sur un 
cas réacteur. Cependant, même avec la méthode utilisée, certaines conclusions ont pu être 
faites sur les moyens de détection (tels que les thermocouples) avant la propagation de 
l’accident au cœur entier. 

 
 
Mots-Clés : Réacteur à Neutrons Rapides et à caloporteur Sodium (RNR-Na), Accidents 
graves, Neutronique, Perte de débit généralisée du cœur (Unprotected Loss Of Flow, ULOF), 
Bouchage Total Instantané (BTI), ERANOS, SIMMER. 
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- Pierre Joliot, La recherche passionnément. 
 
  



CITATION 

 

xii 
 

 



TABLE OF CONTENTS 

 

xiii 
 

 

Table of contents 

RÉSUMÉ DÉTAILLÉ DE LA THÈSE ..................................................................................... XVII 

1 INTRODUCTION ......................................................................................................... 1 

1.1 GENERAL CONTEXT OF NUCLEAR ENERGY ................................................................................. 1 
1.2 OBJECTIVE OF THE PHD ........................................................................................................ 4 

2 A  NEW APPROACH IN DESIGNING SODIUM-COOLED FAST REACTORS ........................ 7 

2.1 SODIUM-COOLED FAST REACTORS .......................................................................................... 7 
2.1.1 Why are Fast Reactors interesting? ....................................................................... 7 
2.1.2 Why sodium? .......................................................................................................... 9 
2.1.3 The feedback effects ............................................................................................. 10 

2.2 SEVERE ACCIDENTS AND SFR ................................................................................................ 14 

3 THE SAFETY APPROACH ........................................................................................... 17 

3.1 MAIN PRINCIPLES FOR NUCLEAR SAFETY [12] .......................................................................... 18 
3.1.1 Defence in depth ................................................................................................... 18 
3.1.2 Multi-barrier approach of the accident ................................................................ 19 

3.2 MAIN FAMILIES OF ACCIDENTS .............................................................................................. 20 
3.2.1 Design Basis Conditions ........................................................................................ 20 
3.2.2 The Design Extension Conditions .......................................................................... 20 

3.3 METHOD OF THE LINES OF DEFENCE ....................................................................................... 22 
3.3.1 The notion of  «line of defence» ........................................................................... 22 
3.3.2 Types of LODs ....................................................................................................... 22 
3.3.3 The LOD methodology for design and assessment .............................................. 23 

3.3.4 THE SAFETY APPROACH FOR THE FUTURE SFR [12] ............................................................... 23 
3.3.5 Goals and main principles for future SFR ............................................................. 23 
3.3.6 Safety approach for severe accidents................................................................... 24 

4 NEW SFR DESIGNS FOR AN IMPROVED PREVENTION OF THE ACCIDENTS ................. 25 

4.1 PREVIOUS DESIGNS: PHENIX, SUPER-PHENIX AND EFR .............................................................. 25 
4.2 EVOLUTION OF THE STUDIES: FROM SFR TO BN1800 .............................................................. 26 

4.2.1 SFRv0, SFRv1 and SFRv2b ..................................................................................... 26 
4.2.2 BN1800 ................................................................................................................. 27 

5 THE HYPOTHETICAL CORE DISRUPTIVE ACCIDENTS (HCDA) ....................................... 31 

5.1 OBJECTIVES OF THE STUDY OF THE HCDA ............................................................................... 31 
5.2 POSSIBLE INITIATORS .......................................................................................................... 32 
5.3 UNPROTECTED LOSS OF FLOW (ULOF) ................................................................................. 33 

5.3.1 The scenarios ........................................................................................................ 33 
� The accidental transient ........................................................................................... 33 
� The primary phase of the accident ........................................................................... 34 
� The transition and the secondary phases ................................................................. 34 



TABLE OF CONTENTS 

 

xiv 
 

5.3.2 Ways of improvements and envisaged strategies of mitigation ......................... 35 
5.4 TOTAL INSTANTANEOUS BLOCKAGE (TIB) ............................................................................... 35 

5.4.1 The scenario.......................................................................................................... 35 
5.4.2 Methods of detection thanks to instrumentation and stop of the accident ........ 37 

5.4.2.1 Measures of radioactivity ....................................................................................... 37 
5.4.2.2 Neutronics measures .............................................................................................. 38 
5.4.2.3 Measures of the inlet and outlet sodium temperatures ........................................ 38 
5.4.2.4 Additional dispositions for the detection ............................................................... 38 
5.4.2.5 Start of the SCRAM ................................................................................................. 38 

5.5 POST-ACCIDENT MANAGEMENT ............................................................................................ 39 
5.5.1 Mechanical energy release and structure resistance ........................................... 39 
5.5.2 Corium creep and core catcher............................................................................. 39 

6 CODE SYSTEMS USED FOR THE CALCULATIONS ........................................................ 41 

6.1 TRIPOLI ......................................................................................................................... 41 
6.2 ERANOS ........................................................................................................................ 42 

6.2.1 Neutronics libraries used ...................................................................................... 43 
6.2.2 ECCO: Cell calculations ......................................................................................... 45 
6.2.3 Core calculations .................................................................................................. 47 
6.2.4 Domain of validity of the code ............................................................................. 48 
6.2.5 Modelling of the core with ERANOS ..................................................................... 48 

6.3 SAS4A ............................................................................................................................ 49 
6.4 SIMMER ........................................................................................................................ 50 

6.4.1 SIMMER code general architecture ...................................................................... 51 
6.4.2 Neutronics module and its interface with ERANOS for the generation of libraries

 …………………………………………………………………………………………………………………………54 
6.4.2.1 The ERANOS modules generating SIMMER libraries .............................................. 54 
6.4.2.2 Comparison ERANOS/SIMMER: first choices and evolution ................................... 59 
6.4.2.3 Results obtained for reactivity and reactivity variations ........................................ 68 

6.4.3 Conclusion on the neutronics module of SIMMER ............................................... 72 
6.4.4 Other improvements needing to be carried out ................................................... 73 

6.5 CONCLUSION ON ALL CODES ................................................................................................. 74 

7 STUDY OF THE UNPROTECTED LOSS OF FLOW .......................................................... 75 

7.1 STATIC PRELIMINARY STUDIES: UNDERSTANDING OF THE PHENOMENA AND POSSIBLE SOLUTIONS ....... 75 
7.1.1 Fuel slump-down .................................................................................................. 76 

7.1.1.1 Accidental scenario of the core slump-down ......................................................... 76 
7.1.1.2 Amount of fuel to be ejected to avoid recriticality ................................................. 80 

7.1.2 Possible solutions to avoid recriticality ................................................................ 82 
7.1.2.1 Reactivity insertions due to core slump-down ....................................................... 82 
7.1.2.2 Addition of miscible and absorbing materials ........................................................ 83 
7.1.2.3 Ejection of part of the molten fuel ......................................................................... 84 
7.1.2.4 Ejection of part of the molten fuel and addition of miscible material ................... 85 

7.1.3 Conclusions on the static study ............................................................................ 86 
7.2 PARAMETRIC STUDIES OF THE SECONDARY PHASE WITH SIMMER ............................................... 87 

7.2.1 Supposed scenario ................................................................................................ 87 
7.2.2 ERANOS CALCULATIONS ....................................................................................... 88 

7.2.2.1 Studied configurations ............................................................................................ 88 
7.2.2.2 ERANOS calculations ............................................................................................... 92 



TABLE OF CONTENTS 

 

xv 
 

7.2.2.3 Calculation methods ............................................................................................... 93 
7.2.2.4 ERANOS results ....................................................................................................... 93 
7.2.2.5 Partial conclusion .................................................................................................... 97 

7.2.3 SIMMER calculations of the secondary phase ...................................................... 97 
7.2.3.1 Geometries used ..................................................................................................... 97 
7.2.3.2 Results of the calculations with SIMMER-III ........................................................... 98 

7.2.4 Conclusion on the ERANOS/SIMMER study of the impact of the upper part of the 

core on secondary phase of the ULOF ............................................................................ 104 
7.2.4.1 On the different models of a given configuration ................................................ 104 
7.2.4.2 On the different configurations ............................................................................ 105 
7.2.4.3 On the ULOF and the power excursion ................................................................. 105 

7.3 STUDIES OF THE SFRV2B CORE: PRIMARY PHASE, TRANSITION PHASE AND SECONDARY PHASE WITH 

SIMMER-III .......................................................................................................................... 107 
7.3.1 Models used for the calculation with SIMMER .................................................. 108 

7.3.1.1 DPIN model [74] .................................................................................................... 108 
7.3.1.2 Model of clad candling, mushy steel model ......................................................... 110 
7.3.1.3 Differences of models in SAS and SIMMER: description of the fuel pin, EJECT 
model. ………………………………………………………………………………………………………………………….110 

7.3.2 Calculation SAS4A/SIMMER-III ........................................................................... 111 
7.3.2.1 Description of the Loss Of Flow ............................................................................ 111 
7.3.2.2 Calculation of the primary phase with SAS4A....................................................... 112 
7.3.2.3 Calculation of the transition phase with SIMMER ................................................ 115 

7.3.3 Calculation with SIMMER-III only ....................................................................... 118 
7.3.3.1 Calculation of the stationary state ........................................................................ 118 
7.3.3.2 Calculation and results of the ULOF ...................................................................... 119 

7.3.4 Comparison of the results SAS/SIMMER and SIMMER only ............................... 121 
7.3.5 Conclusions and perspectives ............................................................................. 124 

7.3.5.1 Interest of the new model compared to the ERANOS/SIMMER-III calculation .... 124 
7.3.5.2 Possible improvements in the models of the SIMMER-III code ............................ 125 
7.3.5.3 On the way the accident occurs for the core SFRv2b ........................................... 126 

7.4 CONCLUSIONS AND PERSPECTIVES ON THE ULOF ................................................................... 127 

8 STUDY OF THE TOTAL INSTANTANEOUS BLOCKAGE ................................................ 129 

8.1 STATIC PRELIMINARY STUDIES: UNDERSTANDING OF THE PHENOMENA AND POSSIBLE SOLUTIONS ..... 130 
8.1.1 Understanding of an accidental scenario of the TIB .......................................... 130 

8.1.1.1 Study of the scenario in static ............................................................................... 131 
8.1.1.2 Study of the leakage, absorption and fission rates ............................................... 135 

8.1.2 Reactivity insertions due to TIB for three cores (approximate EFR, SFRv1, SFRv2b)

 ………………………………………………………………………………………………………………………137 
8.1.2.1 Conditions of calculations ..................................................................................... 137 
8.1.2.2 Examples of reactivity insertions during TIB and comparisons of three cores ..... 138 

8.1.3 Solutions envisaged to avoid the recriticality and the propagation of the accident

 ………………………………………………………………………………………………………………………140 
8.1.3.1 Addition of miscible material ................................................................................ 141 
8.1.3.2 Ejection of fuel ...................................................................................................... 141 
8.1.3.3 Addition of miscible material and ejection of fuel................................................ 142 

8.1.4 Conclusion on the static study ............................................................................ 142 
8.2 STUDIES OF THE CORE SFRV2B: COMPLETE CALCULATION WITH SIMMER .................................. 144 

8.2.1 Method used ....................................................................................................... 145 
8.2.2 Results of the calculation ................................................................................... 146 



TABLE OF CONTENTS 

 

xvi 
 

8.2.3 Results concerning the possibilities of detection of the TIB ............................... 148 
8.2.4 Conclusions on the results and on the possible improvements .......................... 150 
8.2.5 Detection of the accident ................................................................................... 152 

8.3 GENERAL CONCLUSION ON THE TIB ..................................................................................... 153 

9 CONCLUSIONS AND PERSPECTIVES ......................................................................... 155 

BIBLIOGRAPHY ............................................................................................................... 173 

10 CHAPTER 10: APPENDIX .......................................................................................... 179 

Appendix 1: Method of calculating the feedback effects........................................................174 

Appendix 2: The FAIDUS subassembly and the CRGT.............................................................176 

Appendix 3: Core characteristics.............................................................................................178 

Appendix 4: Benchmark of the BN1800 cores.........................................................................180 

Appendix 5: Examples of transients on an ULOF accident for EFR and SFRv2b.......................188 

Appendix 6: Analysis of ULOF Accident in Monju....................................................................191 

Appendix 7: Experimental validation to support the scenarios: ULOF and TIB........................193 

Appendix 8: Comparison ERANOS/TRIPOLI on accidental situations.......................................197 

Appendix 9: SIMMER-IV geometry description........................................................................198 

Appendix 10:  Definitions.........................................................................................................199 

Appendix 11: Geometries of the SIMMER calculations on SPX................................................204 

Appendix 12: Cross-sections and group scheme......................................................................207 

Appendix 13: 16 energy group scheme....................................................................................209 

Appendix 14: Radial leakage and fuel slump-down.................................................................210 

Appendix 15: The material vanadium......................................................................................215 

Appendix 16: Amount of fuel to eject to avoid recriticality......................................................217 

Appendix 17: Reactivity insertions obtained with an addition of 20% of absorbers for the fuel 

slump-down of the internal, external and total cores of EFR and SFRv0..................................218 

Appendix 18: Study of core slump-down in SPX with the SIMMER code..................................219 

Appendix 19: Comparisons of two SIMMER geometries..........................................................221 

Appendix 20: Analysis of the results........................................................................................224 

Appendix 21: Results of the SIMMER calculations...................................................................248 

Appendix 22: The model DETENT of calculation of the mechanical energy release in SIMMER 

……………………...........................................................................................................................251 

Appendix 23: Detailed description of the steel candling model..............................................252 

Appendix 24: Times of the events of the SAS4A/SIMMER and SIMMER calculations..............257 

Appendix 25: Options used for the calculation of the ULOF after the SAS calculation............261 

Appendix 26: Scenario of the secondary phase of the accident with SIMMER-III after the SAS 

calculation...............................................................................................................................264 

Appendix 27: Calculation of the stationary state with SIMMER-III.........................................267 

Appendix 28: Options of the calculation for the ULOF calculated with SIMMER only.............271 

Appendix 29: Scenario of the ULOF calculated with SIMMER-III only.....................................273 

Appendix 30: Comparisons of the Power/Flow rate in SAS4A and SIMMER............................285 

Appendix 31: Neutron balance for the TIB..............................................................................287 

Appendix 32: Variations of the rates of leakage, absorption, and production by fission 

calculated by TRIPOLI..............................................................................................................289 

Appendix 33: Values of the reactivity insertions (pcm) for the TIB of cores EFR-like, SFRv1 and 

SFRv2b.....................................................................................................................................295 

Appendix 34: Options used for the calculation of the TIB for the SFRv2b core........................300 

Appendix 35: Detailed scenario of the TIB..............................................................................302



RESUME DETAILLE DE LA THESE 

 

 xvii

 

Résumé détaillé de la thèse 
 

1. Introduction 
 

Le besoin en énergie est un problème qui prend de plus en plus d’importance dans le 
monde aujourd’hui. L’augmentation continuelle de la population mondiale crée une 
demande importante d’énergie pour soutenir l’activité humaine. 
Dans le même temps, le changement climatique devient de plus en plus inquiétant, et le 
monde a besoin d’une énergie qui ne produit pas de gaz à effet de serre. Par conséquent, de 
nouvelles énergies sont développées, la plupart d’entre elles sont renouvelables, telles que 
le photovoltaïque, l’éolien, etc. L’énergie nucléaire ne produit pas de gaz à effet de serre, et 
elle est intéressante car elle permet de produire une quantité importante d’énergie à un 
moment donné. Cependant, ce n’est pas une énergie renouvelable, et elle a besoin de 
combustible pour fonctionner. 
 

Actuellement, il y a 345 centrales nucléaires connectées au réseau, qui produisent 
chaque année 2162TWh, représentant 21,5% de la production d’électricité. Il est le principal 
système de production d'électricité sans émission de gaz à effet de serre. La plupart des 
réacteurs nucléaires sont des réacteurs à neutrons thermiques (qui proviennent de la 
deuxième et troisième génération de réacteurs, la première génération de réacteurs ne 
contient que des prototypes) et le combustible utilisé dans ces réacteurs est surtout 
l'uranium naturel enrichi à environ 3.5% en Uranium 235. Il y a environ 4,7 millions de 
tonnes de combustible qui peuvent être exploités pour moins de 130$/kg, juste au-dessus 
du prix de revient. Selon l'OCDE: "Sur la base du taux de production d'électricité nucléaire de 
2004, cette quantité est suffisante pour 85 ans. Toutefois, le total des ressources mondiales 
en uranium qui pourraient être disponibles au prix du marché est beaucoup plus élevé. Sur la 
base de preuves géologiques et la connaissance de l'uranium dans les phosphates, l'étude 
estime que plus de 35 millions de tonnes sont disponibles pour l'exploitation ". Si l'énergie 
nucléaire est nécessaire à plus long terme, l’économie de combustible est une condition sine 
qua non : une meilleure utilisation de l'uranium doit être envisagée dans les réacteurs 
avancés. C'est pourquoi des études sont actuellement réalisées dans le monde entier sur 
différents concepts de réacteurs qui seront en mesure d'utiliser moins d'uranium pour la 
même quantité d’énergie produite. 

 
Toutes ces études sont dirigées par le forum international Génération IV. Ce dernier a 
identifié les différents types de réacteurs qui feront partie de la génération IV, ainsi que les 
objectifs auxquels ces réacteurs doivent parvenir :  

 
 
 
 
 



RESUME DETAILLE DE LA THESE 

 

 xviii

– Caractère durable : 
� Fournir une énergie durable permettant une accessibilité à long terme à cette 

énergie et une utilisation efficace du combustible partout dans le monde. 
� Minimiser les déchets produits et les retraiter, réduire les déchets à vie longue et 

améliorer la protection des personnes et de l’environnement. 
– Economie : 

� Coût clair et avantageux par rapport aux autres énergies. 
� Risque financier comparable à celui des autres énergies. 

– Sûreté et fiabilité : 
� Exceller en matière de sûreté et de fiabilité. 
� Très faible probabilité de dommages du cœur et conséquences maîtrisées. 
� Eliminer la nécessité de déplacer les populations durablement. 

– Résistance à la prolifération et protection physique : Faire en sorte que l’énergie 
nucléaire soit une voie peu désirable d’obtention de matériel utilisable pour faire des 
armes et augmenter la protection physique contre les actes de terrorisme. 

 
 
Cependant, le forum Génération IV n'a pas seulement précisé les objectifs des réacteurs, il a 
également proposé les types de réacteurs qui peuvent atteindre les spécifications fixées, et 
six choix ont été présélectionnés : les réacteurs rapides à caloporteur gaz (GFR), les réacteurs 
rapides à caloporteur plomb (LFR), les réacteurs à sels fondus (MSR), les réacteurs rapides à 
caloporteur  sodium (SFR ou RNR-Na), les réacteurs à eau supercritique (SCWR), les 
réacteurs à très haute température (VHTR). En France, un type de réacteur a été choisi parmi 
les autres : c’est le réacteur rapide à caloporteur sodium.  
 
Ce choix n'est pas un hasard : il est dû au retour d'expérience français sur la construction et 
l'exploitation de ces réacteurs. En effet, plusieurs RNR-Na ont été construits en France. Le 
premier est Rapsodie, construit à Cadarache en 1957: c’est un réacteur expérimental d'une 
puissance de 20MWth, il a divergé pour la première fois en 1967 et est à l'heure actuelle en 
phase de démantèlement. Puis, en 1974, le réacteur de recherche nucléaire Phénix a été mis 
en service à Marcoule. Phénix avait une puissance de 250MWth et a été utilisé pour fournir 
de l'électricité, mais aussi pour l'étude de la transmutation des déchets de haute activité. Ce 
réacteur a été arrêté l'an dernier. Le dernier RNR-Na qui a été construit en France a été 
Super-Phénix (SPX), à Creys-Malville. Il a été mis en service en 1985, et avait une puissance 
nominale de 3000MWth (1240MWe). Il a été arrêté en 1997. Il est en cours de 
démantèlement. En outre, le prototype industriel, l'European Fast Reactor (EFR), avait été 
conçu et défini presque entièrement. La plupart des études de sûreté ont été effectuées, et 
le réacteur était presque prêt à être construit. Cependant, après la fermeture de SPX, le 
projet fut abandonné. Par conséquent, trois RNR-Na ayant été construits en France, c'est le 
type de réacteur défini par Génération IV qui est le plus connu. Avec les nombreux avantages 
que le sodium a comparé à d’autres caloporteurs, cela explique pourquoi ce type de 
réacteurs a été choisi pour le futur prototype, ASTRID (Advanced Sodium Technological 
Reactor for Industrial Demonstration).   
Dès à présent, un nouveau concept doit être défini, avec un projet de RNR-Na répondant aux 
critères de Génération IV. Ainsi, des études ont été relancées sur la conception du cœur, de 
la chaudière, sur le combustible et les matériaux innovants pour le réacteur. Mais l'un des 
points essentiels est la reprise d'études de sûreté. En effet, l'un des points les plus 
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importants dans les critères de conception des réacteurs de génération IV est une sûreté 
accrue. Il est important de noter que dans les RNR-Na, la sûreté est vraiment un point 
particulier, car c’est un réacteur qui réagit aux variations de réactivité d'une manière 
différente des réacteurs refroidis à l'eau. La perte du caloporteur (le sodium) crée 
d’importantes insertions de réactivité, mais il est important de noter que le cœur n'est pas 
sous pression et donc, l'accident dans un RNR-Na est complètement différent comparé à un 
REP (Réacteur à Eau Pressurisée). Pour résumer, les défis de sûreté sont différents pour un 
RNR-Na et pour un REP. Par conséquent, les études de sûreté sont d'une importance capitale 
pour le nouveau prototype et pour les prochains RNR-Na. Ainsi, les études de sûreté sont en 
cours en France (au Commissariat à l'Energie Atomique et aux Energies Alternatives (CEA), 
Electricité de France (EDF) et de l'industrie française AREVA), mais aussi dans d’autres pays 
tels que l'Allemagne, le Japon, la Russie, les États-Unis.  
 
L'objectif de la thèse est de contribuer aux études de sûreté sur les RNR-Na. Les études de 
sûreté sont classées dans différentes catégories en fonction de leur probabilité d'occurrence 
et des conséquences qu'elles pourraient avoir. Bien sûr, le rapport de sûreté sera effectué 
sur une conception précise, qui n'est pas entièrement définie pour le moment. Par 
conséquent, la thèse porte sur des études de sûreté sur les RNR-Na, avec quelques 
modifications visant à réduire la probabilité d'occurrence et les conséquences des accidents. 
Cependant, avoir la capacité de réaliser des études de sûreté requiert des outils adaptés. 
L'accent a été donné sur les accidents graves, qui sont les types d'accidents qui ont une très 
faible probabilité d'occurrence, mais qui peuvent avoir des conséquences graves, telles que 
la fusion du cœur. La prévention de ces accidents de fusion du cœur est assurée par: 

– Les mesures de prévention des initiateurs qui pourrait conduire à l'endommagement 
du cœur. 

– Maîtriser les fonctions fondamentales de sûreté. 
– Le contrôle de la réactivité. 
– L'évacuation de la puissance. 
– Le confinement des matières radioactives. 

Les études sur l'analyse de la sûreté sont essentiellement déterministes, les études 
probabilistes sont utilisées pour justifier que certains scénarios peuvent être "pratiquement 
éliminés". Toutefois, il doit être démontré que certains scénarios sont représentatifs des 
conditions les plus sévères de sorte que l'évaluation de la sûreté globale peut être acceptée. 
 
Dans le rapport de thèse, les études sont déterministes et visent à avoir une première idée 
sur les scénarios de deux types d'accidents qui sont considérés comme représentatifs, 
indépendamment de leur probabilité d'occurrence. Ces deux accidents sont provoqués par 
une perte de refroidissement primaire : la perte de débit généralisée du cœur non protégée 
(Unprotected Loss Of Flow, ULOF) et le Bouchage Total Instantané (BTI) d’assemblages. 
L'objectif est de voir quels sont les moyens de gérer la situation une fois que l'accident a eu 
lieu. 
L’ULOF est un accident où le refroidissement primaire est perdu alors qu'aucune chute de 
barre ne peut se faire et le BTI signifie qu’un assemblage perd instantanément son débit, et 
l'accident peut ensuite se propager au reste du cœur. Lorsque la circulation du caloporteur 
est perdue dans un RNR-Na, la réactivité augmente, tout comme les températures, le 
sodium peut donc bouillir, les matériaux dans le cœur peuvent fondre, et l'accident peut 
conduire à la recriticité et à une excursion de puissance. 
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Dans cette thèse, le phénomène de recriticité a été analysé afin de comprendre quelles sont 
les principales raisons de son apparition et, enfin, de trouver des moyens ou des pistes pour 
l'éviter, en cas d’ULOF ou de BTI. 
 
Tout d'abord, dans le rapport, le RNR-Na est décrit afin de mieux comprendre les études 
réalisées : les avantages et les inconvénients du sodium, les paramètres neutroniques 
importants dans la conception du cœur. C’est le chapitre 2. 
 
Les différents cœurs étudiés dans le document sont également décrits dans le chapitre 3. 
 
Ensuite, l'approche de la sûreté est expliquée dans le chapitre 4: les grands principes utilisés 
pour la sûreté nucléaire, les principales familles d'accidents et la méthode des lignes de 
défense. L'approche de sûreté a également évolué avec le temps, et la différence entre 
l'approche actuelle et la précédente a été étudié. 
 
Le chapitre 5 détaille les deux accidents qui sont étudiés dans la thèse: l'ULOF et le BTI. Les 
différents scénarios qui peuvent être envisagés sont décrits, ainsi que les expériences 
effectuées pour acquérir plus d'informations sur ces accidents. Toutes ces données sont 
utilisées pour effectuer les études qui suivent. 
 
Le dernier point important avant de commencer les études et les calculs sont les systèmes 
de code qui ont été utilisés durant la thèse : TRIPOLI, qui est un code de neutronique Monte-
Carlo ; ERANOS, qui est un code de neutronique déterministe ; SAS4A, qui est un code 
thermohydraulique/cinétique-point consacré à la phase primaire de certains accidents 
graves; et SIMMER, qui est un code couplé thermohydraulique-mécanique-neutronique pour 
l'étude de la phase secondaire de certains accidents graves. Les quatre codes sont décrits 
dans le chapitre 6. Des améliorations ont été réalisées sur la neutronique de SIMMER 
pendant la thèse, elles sont également décrites dans cette section. 
 
Ensuite, on trouve deux chapitres contenant les résultats des études: le chapitre 7 concerne 
les études sur l’ULOF, tandis que le chapitre 8 traite du BTI. 
 
Le chapitre 7 est divisé en trois parties principales: 
La première partie du chapitre regroupe de nombreuses études réalisées en statique, visant 
à définir les principaux phénomènes de l'insertion de réactivité au cours de la compaction du 
cœur. Des études plus spécifiques ont été réalisées sur les fuites radiales, puis sur les 
solutions qui pourraient être envisagées pour éviter la recriticité, comme l'ajout de 
matériaux absorbants miscibles avec le combustible, ou tels que l'éjection de combustible 
hors du cœur.  
La deuxième partie du chapitre est une étude semi-statique, semi-transitoire. En se basant 
sur un scénario donné pour l’ULOF, l'état du réacteur à la fin de la phase primaire est calculé 
grâce à ERANOS, puis la suite de l'accident est calculée avec SIMMER. Ce calcul est effectué 
pour différentes configurations de partie haute d’un cœur. L'objectif de cette étude est de 
voir si la configuration supérieure du cœur peut avoir un impact sur la suite du scénario et 
surtout peut conduire à des situations évitant la recriticité. 
La dernière partie du chapitre 7 est plus centrée sur les méthodes: il s'agit de l'étude de 
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l’ULOF avec un seul code, SIMMER. En effet, habituellement, l'accident est calculé avec SAS 
au début, puis ensuite avec SIMMER. Le problème est que c'est un schéma de calcul assez 
difficile à utiliser et qu'il existe des biais liés à cette approche. Cependant, l'avantage est un 
calcul assez rapide. L'utilisation de SIMMER permettrait de simplifier la méthode de calcul et 
de supprimer le biais dû à la reprise du calcul SIMMER à partir de SAS4A. Cependant SIMMER 
n'est pas validé pour la phase primaire et plusieurs développements sont nécessaires pour 
obtenir des résultats corrects. Seuls certains d'entre eux ont déjà été développés. Ainsi, une 
comparaison des deux méthodes de calcul est effectuée : le calcul réalisé entièrement avec 
SIMMER est comparé à celui couplant SAS dans la phase primaire et SIMMER dans la phase 
secondaire. Le but est de statuer sur la validité du code SIMMER pendant le calcul de la 
phase primaire et de définir les améliorations nécessaires dans la phase primaire. En outre, 
ce calcul peut donner un aperçu sur la façon dont les cœurs conçus récemment peuvent se 
comporter en cas d’ULOF. 
 
Le chapitre 8 traite du BTI et est divisé en deux parties: 
La première partie est, comme pour l’ULOF, une étude statique du BTI. Les paramètres les 
plus importants concernant l'insertion de réactivité sont identifiés, des études sont 
effectuées sur l’impact de la masse de combustible sur la recriticité (qui est directement liée 
au nombre d’assemblages endommagés lorsque l'accident se propage au cœur entier), sur 
l'importance des fuites et sur l’endroit du cœur où l'accident se produit, etc. Des études sont 
également effectuées sur la quantité de matériaux absorbants à ajouter au bain fondu, ou 
sur la quantité de combustible à éjecter pour éviter la recriticité. 
La seconde et dernière partie est un calcul complet d'un BTI avec le code SIMMER. Le code 
SAS4A ne peut pas calculer la BTI, il faut donc utiliser SIMMER dès le début, mais il n'est pas 
validé pour un calcul BTI avec le réacteur entier modélisé, c'est-à-dire avec un maillage 
grossier. Par conséquent, les résultats du calcul ont été comparés aux résultats des 
expériences effectuées sur le BTI. Une conclusion est alors donnée sur les améliorations 
nécessaires pour obtenir un calcul correct du BTI lorsque le cœur entier est modélisé. 
 
Le dernier chapitre, le chapitre 9, contient la conclusion de toutes les études, les 
enseignements tirés de cette thèse à la fois sur les évaluations et les études de  sûreté. 
 
 

2. Une nouvelle approche du design des RNR-Na  
 
Le principal intérêt des réacteurs à neutrons rapides se situe dans la régénération. Dans un 
réacteur à neutrons thermiques, on utilise comme combustible de l’uranium enrichi à 3,5% 
en Uranium 235, et la fission provient majoritairement de ces atomes. En revanche, dans les 
réacteurs à neutrons rapides, il n’est pas nécessaire d’enrichir l’uranium, car on utilise le 
Plutonium 239 comme cœur fissile qui provient de la capture d’un neutron par l’Uranium 
238. 
De plus, la fission d’un atome de plutonium produit suffisamment de neutrons pour en 
utiliser un (au moins) pour la capture sur l’Uranium 238, on dit qu’il y a régénération. Cette 
régénération permet d’exploiter l’Uranium 238 comme combustible, Uranium 238 qui serait 
sans cela inutilisé. C’est un des paramètres les plus intéressants des RNR-Na. 
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De par la différence de composition du combustible, les paramètres du cœur des RNR sont 
complètement différents de ceux des REP (Réacteurs à Eau Pressurisée). En effet, la fraction 
des neutrons retardés est plus forte pour l’Uranium 235 que pour le Plutonium 239 qui 
assure dans leurs cœurs de réacteurs de prédilection (REP pour Uranium 235 et RNR pour le 
Plutonium) environ 90% des fissions. L’Uranium 238 dont la fraction des neutrons retardés 
est plus importante contribue de manière significative à l’augmentation du β-effectif. La 
contribution de l’Uranium 238 dans un RNR est plus forte que dans un REP malgré sa plus 
faible quantité car le spectre plus dur génère plus de fission. Toutefois, la valeur du β-effectif 
reste principalement due au combustible fissile et elle est donc de 350 pcm pour un 
combustible Plutonium contre 600 pcm pour un combustible Uranium enrichi. Par 
conséquent, la puissance est plus sensible aux variations de réactivité dans un RNR car on 
utilise du combustible Plutonium. Toutefois, les variations de réactivité sont contrebalancées 
par des contre-réactions, ce sont des effets en réactivité dues aux dilatations des matériaux 
lorsque les températures varient. Il y a des effets positifs sur la réactivité : contre-réactions 
du sodium, de la structure ; et des effets négatifs : effet Doppler, contre-réactions du 
combustible et du sommier. 
 
La dilatation sodium ou la perte de caloporteur ont un effet positif sur la réactivité car l’effet 
modérateur du caloporteur est perdu : l’énergie et l’importance des neutrons augmentent et 
la réactivité aussi. Les accidents étudiés dans la thèse sont des accidents où on perd le 
caloporteur. 
 
 

3. L’approche de sûreté 
 
Les principes les plus importants de l’approche de sûreté sont la défense en profondeur et 
l’approche multi-barrière de l’accident. La défense en profondeur consiste à prévenir 
l’accident, et si la prévention n’a pas été suffisante et que l’accident survient, elle consiste à 
limiter les conséquences de l’accident et à prévenir une évolution vers de plus graves 
conséquences. L’approche multi-barrière, quant à elle, dresse plusieurs barrières entre le 
combustible et l’extérieur de la centrale : la matrice combustible, la gaine, le système 
primaire et le confinement extérieur. 
Les différents types d’accidents sont ensuite détaillés : les accidents de design de base, 
accidents d’extension de dimensionnement. 
La méthode des lignes de défense est aussi expliquée. 
Enfin, l’approche de sûreté considérée pour le futur RNR-Na est décrite. Il doit notamment 
être au niveau de la sûreté de EPRTM, et ce aussi en ce qui concerne les accidents graves. 
Deux stratégies peuvent être appliquées en ce qui concerne les accidents graves :  

- Faire un design de réacteur éliminant pratiquement les scénarios menant 
à une fusion complète du cœur. 

- Faire un design de réacteur qui prendra en compte les conditions de 
dégradation du cœur afin de définir les mesures nécessaires pour 
maitriser les conséquences de l’accident. 
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4. Nouveaux designs des RNR-Na pour une prévention accrue 

des accidents 
 
Ce chapitre décrit les caractéristiques de précédents cœurs : Phénix, Super-Phénix et EFR. 
Deux nouveaux designs sont aussi décrits : le cœur russe BN1800 et les cœurs SFRv0, SFRv1 
et SFRv2b développés par CEA, EDF et AREVA. Ces cœurs ont été créés pour avoir une sûreté 
accrue (avec des contre-réactions favorables). Durant la thèse, EFR, BN1800, et les SFR ont 
été étudiés. 
 
 

5. Les accidents graves ou de dégradation du cœur  
 
L’ULOF et le BTI sont deux accidents qui ont été étudiés indépendamment de leur 
probabilité d’occurrence qui reste toutefois faible.  
L’ULOF est un accident qui est considéré comme représentatif des pires situations de 
dégradation pour une catégorie d’accidents graves. Cependant, pour qu’il garde cet aspect 
conservatif, il est parfois nécessaire d’empirer les conditions d’étude. Ainsi, certains effets 
de contre-réaction peuvent être enlevés tandis que des incertitudes peuvent être ajoutées 
ou retirées à certaines contre-réactions. Cet accident est non protégé, donc les barres ne 
chutent pas. Ici, l’objectif est de maitriser les conséquences de l’accident. 
Le BTI est un accident totalement hypothétique mais représentatif d’un accident affectant le 
cœur localement. Il faut prouver que l’accident peut être détecté, et que les barres peuvent 
chuter avant la propagation de l’accident au reste du cœur. 
 
 

6. Code de calculs utilises durant la thèse 
 
4 codes de calculs ont été utilisés : TRIPOLI, ERANOS, SAS4A et SIMMER. 
 

6.1. TRIPOLI 
 
TRIPOLI est un code de neutronique Monte-Carlo développé au CEA qui décrit de manière 
statistique les parcours de neutrons dans la matière, leur disparition et leur apparition par 
fission. Il est considéré comme le code de référence en matière de calculs neutronique car il 
utilise des sections efficaces ponctuelles. Il n’y a donc pas de problème d’autoprotection 
avec TRIPOLI. 
 

6.2. ERANOS 
 
ERANOS est un code de neutronique déterministe développé au CEA. Il résout l’équation de 
Boltzmann pour les neutrons et est utilisé pour faire les calculs de référence et de projet 
pour les réacteurs rapides. Il donne, en particulier la forme et l’amplitude des flux directs et 
adjoints, ainsi que la réactivité. ERANOS permet aussi de faire des calculs de sensibilité et de 
perturbation.  
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6.3. SAS4A 
 
SAS4A permet de calculer la phase primaire de certains accidents graves dans des RNR-Na. Il 
contient des modèles de thermohydraulique, de mécanique et de neutronique point. Le 
code modélise chaque partie de la phase primaire : ébullition du sodium, rupture de la gaine, 
fusion du combustible et relocalisation. Le calcul s’arrête lorsqu’il y a rupture du tube 
hexagonal car les hypothèses du calcul ne sont plus valides : en effet, dans SAS4A, le cœur 
est modélisé à l’aide de canaux qui sont indépendants entre eux, et il ne peut donc pas y 
avoir de propagation radiale de l’accident. Les calculs effectués avec SAS pour la thèse ont 
été faits par Mr Johann Lecerf du CEA/CAD/DEN/DER/SESI/LSMR. 
 

6.4. SIMMER 
 
SIMMER est aussi un code spécialisé dans le calcul des accidents graves, il permet de calculer 
la phase secondaire de certains accidents de dégradation du cœur. Il a été développé 
spécialement pour les RNR-Na, mais peut aussi être utilisé pour d’autres types de réacteurs. 
La particularité de ce code est de permettre l’échange de matière entre les différentes 
mailles. 
C’est un code de mécanique des fluides Eulérien, avec un champ de vitesse multiple et à 
deux dimensions, multi-phase, multi-composant. Il est couplé avec un modèle d’aiguille et 
un modèle de cinétique neutronique dépendant du temps et de l’espace. 
 
Le modèle de dynamique des fluides : 

Il représente les 2/3 des instructions du code. Il résout les équations de conservation de la 
masse, du moment et de l’énergie de manière à obtenir les densités et les distributions des 
composantes énergétiques. Il décrit aussi les transferts de masse, de moment et d’énergie 
aux interfaces du fluide à l’intérieur des mailles. 
En plus de ces modèles, un modèle de résolution de l’équation d’état est nécessaire. 
 
Le modèle de structure : 

Le modèle de structure ne représente pas que la structure du cœur en stationnaire, elle 
décrit aussi la désintégration en fonction du temps de la structure de l’aiguille et du tube 
hexagonal. L’aiguille est décrite par un tube avec des parois empêchant la convection de 
fluide à travers la paroi, et offrant une surface où le combustible peut se refroidir et la 
vapeur se condenser.  
La température de la pastille combustible est définie grâce à deux nœuds de température. Il 
existe de plus une option de description de l’aiguille plus fine, avec plus de nœuds pour la 
description de la température.  
 
Le modèle de neutronique : 

Il résout l’équation multi-groupe et dépendante du temps du transport des neutrons via une 
méthode quasi-statique améliorée. Les modules de calcul du flux de neutrons sont basés sur 
un code Sn transport utilisant un schéma d’accélération synthétique de diffusion. Il faut 
fournir à SIMMER les sections efficaces et les facteurs d’autoprotection tabulés en 
température et en dilution. Il fait ensuite lui-même l’autoprotection. Ces sections sont 
recalculées à chaque nouvelle étape du calcul. 
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Les bibliothèques sont fournies par ERANOS (au CEA). Toutefois, les précédentes 
comparaisons entre ERANOS et SIMMER sur la réactivité donnaient des écarts allant jusqu’à 
1,5$ sur la réactivité. 
Ainsi, avant d’utiliser SIMMER pour faire des calculs d’accidents, cette différence de 
réactivité a été réduite. Les calculs référence d’ERANOS sont effectués à 33 groupes 
d’énergie avec une autoprotection à 1968 groupes. Au contraire, pour les premiers calculs 
SIMMER, les bibliothèques utilisées étaient à 12 groupes d’énergie (pour un gain de temps 
lors du calcul).  
L’optimisation de la bibliothèque et de son utilisation a été faite sur une géométrie simple et 
dégradée du cœur SPX : le premier calcul de réactivité donnait une différence de 500pcm 
entre SIMMER et ERANOS tous les deux à 12 groupes d’énergie. Si le même calcul était fait 
sans autoprotection, l’écart était de seulement 200pcm. Cet écart provient donc de 
l’autoprotection. Ce problème provient du traitement de la section efficace de transport qui 
demande une pondération par le courant plutôt que le flux. Cela a été corrigé par JAEA 
(Japan Atomic Energy Agency) après que le CEA en ait fait la demande et la nouvelle option 
introduite a pu être activée, réduisant ainsi les écarts à 150pcm. 
 
Le second moyen d’améliorer ce résultat est de changer la définition de la bibliothèque, par 
exemple en augmentant le nombre de groupes d’énergie. Un calcul de sensibilité a été 
effectué entre les calculs ERANOS à 12 groupes et ceux de référence, afin de voir quels 
isotopes et quels domaines d’énergie causaient le plus gros écart. Suite à cette étude, 4 
nouveaux groupes d’énergie ont été ajoutés, et les calculs sont faits à 16 groupes d’énergie. 
Cela rajoute un peu de temps de calcul, mais c’est toujours un bon compromis entre résultat 
et temps de calcul. 
Les résultats sont donc bien améliorés et le gain est en moyenne de 0.8$. 
 
Pour finir, le calcul du β-effectif a été amélioré de manière à mieux correspondre à la 
description des bibliothèques fournies à SIMMER par ERANOS. En effet, au CEA, les 
bibliothèques sont données par isotope, alors qu’à JAEA ou à KIT (Karlsruhe Institute of 
Technology), elles sont données par milieu (fissile, fertile, structure, caloporteur, absorbant). 
Cela provoque des inconsistances entre le calcul de β-effectif et les données du spectre de 
fission. Pour corriger cela, une nouvelle formule de calcul du β-effectif a été implémentée 
dans SIMMER.  Le calcul de la concentration en précurseurs a aussi été changé de manière à 
être compatible avec les autres modifications.  
Il y a toujours des différences entre ERANOS et SIMMER, et la neutronique de SIMMER peut 
encore être améliorée. Par exemple, le spectre de fission utilisé est le même dans toutes les 
mailles, quelque soit le milieu qu’elle contient. 
Enfin, une validation de la partie neutronique de SIMMER est nécessaire : des expériences, 
telles que les expériences SNEAK pourraient être ré-analysées. 
D’autres modifications sont aussi nécessaires dans SIMMER : 

• Ajout de la modélisation de la dilatation des matériaux solides (contre-réactions) 
pour pouvoir correctement représenter la phase primaire de l’accident. 

• Ajout d’un moyen de modéliser facilement d’autres matériaux, et de modéliser des 
matériaux différents pour les gaines et le tube hexagonal. 

 
SIMMER existe en 2D RZ et en 3D XYZ. Dans la suite de la thèse, seule la version en 2D RZ est 
utilisée. 
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7. Etude de l’ULOF 
7.1 Etudes préliminaires en statique 

 
Ces études ont pour objectif de comprendre les phénomènes physiques qui entrent en jeu 
lors de l’accident, et de déterminer ainsi des solutions pour éviter ou limiter l’insertion de 
réactivité. Cette étude peut mener à différentes solutions : elles peuvent être en relation 
avec le projet de cœur, ou à propos de dispositions qui peuvent être ajoutées (éjection de 
combustible ou ajout d’absorbant). Les solutions sont évaluées et des ordres de grandeur 
sont donnés. L’objectif final est d’étudier ces solutions en transitoire. 
 

7.1.1. Découpage du scénario en 4 phases 
 
Le scénario de l’ULOF a été découpé en quatre phases très schématiques : 

– Vidange sodium 
– Retrait des structures 
– Compaction du combustible 
– Repositionnement de la structure 

 
Les insertions de réactivité à chacune de ces étapes ont été calculées pour les cœurs SFRv0 
et SFRv2b. Les bilans neutroniques ont aussi été calculés à chaque étape. 
Cela a permis de définir quels paramètres jouaient le plus dans l’insertion de réactivité à 
chaque étape.  
Pour la vidange sodium, l’insertion de réactivité est due à la perte de l’effet modérateur du 
sodium. 
Pour le retrait des structures, elle est due à la perte de l’effet absorbant de l’acier. 
En ce qui concerne la compaction du combustible, il y a deux effets : la masse de 
combustible elle-même, et les variations de fuites radiales. La diminution des fuites radiales 
provoque une augmentation de réactivité. De même, la compaction d’un cœur sans fuites 
radiales ne crée pas d’insertion de réactivité. 
Le repositionnement des structures, quant à lui, augmente l’effet réflecteur des neutrons. 
Mais cette étape ne peut arriver qu’après un temps très long. 
 

7.1.2. Quantité de combustible à éjecter pour éviter la 
recriticité 

 
La hauteur critique d’un cœur a été calculée selon son enrichissement. Cela permet de 
déduire la quantité de combustible à éjecter pour éviter la recriticité. Dans le cas du cœur 
SFRv2b, il faut éjecter 52% de combustible si la structure s’est stratifiée, et 29% si la 
structure s’est mélangée de manière homogène au combustible. Cela fait respectivement 42 
et 26 tonnes de matière à éjecter. 
 
La conclusion majeure de cette étude est que la quantité de combustible à éjecter pour 
éviter la recriticité dépend en grande partie du mode de compaction. On voit notamment 
l’avantage d’avoir un mélange homogène structure/combustible, d’avoir une structure 
miscible avec le combustible fondu. 
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7.1.3. Solutions possibles pour éviter la recriticité 
 
Deux solutions sont possibles pour éviter la recriticité : l’ajout d’absorbant et l’éjection de 
combustible.  
Plusieurs absorbants miscibles avec le combustible oxyde ont été testés, le plus efficace est 
l’Eu2O3.  
La quantité d’Eu2O3 à ajouter à un cœur pour éviter la recriticité a été calculée en fonction 
de l’enrichissement : pour le SFRv2b, il faut 6.5% d’Eu2O3. 
A aussi été calculée la quantité d’Eu2O3 à ajouter au cœur SFRv2b en fonction de la quantité 
de combustible éjectée du cœur. 
Il serait intéressant de coupler les deux méthodes, cela diminuerait la quantité d’absorbant à 
ajouter et la quantité de combustible à éjecter. 
 

7.2. Etudes paramétriques de la phase secondaire avec SIMMER 
 
L’objectif de cette étude est de déterminer si la configuration géométrique du cœur a un 
impact sur le déroulement de la phase secondaire d’un accident grave de type ULOF. Ainsi, 
différentes configurations du cœur ont été définies : un cœur avec des réflecteurs axiaux, un 
cœur avec un haut vase d’expansion supérieur, avec un plénum sodium et un cœur avec des 
couvertures fertiles axiales supérieures.  
Un scénario a été choisi pour l’accident, la situation dégradée du cœur à l’issue de la phase 
primaire a été définie à l’aide de calculs statiques ECCO/ERANOS, et le calcul de 
recompaction a été réalisé en transitoire avec SIMMER afin de connaitre l’amplitude de 
l’excursion secondaire de puissance. 
 
Lors de cette étude, on considère une perte de débit généralisée du cœur. Parmi tous les 
scénarios possibles, l’un d’eux a été choisi. Lors de la perte de débit, la température 
augmente et mène à une ébullition puis à une vidange du sodium. S’ensuit une très forte 
insertion de réactivité et l’excursion primaire de puissance. Une partie du combustible est 
éjectée, soit par effet Cachera, soit par interaction sodium combustible. Ce combustible 
éjecté en parties hautes et/ou basses du cœur se refroidit et forme des bouchons. Les gaines 
et les TH ont fondu de par l’augmentation de température, et la partie haute du cœur, 
n’étant plus soutenue par les TH, s’effondre. 
Il y a recompaction du combustible et une seconde excursion de puissance. 
L’accident se termine par la détente d’une bulle diphasique composée de combustible et de 
sodium vaporisés. 
 
Les calculs sont réalisés à partir du cœur SFRv2b en fin de cycle, mais six configurations 
différentes sont étudiées :  

– Avec fertiles axiaux supérieurs. 
– Avec les réflecteurs sans vase d’expansion supérieur. 
– Avec les réflecteurs et 11cm de vase d’expansion supérieur (où l’effet Cachera est 

possible). 
– Avec un plénum sodium et 11cm de vase d’expansion supérieur (où l’effet Cachera 

est possible). 
– Avec un haut vase d’expansion supérieur (où l’effet Cachera est possible). 
– Avec un haut vase d’expansion supérieur où l’effet Cachera ne peut avoir lieu. 



RESUME DETAILLE DE LA THESE 

 

 xxviii

Les études sont réalisées en fin de cycle pour le cœur SFRv2b.  
Il y a cinq grandes étapes dans le scénario qui correspondent aux calculs ERANOS :  

– Calcul de vidange sodium 
– Calcul de Doppler vidangé 
– Calcul de la dilatation du combustible de manière à remplir les canaux sodium (une 

fois qu’il y a eu rupture des gaines). 
– Calcul de la quantité de matière à éjecter pour revenir à la réactivité initiale. 

 
Pour chaque configuration, trois types de calculs ont été réalisés : dans le 1er cas, on 
considère que le combustible seul est éjecté dans les parties hautes, dans le 2nd cas on 
suppose que la moitié de l’acier des gaines est éjecté ainsi qu’une certaine quantité de 
combustible (le tout formant un mélange homogène), et dans le 3ème cas, le combustible 
uniquement est éjecté mais en partie basse et en partie haute du cœur. 
 
A la fin du calcul ERANOS, on obtient une configuration géométrique qui correspond à la 
géométrie initiale des calculs SIMMER. Un cas a été ajouté lors des calculs SIMMER, c’est le 
cas avec un plénum sodium et du B4C au-dessus. 
 
A l’issue des calculs ERANOS, les quantités de combustible éjectées, ainsi que les longueurs 
de pénétration étaient très différentes selon les cas étudiés. Cependant, tous les calculs 
SIMMER ont mené à la recriticité et à l’excursion de puissance. Peu importe les quantités de 
combustible éjectées, les milieux au-dessus du cœur, qu’il y ait ou non de l’absorbant, les 
scénarios du transitoire variaient selon les cas, mais aucun n’a pu éviter la recriticité. Cela est 
dû au fait que le transitoire est beaucoup trop rapide pour qu’il y ait d’importants 
changements de phase en partie haute et surtout qu’il y ait un mélange des matériaux de la 
partie haute du cœur avec le combustible liquide : il dure au maximum 0,4 secondes. 
Ainsi, la conclusion majeure de cette étude est que des dispositions doivent être prises avant 
la phase secondaire de l’accident pour éviter la recriticité : il faut agir dès la phase primaire. 
 
 

7.3. Etude du cœur SFRv2b : phase primaire, phase de transition et phase 
secondaire avec SIMMER 

 
Afin d’étudier différentes solutions pour éviter la recriticité dès la phase primaire, un calcul 
complet de l’accident est réalisé. La méthode de calcul standard est de faire un calcul avec 
SAS4A et ensuite de reprendre le calcul avec SIMMER. Cependant, la reprise du calcul SAS 
avec SIMMER entraine des erreurs. De nouveaux moyens de calculer l’accident dès le départ 
sont donc étudiés, et l’un d’entre eux est d’utiliser SIMMER pour la totalité du scénario de 
l’accident.  
Toutefois, avant de faire des calculs paramétriques sur les solutions envisageables pour 
éviter la recriticité, cette méthode de calcul doit être validée. Deux calculs ont donc été 
réalisés :  
Un avec la méthode standard : SAS4A/SIMMER 
Un avec la nouvelle méthode : SIMMER dès le début. Pour faire un calcul avec SIMMER dès 
le départ, il a préalablement fallu faire un calcul de régime permanent pour obtenir une 
distribution correcte de la pression et des températures dans le cœur. Ensuite seulement, 
l'ULOF peut débuter. 
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Résultats: 
L'évolution de l'accident est la même dans SAS4A et dans SIMMER. Cependant, le début de 
l'ébullition est retardé dans SIMMER : elle commence à 22 secondes dans SIMMER, et 18 
secondes dans SAS4A.  
De plus, le premier pic de puissance est bien plus élevé dans SIMMER que dans SAS. 
Plusieurs explications peuvent être données pour ces différences : 

– Différences de modèles pour la description de l'aiguille: dans SAS4A, l'aiguille est 
décrite de manière détaillée, et il y a bien un gradient de température ; dans SIMMER, 
le modèle utilisé pour le calcul ne comporte que deux nœuds pour décrire la pastille 
combustible, ce qui est insuffisant pour définir un gradient de température. 

– Dilatation des matériaux solides : il n'y a pas de modèle de dilatation des matériaux 
solides dans SIMMER alors que dans SAS en a un. Les effets de contre-réaction (dus à 
la dilatation des matériaux dans le cœur) sont les effets principaux sur la réactivité lors 
de la phase primaire de l'accident. C'est certainement la cause principale des 
différences entre SAS4A et SIMMER. 

 
Un nouveau modèle de dilatation thermique des matériaux solides doit être implémenté 
dans le code SIMMER si on veut représenter la phase primaire de l'accident avec ce code. 
 
Il est aussi important de noter que l'utilisation de SIMMER 1D (pour la description de 
l'assemblage) lors d'un calcul réacteur, avec un gros maillage, demande une validation des 
paramètres du code (qui sont différents de ceux donnés par défaut). 
 
De plus, ces calculs ont été effectués en début de vie, ce qui n'est pas réaliste, et la 
réalisation de calcul SIMMER en début ou fin de cycle nécessite son couplage avec un code 
d'irradiation tel que GERMINAL. 
 
 
Enfin, en ce qui concerne l'ULOF du SFRv2b, on a pu constater qu'il y a deux excursions de 
puissance avec le projet standard lorsqu’aucune disposition additionnelle n’est prise. Des 
dispositions spécifiques doivent donc être prises pour éviter la seconde excursion de 
puissance. 
 
 

8. Etude du Bouchage Total Instantané (BTI) 
8.1. Etudes préliminaires statiques : compréhension des phénomènes et 
solutions possibles 

8.1.1. Compréhension du BTI 
 
Tout comme pour l'ULOF, le scénario a été divisé en 4 étapes : 

– Vidange sodium 
– Retrait des structures 
– Compaction du combustible 
– Repositionnement de la structure 

 
Les insertions de réactivité à chacune de ces étapes ont été calculées pour les cœurs SFRv0 
et SFRv2b, et pour 1, 7, 19 assemblages accidentés. Les balances neutroniques ont aussi été 
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calculées à chaque étape. 
Cela a permis de définir quels paramètres jouaient le plus dans l’insertion de réactivité à 
chaque étape.  
Pour la vidange sodium, l’insertion de réactivité est due à la perte de l’effet modérateur du 
sodium. 
Pour le retrait des structures, elle est due à la perte de l’effet absorbant de l’acier. 
En ce qui concerne la compaction du combustible, il y a deux effets : la masse de 
combustible elle-même, et les variations de fuites radiales.  
Le repositionnement des structures, augmente l’effet réflecteur des neutrons.  
 

8.1.2. Recriticité due à la masse de combustible elle-même 
 
La variation de keff en fonction du nombre d'assemblages endommagés a été calculée pour 
trois cœurs différents (SFRv0, SFRv2b, EFR, chacun ayant un enrichissement croissant) et 
trois modélisations différentes : 
 - Le combustible compacté seul, en 1D sphérique. 
 - Le cœur entier, avec la zone compactée au centre, en 1D sphérique. 
 - Le cœur entier, avec la zone compactée au centre, en 2D RZ. 
 
Cette étude montre qu'au début de l'accident, la réactivité est pilotée par le cœur intègre, la 
masse de combustible fondu étant très faible. Au fur et à mesure que l'accident s'étend aux 
assemblages voisins, la zone écroulée devient de plus en plus importante, et à partir d'un 
certain seuil, la réactivité est pilotée par la zone écroulée seule. 
 
Ce seuil est atteint d'autant plus vite que l'enrichissement du cœur est élevé. 
 

8.1.3. Etude de l'impact de l'enrichissement par rapport à la position 
de l'assemblage écroulé 

 
En quatre endroits différents du cœur (à quatre rayons différents), 1, 7 et 19 assemblages 
sont écroulés. Les 3 premières zones se situent dans le cœur interne, la dernière dans le 
cœur externe (avec un enrichissement plus élevé). 
3 cœurs ont été calculés : 

– Le SFRv2b moyen, avec une seule zone d'enrichissement 
– Le SFRv2b normal, avec deux zones d'enrichissement. 
– Le SFRv2b normal, mais lors de l'écroulement du combustible en zone interne, 

l'enrichissement de la zone écroulée est remplacé par celui de la zone externe. 
 
Cette étude montre que ce qui compte n'est pas la position radiale de l'assemblage écroulé, 
mais son enrichissement. Si le BTI est bien plus grave en périphérie du cœur, c'est que 
l'enrichissement y est plus élevé. 

 

8.1.4. Solutions envisagées pour éviter la recriticité 
 
Différents calculs ont été effectués pour avoir des ordres de grandeur en matière de 
quantité d'absorbant à ajouter ou de quantité de combustible à éjecter pour éviter la 
recriticité et la propagation de l'accident. 
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8.2. Etude du cœur SFRv2b : Calcul complet avec SIMMER 
 
Un calcul de BTI avec SIMMER a été effectué. C'est le premier calcul de BTI sur un cas 
réacteur (avec un gros maillage) et la neutronique. Pour l'évaluer, ce calcul a été comparé 
aux résultats issus de l'expérience SCARABEE. 
Pour faire ce calcul, un nouveau modèle de coulée des gaines a été utilisé, il a été développé 
au CEA/CAD/DTN/STRI/LMA.  
 
La comparaison de la modélisation et de l'expérience montre qu'il y a des erreurs dans la 
modélisation : 

– L'entraînement des gaz est trop important, et le blocage de l'acier se fait d'abord en 
partie haute du cœur, et ensuite en bas. 

– Le tube hexagonal perce avant la fusion du combustible. Cela est dû au modèle utilisé 
pour la description de l'aiguille, qui n'est pas assez détaillé. Il existe dans SIMMER un 
modèle qui décrit de manière détaillée la pastille combustible, mais il est difficile à 
utiliser en raison du temps de calcul. Toutefois, pour un calcul BTI, il doit absolument 
être utilisé. 

 
Concernant la détection du BTI, le calcul SIMMER a permis de montrer que le réactimètre ne 
peut pas détecter l'accident avant sa propagation aux assemblages voisins, et pourrait être 
détecté grâce aux variations de température des assemblages voisins si des améliorations 
étaient réalisées en termes de rapidité de la réponse et de traitement de la variation du 
signal. 
 
 

9. Conclusion 
 
Avec le besoin de plus en plus important en énergie, de nombreuses constructions de 
centrales nucléaires sont prévues. Afin de rendre durable l'énergie nucléaire, une utilisation 
plus efficace de minerai nucléaire est nécessaire, et la production de déchets à vie longue 
doit être maîtrisée. Seuls les réacteurs à neutrons rapides peuvent répondre à ces 
préoccupations et c'est ce qui explique pourquoi il y de nouvelles études sur ce type de 
réacteurs. Plusieurs pays travaillent sur les réacteurs à neutrons rapides, et en particulier sur 
les réacteurs à neutrons rapides refroidi au sodium. Ces études de conception sont menées 
en même temps sur divers aspects du cœur du réacteur et notamment de la sûreté. 
 
Parmi tous les types d'accidents à étudier pour avoir l’accord de construire un réacteur, 
certains ont a priori une très faible probabilité d'occurrence, mais pourraient avoir des 
conséquences très importantes: les accidents graves ou les accidents de dégradation du 
cœur. Les études sur le scénario de ces accidents sont exécutées en parallèle avec les études 
de prévention. Comme il y a beaucoup de types d’accidents graves différents, et plutôt que 
de les étudier tous, quelques cas représentatifs conduisant aux excursions de puissance les 
plus énergiques ont été choisis. S’il est bien prouvé qu'ils sont représentatifs, les études 
peuvent être limitées à ces cas. Historiquement, deux types d'accidents sont étudiés, un 
accident de dégradation globale du cœur, la perte de débit généralisée du cœur non 
protégée (ULOF), et un accident local qui peut se propager à l'ensemble du cœur, le 
bouchage total instantané (TIB). Dans la thèse, ces deux accidents représentatifs ont été 
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étudiés. 
Les études sur l’ULOF ont un objectif majeur : apporter la preuve que l'accident n'aura pas 
de conséquences en dehors de l’enceinte du réacteur. 
 
Dans un premier temps, les études sont centrées sur la prévention, c'est-à-dire la possibilité 
d’éviter la dégradation du cœur. Puis, en ajoutant les incertitudes sur certains coefficients de 
contre-réactions (comme la contre-réaction du sodium) ou en éliminant certains coefficients 
favorables (pour lesquelles la modélisation reste un problème), l'accident pourrait se 
produire. Plusieurs autres défis devront ensuite être relevés: 

– Déterminer des dispositifs qui pourraient potentiellement limiter les risques 
d'excursion de puissance et éviter le risque de recriticité, en ajoutant des absorbeurs 
ou diluants dans le bain de fusion. 

– Déterminer des dispositions qui garantissent un état stable post-accidentel, ce qui 
signifie sous-critique et qui peut être refroidi. 

– Assurer un confinement efficace des radioéléments. 
 
Si les dispositions qui sont prises pour éliminer l'accident fonctionnent correctement, l’ULOF 
pourrait perdre son caractère représentatif et d'autres accidents pourraient le remplacer et 
devraient être étudiés. 
 
Pour le BTI, les défis sont différents: l'objectif est de démontrer que l'accident peut être 
détecté suffisamment tôt pour que la chute des barres de commande soit activée. Par 
conséquent, sa propagation sera limitée et la réactivité et la puissance résiduelle seront 
maintenues sous contrôle. 
 
La thèse traite la prévention des accidents et la diminution de leurs conséquences et ceci est 
réalisé grâce à des analyses visant à comprendre comment l'accident se déroule, et quelles 
solutions peuvent être envisagées pour en limiter les conséquences. 
 
Différents cœurs sont étudiés en même temps: l'European Fast Reactor (EFR), qui a été 
conçu en 1991, et des conceptions plus récentes de RNR-Na, les SFR, dessinés conjointement 
par le CEA, EDF et AREVA. Le cœur envisagé pour les SFR comporte des fonctionnalités 
améliorées par rapport aux modèles précédents. Dans le cadre de l'amélioration de la 
conception, trois versions différentes de ces cœurs, le SFRv0, le SFRv1 et le SFRv2b ont été 
établis. Certains efforts ont été faits dans la conception de ces cœurs pour limiter les 
possibilités d’avoir un accident grave en améliorant les coefficients de contre-réactions, tout 
comme la réduction de l'effet de vide sodium ou l’augmentation de l'effet Doppler. 
Cependant, les études réalisées montrent que ces cœurs ne parviennent pas à échapper à 
une séquence d'événements conduisant à l’excursion de puissance. Plus d'efforts doivent 
être accordés à la conception des cœurs ayant des effets de vidange sodium de faible 
réactivité car ainsi, les cœurs pourraient se comporter différemment.  
 
Les premiers résultats concernent les améliorations réalisées dans la neutronique du 
système de codes SIMMER, qui est un code conçu pour le calcul d’accidents graves. SIMMER 
couple thermohydraulique, neutronique et mécanique : des améliorations sont nécessaires 
pour obtenir une meilleure précision. Parmi les diverses améliorations nécessaires, 
beaucoup d'attention a été donnée à la création de nouvelles bibliothèques de données 
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nucléaires capables d'atteindre de meilleurs résultats neutroniques, avec notamment la mise 
en œuvre d'un nouvel algorithme dans le code, de manière à calculer correctement le β-
effectif en cohérence avec ces nouvelles bibliothèques. 
 
Le deuxième type de résultats concerne l’ULOF. Premièrement, les études statiques avec le 
système de code ERANOS ont été réalisés pour comprendre les paramètres qui sont 
importants dans l'augmentation de la réactivité, et quelles solutions peuvent être envisagées 
pour éviter la recriticité : ajout de matériau miscible avec le combustible dans le bain fondu 
ou éjection de combustible hors du cœur. 
 
Ensuite, les études ont été effectuées suivant une approche qui a été utilisée dans le passé 
pour déterminer l'énergie maximale relâchée lors de l'accident et vérifier que la cuve peut y 
résister. Une étude spécifique a été faite sur Super Phénix, afin de démontrer que ce calcul 
peut être répété. Une étude paramétrique basée sur ce type d'approche a été effectuée de 
manière à comprendre l'impact de la partie haute du cœur sur la phase secondaire de 
l'accident: celle qui suit la phase de transition. Le début de l'accident, appelée la phase 
primaire, qui est supposé libérer de l'énergie, n'a pas été calculé dans la configuration 
transitoire, mais l’état du cœur à la fin de la phase primaire a été défini grâce à plusieurs 
hypothèses. Les hypothèses sont basées sur le fait que le mouvement de matériaux s'arrête 
à chaque fois qu’il y a eu libération d'énergie, c’est-à-dire lorsque le cœur est de retour à la 
criticité. Compte tenu de ces hypothèses, la configuration a été recherchée à l’aide de calculs 
statiques avec ERANOS, tandis que la suite de l'accident (la phase dite secondaire) a été 
calculée avec SIMMER. Cela a permis de déterminer quelle amplitude aurait pu avoir 
l'excursion de puissance secondaire, selon la configuration supérieure du cœur, et quelle 
configuration serait la plus favorable. 
 
La dernière étude est un ULOF calculé avec SIMMER uniquement. Habituellement, l’ULOF est 
calculé avec SAS4A pour la phase primaire de l'accident (jusqu'à la fusion des tubes 
hexagonaux), puis la phase secondaire est calculée avec SIMMER. Toutefois, en raison du 
manque de précision lors de la reprise entre les deux codes, et aussi en raison de la 
complexité de SAS4A, une solution où SIMMER est utilisé seul est envisagée. C'est pourquoi 
ce schéma de calcul a été utilisé ici. Cette approche a besoin de quelques améliorations 
concernant les codes et les validations. Afin de quantifier le degré d'améliorations 
nécessaires, les codes SAS4A et SIMMER ont été comparés sur la phase primaire de l’ULOF 
du cœur SFRv2b. Le chapitre se termine par la liste des améliorations et des validations 
nécessaires pour obtenir des résultats fiables, ainsi par les conclusions sur le scénario de 
l’ULOF du cœur SFRv2b. 
 
Cependant, étant donné que les dernières designs de cœur ne permettent pas d’échapper à 
la recriticité et libèrent d’importantes énergies, de nouvelles améliorations dans la 
conception de base doivent être introduites. Des études sur de nouveaux projets de cœur 
avec un faible effet de vide doivent être poursuivies. Si l’effet de vide est plus faible, il y a 
une chance que l’accident ait de moindres conséquences. Cependant, un accident moins 
énergétique pourrait signifier moins de dispersion et donc une libération d'énergie similaire 
comme cela a été observé dans l'étude paramétrique. Mais il pourrait laisser plus de temps 
aux systèmes d’arrêt pour agir pour effectivement éviter la recriticité. 
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La troisième et dernière partie des résultats porte sur le BTI. Dans un premier temps, des 
études statiques sont effectuées, comme sur l’ULOF, afin de comprendre les paramètres 
importants sur la recriticité, mais aussi de déterminer les moyens qui peuvent être 
envisagées pour limiter l'insertion de réactivité, comme l'ajout de matériau miscible avec le 
combustible ou l'éjection de combustible hors du cœur. 
Ensuite, un calcul transitoire du BTI avec SIMMER a été réalisé sur le cœur SFRv2b. C'était la 
première fois qu’un calcul de BTI était réalisé sur un cas réacteur, avec l'ensemble du 
réacteur décrit et avec la neutronique. Toutefois, comme la méthode est nouvelle elle n'a 
pas été validée, et une comparaison avec l'expérience a été réalisée afin de se prononcer sur 
l'efficacité de SIMMER pour représenter correctement le BTI. Il y avait des divergences entre 
le code et l'expérience sur le scénario de l'accident, et donc, des améliorations dans le code 
sont nécessaires et ont été listés. Cependant, même si la méthode n'est pas parfaite, des 
conclusions peuvent être tirées sur les moyens de détection de l'accident. 
 
 

9.1. Amélioration du code SIMMER 
9.1.1. Travail effectué sur la neutronique de SIMMER  

 
Les différences entre ERANOS et SIMMER sur le k-effectif étaient d'abord de plus de 1,5$, ce 
qui montre qu’il y avait plusieurs erreurs de calcul de la réactivité. Par conséquent, des 
améliorations ont été réalisées sur les bibliothèques neutroniques, qui contiennent les 
sections et les facteurs d'autoprotection, selon le groupe d'énergie des neutrons. Les 
modifications ont porté sur : l'utilisation de la section efficace de transport, une nouvelle 
option dans SIMMER a été activée ; la définition d'un nouveau découpage énergétique avec 
une augmentation du nombre de groupes d'énergie, le nombre de groupes d'énergie du 
calcul était en effet passé de 12 à 16 groupes ; et enfin, une nouvelle méthode de calcul du 
β-effectif a été implémentée dans le code de manière à prendre en compte les spécificités 
de la bibliothèque utilisée au CEA (pour être plus précis et rendre le code plus facile à 
utiliser).  
Après tous ces changements, les comparaisons entre ERANOS et SIMMER ont été améliorées 
de 300pcm (0,8$). Par rapport au calcul de référence ERANOS, SIMMER-III sous-estime la 
réactivité de 0,5$, alors que SIMMER-IV la sous-estime de 0,7$ avec JEF-2.2 (avec JEFF-3.1, 
c’est de 0,4$ et 0,2$ respectivement).  
Les effets dus à la température et les changements de composition des milieux sont 
maintenant correctement calculés par SIMMER-III et IV.  
Les calculs neutroniques avec SIMMER peuvent désormais être utilisés avec confiance, mais 
il est important de noter que le module a besoin d'une validation neutronique: des 
expériences telles que les expériences SNEAK ont besoin d'être ré-analysés pour déterminer 
exactement les incertitudes de ce code lorsque les effets des mouvements des matériaux 
sont calculés. 
 

9.1.2. Autres améliorations dans SIMMER  
 
Des améliorations sont effectivement réalisés à KIT sur la neutronique de SIMMER, un 
modèle de dilatation thermique des matériaux solides avec des effets de contre-réaction est 
rajouté, ainsi que la parallélisation du modèle neutronique.  
A JAEA, des améliorations ont été réalisées sur le modèle DPIN qui décrit le gradient de 
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température dans l’aiguille : le modèle peut maintenant décrire un faisceau d’aiguilles. La 
température du tube hexagonal peut aussi être mieux décrite.  
Pour finir, au CEA, un nouveau modèle pour la fusion des gaines a été développé et utilisé 
dans nos études.  
 
 

9.2. ULOF  
9.2.1. Etudes statiques   

 
Principaux phénomènes jouant sur l'insertion de réactivité : 
L'accident a été divisé en 4 étapes (vidange sodium, retrait des structures, compaction du 
combustible et repositionnement de la structure) qui ont montré que les principaux 
phénomènes responsables de l'insertion de réactivité sont la vidange sodium, le retrait des 
structures et la compaction du combustible. La perte de l'effet d'absorption de l'acier 
provoque une forte augmentation de la réactivité. En outre, la compaction du combustible 
crée une variation des fuites radiales qui crée une augmentation de la réactivité. Il a été 
démontré que la compaction d'un cœur sans fuite radiale ne crée aucune insertion de 
réactivité. Il y a par conséquent deux paramètres pour lesquels des solutions peuvent être 
appliquées: la perte de matériau absorbant et la variation des fuites radiales.  
 
Solutions qui peuvent être envisagées  
Des solutions peuvent être d'abord envisagées sur la géométrie du cœur : les fuites radiales 
peuvent être limitées en nominal, en diminuant la hauteur fissile ou en utilisant une seule 
zone d'enrichissement pour le cœur par exemple. De plus, les matériaux miscibles avec le 
combustible pourraient être utilisés au moins pour les gaines ; cela empêcherait le retrait 
des structures : le vanadium pourrait être une bonne solution, mais des données 
supplémentaires sur ce matériau sont nécessaires. 
Ainsi, d'autres solutions ont été étudiées: l'ajout de matériaux absorbants et l'éjection de 
combustible. Différents matériaux absorbants, tous miscibles avec le combustible, ont été 
testés : le meilleur absorbant est l’Eu2O3, 6,5% de cet absorbant doivent être ajoutés de 
manière homogène au combustible du SFRv2b pour éviter la recriticité. Lorsque l'on 
considère l'éjection de combustible, 52% du combustible doit être éjecté afin d'éviter la 
recriticité en cas de stratification de combustible. L'ajout de l'absorbant et l'éjection de 
combustible en même temps ont aussi été testés : cela permet d'ajouter moins d'absorbants 
et d’éjecter moins de combustible : la relation entre les deux solutions est linéaire. 
Cependant, il est difficile de trouver des solutions afin d'ajouter de l’absorbant dans le cœur 
ou pour éjecter du combustible : des solutions sont à l'étude, tels que les assemblages SEPIA 
pour les absorbants et l’assemblage FAIDUS pour l'éjection de combustible.  
 

9.2.2. Etudes sur l'impact de la partie supérieure du cœur sur 

l'accident  
 
Ici, l'étude a eu lieu en utilisant la même méthode de calcul que ce qui avait déjà été utilisé 
dans le passé pour définir une valeur d'énergie libérée pendant le transitoire : l'état du cœur 
à la fin de la phase primaire a été supposé et calculé en statique avec ERANOS. En effet, le 
cœur a été vidangé, puis, la quantité de combustible à éjecter pour redevenir critique a été 
calculée. Pour finir, la phase secondaire a été calculée avec SIMMER.  
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Différentes configurations supérieures du cœur ont été comparés: "avec des couvertures 
supérieures fertiles", "avec des réflecteurs et sans chambre d'expansion", "avec des 
réflecteurs et avec une chambre d'expansion supérieure de 11cm où l’effet Cachera est 
possible», «avec un plénum sodium et 11cm de chambre d'expansion supérieure où l’effet 
Cachera est possible »,« avec une chambre d'expansion supérieure haute où l’effet Cachera 
est possible»,« avec une chambre d'expansion supérieure haute où l’effet Cachera n’est pas 
possible ". Pour chacune des configurations supérieures du cœur, trois calculs ont été 
effectués : "avec seulement du combustible éjecté dans la partie supérieure du cœur", "avec 
du combustible et la moitié des gaines éjectés dans la partie supérieure du cœur», et «avec 
seulement du combustible éjecté dans la partie inférieure et dans la partie supérieure du 
cœur ".  
Les résultats statiques ont montré que si le combustible est éjecté loin du cœur, il a moins 
d'effet sur la réactivité et, par conséquent, moins de combustible doit être éjecté du cœur 
pour être critique à nouveau.  
Lorsque l'on regarde les résultats transitoires, le déroulement de l'accident, l'amplitude de 
l'excursion de puissance, ont été tous été différents, mais au final, tous les transitoires se 
sont déroulés de la même manière: la compaction du combustible crée une augmentation 
de réactivité, la plupart du temps cela mène à l'excursion de puissance, parfois, l'acier tombe 
dans le bain fondu, ce qui retarde le pic de réactivité. Après le pic de puissance, du 
combustible et de l'acier sont éjectés du bain, une zone vide est créée dans le cœur. Deux 
points sont cependant importants à noter : tous les transitoires ont conduit à une excursion 
de puissance, l'ajout de l'absorbant au-dessus du plénum n'a pas eu d’incidence, car le 
transitoire est beaucoup trop rapide, la phase secondaire de l'accident dure au maximum 0,4 
secondes, et donc, il est difficile de l'empêcher : l'accident doit être arrêté plus tôt, au cours 
de la phase primaire. Les variations de puissance ont été calculées, mais l'énergie mécanique 
libérée lors de l'accident n'a pu être obtenue, de sorte qu'aucune conclusion ne peut être 
tirée sur le confinement de l'accident dans l’enceinte du réacteur.  
Il est également important d'ajouter que cette étude a été réalisée à l’aide de beaucoup 
d'hypothèses, et que la seule conclusion que l’on peut tirer est que les systèmes pour éviter 
la recriticité doivent être activés plus tôt : l'accident doit être étudié sans toutes ces 
hypothèses, et la phase primaire doit être également étudiée pour voir s’il est possible 
d'empêcher l'accident dans cette phase.  
 

9.2.3. Evaluation de SIMMER-III au cours de la phase primaire de 

l'accident  
 
Au lieu d'utiliser SAS4A pour la phase primaire de l'accident, et puis SIMMER pour la phase 
secondaire, SIMMER-III a été utilisé pour calculer à la fois les phases primaire et secondaire. 
La comparaison entre le schéma de calcul standard SAS4A/SIMMER et SIMMER a révélé des 
divergences importantes sur les temps et sur les amplitudes des pics de puissance. En effet, 
le pic de puissance est retardé dans SIMMER et l'excursion primaire de puissance est 
surestimée. Le fait que l'excursion primaire de puissance est beaucoup plus énergique dans 
le calcul SIMMER fait plus diminuer la réactivité après le premier pic, puis, il n’y a pas 
d’excursion de puissance secondaire ; dans le calcul SAS/SIMMER, il y a une légère excursion 
de puissance secondaire.  
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Les écarts proviennent de différents points :  
Le modèle de calcul: 

– Le ratio puissance/débit est plus important dans SAS que dans SIMMER (mais cela est 
dû au modèle 2D de SIMMER).  

– L'utilisation du modèle SPIN dans SIMMER ne décrit pas le gradient de température 
dans la pastille (le modèle DPIN le fait mais il prend trop de temps de calcul pour être 
utilisé).  

Les modèles dans les codes : 
– Les effets de dilatation des matériaux : ils ne sont pas modélisés dans SIMMER et ils 

sont d'une importance majeure pour le calcul de la phase primaire de l'accident. Un 
modèle de dilatation des matériaux avec des effets de contre-réaction est en 
développement à KIT.  

– Paramètres corrects pour le modèle 1D de l’assemblage doivent également être 
définis.  

– Un modèle de pré-irradiation devrait être ajouté à SIMMER (par exemple par 
couplage avec GERMINAL/SIMMER).  

 
Mais malgré la nécessité d’améliorer le modèle de la phase primaire pour SIMMER, des 
informations ont été obtenues sur le scénario de l’ULOF pour le cœur SFRv2b. Il y a une 
excursion de puissance primaire importante en raison de la vidange du sodium, les 
assemblages commencent à fondre et il y a une légère recriticité. Cependant, le combustible 
éjecté du calcul SAS n’a pas pu être pris en compte lors de la reprise du calcul avec SIMMER, 
et SIMMER doit être validé sur des expériences (CABRI, SCARABEE) plutôt que par 
comparaison avec SAS4A. De plus, des solutions doivent être trouvées et étudiées pour 
empêcher la recriticité de la phase primaire : l'éjection de combustible et l’ajout 
d’absorbants devront être étudiés dans le transitoire avec SIMMER. Cependant, d'autres 
améliorations dans le code seront nécessaires de manière à modéliser d'autres matériaux 
absorbants.  
 
L'étude des incertitudes SIMMER n’est pas abordée dans cette thèse. Il est difficile de les 
étudier dans SIMMER, mais il est difficile de conclure sur le conservatisme d’un accident 
comme l’ULOF sans les prendre en compte. Le code devrait permettre de supprimer les 
effets favorables afin de voir l'impact sur les calculs. En effet, dans le rapport de sûreté de 
Monju, l'effet de la vidange sodium a été augmenté de 30% et des effets de contre-réactions 
qui ont des effets favorables ont été supprimés afin d’ajouter un certain conservatisme dans 
le calcul. Une meilleure connaissance de ces incertitudes, avec une meilleure modélisation 
de certains effets de contre-réactions, conduirait à réduire l'amplitude de l’énergie relâchée. 
 
Ensuite, le deuxième accident étudié est le BTI : comme pour l’ULOF, il a été étudié à la fois 
en statique et en régime transitoire.  
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9.3. BTI  
9.3.1. Etudes statiques  

 
Principaux phénomènes jouant sur l'insertion de réactivité : 
Le BTI a été divisé en 4 étapes principales : la vidange du sodium, le retrait de la structure, la 
compaction du combustible et le repositionnement de la structure. Les trois premières 
étapes sont les plus importantes.  
De plus, une étude a montré que la masse de combustible elle-même peut conduire à la 
recriticité : alors que 18 assemblages du cœur SFRv0 sont écroulés, la réactivité du cœur est 
entraînée par la zone endommagée : le plus important est l'enrichissement du cœur, le plus 
tôt sera atteinte la recriticité.  
Une deuxième étude sur la position du BTI par rapport à l’enrichissement du cœur a montré 
que le principal paramètre pour l'insertion de réactivité est l'enrichissement du cœur. En 
effet, dans un cœur avec deux zones d'enrichissement, un BTI qui se passe dans le cœur 
externe crée une insertion de réactivité plus grande que lors d'un BTI dans le cœur interne, 
et cela est principalement dû au plus grand enrichissement. Les fuites radiales ont moins 
d'impact que l'enrichissement.  
 
Solutions qui peuvent être envisagées : 
Enfin, les solutions qui peuvent être envisagées ici sont les mêmes que pour l’ULOF : 
utilisation d’un matériau miscible avec le combustible pour les gaines, et lors de l'accident, 
l'ajout d'un absorbant miscible avec le combustible dans le bain fondu ; éjection de 
combustible hors du cœur. Les quantités de combustible à éjecter ou d’absorbant à ajouter 
sont plutôt petits ; le principal problème est la détection de l'accident afin de l'arrêter, ce qui 
explique pourquoi les systèmes passifs sont bien développés, comme l’assemblage FAIDUS 
pour éjecter du combustible ou l’assemblage SEPIA pour ajouter de l’absorbant. Mais des 
études en transitoire sont nécessaires pour savoir quand l'accident peut être détecté et 
quels moyens peuvent vraiment être utilisés pour arrêter l'accident.  
 

9.3.2. Etudes transitoires avec SIMMER  

 
La dernière étude est le calcul d'un BTI avec SIMMER. Cependant, SIMMER est un code créé 
pour calculer les accidents comme l’ULOF, avec un transitoire rapide, et il n'est pas validé 
pour le calcul réacteur du BTI, avec un maillage grossier. Ainsi, les résultats du calcul, c'est-à-
dire les temps et le scénario de l'accident, ont été comparés aux résultats des expériences 
SCARABEE. SIMMER a déjà été validé sur des expériences SCARABEE, et des cas réacteurs 
ont également déjà été réalisés avec le code, pour Phénix par exemple. Toutefois, ces calculs 
ont été effectués avec la thermohydraulique seulement et avec un maillage très fin. Dans 
cette étude, la neutronique est utilisée et le maillage ne peut pas être aussi fin que pour le 
calcul Phénix, car le cœur doit être modélisé en entier pour avoir des variations correctes de 
la réactivité.  
Dans l'étude du BTI du cœur SFRv2b, il s'est avéré que SIMMER n’a pas calculé correctement 
le scénario: l'ébullition du sodium et la coulée des gaines sont correctement calculés (grâce à 
l'utilisation d'un nouveau modèle de coulée des gaines développé au CEA). Mais ensuite, le 
modèle d'entraînement de vapeur est trop important, et l'acier fondu crée un blocage 
supérieur avant de créer un blocage en partie inférieure du cœur. Pour finir, la fusion du 
combustible apparaît après le percement des tubes hexagonaux. Ainsi, il existe de grands 
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écarts entre la simulation et l'expérience, et pour effectuer des calculs corrects pour le cœur 
SFRv2b, plusieurs modifications doivent être implémentées dans le code :  

– Le modèle DPIN devrait être utilisé, la température du combustible serait mieux 
décrite et le combustible fondrait plus tôt.  

– Les échanges entre les aiguilles et le tube hexagonal sont trop importants, cela est 
dû au modèle 1D de l’assemblage : ce modèle doit être raffiné. Cela permettrait 
également de réduire l'entraînement de vapeur trop important.  

Le raffinement de la description de l’assemblage est en cours à JAEA : ils ont amélioré le 
modèle DPIN pour représenter le faisceau d’aiguilles. Ils ont également amélioré la 
description de la température dans le tube hexagonal.  
En outre, d'autres améliorations pourraient être réalisées : l'inter-assemblage peut être 
rempli de sodium au lieu du vide. En effet, ce n'est pas important pour un ULOF, mais pour 
un BTI où les assemblages voisins sont encore intacts, cela peut affecter l'accident. Enfin, 
pour décrire correctement le scénario du BTI, le calcul doit être effectué en 3D car la 
propagation de l'accident, qui est unidirectionnelle, n'est correctement décrite qu’en 3D. 
SIMMER a été parallélisé, mais même avec la parallélisation, les temps de calcul en 3D 
restent un défi.  
 
Néanmoins, l'étude du BTI peut donner des indices pour la détection de l'accident : SIMMER 
permet d'avoir des informations sur deux types de détection : la détection de la température 
de sortie sodium des assemblages voisins, et la réactivité. Dans le cas des détecteurs de 
neutrons retardés (DND), le temps de réponse dépend surtout de leur emplacement dans le 
cœur, et non pas du moment ou le tube hexagonal va être percé. En ce qui concerne la 
température sortie du sodium, il semble probable que l'augmentation de la température des 
assemblages voisins, en raison de la redistribution du débit, permette de détecter l'accident 
avant sa propagation aux couronnes voisines. Le dernier moyen de détection possible est la 
réactivité, mais la variation de la réactivité ne peut pas être détectée si un seul assemblage 
est endommagé, et ensuite, il est trop tard pour empêcher la propagation de l'accident.  
 
 

9.4. Perspectives  
 
Les études de sûreté sur la prévention et la mitigation des accidents graves restent un 
énorme travail à faire avant de construire un réacteur. Cette thèse a uniquement permis 
d’ouvrir la voie vers des études d’accidents graves dans un réacteur à neutrons rapides et à 
caloporteur sodium. L'idée initiale était de trouver des solutions possibles à la fois pour 
réduire la fréquence des accidents graves et pour, une fois qu'ils sont arrivés, trouver des 
solutions qui peuvent être envisagées pour limiter le dégagement d'énergie. Ces solutions 
pourraient être utilisées pour les conceptions futures.  
Sur le plan de la prévention, les projets de cœurs récents avaient pour but de diminuer 
l'effet de la réactivité du vide sodium, sans pour autant oublier les caractéristiques de 
conception importantes du cœur, comme le gain de régénération ou la distribution de la 
puissance dans le cœur au cours du cycle. Le cœur SFRv2b a été le premier projet pour 
lequel la recherche a été menée dans ce sens, mais les modifications de conception ont été 
insuffisantes pour limiter la vitesse à laquelle l'accident se produit lors d’un ULOF. La 
situation pourrait être différente avec des cœurs présentant des effets de vidange très 
faibles. Des calculs transitoires doivent être menés sur ces cœurs pour savoir si le gain en 
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temps est important ou pas lors de l’accident. 
Sur le plan de la mitigation, les solutions possibles ont besoin de temps pour fonctionner. Au 
cours de la phase secondaire de l’ULOF, aucune solution ne peut être envisagée puisque le 
transitoire est trop rapide. Au cours de la phase primaire, il y a des solutions possibles, mais 
celles-ci exigent des outils pour les étudier. SIMMER a le potentiel pour étudier ces 
configurations novatrices comme l’a montré le calcul du SFRv2b. Cependant, beaucoup 
d'améliorations sont nécessaires pour parvenir à une démonstration robuste.  
Pour le BTI, l'objectif est de démontrer qu'il peut être détecté avant d’atteindre la 
recriticité : pour ce faire, il est important d'avoir des codes assez fiables. Bien que SIMMER 
ait été utilisé dans le passé pour le BTI de Phénix, l'étude de ce type d'accidents dans de 
grands cœurs comme le SFRv2b exige l’activation du module de neutronique de SIMMER. 
Une première tentative a été faite qui a illustré les lacunes de la version actuelle de SIMMER.  
Par conséquent, l'utilisation de SIMMER pour les calculs de l’ULOF et du BTI a montré qu'il 
existait des problèmes majeurs lors de son utilisation sur un cas réacteur. Le code a besoin 
d'améliorations, et il doit être validé sur des expériences existantes. De nouvelles 
expériences sont aussi nécessaires, pour la validation des codes, mais aussi pour mieux 
comprendre comment les accidents se produisent et se comportent. Depuis les dernières 
expériences, le dessin des aiguilles changé (les pastilles ont un plus grand rayon, il y a un 
trou central), elles ne correspondent plus aux expériences passées. Si certains des effets 
favorables lors de l’accident, comme l'effet Cachera, sont essentiels lors du scénario, ces 
phénomènes doivent être mieux connus.  
 
Une fois que toutes ces phases d'expérimentation et de validation des codes auront été 
effectuées, il sera possible de réaliser des démonstrations solides. C’est un point important 
pour le nouveau prototype RNR-Na, ASTRID, qui doit être construit en France.  
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Chapter 1 
 

1 INTRODUCTION 

 

1.1 General Context of Nuclear Energy 

 
The need for energy is a matter of growing concern in the world today. Continuous 
expansion of the world population results in increasing demands for energy to support 
human existence. 
At the same time, the global climate change has become progressively worrying, and 
together with the severe need for energy, the world also requires an energy which does not 
produce greenhouse gases. Consequently, new energies are being developed, most of them 
renewable, such as solar cells, wind turbines, just to mention a few. Nuclear energy as well 
does not produce greenhouse gases, and it is of interest because it can generate a 
substantial amount of energy at a given time. However, it is not renewable, and needs fissile 
material to operate.  
 
Presently, there are 345 nuclear power plants connected to the grid, and producing annually 
2162TWh, representing 21.5% of the electricity supply [1]. It is the main system to produce 
electricity which does not release greenhouse gases. Most of the nuclear reactors are 
thermal neutron reactors (they come from the second and third generations of reactors, the 
first generation of reactors only contains prototypes, see Figure 1-1) and the fuel used in 
these reactors is mostly natural uranium enriched at about 5% in the isotope U-2351. There 
are about 4.7 million tons of fuel which can be mined for less than USD 130/kg, just above 
the current spot price. 
According to the OECD: “Based on the 2004 nuclear electricity generation rate this amount is 
sufficient for 85 years. However, total world uranium resources which could be available at 
market price are much higher. Based on geological evidence and knowledge of uranium in 
phosphates, the study estimates that more than 35 million tons are available for 
exploitation.” [2] If nuclear energy is needed in the longer term, fuel economy is a sine qua 
non: a better use of the Uranium ore must be envisaged in advanced reactors. That is why 
studies are now performed all over the world on different concepts of reactors, which will be 
able to use less Uranium for the same amount of energy release [3].  

                                                      
1
 Natural uranium contains 99.29%U238 and 0.71%U235, and a tiny fraction of U234. 
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Figure 1-1: Evolution of the types of reactors depending on time [4] 

 

All these studies are guided by the Generation IV forum. The latter describes the different 
types of reactors which will be part of the Generation IV, as well as the goals these reactors 
must reach [4]:  
Sustainability–1: Generation IV nuclear energy systems will provide sustainable energy 

generation that meets clean air objectives and promotes long-term availability of systems 

and effective fuel utilization for worldwide energy production. 

Sustainability–2: Generation IV nuclear energy systems will minimize and manage their 

nuclear waste and notably reduce the long-term stewardship burden, thereby improving 

protection for the public health and the environment. 

Economics–1: Generation IV nuclear energy systems will have a clear life-cycle cost 

advantage over other energy sources. 

Economics–2: Generation IV nuclear energy systems will have a level of financial risk 

comparable to other energy projects. 

Safety and Reliability–1: Generation IV nuclear energy systems operations will excel in safety 

and reliability. 

Safety and Reliability–2: Generation IV nuclear energy systems will have a very low 

likelihood and degree of reactor core damage. 

Safety and Reliability–3: Generation IV nuclear energy systems will eliminate the need for 

offsite emergency response. 

Proliferation Resistance and Physical Protection–1: Generation IV nuclear energy systems 

will increase the assurance that they are a very unattractive and the least desirable route for 

diversion or theft of weapons-usable materials, and provide increased physical protection 

against acts of terrorism. 
 
These are the specifications the future reactors must meet. However, the Generation IV 
forum did not only specify the goals of the reactors, it also proposed the types of reactors 
which can achieve the fixed specifications, and six choices have been short-listed: Gas-
Cooled Fast Reactor System (GFR), Lead-Cooled Fast Reactor System (LFR), Molten Salt 



INTRODUCTION 

 

 3

Reactor System (MSR), Sodium-Cooled Fast Reactor System (SFR), Supercritical-Water-
Cooled Reactor System (SCWR), Very-High-Temperature Reactor System (VHTR). In France, 
one type of reactor was chosen among the others: it is the Sodium-Cooled Fast Reactor 
System (SFR), and the future prototype is called Advanced Sodium Technological Reactor for 
Industrial Demonstration (ASTRID). 
 
This choice was not a random one; it was due to the French experience feedback on the 
construction and operation of such reactors. Indeed, several SFR have been built in France. 
The first one is Rapsodie, built in Cadarache in 1957: it is an experimental reactor with a 
power of 20MWth; it reached criticality for the first time in 1967 and is at the moment in a 
decommissioning phase. Then in 1974, the nuclear research reactor Phenix was put into 
operation in Marcoule ([5] and [6]). Phenix had a power of 250MWth and was used to 
deliver electricity but also to study the transmutation of high-level waste. This reactor was 
stopped last year. The last SFR which was built in France was Super-Phenix (SPX), in Creys-
Malville [7]. It was put into service in 1985, and was delivering a nominal power of 
3000MWth (1240MWe) before being stopped in 1997. It is now being decommissioned. 
Moreover, the industrial prototype, the European Fast Reactor (EFR), had been designed and 
defined almost entirely [8]. Most of the safety studies had been performed, and the reactor 
was nearly ready to be built. However, after the closure of SPX, the project was abandoned. 
Consequently, three SFRs having been built in France, it is the type of reactor defined by 
Generation IV which is the best known. Together with the many advantages that sodium has 
over other coolants, this explains why this type of reactors has been chosen for the future 
prototype, ASTRID.  
 
As from now on, a new concept has to be defined, with a sketch of a new SFR meeting 
Generation IV criteria, and studies have been restarted on the design of the core, of the 
boiler, on the fuel and the innovating materials for the reactor. But one of the most essential 
points is the resuming of safety studies. Indeed, one of the major points of the Generation IV 
criteria is increased safety. It is important to notice that in the SFR, safety is really a peculiar 
point, as it is a reactor sensitive to the reactivity variations in a different way than water-
cooled reactors. The loss of the coolant (the sodium) creates significant reactivity insertions, 
but it is important to notice that the core is not pressurized and thus, the accident in an SFR 
is completely different than in a LWR. To sum-up, the safety challenges are different for an 
SFR from those for a Light Water Reactor (LWR). Consequently, the safety studies are of 
major importance for the new prototype and for the following SFRs. Thus, safety studies are 
being performed in France (at Commissariat à l’Energie Atomique et aux Energies 
Alternatives (CEA), Electricité de France (EDF) and the French industry AREVA), but also in 
foreign countries such as Germany, Japan, Russia, Unites States of America.  
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1.2 Objective of the PhD 

 
The objective of the PhD is to contribute to the safety studies on SFR. Safety studies are 
classified in different categories depending on their probability of occurrence and on the 
consequences they might have. 
Of course, the safety report will be performed on a the basis of a complete design which is 
not fully defined at the moment. Therefore, the PhD deals with safety studies on SFRs, with 
some variations aiming at reducing both the probability of occurrence and the consequences 
of accidents. As a prerequisite for the ability of performing such safety studies, adequate 
calculation tools are required. Thus, some evaluations of their ability to answer the 
problems, and even some limited developments, have been performed. Focus has been 
given on severe accidents, which are the types of accidents which have a very low 
probability of occurrence but which can have severe consequences, such as the melting of 
the core. The prevention of these core melting accidents is ensured by: 

� Measures of prevention of the initiators which could lead to the core damage. 
- Mastering of the fundamental safety functions. 
- Control of reactivity. 
- Heat removal. 
- Confinement of radioactive materials. 

� The studies on the analysis of safety are mainly deterministic; the probabilistic 
studies are used to justify that some scenarios can be “practically eliminated”.  
However, it should be demonstrated that some scenarios are representative of the 
most severe conditions so that the overall safety assessment can be accepted.  

In the PhD report, the studies are deterministic and aim at having a first idea on the 
scenarios of two types of accidents which are considered as representative independently of 
their probability of occurrence. These two accidents happen with a loss of primary cooling, 
they are the Unprotected Loss Of Flow (ULOF) and the Total Instantaneous Blockage (TIB). 
The objective is to see what are the means to handle the situation once the accident is 
happening. 
 
The ULOF is an accident where the primary cooling is lost while no SCRAM1 is occurring and 
no safety related devices are operating; and the TIB means one subassembly loses its flow 
instantaneously, and then, the accident can propagate to the rest of the core. When the 
coolant circulation is reduced or completely lost in an SFR, the reactivity increases, so do the 
temperatures, the sodium can hence boil, the materials in the core can melt, and the 
accident can lead to a recriticality and to a power excursion.  
 
Within this PhD, the phenomenon of recriticality was analyzed in order to understand what 
are the main reasons for its appearance and finally to find ways or means to avoid it in case 
of ULOF or TIB. 
 
 
 

                                                      
1
 SCRAM is an acronym which stands for Safety Control Rod Axe Man, this is the system which triggers the 

emergency rods. 
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First of all, in the document, and so as to better understand the following studies, a detailed 
explanation of what is an SFR, the advantages and the drawbacks of sodium, the important 
neutronics parameters of the design of the core, is performed: this is Chapter 2.  
 
The different cores studied in the document are also described in Chapter 3.   
 
Then, the safety approach is explained in Chapter 4: the main principles used for nuclear 
safety, the main families of accidents and the method of the lines of defence. The safety 
approach has also evolved with time in the past, and the difference between the current 
approach and the previous one is outlined. 
 
The Chapter 5 details more thoroughly two accidents which are studied in the PhD: the ULOF 
and the TIB accidents. The different scenarios which can be envisaged are described, as well 
as the experiments done to acquire more information on these accidents. All these data are 
used to perform the studies hereafter.  
 
The last important point before beginning the studies and the calculations is the code 
systems which were used for the studies: TRIPOLI, which is a neutronics Monte-Carlo code 
system; ERANOS, which is a neutronics deterministic code system; SAS4A, which is a 
thermohydraulics/point-kinetics code system dedicated to the primary phase of certain 
severe accidents; and SIMMER, which is a coupled thermohydraulics-mechanics-neutronics 
code system to study the secondary phase of postulated severe accidents. The four of them 
are described in Chapter 6, and as improvements were performed on the neutronics of 
SIMMER during the PhD, it is also described in this section. 
 
Afterwards, we find two chapters containing the results of the studies: Chapter 7 concerns 
the studies on the ULOF, while Chapter 8 deals with the TIB. 
 
Chapter 7 is divided into three main parts: 
The first part of the Chapter groups many investigations performed in static studies, aiming 
at defining the main phenomena in the reactivity insertion during core slump-down. More 
specific studies were performed on the radial leakage, and then on solutions which could be 
envisaged to avoid recriticality, such as adding absorber materials which are miscible with 
fuel in the molten pool, or such as ejecting fuel from the core. 
The second part of the Chapter is a semi-static semi-transient study. Using a given scenario 
for the ULOF, the state of the reactor at the end of the primary phase is calculated by 
applying ERANOS, and then the following of the accident is calculated with SIMMER. This 
calculation is performed for different upper configurations of a given core. The goal of this 
study is to see if the upper configuration of the core can impact the course of events of the 
scenario and especially can lead to situations avoiding recriticality. 
The last part of Chapter 7 is more centred on methods: it deals with the study of the ULOF 
with only one code system, SIMMER. Indeed, usually, the accident is calculated with SAS at 
the beginning, and is followed by SIMMER. The problem is that it is a rather difficult route 
for performing the calculation and that there are biases linked to this approach. However, 
the advantage is a rather quick calculation. The use of SIMMER only would simplify the 
calculation and suppress the bias due the restart of the calculation from SAS4A to SIMMER. 
However SIMMER is not validated for the primary phase and several developments are 
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required to fully address the whole problem. Some of them have already been developed 
while some others still need to be developed. Thus, a comparison of both methods of 
calculations is performed: the calculation with SIMMER only is compared to a calculation 
with SAS in the primary phase and SIMMER in the secondary phase. The goal is to decide on 
the validity of SIMMER for the calculation of the primary phase and to define the necessary 
improvements required for SIMMER in the primary phase. Moreover, this calculation can 
give an outline on the way the cores designed recently can behave under those accidents 
when no specific measures are taken.  
 
Chapter 8 deals with the TIB and is divided into two parts: 
The first part is, as for the ULOF, a static study of the TIB. The most important parameters 
concerning the reactivity insertion are defined, studies are performed on the importance of 
the fuel mass in recriticality (which is directly linked to the number of damaged 
subassemblies when the accident propagates to the core), on the importance of the leakage 
and on the area the accident occurs, etc. Studies are also performed on the amount of 
absorber materials to add to the molten pool, or on the amount of fuel to be ejected to 
avoid recriticality.  
The second and last part is a complete calculation of a TIB with the SIMMER code. The SAS4A 
code cannot calculate the TIB while SIMMER is not validated for this specific reactor case 
that is to say with a coarse mesh. Consequently, the results of the calculation were 
compared to the results of the experiments performed on the TIB. A conclusion is then given 
on the improvements necessary for a correct calculation of the TIB on a reactor case. 
 
The last chapter, Chapter 9, contains the conclusion of all the studies, the lessons learnt 
during this PhD on both the code assessments and the safety studies. 
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Chapter 2 
 

 

2 A  NEW APPROACH IN DESIGNING SODIUM-COOLED FAST REACTORS  

 

2.1 Sodium-cooled Fast Reactors 

2.1.1 Why are Fast Reactors interesting? 

 
The main interest in fast reactors is that they allow a more thorough use of their fuel so less 
ore is being consumed for the same amount of energy created. In a thermal neutron reactor, 
the Uranium fuel being used has to be enriched at about 3% in Uranium 235: an isotope of 
Uranium which has a favourable fission to capture ratio in the thermal region. Since Uranium 
235 (U235) is available in Uranium ore for only 0.7%, there is a significant waste of Uranium 
i.e. of Uranium 238 (U238). For fast neutron reactors the situation is different: Plutonium 
239 (Pu239) has a rather good fission to capture ratio in the fast neutron energy range and 
the neutron balance is such that part of the neutrons are available for producing Plutonium 
239. Pu239 is created by neutron capture on U238 as shown below: 
 

PuNpUnU dTT 239
94

3.2,239
93

min24,239
92

1
0

238
92  → →→+ =−=− ββ

 

 
As just said, the neutron balance is not the same in a fast neutron reactor and in a thermal 
neutron reactor. The ratio between fission and capture cross-sections is larger for U235 than 
for Pu239 with thermal neutrons while it is the opposite with fast neutrons. 
 

 Thermal Fast 

 fissionΣ
 captureΣ

 
capture

fission

Σ
Σ

 
fissionΣ

 captureΣ
 

capture

fission

Σ
Σ

 
U235 582.6 98.9 5.9 1.199 0.108 11.1 

U238 1.0E-05 2.7 0 0.0135 0.1283 0.1 

Pu239 747.3 270.4 2.8 1.734 0.026 66.7 

Table 2-1: Fission and capture cross-sections ratio for U235, U238 and Pu239 

 
What is called conversion ratio is the difference between the number of atoms of Pu239 
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being produced and the ones being consumed, divided by the number of fissions. 
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Conversion ratio is greater than one when the fission of one atom of Plutonium creates 
enough neutrons to have one at least being captured by U238.  
This conversion enables the use of U238 as a fuel, and would the conversion ratio not being 
larger than one, U238 would nearly not be used.  
 
In the current nuclear fleet worldwide, most of the reactors are Pressurized Water Reactors 
(PWR). These reactors are producing Plutonium with a conversion ratio well below one. As 
just said, this Plutonium would be better used in fast reactors. However, due to delays in 
constructing them, Plutonium is being used in PWR. This is possible because appropriate 
design measures have been taken to counteract the degradation of feedback coefficients. 
There is a limit to such use of Plutonium in PWR since Plutonium being generated in a MOX 
fuelled PWR is exhibiting less and less fissile Plutonium such as Pu239 and Pu241 and hence 
its content in the fuel requires being larger. As a consequence, feedback coefficients get 
more unfavourable and a limit to its use is reached even with design countermeasures. 
Another drawback of such scenario is the build-up of more and more long living highly 
radioactive waste such as Americium and Curium, a situation, which is wished to be avoided 
for an environmental friendly scenario (but also because there is a technological limit to the 
amount which can be introduced in glasses).    
 
Fast reactors, on the other hand, produce a rather stable amount of fertile Plutonium such 
as Pu240 or Pu242 since these nuclides can burn in a fast neutron flux. Furthermore, there is 
a potential for fast reactors to burn long life nuclear waste such as Americium and Curium 
hence justifying an environmental friendly scenario.    
 
The present PWRs of the nuclear fleet produce Plutonium which would enable a rapid 
deployment of a fast neutron reactor fleet (a year of 900MWe-PWR operation produces 
209kg of Pu239) and a core with a conversion ratio close to 0 would enable the fast neutron 
reactor cores to produce their own fuel. 
Consequently, fast neutron reactors would enable the use of the entire Uranium ore, and 
the multiplication by 100 of the energy produced compared to a PWR using only enriched 
Uranium and possibly one Plutonium recycling (current French Plutonium fleet uses only 
0.4% of the Uranium ore). 
 
Moreover, as other advantages of fast reactors we can quote the following aspects: 

- The fuel cost is less sensitive to the natural uranium ore price than PWRs as we 
use uranium but also plutonium, which comes from irradiated PWR fuel, and the 
price of plutonium mostly depends on recycling cost. 

- Depleted uranium available as tail of enrichment plants as well as recycled 
Uranium coming from reprocessing plants can be used as, interestingly, for fast 
reactors, U238 is the isotope which can create fissile plutonium. 

- The efficiency of the SFRs is about 42% (compared to 33% in PWR) because the 
temperature at the outlet of the core is higher (823K vs 700K) and the difference 
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of temperature between the inlet and outlet of the core is greater (155K vs 31K). 
- The fast reactors can burn long life wastes through transmutation or burning.   

 

2.1.2 Why sodium? 

� Advantages of sodium 

Sodium has been chosen because it is rather transparent to neutrons: its capture cross-
section is very small and its elastic and inelastic cross-sections are also rather small: this is a 
good point when willing to keep a fast neutron flux.  
Sodium was also chosen because of its very good transfer properties [9]: its thermal 
conductivity is 71W/m.K at 700K (compared with the 0.7W/m.K max of water). And its heat 
capacity per unit mass is quite good (even if it is four times smaller than for water: 
1280J/kg.K at 700K and 1bar for sodium and 4000-5000J/kg.K at 600K and 155bars for 
water). Thanks to these properties, more heat can be removed with a limited temperature 
rise of the coolant in nominal conditions.  
 
 

Fusion temperature  Tf=370K 
Relative volume increase at fusion 2.70% 
Boiling temperature (at atmospheric pressure) Teb=1155K 
Liquid sodium volume mass ρ=856kg/m3 at T=700K 
Latent heat of fusion Lf=0.113kJ/g 
Latent heat of vaporization Lv=4.31kJ/g 
Dynamic viscosity η=0.28.10-3Pa.s at T=700K 
Mass heat capacity cp=1280J/(kg.K) at T=700K 
Thermal conductivity λ=71W/(m.K) at T=700K 

 
Table 2-2: Sodium characteristics [9] 

 
Sodium has a relatively large thermal inertia and there is a great temperature difference 
between sodium melting temperature (Tf=370K) and sodium boiling temperature (Tb=1155K) 
at atmospheric pressure. This large difference gives some room for the operating 
temperature range (at atmospheric pressure, as there is no need for the reactor to be 
pressurized), and enables the minimizing of the risks of vaporization of liquid sodium: 
sodium enters the core at 650K and exits at 820K (this important outlet temperature also 
enables to have a higher energy efficiency than in PWRs): there is thus a large margin to 
coolant boiling, allowing a significant grace time in case of accident. 
Thanks to the good heat-transfer characteristics of sodium, decay heat removal can be 
ensured by natural circulation in case of failure of the active systems. 
Two other characteristics of sodium are also interesting: its density and its viscosity. Density 
of sodium is smaller than that of water and its viscosity is rather small, so the pump power 
can be rather low. 
Finally, there is a last practical aspect of sodium: it is one of the six most abundant elements 
in the nature, it represents 2 to 6% of the Earth’s crust, as sodium chloride, and sodium is 
easily obtained by electrolysis. 
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� Drawbacks of sodium 

But sodium does not have only advantages. It is an element that is highly reactive with air 
and water. 
 
With air, the oxidation reaction can lead very quickly to a sodium fire1. Sodium bursts into 
flames at 500K. Combustion of sodium creates a dense smoke of sodium oxide.  Thus, 
sodium has to be kept in tight circuits so as to avoid leaks. The station is equipped with 
sodium leak detectors to avoid fire risks and in the circuit a gas is added (helium or argon), 
which, as it is denser than air, limits the rushing in of oxygen if there is a break. 
 
Sodium also reacts with water or steam. The reaction is highly exothermic and produces 

soda and hydrogen: �
 +  ��0 
 

  �
!� +  
"

�
�� +  141%&, ( = 300). 

At high temperature, water can react with sodium and forms sodium oxide and hydrogen:   
2�
 +  ��0 

 
  �
�! +  �� +  130%&, ( = 600)  

When sodium is not pure (especially when it is associated to oxygen) it can become very 
corrosive.  
Every water intrusion in the sodium circuit must be avoided so as to protect the materials. In 
spite of the water intrusion mastery in the sodium circuit (thanks to two walls between 
water and sodium in the secondary circuit of the reactor), any gas or liquid interacting only 
weakly with sodium could be used as secondary circuit coolant (for instance a supercritical 
CO2 secondary circuit is considered). 
In existing fast reactors, the problem of corrosion due to impurities carried by sodium on the 
walls is solved by a continuous purification. 
 

2.1.3 The feedback effects 

In a nuclear reactor, the power depends on the reactivity, if the reactivity + is greater than 

the beta effective (,-..), with the following formula: ��� =  �/�
012344

ℓ
6, with �/ the initial 

power the reactivity and ℓ the lifetime of prompt neutrons.  
The delayed neutrons have a greater life time (of the order of several seconds) than the 
prompt ones (of the order of µs). If the reactivity insertion is less than the order of delayed 
neutrons, the power can be mastered, if it is greater, the power will increase exponentially 
and will not be controllable anymore. The ,-.. is the delayed neutron fraction, and the 

greater it is, the easier it will be to control the reactor.  
In a thermal reactor, where fuel is U238 enriched in U235, the ,-.. is about 640pcm2, while 

in a fast reactor, where fuel is MOX (Mixed OXides, U238 with a Pu content of about 15%) it 
is only 350pcm. 
 
There are two kinds of feedback effects when temperature varies: the Doppler effect due to 
the apparent broadening of fission and capture cross-section resonances, and the effects on 
reactivity due the thermal expansion of materials. Indeed, the latter are those of sodium, the 
steel of the cladding and the hexcan, the fuel, the steel of the grid, the steel of the vessel 

                                                      
1
 In 1995, in the Monju reactor, a sodium leak followed by a fire happened leading to the closure of the reactor. 

2
 pcm means per cent mille=10

-5
. 
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and of the control rod. The latter ones induce a differential movement of core-vessel-rods 
due to steels at different temperatures. The way they are calculated is explained in Appendix 
1. 
 
Doppler effect 

This is a neutronics effect caused by a fuel temperature variation. When the temperature 
increases, there is more thermal vibration of the nucleus, thus creating for the neutron an 
apparent broadening of the capture and fission resonances. The effect depends on the 
energy spectrum of the reactor since this effect occurs in the resonance region which is, in a 
fast reactor, located in the lower part of the spectrum. Depending on the relative 
importance of fissions and captures, the increase in temperature will create an increase 
(more important relative probability of fission) or a decrease (more important relative 
probability of capture) of the core reactivity and consequently of the core neutronics power. 
 
In a fast reactor, the Doppler reactivity coefficient is negative, that is to say the global 
reactivity of the core is opposed to a variation in temperature. If the temperature increases 
in the core, the Doppler effect will make the reactivity decrease and conversely if the 
temperature decreases. This effect is intrinsic and is due to the presence of U238 and its 
absorption resonances between 0.1 and 10keV. Pu240 also has an effect in the Doppler 
effect, but it is negligible: it is 1.5% of the whole effect (while U238 is for 97% in the Doppler 
effect). 
It can be added that the Doppler effect is quasi-instantaneous, which means that it is much 
faster than the delayed neutron life time. 
 
 
Expansion of sodium 

An increase of the sodium temperature causes its density to decrease; so, there is a 
decrease in the number of interactions between the neutrons and the coolant nuclei. This 
leads to an indirect effect: the spectral effect (positive); and to two direct effects: an effect 
due to the leakage (negative) and an effect linked to captures (positive). 

- Spectral effect: as there are fewer interactions with the coolant, a spectrum 
hardening is observed. In a fast reactor, that makes the reactivity increase. The 
increase or the decrease of reactivity depends on the fuel, every isotope having its 
own fission cross-section distribution depending on the incident neutron energy. 
This effect is usually positive. 

- Effect linked to neutron leakage: as there are fewer collisions with the sodium, 
neutrons are less slowed down. On the whole, the probability of interaction and 
absorption decreases with the energy. The neutron free mean path and the leakage 
in the core increase, having a strong negative effect on the reactivity. 

- Capture effect: the decrease in the interactions with sodium also implies there are 
more neutrons available. This effect is positive but rather small.  

 
The reactivity variation in the core corresponds to the competition of the three effects. In 
the central part of sodium fast reactors, variation due to sodium expansion is positive. 
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Clad expansion 

There are two effects in the clad expansion: 
- Axial expansion: the axial expansion of cladding induces, for a given height, the 

decrease in the concentration of steel atoms. Consequently the interactions 
between nuclei of steel and neutrons decrease: this has a positive effect on the 
reactivity since steel is absorbing neutrons. 

- Radial expansion: the radial expansion makes the volume of cladding increase and 
that pushes away an equivalent volume of sodium. This effect is then similar to 
the decrease in sodium density that was described before, with a spectrum 
hardening increasing the reactivity and an increase in the leakage causing the 
reactivity to decrease. The total effect is positive. 

 
 
Hexcan expansion 

As in the case of clad expansion, the hexcan expansion can be split into positive and negative 
effects (respectively due to the axial and radial expansion of the hexcan), with an overall net 
positive effect.  
 
 
Fuel expansion 

Fuel expansion can be divided into two effects: 
- Axial expansion:  

� Decrease in the fissile nuclei concentration in the fuel, having a negative 
effect on the reactivity. 

� Increase in the total fissile height having a positive effect on the reactivity. 
� Increase in the sodium mass in the core induced by an increase in the 

fissile height. This effect is the one corresponding to the increase of the 
sodium density (effect usually negative) that was previously explained. 

 
The axial expansion, negative on the whole, will induce a reactivity decrease when 
temperature increases. 
 

- Radial expansion 
Radial expansion of fuel with claddings around it does not change the volume of sodium 
(unless there is a sodium gap). The cladding expansion moves away the sodium, and the 
radial expansion of fuel has no effect on the reactivity. 
 
 
Grid expansion 

This is the increase in the core radius due to the expansion of its support (the grid). It is 
induced by an increase of the sodium inlet temperature. On one hand, it increases the 
sodium volume in the core while the fuel mass remains constant, as described above. 
On the other hand, there is also an increase in the core volume at constant fuel mass and an 
increase of the leakage. The total effect is negative. It must be noticed that this effect cannot 
be simulated in a transient analysis if the whole primary circuit is not modelled (because this 
effect is driven by a variation of the inlet temperature). 
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The feedback coefficient due to the grid effect is about 1 pcm/K in Super-Phenix and in the 
European Fast Reactor (EFR). However this effect is only linked to the sodium inlet 
temperature variation and has an important time delay (several dozens of seconds, this 
depends on the design of the core), thus it cannot be observed during fast transients. 
 
Core-vessel-rods differential expansion 

This feedback effect is the sum of three different effects: 
- An increase in the fuel temperature leading to the fuel axial expansion (which 

corresponds, relatively, to a rod insertion). 
- An increase in the outlet coolant temperature expands the control rods axially 

and moves them towards the core if the control rods are hanged from the top. 
- An increase in the temperature of the sodium from the cold pool causes an axial 

expansion of the vessel towards the lower part of the core.  
 
The two first effects correspond to a rod insertion in the core, and lead to a negative 
reactivity insertion. The vessel expansion lowers the core, creating a smaller relative removal 
of the control rods. Similarly, these effects have opposite signs when decreasing the fuel and 
sodium temperatures. The total effect depends on the sodium inlet and outlet temperature 
variations and on the expansion coefficients of the different materials (fuel, vessel, control 
rod mechanism).  The figure shows schematically the different expansions that occur in the 
differential expansion when the average core temperature increases compared to the 
nominal conditions. It must be noticed that these effects depend on time constants that can 
be more or less important (from a few seconds to several dozens of minutes) following the 
conception of the reactor block. 
 
The differential expansion effect begins with the variation of fuel height and then by the 
lengthening of the rods and the vessel, the last two effects being able to play an essential 
role in slow transients. As an example, the differential expansion effect in Super-Phenix 
induces a rod insertion by more than 30mm when the core goes from a cold (isothermal core 
at 450K) to a hot state (3000MWth).  
 

 
Figure 2-1: Core-vessel-rod differential effect scheme 

 
Strap effect 

It is due to the difference of radial expansion between the bottom of the subassemblies at 
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the core inlet temperature and the top, where there are the straps, at the core outlet 
temperature. 
This effect of possible core flowering is usually small and was not demonstrated in Phenix or 
Super-Phenix. 
 
Neptunium effect 

This effect appears when the neutron flux varies. It is due to the time difference between 
the neutron capture in U238 and the production of Pu239. Indeed, the capture of U238 in 
fuel first creates U239. This one decays rapidly into Np239 to finally create Pu239 by β- 
decay with a 2.36 days half life.  
 
Therefore, when there is a power increase, the Pu239 creation does not occur immediately. 
The equilibrium is reached only after a dozen of days. During this period, the rods have to be 
extracted more from the core so as to compensate for the captures “provisionally sterile”. 
This effect also appears when the reactor is stopped with a gain in reactivity due to Pu239 
creation by Np239 β- decay. 
 
 
When the core is operating, the temperature varies, when rods are inserted or withdrawn, 
the temperature also varies and there are feedback effects. When there are accidents 
inducing a temperature change they also act and they can, in some cases, prevent the 
accident from worsening. 
 

2.2 Severe accidents and SFR  

Light Water Reactors (LWRs) differ from SFRs when severe accidents are considered. Indeed, 
LWRs are in the most reactive configuration when they operate, while SFRs are not in their 
most reactive configuration so that they usually become more reactive when the coolant is 
removed. 
That is partially due to the ratio between the fission and capture cross-section of U235 in the 
thermal zone for LWR and to the ratio between the fission and capture cross-section of 
Pu239 in the fast neutrons zone for SFR. 
Below are plotted the U235 and Pu239 fission and capture cross-sections. 
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Figure 2-2: U235 fission and capture cross-sections 

           

  
Figure 2-3: Pu239 fission and capture cross-sections 

In LWR (where the average neutron energy is about 25eV), when the coolant is lost or boils, 
neutrons are no longer moderated and there are less fissions, the captures become more 
important than the fissions and then the chain reaction stops by itself. There cannot be 
recriticality. 
 
On the contrary, in SFRs (where the average neutron energy is about 1MeV), when 
temperature increases and when sodium boils, the moderator effect of sodium is lost and 
neutrons remain fast: they are faster than they were with sodium. Due to the energy 
dependence of the ratio fission to capture reactions of plutonium, fissions become more 
important than captures, which creates a more reactive core. The fact that neutrons are 
more important when the energy increases can be described by a function called importance 
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(this is the adjoint flux). As shown on the graph below, in the energy range above 0.01MeV, 
neutrons become more important as their energy increases, or, vice versa, considering 
slowing-down, neutrons become less important when their energy is reduced. 

 
Figure 2-4: Importance function or adjoint flux depending on the energy1 [10] 

 
 
However, sodium void is not the only source of reactivity change and some other feedback 
effects might counterbalance this effect. However, a series of events can lead to some 
degradations of the core (this will be presented in Chapter 4), which might lead to some 
other reactivity increases. Consequently, it is very important to study the sequences of 
severe accidents in SFRs and to find ways to limit recriticality at any of the different steps of 
the accidental scenario. 
 
 

                                                      
1
 BOL : Beginning Of Life ; EOL : End Of Life 
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3 THE SAFETY APPROACH

The accident must be analyzed, and that means studying the risks. Risk is the product of the 
occurrence probability of the accident/incident and of its consequences. Below is the Farmer 
diagram, describing the cutting of 
on its consequences on the environment.
 

Figure 3-1: Farmer diagram: conventional design basis conditions categorization 

 
The “risk informed approach” integrates probabilistic and deterministic insights with the 
addition of uncertainties and a sensitivity analysis.  These two methods are des

- Probabilistic Safety Assessment (PSA): study and probabilistic quantification of all 
the accidental sequences leading to an unwilling event. This method is used to 
support the deterministic studies.

- Deterministic study of accidents: assessme
and progresses, i.e. the different scenarios which are possible for the accident 
sequence. Studies shall be able to follow the evolution of the transient from the 
beginning of the accident until a stable situation.
 
 

The aim of the safety approach, which supports the design and the assessment of a nuclear 
system, is to organize and achieve these studies (see 
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The accident must be analyzed, and that means studying the risks. Risk is the product of the 
occurrence probability of the accident/incident and of its consequences. Below is the Farmer 
diagram, describing the cutting of accidents depending on the frequency of the accident and 
on its consequences on the environment. 

: Farmer diagram: conventional design basis conditions categorization 

The “risk informed approach” integrates probabilistic and deterministic insights with the 
addition of uncertainties and a sensitivity analysis.  These two methods are des

Probabilistic Safety Assessment (PSA): study and probabilistic quantification of all 
the accidental sequences leading to an unwilling event. This method is used to 
support the deterministic studies. 
Deterministic study of accidents: assessment of the way an accident is triggered 
and progresses, i.e. the different scenarios which are possible for the accident 
sequence. Studies shall be able to follow the evolution of the transient from the 
beginning of the accident until a stable situation. 

The aim of the safety approach, which supports the design and the assessment of a nuclear 
system, is to organize and achieve these studies (see Figure 3-2). For future nuclear systems 
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The accident must be analyzed, and that means studying the risks. Risk is the product of the 
occurrence probability of the accident/incident and of its consequences. Below is the Farmer 

accidents depending on the frequency of the accident and 

 
: Farmer diagram: conventional design basis conditions categorization [11] 

The “risk informed approach” integrates probabilistic and deterministic insights with the 
addition of uncertainties and a sensitivity analysis.  These two methods are described below:  

Probabilistic Safety Assessment (PSA): study and probabilistic quantification of all 
the accidental sequences leading to an unwilling event. This method is used to 

nt of the way an accident is triggered 
and progresses, i.e. the different scenarios which are possible for the accident 
sequence. Studies shall be able to follow the evolution of the transient from the 

The aim of the safety approach, which supports the design and the assessment of a nuclear 
). For future nuclear systems 
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the following key principles which define the safety approach are those related to the 
defence-in-depth and the multi
 

Figure 3-2: Relation between the defence in depth and and the deterministic and probabilistic 

 

3.1 Main principles for nuclear safety 

Referring to the Safety Authorities recommendations, the 
(as defined by INSAG-3, [13]) and its application, by means, among others, of the barrier 
principle, shall remain the basis of the safety design process for future plants 

3.1.1 Defence in depth 

“The strategy for defence in depth is twofold: first, to p

prevention fails, to limit their potential consequences and prevent any evolution to more 

serious conditions.” 

 

There are different levels of defence in depth

1st  level:  Prevention: Quality in design and achievement, prevention of nonconformity.
2nd level:  Surveillance, detection and control: Quality of operation, keeping the facility 

within authorised limits.
3rd level:  Safety systems and Protection systems design: Postulate of all

the following key principles which define the safety approach are those related to the 
depth and the multi-barrier approach of the accident. 

Relation between the defence in depth and and the deterministic and probabilistic 
criteria 

Main principles for nuclear safety [12] 

Referring to the Safety Authorities recommendations, the defence in depth

) and its application, by means, among others, of the barrier 
principle, shall remain the basis of the safety design process for future plants 

“The strategy for defence in depth is twofold: first, to prevent accidents and, second, if 

prevention fails, to limit their potential consequences and prevent any evolution to more 

defence in depth that shall be systematically applied: 
Quality in design and achievement, prevention of nonconformity.

Surveillance, detection and control: Quality of operation, keeping the facility 
within authorised limits. 
Safety systems and Protection systems design: Postulate of all
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the following key principles which define the safety approach are those related to the 

 
Relation between the defence in depth and and the deterministic and probabilistic 

defence in depth concept 
) and its application, by means, among others, of the barrier 

principle, shall remain the basis of the safety design process for future plants [14] [15] [16].  

revent accidents and, second, if 

prevention fails, to limit their potential consequences and prevent any evolution to more 

that shall be systematically applied:  
Quality in design and achievement, prevention of nonconformity. 

Surveillance, detection and control: Quality of operation, keeping the facility 

Safety systems and Protection systems design: Postulate of all plausible 
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incidents and accidents and implementation of means to limit the effects of 
these accidents to acceptable levels.  

4th level:  Accident management and containment protection, limitation of 
consequences: Prevention of deterioration of accidental conditions and 
limitation of severe accident consequences. 

5th level:  Response outside the site: Limitation of radiological consequences for 
populations in case of significant releases. 

 
 
3.1.2 Multi-barrier approach of the accident 
 
The multi-barrier approach is the first prevention against the contamination outside the 
power station. The number of barriers depends on the risk, and aims at the implementation 
of progressive defence architecture.  
Several physical barriers are interposed between the fuel and the environment of the power 
station and they are given as examples: 

- The cladding around the fuel preventing the release of fuel and gaseous fission 
products. 

- The primary circuit: for SPX, it is the intermediate containment, it includes the 
intermediate containment (main vessel and the roof) as well as the primary 
containment (security vessel and dome), for EFR, there are the main vessel and 
the security vessel with the roof. 

- The secondary confinement: the reactor building. 
 

 
Figure 3-3: Different successive barriers able to confine fission products (and other radioactive 

materials) in case of an accident [17] 

 
The multi-barrier approach enables to limit the releases outside the plant in case of an 
accident. The defence in depth enables to organize and implement the safety architecture, 
guaranteeing the efficiency of these barriers, and keeping the risk of the accident 
acceptable. 
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Moreover, there are three main functions of safety which aim at protecting these barriers:  
- Mastering of the chain reaction.  
- Removal of the residual energy. 
- Confinement of the radioactive products.  

 
 

3.2 Main families of accidents 
 

All the operating conditions or incident/accident events [18], which are needed to 
design and implement the safety related plant architecture and to design and size its 
components, are grouped into two main families: the Design Basis Conditions and the 
Design Extension Conditions. 

 
3.2.1  Design Basis Conditions 
 

Referring to the European Utility Requirements document [19], the definition of 
Design Basis Condition (DBC) is: « normal condition, incident and accident conditions of 

internal origin for which the plant is designed according to established design criteria and 

conservative methodology ». 
The conventional DBC - formerly called Design Basis Accident (DBA) - is characterised 

by a postulated initiating event, which occurs when the facility is in a given initial state. All 
the initial states characteristic of the plant (steady states and operational transients) shall 
be clearly defined by the designers (see step 1 on Section 4). For each DBC the plant 
response has to be analysed to check that the acceptance criteria, set forward for each of 
them, are respected.  

Each postulated initiating event shall be classified by category, based on their 
estimated occurrence frequency (i.e. in terms of frequency (f): events / reactor · year). 

Therefore, by analogy with the postulated initiating events, a similar categorisation is 
chosen for the DBCs. The plant safety assessment is structured through the analysis of these 
DBCs.  

As an example, the Figure 3-1 summarises the categorisation used in France. 
 

 

 

3.2.2 The Design Extension Conditions 
 

To complete the deterministic approach, the compliance with the 4th level of defence in 

depth imposes the integration of a possible lack of exhaustiveness in the deterministic 
assessment and, on the other hand, the demonstration of the potential of the facility for the 
prevention, control and limitation of the consequences of "severe accidents".  

The European Union Technical Safety Organisations (TSOs) elaborated a set of 
recommendations for the treatment of severe accidents for future PWRs. Coherently with 
the principles evoked above, it is considered that they are broadly applicable to future 
designs:  

« (...) For future designs, accidents beyond the «classical» deterministic design basis 

have to be considered at an early stage of the design to obtain a significant reduction of the 

probability of occurrence of severe accidents. Accident situations which would lead to large 



THE SAFETY APPROACH 

 

 21

early releases have to be «practically eliminated». For the remaining accident situations (...), 

the potential release of radioactive materials outside the containment system should be 

small, so that only limited protective measures are required.  

The accident scenarios to be considered early in the design process should be all those 

accidents, even of very low probability, that can be judged as physically plausible. (...) 

Severe accident sequences should be either «practically eliminated» if sufficient 

preventive design and operation provisions are taken, or «dealt with» (...).  

TSOs point out that the “practical elimination” of such accident sequences « shall be 

matter of judgement and each type of accident sequences has to be assessed separately. Due 

to the limited knowledge on some physical phenomena and due to the large variety of these 

types of accident sequences, the safety authority considers that their “practical elimination” 

cannot be demonstrated by the compliance with a general « cut-off » probabilistic value. » 
Therefore « There is a need to develop adequate guidance to clearly establish when 

"sufficient design and operation provisions" have been taken to practically eliminate a severe 

accident sequence. » 

Finally « Evaluation of severe accidents should be performed using a «best-estimate» 

approach together with a quantification of the uncertainties to determine, for representative 

scenarios, a spectrum of the possible outcomes. Systems and components provided only for 

severe accidents, should not require the same conservative analysis and requirements that 

are necessary for those developed to cope with «classical» design basis accidents; (...). There 

should be a high confidence that necessary equipment will survive severe accident conditions 

for the period that it is needed to perform its intended function ». 
In order to answer these requirements, the conventional DBCs, defined above, shall be 

completed by the integration of accidental situations generated by multiple failures (e.g.: the 
total loss of the redundant systems) or the severe accidents1. These situations studied for 
the prevention, the control and the limitation of consequences are qualified as Design 
Extension Conditions (DECs). Referring to the European utility requirements [19], the 
definition of DEC is: « A specific set of accident sequences that go beyond Design Basis 

Accidents (DBA), to be selected on deterministic and probabilistic basis and including: (1) 

Complex Sequences, and (2) Severe Accidents. Appropriate design rules and criteria are set 

for DEC, in general different from those for DBA ». 
Two types of accidents shall be considered: 

� The Complex Sequences for the prevention of severe accident configurations (i.e. core 
meltdown for fission reactors). The analysis of these sequences can lead to design 
additional systems and/or to adapt existing systems to guarantee that the 
corresponding safety objectives are verified. For these situations, additional failures 
will not be taken into account, and the conservative margins will be smaller compared 
to the DBC ones. From the safety point of view, the designer should aim at meeting the 
conventional design basis targets. 

� The Severe Accidents for the prevention of releases greater than the allowable design 
release. Specific objectives are established. As for the situations above, additional 
failures will not be taken into account, and the conservative margins can be smaller.  

                                                      
1
 Considering the needs for taking into account the different reactors specificity (e.g. no core melting for the gas cooled 

reactors core) the following definition is suggested to be applicable for future studies: Severe accidents are sequences with 

an estimated frequency lower than the Design Basis Conditions. In these accident conditions, the plant suffers damage. The 

potential for the release, outside the containment, of a significant radiological source term greater than the design release 

(i.e. unacceptable for the environment) exists. 
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For each of these families, a limited number of operating situations shall be identified 

and examined. These two classes (DBCs and DECs) of conditions compose the plant Design 
Basis (i.e. the complete set of plausible plant conditions used to design the “effective 
defences”). 
 
 

3.3 Method of the lines of defence 
 

Before dealing in detail with the above-mentioned technical safety objectives, it is 
interesting to discuss the notion of lines of defence (LOD). 

3.3.1 The notion of “line of defence” 

The proposed LOD methodology is based on the notion of line of defence, defined as 
follows: 

« Line of defence is an effective defence. This term is used for: 

• any inherent characteristic, equipment, system, etc., implemented into the safety 

related plant architecture,  

• any procedure foreseen coherently with the General Rules for Plant Operation (e.g. 

human actions: preventive, protective, etc.) 

the objective of which is to accomplish a given safety function. 

So, the implemented LODs shall fulfil the missions requested to prevent abnormal 

situations or to bring back the plant from the Plausible Plant Condition into a controlled 

safe condition and to maintain it in a safe state. That is these LODs, coherently with the 

defence-in-depth principle and depending on their rule, which shall permit to the plant to 

meet the safety objectives: preventing, or managing, or limiting the possible plausible plant 

conditions consequences. » 

It is important to underline that a system is called upon to play the role of a LOD within 
the framework of a mission, which is defined in given operating conditions, and which must: 
(1) meet a safety criteria, (2) respect the functional demands (performances, autonomy), (3) 
take into account the environmental conditions. Within the framework of this mission, the 
LOD must be able to guarantee the required level of reliability. 

The LODs are implemented to reduce the probability of occurrence of an undesired 
event (prevention) or to manage/limit the consequences arising from this event (protection). 
Obviously, an LOD will be effective when the initiating event lies upstream the considered 
LOD, with respect to expected evolution for the accident development. According to its 
nature and frequency, the considered event can itself correspond to the disappearance of a 
preventive LOD (e.g. a breach).  
 
3.3.2 Types of LODs 
 

In accordance with the expounded safety objectives, it appears advantageous to 
establish a classification of the LODs in different types. Two types of LODs are considered: 
the strong lines and the average lines [20]. 

 
The strong lines of defence (called “a”): The strong line of defence (a) corresponds 
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to an LOD designed to meet high reliability performances. Its probability of failure can vary 
within a range of 10-3 to 10-4 per year or per demand.  

The average lines of defence (called “b”): The average line of defence (b), does not 
meet the same design or implementation requirements (e.g.: lesser safety margins versus 
the LOD “a”) and it shows a lower reliability (e.g.: operator actions, etc.). Its probability of 
failure can vary within a range of 10-1 to 10-2 per year or per demand.  

 
3.3.3 The LOD methodology for design and assessment 
 

The technical safety objectives for internal events - 10-6 / reactor · year for preventing 
severe accidents; and 10-7 / reactor · year, for the design release - are essential but they 
cannot be directly used in the design. It is necessary to translate them, in a practical manner, 
into intermediate technical objectives that can guide the designer in the definition of the 
needed LODs (in terms of number/quality/reliability and their mutual interactions) and 
therefore of the safety related architecture of the project. The final objective is to be able to 
show that, for each initiator belonging to the second category, at least 2a+b LOD are 
implemented to protect the plant against the possible consequences. For the other 
categories the requirements in terms of number and quality of LOD are defined 
consequently. 

 
For the future SFR, the safety approach is not final but there are outlines for it and that 

is what is presented now. 
 
 

3.3.4 The safety approach for the future SFR [12] 
3.3.5 Goals and main principles for future SFR 
 
As seen earlier, in a sodium-cooled fast reactor, the reactor in operation is not in its most 
reactive configuration: for instance, when the temperature of the coolant increases, most of 
the time (except with specific features in the design) the reactivity increases. Consequently it 
is highly important to study all the types of accidents to ensure that the reactor safety is 
always maintained.  
 
When looking at the safety goals of the EPRTM [22] [23], it can be seen that they are very 
ambitious and that they guarantee a high level of protection. Consequently, reaching the 
same level of safety for the future SFR is a good target. Trying to reach an even more 
ambitious level of safety is not justified and would even be counter-productive1. 

The safety level for EPRTM is achieved through, inter alia: treatment of severe accidents, both 
in terms of prevention and consequences control and mitigation, and the practical 
elimination of some situations which consequences will not be considered by the design.  

This approach can be used for the future SFRs, and that already as from the design phase. 
Indeed, until now, the core and the systems were designed and then studies were 
performed on given accidents to see whether or not they were acceptable from the safety 
point of view.  

                                                      
1
 It could indeed lead to a more complex design of the reactor, which would not be in favour of safety. 
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Nowadays it is not possible to identify precisely which situations could be “practically 
eliminated” or those which would be included in the design.  
Nevertheless situations such as the complete core melting with high mechanical energy 
release are studied so as to “eliminate them in practice”. 
For the future SFR, it is important to have a robust safety demonstration; it can rely on the 
experience knowledge available as well as on the design choices and the R&D programs.  
The proposed design approach is mostly deterministic, based on the defence-in-depth, but it 
will have to take advantage of the tracks and indications given by the probabilistic studies. 
 
3.3.6 Safety approach for severe accidents 
 
Concerning severe accidents, the approach for the core conception aims at a significant 
decrease of the risk, and so an improvement in the prevention of accidents, so as to 
practically eliminate any risk for important reactivity insertion and all brutal mechanical 
energy release 
Two strategies can be employed to treat these accidents: 

- A design of a reactor which will practically eliminate the scenarios leading to 
whole core melting. It will be based on a very robust demonstration. The severe 
accident domain will be addressed selecting limited core melting. Different 
solutions can be studied, such as dealing with the feedback effects, with the 
margin to boiling. Such concepts are already studied, like the stabilized boiling of 
the core. 

- A reactor design which will take into account degraded core conditions up to the 
whole core melting to define the measures needed to manage its consequences 
([24], [25] and [26]). The strategy would retain some situations, others being 
"practically eliminated". This necessitates at first a complete analysis and 
understanding of the accident, so as to determine solutions that can be 
envisaged. An example of solution is the one studied by JAEA in Kazakhstan 
through the experimental verification EAGLE (Experimental Acquisition of 
Generalized Logic to Eliminate Recriticalities) of the FAIDUS and modified FAIDUS 
concepts (Fuel subassembly with Inner DUct Structure [27]) or/and the CRGT, 
Control Rod Guide Tube [28], see Appendix 2).  

Nevertheless, although the details of the design strategy are not yet known precisely, the 
analysis of the consequences of the complete core melting shall be performed early in the 
design for it affects heavily the design of the future SFR. 
The studies performed in the PhD dissertation are directly linked to the new approach of 
safety and to the second strategy described above. They can be located in a mechanistic 
study of severe accidents with very low occurrence probability: the Hypothetical Core 
Disruptive Accidents. HCDA are accidents that are mechanically possible but that have a very 
low probability (probabilistic goal is 10-6/yr/reactor). Indeed, the first goal of the PhD is to 
understand how the accident occurs and then the way which can be used to prevent the 
recriticality and to master the consequences in case of complete core melting.  
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Chapter 4 
 

4 NEW SFR DESIGNS FOR AN IMPROVED PREVENTION OF THE 

ACCIDENTS 

 

4.1 Previous designs: Phenix, Super-Phenix and EFR 

For the designs of Phenix, Super-Phenix (SPX) and European Fast Reactor (EFR), the study of 
the severe accidents was performed after the reactor design has been settled in details. If 
the study showed the accident had too important consequences, additional measures were 
taken so as to decrease its probability and its consequences. For example, an additional level 
of core shut down can be added. Nowadays, we aim at designing cores taking into account 
the safety from the conception on [29]. 
In the following, EFR was studied so as to have a reference to evaluate the new core designs 
of SFRs. The characteristics of the different cores are given in Appendix 3. 
 

 
Figure 4-1 : EFR core 

 
EFR is a 3600MWth oxide fuel reactor [30] 
which has been designed taking experience 
from Super-Phenix start up tests. It is 
considered as the reference concept as it 
was designed and studied almost entirely, it 
was ready to be built. EFR is a breeder 
reactor [31], the core itself is a Pu consumer, 
but thanks to the radial and axial breeding 
blankets, the breeding gain is about 0.15.   
The core has a loading frequency of 5: a fifth 
of the core is replaced every 340 EFPD1, and 
the core lifetime is 1700 EFPD. 

 

                                                      
1
 EFPD : Equivalent Fuel Power Day 
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4.2 Evolution of the studies: from SFR to BN1800  

4.2.1 SFRv0, SFRv1 and SFRv2b 

 
The second studied core is the SFR (Sodium-cooled Fast Reactor). It is the CEA-EDF-

AREVA 3600MWth oxide fuel reactor project. Since the beginning of the PhD, the project has 
evolved, so three different core variations have been studied: SFRv0, SFRv1 and SFRv2b. The 
first version SFRv0 [32] aims at reducing the core burn-up reactivity and reaching zero 
breeding gain. The core burn-up is lower than EFR (100GWd/t) and the residence time is 
longer (2050 EPFD vs 1700 EPFD for EFR). Sodium void reactivity is also reduced compared to 
EFR. The core has no blankets and was designed following some requirements: 

- Core diameter < 5m. 
- Core shape H/D ratio > 0.2. 
- Core ΔP < 5 bar. 
- Maximal cladding dose: 200dpa. 
- Sodium void reactivity < 6$. 
- Internal breeding gain ratio > -0.05. 

Moreover, in addition to these requirements, the core was designed so as to have 
favourable feedback effects in case of accident of loss of flow. The negative feedback effects 
in case of temperature increase were strengthened while the positive effects were reduced. 
Indeed, when compared to EFR, the fuel volume fraction was increased by using a bigger 
pellet with a hole (it enables the increase of the breeding gain ratio and especially the 
Doppler effect) while the sodium volume fraction is decreased (to reduce the sodium void 
effect). A sodium plenum can also be added and thus can reduce the void effect by around 
1$. Indeed, neutrons are scattered by the sodium from the plenum, and directed towards 
the core. However, when the temperature in the core increases, the temperature in the 
plenum also increases. Consequently the sodium density in the core decreases and it can 
even boil. The neutrons going in the plenum are less scattered than previously and less 
neutrons will return to the core. The neutrons which went through the plenum will be 
scattered and slowed above the plenum 
(by the steel of the vessel for example).  
However the study of this core in 2D 
showed that there were still some 
problems: the power flattering changes 
over the average cycle and the 
reactivity loss per cycle is low and 
contrary to what happens in known SFR 
[32]. This leads to great power 
variations on a cycle and to a power 
shape difficult to control. Consequently 
a 3D version of the core was modeled 
to perform an evolution including the 
rods insertion in the core: the SFRv1.  

 
 

Figure 4-2: SFRv1 core 
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Figure 4-3: The SFRv2b core on different views

 

4.2.2 BN1800 

The cores BN1800 are two cores of 4200MWth (1800MWe) designed by ROSATOM (Russian 
Nuclear Energy State Corporation): they differ by their fissile height, 80cm for the first one, 
100cm for the second one (see 
the following requirements [34]
well as total reactivity coefficient of coo
the whole range of reactor parameters changes under the normal operation, abnormal 
operational events, including DBAs. Consequently, ROSATOM had designed the cores 
BN1800 so as to have a negative voiding ef
and the main result of it was a zero
the upper protections with boron are voided. However, the reproduction of the benchmark 
with ERANOS (see Chapter 6.2
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: The SFRv2b core on different views 

From this new 3D version, improvements 
were done to stabilize the power shape 
during the cycle: the core SFRv2b i
obtained [33]. Diluent subassemblies 
were added in the core so as to better 
distribute the power variations during the 
cycle. The density of ther
lower than in the previous concepts. The 
subassembly description and thus the 
volume fractions were also changed: the 
fuel volume fraction is decreased while 
the structure volume fraction is 
increased. The enrichment is increased. 
Moreover, so as to have a smaller 
expansion effect of the structure, the 
material of the cladding is changed: 
before, 15-15Ti AIM1 (
Improved Material 1, austenitic steel) was 
used both for the claddings and the 
hexcans, while now, the claddings are in 
ODS (Oxide Dispersion Strengthened, 
ferritic steel). The use of ODS decreases 
the expansion effect of the claddings. This 
core is studied without sodium plenum.
Finally, the core SFRv2b has a stable 
power shape, good neutronics 
coefficients (density of thermal power, 
breeding gain, etc.) and good feedback 
coefficients. However, the sodium void 
effect is still important (5.5$), and it can 
be decreased. 
 

The cores BN1800 are two cores of 4200MWth (1800MWe) designed by ROSATOM (Russian 
Nuclear Energy State Corporation): they differ by their fissile height, 80cm for the first one, 
100cm for the second one (see Figure 4-4 and Figure 4-5). Russian laws oblige

[34]: temperature and reactor power reactivity coefficients as 
well as total reactivity coefficient of coolant and fuel temperature must be negative within 
the whole range of reactor parameters changes under the normal operation, abnormal 
operational events, including DBAs. Consequently, ROSATOM had designed the cores 
BN1800 so as to have a negative voiding effect.  The cores were received as a benchmark 
and the main result of it was a zero-voiding effect when the core, the sodium plenum and 
the upper protections with boron are voided. However, the reproduction of the benchmark 

6.2) showed that the voiding effect was not zero, but 2.6$ for the 

27 

From this new 3D version, improvements 
were done to stabilize the power shape 
during the cycle: the core SFRv2b is 

. Diluent subassemblies 
were added in the core so as to better 
distribute the power variations during the 
cycle. The density of thermal power is 
lower than in the previous concepts. The 
subassembly description and thus the 
volume fractions were also changed: the 
fuel volume fraction is decreased while 
the structure volume fraction is 
increased. The enrichment is increased. 

as to have a smaller 
expansion effect of the structure, the 
material of the cladding is changed: 

15Ti AIM1 (Austenitic 
Improved Material 1, austenitic steel) was 
used both for the claddings and the 
hexcans, while now, the claddings are in 
ODS (Oxide Dispersion Strengthened, 
ferritic steel). The use of ODS decreases 
the expansion effect of the claddings. This 

ed without sodium plenum. 
Finally, the core SFRv2b has a stable 
power shape, good neutronics 
coefficients (density of thermal power, 
breeding gain, etc.) and good feedback 
coefficients. However, the sodium void 
effect is still important (5.5$), and it can 

The cores BN1800 are two cores of 4200MWth (1800MWe) designed by ROSATOM (Russian 
Nuclear Energy State Corporation): they differ by their fissile height, 80cm for the first one, 

). Russian laws oblige SFRs to meet 
: temperature and reactor power reactivity coefficients as 

lant and fuel temperature must be negative within 
the whole range of reactor parameters changes under the normal operation, abnormal 
operational events, including DBAs. Consequently, ROSATOM had designed the cores 

fect.  The cores were received as a benchmark 
voiding effect when the core, the sodium plenum and 

the upper protections with boron are voided. However, the reproduction of the benchmark 
) showed that the voiding effect was not zero, but 2.6$ for the 
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80cm-high core, and 4.3$ for the 100cm
Considering that the cores have a sodium plenum and upper protections with boron, the 
core with 100cm of fissile height is very close to the SFRv2b, 
very interesting and shows that a decrease in the fissile height coupled with the addition of a 
sodium plenum and upper protections with boron enable to decrease the voiding effect by 
1.7$. It is also important to notice that 
say the breeding ratio, the density of volume power, etc. are correct. The only drawback is 
the important enrichment and the important initial mass of plutonium (17.3 tons for the 
80cm-high BN1800 and 10.5 tons for the SFRv2b).
 

Figure 4-4: Scheme of the cores BN1800 with fissile heights of 80 and 100cm

 
 

 
Figure 4-5 : 3D scheme of the BN1800 cores with respectively fissile heights of 100 and 80cm
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high core, and 4.3$ for the 100cm-high core (the whole study is in 
Considering that the cores have a sodium plenum and upper protections with boron, the 
core with 100cm of fissile height is very close to the SFRv2b, however the 80cm
very interesting and shows that a decrease in the fissile height coupled with the addition of a 
sodium plenum and upper protections with boron enable to decrease the voiding effect by 
1.7$. It is also important to notice that the neutronics characteristics of the cores, that is to 
say the breeding ratio, the density of volume power, etc. are correct. The only drawback is 
the important enrichment and the important initial mass of plutonium (17.3 tons for the 

10.5 tons for the SFRv2b). 

: Scheme of the cores BN1800 with fissile heights of 80 and 100cm

 

: 3D scheme of the BN1800 cores with respectively fissile heights of 100 and 80cm
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high core (the whole study is in Appendix 4). 
Considering that the cores have a sodium plenum and upper protections with boron, the 

however the 80cm-high core is 
very interesting and shows that a decrease in the fissile height coupled with the addition of a 
sodium plenum and upper protections with boron enable to decrease the voiding effect by 

the neutronics characteristics of the cores, that is to 
say the breeding ratio, the density of volume power, etc. are correct. The only drawback is 
the important enrichment and the important initial mass of plutonium (17.3 tons for the 

 

: Scheme of the cores BN1800 with fissile heights of 80 and 100cm 

 

: 3D scheme of the BN1800 cores with respectively fissile heights of 100 and 80cm 
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To conclude, the designs of the cores have evolved since Phenix and Super-Phenix, 
and even EFR. Cores have been designed so as to limit the positive reactivity feedbacks in 
case of temperature increase (mostly the sodium expansion feedback), and increase the 
negative effects (like the Doppler effect). In Appendix 5, the feedback coefficients of the 
cores SFRv2b and EFR-type are given, as well as transients of ULOF. They show that it is not 
sufficient to improve the behaviour of the core during the accident; other improvements in 
the conception must be performed. These improvements aim at designing a core with a 
zero-voiding effect, as this could be interesting in case of accidents. 
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Chapter 5 
 

5 THE HYPOTHETICAL CORE DISRUPTIVE ACCIDENTS (HCDA) 

The situation of HCDA, where there is a general melting of the core, must be studied 
because this risk has particular aspects which are very specific to the SFR concept. Indeed, 
during the normal operation, the core is not in its most reactive configuration. The melting 
of the core leads to important modifications in the distribution of materials in the core (e.g. 
the relocation of the claddings), which can create large reactivity insertions, and it can also 
lead to some relocation of the materials, towards another critical fissile mass such as the 
ones possibly occurring in case of slump-down of the core.   

5.1 Objectives of the study of the HCDA 

The first objective is to conceive the reactor so that the occurrence of the accident becomes 
very unlikely: that is prevention.  
The consequences of the accident must however be taken into account: that is mitigation 
[35]: 

- The reactor, and more particularly the core, must be designed so as to minimize 
the consequences of the accident [36]. 

- Dispositions must be taken so as to reduce the consequences of the accident. 
Finally, the demonstration of safety must prove that the consequences of the accident are 
acceptable in term of radiological release in the environment. 
 
The analysis of the consequences of the HCDA aims at: 

- Quantifying precisely the importance of the current phenomena, so as to: 
� Indentify the parameters which most impact the scenario of the accident, 

and examining their optimization. 
� Deduce ways to introduce systems able to attenuate the consequences 

and the associated uncertainties. 
� Estimate the likely value of the mechanical energy released and deduce 

the consequences on the structures of confinement and the systems of 
heat removal. 

- Checking if the corium and the structures from the core catcher are stable on 
long-term.  

- Estimating the consequences of the accident in term of radiological release in the 
environment and of induced effects inside the reactor, e.g. in term of sodium fire 
or problems of confinement. 
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5.2 Possible initiators 

 
The analysis of the accidents of general melting of the core should not be linked to a possible 
initiator, as the theory of defence in depth must be used for the studies. However, to 
prevent from having too penalizing studies, the sequence of the accident must be described 
precisely, which means from the beginning of the accident. 
The demonstration must be robust and consequently: 

- All the situations of melting of the core must be envisaged. 
- The situations for which the consequences cannot be minimized must be 

identified, and dispositions must be taken so as to lead to their “practical 
elimination” [37]. 

- The consequences of the representative situations of the phenomena must be 
examined. 

 
As there are many accidents for which detailed studies cannot be performed, representative 
cases are chosen, and the studies are performed only on these cases. The accident, which is 
chosen to be representative of a group of accidents, should lead to the most severe 
consequences given the representative character it should have. In the past, a best estimate 
calculation was sufficient for the demonstration. This is changing gradually and all the 
hypotheses and uncertainties should be carefully checked and/or demonstrated for the 
calculation to be representative of the worse situations.  
The chosen initiators for the representative cases are the following ones: 

- The Unprotected Loss Of Flow (ULOF), even though it is very unlikely. All the 
physical phenomena which can occur during this situation of core melting 
(boiling, melting, fuel/coolant interaction) are present in this situation. 

- An Unprotected Subassembly Fault (USAF), representing the propagation of the 
melting of the core. There are two possible initiators for this accident: 

� Local loss of flow: the representative case is the Total Instantaneous 
Blockage (TIB), where an subassembly is blocked during the functioning at 
nominal power [38]. 

� Local increase of power: it is a control rod withdrawal. 
- The withdrawal of one or several control rods, it is the Unprotected Transient 

Over Power (UTOP). 
 

The local increase of power or the withdrawal of one or several control rods is an accident of 
higher frequency which should not lead to any melting of fuel. The core of the reactor is 
designed adequately by a correct core power level and an adequate choice of number, size 
and location of the control and safety rods. 
 
In the PhD report, two accidents of very low frequency, but considered as representative 
cases of HCDA, have been studied: the ULOF and the TIB. 
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5.3 Unprotected Loss Of Flow (ULOF)

This accident has been considered as representative of the worse phenomena of 
degradation for CDA accidents. However, for it to be considered as a representative case of 
the worse situations, the conditions which lead to its s
the failure of the primary pump without SCRAM) are sometimes worsened by removing 
some of the feedback effects or adding uncertainties to some of the feedback effects. 
Depending on the core design and those conditions, the scenario might be different (see 
Appendix 6, [39]). 

5.3.1 The scenarios 

The different possible scenarios were analyzed thanks to calculation codes specific to severe 
accidents and their associated damaged conditions.
This accident can be divided int

- The accidental transient.
- The primary phase of the accident.
- The transition phase of the accident.
- The secondary phase of the accident.

 

� The accidental transient

 
When the accident begins, the sodium flow rate is highly reduced (to a back
and the core temperature increases. This increase in the temperature creates feedback 
effects having positive or negative effects on the reactivity. Consequently, the sodium 
expansion and the structure materials expansion (cladding and hexcan) have a positive effect 
on the reactivity, while fuel expansion, grid expansion and core
expansion have a negative effect on the reactivity. Another very important effect when 
temperature increases is the Doppler effect, which is highly negative. Below is an example of 
reactivity feedback effects during an ULOF.
 

Figure 

ISRUPTIVE ACCIDENTS (HCDA) 

protected Loss Of Flow (ULOF) 

This accident has been considered as representative of the worse phenomena of 
degradation for CDA accidents. However, for it to be considered as a representative case of 
the worse situations, the conditions which lead to its study (which are the loss of flow due to 
the failure of the primary pump without SCRAM) are sometimes worsened by removing 
some of the feedback effects or adding uncertainties to some of the feedback effects. 
Depending on the core design and those conditions, the scenario might be different (see 

The different possible scenarios were analyzed thanks to calculation codes specific to severe 
accidents and their associated damaged conditions. 
This accident can be divided into several phases (see Figure 10-5 on Appendix 

The accidental transient. 
The primary phase of the accident. 
The transition phase of the accident. 
The secondary phase of the accident. 

The accidental transient 

When the accident begins, the sodium flow rate is highly reduced (to a back
and the core temperature increases. This increase in the temperature creates feedback 

positive or negative effects on the reactivity. Consequently, the sodium 
expansion and the structure materials expansion (cladding and hexcan) have a positive effect 
on the reactivity, while fuel expansion, grid expansion and core-vessel

xpansion have a negative effect on the reactivity. Another very important effect when 
temperature increases is the Doppler effect, which is highly negative. Below is an example of 
reactivity feedback effects during an ULOF. 

Figure 5-1 : Feedback effects in case of ULOF 
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This accident has been considered as representative of the worse phenomena of 
degradation for CDA accidents. However, for it to be considered as a representative case of 

tudy (which are the loss of flow due to 
the failure of the primary pump without SCRAM) are sometimes worsened by removing 
some of the feedback effects or adding uncertainties to some of the feedback effects.  
Depending on the core design and those conditions, the scenario might be different (see 

The different possible scenarios were analyzed thanks to calculation codes specific to severe 

Appendix 7): 

When the accident begins, the sodium flow rate is highly reduced (to a back-up flow rate) 
and the core temperature increases. This increase in the temperature creates feedback 

positive or negative effects on the reactivity. Consequently, the sodium 
expansion and the structure materials expansion (cladding and hexcan) have a positive effect 

vessel-rod differential 
xpansion have a negative effect on the reactivity. Another very important effect when 

temperature increases is the Doppler effect, which is highly negative. Below is an example of 
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If the feedback effects are favourable enough it is likely that no sodium boiling will occur. It 
is however possible to reach the sodium boiling point if the core and the plant have not been 
chosen adequately or if calculation conditions are taken in a very unfavorable way (by 
assuming that the feedback effects are reduced due to the lack of understanding of the 
various phenomena or due to computational uncertainties). 
At that moment, the primary phase of the accident begins. 
 

� The primary phase of the accident 

 
The sodium boiling can stabilize: when considering SPX, the voiding of the superior axial 
blankets has a negative reactivity effect. If the boiling is not stabilized, it can lead to general 
sodium boiling of the core. When the sodium voiding occurs, temperature of the cladding 
increases and reaches the melting temperature (1300K, but the claddings lose their 
mechanical properties at 1100K), the fuel expands and fission products apply pressure on 
the cladding, it breaks and expanding fuel fills all the voided zones (sodium channels). The 
coolant voiding created a great reactivity insertion. The fuel expansion makes it decrease but 
it does not prevent the primary power excursion. 
 
The rest of the scenario depends highly on the magnitude of the primary excursion: 

- If the primary excursion is very weak, the fuel axial expansion could make the 
core under-critical, there would consequently be no melting of the hexcans and 
no core slump-down, which means no secondary power excursion. 

- If it is moderately energetic, a part of the fuel is ejected outside the core (in the 
upper parts) but not enough to avoid a power secondary excursion during the 
core slump-down (hexcans which are collapsing induce the fall of the upper part 
of the core in the fissile zone). 

- If the primary excursion is very energetic, enough fuel is ejected outside the core 
to avoid any other recriticality risk. 

At the end of the primary power excursion, if this one was sufficiently energetic, part of the 
fuel has been ejected in the upper part of the core where it becomes solid. 
 

� The transition and the secondary phases 

 
From this point on, the fuel was partly scattered and different scenarios can be considered. 
Three different paths can be studied, depending on whether or not there is an important 
blockage in the subassemblies. 

- If there is no blockage:  
- There can be a strong interaction sodium-molten fuel, followed by strong 

fuel dispersion, thus stopping the accident. 
- There can be a direct dispersion by volume expansion of a vapour bubble, 

otherwise, the dispersion phenomena are not sufficient enough to stop 
the accident and it may create blockages in the subassemblies, which 
would lead to the next phase. 

- Or if there is an important blockage: the accident enters a transition phase, then 
there is the hexcan going into melting, the zone above the fissile zone collapses 
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and leads to a core slump-down and a secondary power excursion. The accident 
ends by a vapour bubble expansion which disperses the fuel. 

5.3.2 Ways of improvements and envisaged strategies of mitigation 

� Primary phase 
The reactivity insertion (and the power excursion) during the primary phase is due to the 
voiding of sodium: it is this effect which must be decreased, whether by making the voiding 
of sodium have a smaller impact on reactivity or by increasing the negative effects on 
reactivity such as the Doppler effect. Heterogeneous cores such as the BN1800 are 
interesting because their low voiding effect. 
 

� Transition phase 
This phase corresponds to the first melting of fuel and so, the reactivity can increase if fuel 
slump-down occurs or decrease if fuel is dispersed. Consequently, solutions are studied so as 
to eject fuel: with the squirting effect or with other solutions such as the Faidus 
subassembly. 
 

� Secondary phase 
In this last phase, all the fuel is molten, and that can lead to recriticality. Two solutions can 
be envisaged: 

- Fuel can be ejected from the core, far enough and definitely, for recriticality to be 
prevented. 

- Absorbing or diluting material can be added in the molten pool to decrease the 
reactivity effect of the slump-down.  

However, these solutions need specific systems to be efficient, and these systems must be 
available as soon as possible before the slump-down of the pool. 

5.4 Total Instantaneous Blockage (TIB) 

The Total Instantaneous Blockage (TIB) is not an accident whose conception can be studied 
to be eliminated or to have limited consequences. It is a postulated accident, which is not 
very credible when looking at the conception of the subassembly (close to EFR for the new 
designs: lateral sodium inlet at the bottom of the subassemblies, existence of an expansion 
chamber at the bottom of the pins, use of space grids). However the accident must be 
studied and here the problematic is to detect the accident soon enough to limit its 
consequences. Consequently, it is important to know the scenario of the accident as well as 
to have an appropriated instrumentation. The “active” safety approach is then: detection 
(sensors, amplifiers), command (activation) and insertion (shutdown of SCRAM). 
 

5.4.1 The scenario 

Because of high volume powers (about 300W/cm3 in EFR and 200W/cm3 in SFRv2b), the SFRs 
are particularly sensitive to the risks of blockage. A local loss of coolant could then lead to a 
melting of fuel. The accident could propagate to the rest of the core if nothing stops it.  
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Several accidents of blockage of subassemblies happened on SFRs. Some of them can be 
quoted: 

- On the Fermi-I reactor1 (1966), two subassemblies melted because of a blockage 
of their flow due to a migrant corpse. 

- On SPX (1986), the “Prolabo” plug was forgotten in a new subassembly but it was 
detected early thanks to the temperature detection at the outlet of the 
subassembly. 

- On BN600 (1987), partial blockage of subassemblies occurred leading to a few 
cladding break-ups. This was due to a fall of impurities created on the roof of the 
reactor in the primary circuit. 

- On PFR (1991): partial blockages of subassemblies were detected. They were 
caused by a leak of oil from the primary pump which created carbonated 
agglomerates.  

 
 

The TIB scenario is very different from the ULOF one (see Figure 10-6 in Appendix 7). It 
is supported by experiments performed in the SCARABEE reactor [41]. 

After the subassembly blockage, the sodium begins to boil very quickly (2s). The 
subassembly is completely voided in 4-5s. The loss of coolant and the wall dry-out makes the 
cladding temperature increase and they finally melt (5-6s). They trickle down towards the 
inferior blockage. Fuel also melts and a liquid pool is created. Steel boils and fission products 
are released. An upper blockage is created. 
If it is not leak proof, the accident continues by the failure of a close hexcan (15-20s). 
In case it is leak proof, the inter-assembly sodium begins to boil and the internal hexcan is 
attacked (15-20s). 
 

The following of the scenario depends on the way the hexcan reacts: 
- The hexcan breaks in a corner, the molten pool goes into the inter-assembly, the 

neighbouring subassemblies are surrounded by molten pool, thus provoking 
directly the sodium boiling in a new subassembly: the sequence begins again. It 
can lead to the failure or the melting of the third-ring hexcans. The discharge of 
fuel in the inter-assembly can also create the failure of a third-ring hexcan corner. 

- There is no hexcan rupture, but it begins to melt in the middle of the face of the 
hexcan. The accident propagates to the neighbouring subassemblies, but there 
also can be sodium re-entry. 

The accident propagates to the neighbouring sub subassemblies in about 2 seconds. 10 
seconds later, the molten pool is created in the neighbouring subassembly. The TIB does not 
propagate to the 6 neighbouring subassemblies simultaneously, it has a favourite direction; 
however, the six neighbouring subassemblies are rapidly attacked. 

15 seconds later the 12 other neighbouring subassemblies of the second ring are 
attacked. 

During the third-ring propagation, rods must fall. The accident stops. 
 
For the severe accidents studies of EFR, TIB propagation times were revised thanks to 

                                                      
1
 The Fermi-I reactor was a fast breeder reactor which was commissioned in 1957 and was located in Michigan, 

USA. The BN600 core is a 560MWe-SFR put in operation in 1980 in Zarechny, Russia. The Prototype Fast 
Reactor (PFR) core is a 250MWe-SFR, which reached criticality in 1974, in Dounreay, UK. 
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calculation using the SIMMER code: 

- Flow rate stops at t=0 second. 

- Sodium boiling: 1.5 seconds. 

- Clad melting: 6.5 seconds. 

- Fuel and metal molten pool: 9.4 seconds. 

- First hexcan failure: 19 seconds. 

- Second hexcan failure: 19.6 seconds. 

- Accident propagation: 20.6 à 23.6 seconds. 
 
After the first hexcan breaks, delayed neutrons emitters are released in the sodium and they 
can be detected by the Delayed Neutron Detectors (DND, see 5.4.2.1) which are located 
above the core.  They consequently activate the SCRAM. The challenge in the safety 
demonstration of EFR was to prove the accident could be detected before the propagation 
of the melting to the 6 neighbouring subassemblies (a more important melting of 
subassemblies could lead to configurations which could not be cooled and which could 
possibly be critical even with inserted rods). This demonstration was difficult as the time for 
the delayed neutron emitters to reach the detectors was about 10 seconds, and very close to 
the time when the melting propagates to 7 subassemblies. The evaluations of the safety 
report of EFR gave a margin of about 2 seconds. 

5.4.2 Methods of detection thanks to instrumentation and stop of the accident 

5.4.2.1 Measures of radioactivity 

The first one is the DND: it was integrated to the intermediate heat exchangers for example 
in both Phenix and Super-Phenix. In Phenix, the response time was too large to be useful in 
case of TIB: the calculation showed the rods had to shutdown less than 12 seconds after the 
beginning of the accident, while the time between the melting of the claddings and the 
shutdown of the rods was 32 seconds, and that if the delayed neutron emitters are released 
when the claddings melt. Consequently, for Phenix, this system of detection could not be 
used for the TIB. 
The time of detection thanks to the DND could be improved: 

- The detectors could be located closer to the core, thus decreasing the time of 
detection. 

- The delayed neutron emitters could be released sooner, e.g. if there were holes in 
the hexcans: they would be released as soon as the claddings break.  

However this detection in a time inferior to 10 seconds is problematic as it depends mostly 
in the detection of the fission products of the surrounding subassemblies to the one where 
the blockage occurs, as well as on the transport of the fission products via sodium to the 
detector. The DND must also be able to localize the damaged subassembly. 
 
The detection of the cladding failure: its sensitivity depends on its place and the time of 
hydraulic transit (for instance in Super-Phenix it was 10 seconds). 
The last point is the measure of the activity of the gas plenum (Neon 23, with a period of 40 
seconds): this measure has no effect when the subassemblies are new. 
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5.4.2.2 Neutronics measures 

The measures of flux from the neutronics chambers enable to deduce the power, the 
doubling time and the reactivity with a very low response time. The safety authorities want 
to have a measure of flux which is representative of the core whatever the state of the 
reactor, form the cold state to the nominal state. 
 
There were in Super-Phenix three neutron guide tubes where there were two independent 
neutronics chambers [42]. For the new SFR, the detectors could be placed in the vessel: in 
the bottom of the subassemblies or in the core in diluting subassemblies. This would give an 
integrated value and would necessitate fewer detectors to have the information. 
Variations of reactivity in Phenix could be detected at ±10 pcm. It was the system which was 
used in Phenix to detect the TIB. 
 

5.4.2.3 Measures of the inlet and outlet sodium temperatures 

In SFR cores, the measures are performed thanks to thermocouples placed in the upper core 
structure (UCS).  In Phenix and Super-Phenix, there were two thermocouples per 
subassembly, while in the EFR project three thermocouples were planned. 
 
The main problem is that it takes a lot of place in the UCS, and that the time constants are 
rather high (4.2 seconds in Phenix and 1.1±0.5 second in Super-Phenix). The precision on the 
temperature which can be detected at the oulet of the core in Super-Phenix was 4K for a 
temperature of 818K [42] [43]. The number of thermocouples in the UCS could be reduced 
because of the place and also because most of accidents do not need an information per 
subassembly. However in this case, for the TIB, it should be demonstrated that a later 
detection of the accident would still be acceptable. 
 

5.4.2.4 Additional dispositions for the detection 

They are different types of detections under study: 

- An acoustic detection based on the characterization of the sodium boiling signal 
larger than the background noise (e.g. SONAR in Phenix). 

- Other tracks are studied, such as a finer detection of the temperatures at the 
outlet of the subassembly, or the use of a flow meter at the outlet of each 
subassembly. 

 

5.4.2.5 Start of the SCRAM 

Once the accident is detected, the information is sent to the SCRAM. 
There are two shutdown systems (considered as two “strong” lines of defense) which are 
completely different and independent: they are constituted with different absorber 
elements and corresponding to their different roles. The first one is dedicated to the 
compensation, the control and the stop of the reactor, while the other ones are used for the 
shutdown of the reactor (they are not inserted in the reactor when it functions). 
These systems are activated whether automatically whether by the pass over of threshold 
values from the instrumentation or manually. 
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5.5 Post-accident management 

Once the accident is mastered, it is not finished, mostly if materials have come to melting. 
Systems have been developed to control also the post-accident phase. 

5.5.1 Mechanical energy release and structure resistance  

The power excursion has a great impact on the mechanical energy release. Usually, it 
is assumed that the whole released energy is used to form a diphasic sodium-fuel vapour 
bubble. This bubble creates pressures on the vessel and the goal is to check that the vessel 
can sustain such a mechanical load. 

The primary confinement was designed to resist, as reasonably as possible, to a great 
mechanical energy release. The goal is to design a resistant confinement, having a 
homogeneous behaviour, without any sensitive point. The secondary confinement must also 
be optimized to confine radio-elements in the worst conditions.  
 

5.5.2 Corium creep and core catcher  

In case of CDA, one solution is to eject fuel from the core. However this fuel must be 
cooled and it must be ensured that the ejected fuel is not going to become critical. It is the 
role of the core catcher. It is a zone of fuel retention that has a form studied for the fuel not 
to become critical again, and where some diluents or absorbers (such as B4C) can be added. 

 
The studies performed for the demonstration of safety of Super-Phenix showed a lot 

of weaknesses concerning the post-accidental cooling (possibilities of bypass of the corium 
outside the core-catcher, integrity of the core-catcher, etc.). The reliability of the 
demonstration of safety needs now confirmation or improvement in terms of design and 
demonstration:  

- One of the biggest challenges is to demonstrate that the corium will be able to fall 
on the core catcher and is not going to create plugs that would prevent its fall. 
Moreover, the corium must be stable on the core-catcher, for it to be cooled and 
stay subcritical. 

- The margin to the risk of recriticality must be proved, thanks to geometrical 
systems (maximization of the neutron leakage) or thanks to the addition of diluents 
or absorbers, until the corium is cooled to the temperature of the cold source. 
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Chapter 6 
 

6 CODE SYSTEMS USED FOR THE CALCULATIONS 

 
Several codes are used to perform the studies. First, to perform the neutronics studies, the 
ERANOS code system was used. Another neutronics code was sometimes employed (most of 
the time to check the accuracy of the other calculations): TRIPOLI. These two codes are static 
neutronics codes. 
Then, there are the codes dedicated to the study of severe accidents. The first one is SAS4A, 
it is often quoted as reference in the document for the primary phase of the ULOF accident 
and used to perform validation of another code: SIMMER. Finally, SIMMER is a coupled 
thermohydraulics-neutronics code which was used to perform the studies on the ULOF and 
TIB. 

6.1 TRIPOLI 

 
TRIPOLI is a code developed by the CEA, which solves the Boltzmann equation in three 
dimensions for neutrons and gamma rays using the Monte-Carlo method [44].  
The Monte-Carlo (or probabilistic) method consists in tracking one neutron in the reactor 
core and looking at the interactions that might occur. A great number of simulations are 
performed so as to have good statistics on the results. This method is interesting because 
there is no need to write explicitly the Boltzmann equation, it is only a question of 
probability of interaction. 
 
TRIPOLI is used to perform design studies and also benchmarks (for the validation of cross-
sections). What is mostly interesting in TRIPOLI and generally in Monte-Carlo codes is that 
neutronics calculations can be performed with a fine treatment of cross-sections and 
thermalization and also without the problem of self-shielding of cross-sections. 
Indeed, TRIPOLI can be used with different descriptions of neutron cross-sections: 

- Step function in 315 energy intervals between 0 and 19MeV (data from ENDF/B). 
- Punctual values (40000 energy points) between 5keV and 5eV. Out of this range a 

fine group representation is used. 
- Step number with any number of energy groups (maximum 8000) for UKNDL 

neutron data. 
When using the cross-sections with punctual values the self-shielding calculation is 
performed automatically without taking any specific measure. However, in the unresolved 
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resonance range, where no pointwise data are available, a specific statistical treatment is 
performed using probability tables (representing the unresolved resonances statistically).  
Finally, TRIPOLI is generally used to perform neutronics studies on cores and criticality 
studies. It is the reference method for these studies.  
 
 

6.2 ERANOS  

 
ERANOS (European Reactor ANalysis Optimized calculation System) has been developed 
during the last 20 years within the European Collaboration on Fast Reactors. This is a 
deterministic neutronics code system capable to solve the Boltzmann equation and enables 
to perform reference and design calculations for fast reactors by giving the flux shape and 
amplitude, as well as the reactivity.  
 
Additional functions make it possible to do perturbation or sensitivity calculations, to see the 
neutron balance, etc. Indeed, ERANOS solves the neutron transport equation and calculates 
the direct flux but it can also calculate the adjoint flux. It is this particularity that makes 
ERANOS very interesting, as it can provide reactivity coefficients for transient studies and it 
enables to determine the uncertainty of core characteristics through the use of sensitivities 
of nuclear data and uncertainties associated to nuclear data (variance covariance matrices).  
 
ERANOS code system is divided into two parts: the cell calculation with the ECCO1 cell/lattice 
code, which provides cross-sections and matrices to the second part, the ERANOS core 
calculation [45].  
 

                                                      
1
 European Cell COde, its development was decided in 1985. 
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Figure 6-1: ERANOS calculation scheme 

 
 
The three main phases of the calculation scheme applied for the current purpose will now be 
described: the library creation, the cell calculation and to finish the core calculation. 
 

6.2.1 Neutronics libraries used 

 
There are different libraries used in ERANOS: they differ from one another in the number of 
energy groups and also in the evaluation of the cross-sections. 
The evaluated libraries are JEF-2.2 (Joint Evaluated File version 2.2), which was released in 
1992; ERALIB1 which is obtained by applying statistical adjustment procedures to the JEF-2.2 
library; and JEFF-3.1 (Joint Evaluated Fission and Fusion File version 3.1), which was released 
in 2005.  
The JEFF evaluations are issued thanks to a collaboration of different NEA (Nuclear Energy 
Agency) Data Bank members. They contain a number of different data types, including 
neutron and proton interaction data, radioactive decay data, fission yield data, thermal 
scattering law data and photo-atomic interaction data. They are released in the ENDF-6 
format (Evaluated Nuclear Data File Version 6). 
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Evaluated data libraries are a major source of uncertainties on core characteristics. The 
uncertainties are calculated through the use of sensitivities to nuclear data and uncertainties 
associated to nuclear data (variance covariance matrices) and reduced through the use of 
integral experiments (either from zero power facilities or experiments in power reactors).
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Figure 6-2: Creation of a library for ECCO [47] 
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6.2.2 ECCO: Cell calculations 

The cell calculation can be performed for homogeneous or heterogeneous material 
compositions. The cell is consequently described either by the volume fractions or in case of 
a heterogeneous cell, by the whole cell geometry: the pins, the cladding, the sodium 
channels, the hexcan and the inter-assembly sodium, with all the dimensions. The material 
data are also given (expansion coefficients, molecular weight, compositions, etc). 
 
The cell calculation is performed in two dimensions, that is to say the lattice cell is described 
as an infinite lattice of identical cells. 
 
There are two routes of calculation for fuel cells: the standard route to perform standard 
calculations (design route), at 33 energy groups, and the reference route, for detailed and 
more precise calculations, at 33 energy groups with a self-shielding step at 1968 groups. 
 
ECCO steps all have the same structure but might lead to more or less detailed calculations 
depending on the options and their place in the sequence (see Figure 6-3): the geometry is 
described, and then there are iterations between flux and self-shielding calculations [47]. 
The macroscopic total cross-sections are first calculated for each region which enables to 
calculate the collision probabilities. The flux is calculated thanks to these collision 
probabilities and the self-shielded cross-sections are calculated using the flux. This method 
to calculate the self-shielding is called the sub-group method. There are then other 
calculations: tests of convergence, calculation of the down-scattering sources, condensation 
or deconvolution if necessary (depending on whether the number of energy groups goes 
from 33 to 1968 or from 1968 to 33, nothing if it stays the same), test of convergence and to 
finish homogenisation or deconvolution (in case of a heterogeneous cell). 
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Depending on whether the core region is a fuel or a structure or a fertile cell, the calculation 
scheme is different. For the fuel cells, the buckling (it corresponds to the cell leakage) is 
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so as to perform an adequate cross
 
At the end, microscopic and macroscopic self
the core calculation. 
 
 
 
 
 
 

THE CALCULATIONS 

 
Figure 6-3: ECCO calculation scheme [47] 
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so as to perform an adequate cross-section self-shielding calculation. 

At the end, microscopic and macroscopic self-shielded cross-sections are given to perform 
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Depending on whether the core region is a fuel or a structure or a fertile cell, the calculation 
rent. For the fuel cells, the buckling (it corresponds to the cell leakage) is 

calculated in such a way that the cell becomes critical. However, a structure or a fertile cell is 
not critical by itself and neutrons must be provided. These neutrons are provided as an 
external source from another cell. This source is being calculated with the flux and the total 

section of that other cell (usually the one from the fuel cell) and a buckling is also given 

sections are given to perform 
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6.2.3 Core calculations 

There are different core solvers in ERANOS: in 1D, in 2D (RZ, XY and R-θ) and 3D (Hex-Z or 
XYZ), there are solvers for the transport equation or using a diffusion approximation. 
 
The two transport solvers are BISTRO (BI dimensional SN

1 TRansport Optimised code) and 
VARIANT. 
 

� BISTRO 
 
BISTRO solves the transport equation using its integro-differential form: 
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the scalar flux, H the collision operator, and F the fission operator.  
 
To do so, it uses the Discrete Ordinate method and finite volume numerical method Sn. It 
performs 2D (RZ, XY and R-θ) calculations. 
An interesting feature of BISTRO is that there are special procedures where it can be used 
for: sensitivity and perturbation calculations for example. 
 

� VARIANT 
 
VARIANT also solves the Boltzmann equation but using another form, the even parity form. 
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Spherical harmonics are used to solve the equation using the variational nodal method PN 
and SPN. It performs 2-D and 3-D Cartesian and hexagonal calculations.  
At the end, the scalar flux is given as polynomials. 

The problem with VARIANT is that it cannot converge in voided regions because of the 
σ
1

 

term: when σ  tends to zero, 
σ
1

 tends to infinity and the calculation diverges. Consequently, 

for severe accidents calculations, the accuracy of the calculations must be checked.  
 

� Diffusion solver 
 
The diffusion solver is interesting because the calculations run faster than in transport. 
However it makes a simplifying approximation with respect to the neutron current which is 
not done in transport and the results are not as precise as with the transport solver. Indeed, 
it is assumed that the current is weak if the flux gradient is also weak (use of the Fick law, 
see equation below). 
                                                      
1
 The SN method, or discrete ordinates method, is a discretization of the integro-differential form of the 

transport equation. The angular flux is discretized according to discrete values (the number of angles is a 
function of N, an even integer), and the particle flux is solved along each angular base point [48]. 
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With v the neutron velocity, Φ  the flux, S the neutron source, aΣ  the absorption 

macroscopic cross-section, D the diffusion coefficient. 
 
It calculates less accurately the mean free path of the neutrons and consequently the 
interactions they do. 
 
It uses the finite differences numerical method and can do 2-D and 3-D Hexagonal and 
Cartesian geometries. 

6.2.4 Domain of validity of the code  

ERANOS has been validated on more than 500 experiments made mostly in MASURCA 
(critical mock-up in Cadarache) and in Phenix and Super-Phenix [45]. It was validated for 
different quantities of interest: reactivity, rod worth, flux and power profiles, burn-up swing, 

β-effective, Doppler effect and sodium void worth. 
 
However in the static studies which are done in the PhD, calculations are performed in 
accidental situations which require specific validation. Some accidental calculations were 
performed in 3D using VARIANT but VARIANT had convergence problems in voided regions. 
That is why studies were performed in a simplified modelling and also why comparisons 
between ERANOS and TRIPOLI on keff were performed in accidental situations (see Appendix 
8). Results show that ERANOS RZ and 3D reactivities are very close to TRIPOLI ones, and the 
maximum error is 7% relative. It can be concluded that ERANOS results are correct in case of 
core slump-down, and that ERANOS can be used for the reactivity calculation of this type of 
accident configurations. This numerical validation should be completed by an experimental 
validation since evaluated data libraries are a major source of uncertainties on core 
characteristics.  Specific experiments were defined for that particular purpose of studying 
core disruptive configurations such as SNEAK 12 A, 12B and CONRAD.  

6.2.5 Modelling of the core with ERANOS 

The whole neutronics life of the reactor and its irradiation are modelled with ERANOS. 
However, the fact that a part of the fuel is replaced every given number of days is time 
consuming and unnecessary at the pre-design stage. So, in a first approximation, it is 
assumed that the life of the reactor is divided into 5 cycles: that means a fifth of the fuel in 
the core is replaced every cycle of the core lifetime, but that it is modelled by a frequency 1 
(all the fuel in the core is unloaded at the end of the 5 cycles): this is called a “once-through” 
modelling. 
Consequently, the third cycle is the more representative as it corresponds to the functioning 
of an equilibrium cycle of the reactor.   
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This representative cycle was chosen
Consequently the average modelled core is very close to the real core. However it must be 
noticed that the maximum and local values are not respected.
 
In the document, it will be discussed about BOL 
Cycle), EOC (End Of Cycle), EOL (End Of Life).
 

6.3 SAS4A 

 
SAS4A [49] is a code used to study the initiat
fast reactors [50]. There are models of steady
mechanics and neutronics in case of loss of flow, loss of heat sink or possibly reactivity 
insertion. The code can model each part of the initiating phase: coolant boiling, clad failure, 
fuel melting and relocation. The code structure is given below:
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Figure 6-4: "Once through" modelling 

This representative cycle was chosen because the material balance of the core is respected. 
Consequently the average modelled core is very close to the real core. However it must be 
noticed that the maximum and local values are not respected. 

In the document, it will be discussed about BOL (Beginning Of Life), BOC (Beginning Of 
Cycle), EOC (End Of Cycle), EOL (End Of Life). 
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fuel melting and relocation. The code structure is given below: 

49

 

because the material balance of the core is respected. 
Consequently the average modelled core is very close to the real core. However it must be 

(Beginning Of Life), BOC (Beginning Of 

ing phase of severe accidents in sodium cooled 
state and transient thermohydraulics, 

eutronics in case of loss of flow, loss of heat sink or possibly reactivity 
insertion. The code can model each part of the initiating phase: coolant boiling, clad failure, 



CODE SYSTEMS USED FOR THE CALCULATIONS

 

 

Figure 

 
 
Once the hexcan is broken, SAS4A calculations stop
code are no longer valid: indeed, the whole core is not modelled, only representative singl
channels are considered, and they are each independent: there can be no radial propagation 
of the accident with SAS4A.  
The code calculates the reactivity insertion during the first phase of the accident and 
consequently it calculates the power excursion
calculations is to assess the dimensioning of the primary confinement vessel.
 
As far as neutron kinetic behaviour is concerned, SAS uses point
the flux and power shape remain the sam
power changes. The reactivity is calculated taking into account specified feedback 
coefficients and temperature variations. The feedback coefficients used in SAS at CEA are 
given by ERANOS. The validity of 
for little changes but not for large ones such as those occurring at the end of the primary 
phase when the hexcan is about to be pierced 
 

6.4 SIMMER  

 
SIMMER (SN, Implicit, Multifield, Multicomponent, Eulerian, Recriticality code, 
is a coupled thermohydraulics neutronics code that is used to calculate 
Accidents. SIMMER is self-sufficient for thermohydraulics calculations, but for neutronics 
ones it needs nuclear data libraries. In the past, SIMMER neutronics calculations were 
performed at the CEA using FZK and CEA SIMMER libraries. SIMME
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Figure 6-5: Overview of SAS4A code structure 

Once the hexcan is broken, SAS4A calculations stop since algorithms implemented in the 
code are no longer valid: indeed, the whole core is not modelled, only representative singl
channels are considered, and they are each independent: there can be no radial propagation 

The code calculates the reactivity insertion during the first phase of the accident and 
consequently it calculates the power excursion and the energy released. The goal of these 
calculations is to assess the dimensioning of the primary confinement vessel.

As far as neutron kinetic behaviour is concerned, SAS uses point-kinetics: it is assumed that 
the flux and power shape remain the same during the transient, only the amplitude of the 
power changes. The reactivity is calculated taking into account specified feedback 
coefficients and temperature variations. The feedback coefficients used in SAS at CEA are 
given by ERANOS. The validity of using reactivity coefficients has been checked successfully 
for little changes but not for large ones such as those occurring at the end of the primary 
phase when the hexcan is about to be pierced [51]. 

, Implicit, Multifield, Multicomponent, Eulerian, Recriticality code, 
is a coupled thermohydraulics neutronics code that is used to calculate 

sufficient for thermohydraulics calculations, but for neutronics 
ones it needs nuclear data libraries. In the past, SIMMER neutronics calculations were 
performed at the CEA using FZK and CEA SIMMER libraries. SIMME
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sufficient for thermohydraulics calculations, but for neutronics 
ones it needs nuclear data libraries. In the past, SIMMER neutronics calculations were 
performed at the CEA using FZK and CEA SIMMER libraries. SIMMER results showed 
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differences on reactivity of about 500pcm when compared to ERANOS1 ones.  

SIMMER results were not coherent with ERANOS results due to a combination of nuclear 

library and algorithm deficiencies and consequently, it was decided to improve them. So, an 

ERANOS module (BISIM) was created to generate SIMMER nuclear data libraries (for both 

cross-sections and self-shielding factors) from the ERANOS nuclear data file hence reducing 

the major source of inconsistencies.  

So, in this part, the general architecture of the SIMMER code will be first presented, then the 

part will focus on the SIMMER neutronics: the way ERANOS creates libraries for SIMMER will 

be explained, as well as the various options and the group scheme chosen to optimise the 

performance of the SIMMER neutronics calculation in both running time and accuracy, and 

to finish, the results obtained with final retained options are presented. 

  

6.4.1 Introductory remarks 

In the past, SIMMER has mainly been used for studies dealing with transients in fast reactors 

and with associated analyses of Core Disruptive Accidents or so-called Hypothetical Core 

Disruptive Accidents and corresponding sequences. 

Analyses of steady state conditions and comparisons with experiments, e.g. for validation of 

nuclear data and calculation methods, have not been a major issue. For that reason, small 

deviations of the criticality from unity for a “critical reactor” have not been considered to be 

an important item as long as it could be expected that the discrepancies will not be much 

larger than 1%. For the evolution of transient phenomena changes of criticality, i.e. 

variations of reactivity were of utmost importance. Furthermore, one has to take into 

account that the value of � is usually suitably adjusted so that the calculation of an excursion 

in a critical reactor starts usually with an arbitrarily adapted value of keff=1.0 for steady state 

conditions. Our goal has been to establish a close correspondence and better agreement 

between ERANOS results and equivalent results of SIMMER calculations for the initial state 

of a postulated transient. 

6.4.2 SIMMER code general architecture  

 

 SIMMER was developed first at Los Alamos in the 70’s and was then being developed 

by JNC (former JAEA Japanese governmental organisation) since 1989 and now JAEA. Since 

that time, this code has been developed in partnership with CEA (France) and FZK 

(Germany). This code has been validated on many experiments [54].  

 

 It enables the study of transition phases and consequences of a Core Disruptive 

Accident (CDA) on reactor cases ([28], [55], [56], [57] and [58]). It was especially developed 

for SFRs but can also be used for other types of reactors, such as accelerator driven systems 

[59] or molten salt fast reactors [60]. It has the particularity to enable matter exchange 

between different cells. 

 

 SIMMER is an Eulerian, two-dimensional multi-velocity-field, multi-phase, multi-

                                                      
1
 ERANOS 0.2 with the 25 group CARNAVAL-4 library. 
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component, fluid-dynamics code. It is coupled with a fuel-pin model and a space and energy 

dependent neutron kinetics model. 

 

 In the following, a description of the different parts of the code ([61] and [62]) is 

given. 

 

 

 

� Code general architecture  

 
Figure 6-6 : SIMMER code general architecture [28] 

 

The code can be divided in three main parts: Fluid dynamics, Neutronics and Fuel-Pin 

Structure (see Figure 6-6). 

The three models are called by the program as follows: 

1) Fluid dynamics:  

a. Intra-cell transfer. 

b. Inter-cell convection. 

2) Pin structure: Heat transfer in the pin. 

3) Neutronics: 

a. Reactivity calculation. 

b. Flux calculation and associated power distribution calculation. 

 

The biggest part of the code is Fluid-dynamics (2/3 of the code). It exchanges heat and mass 

transfer at structure surfaces with the structure model. The neutronics model gives nuclear 

heat sources to the other models. 

 

Materials are depicted depending on their state (liquid, solid, gaseous or particle) and on 

their type (fissile fuel, fertile fuel, steel, sodium and control) when the fluid-dynamics 

calculation is done. 

For the neutronics calculation, materials can be described precisely by giving the material 

description per isotope. 
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SIMMER-III (2D) geometry can be described either in XY or in RZ modelling, while in 

SIMMER-IV geometries can be described in 3D and either in XYZ or in RθZ  (see Appendix 9). 

The versions which were used for the present work are SIMMER-III version 3d and IV version 

2d (released in September 2008). 

 

� Fluid-dynamics module  

It solves mass, momentum and energy conservation equations so as to obtain densities and 

energy components distribution. It also describes mass, moment and energy transfer at fluid 

interfaces in the mesh.  

Moreover, an equation of state description is necessary (it can even be applied to other 

materials than the ones of SFR: lead, water, etc.). 

 

� Structure model  

The structure model does not only represent the core structure in static, it also describes the 

time-dependent disintegration of the pin and wrapper structure. The pin is depicted by a 

tube having walls that prevent fluid convection through the wall, and providing a surface 

where fuel can freeze and vapour condense. 

Fuel pin temperature is defined thanks to two temperature nodes. Another pin description 

exists: it is more precise, with more nodes to better describe the temperature inside the pin. 

 

� Neutronics model  

It is a deterministic code like ERANOS, with separated cell and flux calculations [63].  

However the cell calculations are not as precise as in ERANOS. Indeed, cross-sections and 

self-shielding factors tabulated in temperature and dilution are provided to SIMMER ([64] 

and [65]). It only performs homogeneous calculations, and the self-shielding is done by 

multiplying the self-shielding factor with the cross-section. Then the self-shielded 

macroscopic cross-sections of the cell are calculated. There is no condensation in SIMMER, 

every calculation on the cross-section is done with the same number of energy groups. The 

macroscopic cross-sections are recalculated at each neutronics step. 

Once the self-shielded macroscopic cross-sections are calculated, the core calculation is 

performed. Neutron flux calculation modules are based upon a SN transport code using a 

synthetic diffusion acceleration scheme (same method than BISTRO in ERANOS, but in 

SIMMER it exists in both 2D and 3D options). 

 

Consequently, if SIMMER and ERANOS are compared, the cell calculations are different and 

they are less precise with SIMMER as every calculation is done at the same number of 

groups. Moreover with SIMMER, calculations are done with fewer groups than ERANOS (18 

energy groups at JAEA, 12 or 16 at CEA, 11 groups most of the time at KIT). That can be 

explained by the fact that SIMMER does transient calculations, so a lot of neutronics 

calculations are performed during a transient, and it is not desirable that the calculations 

take too much time.  

 

 

Now the main topic for the remaining part of this chapter will be the SIMMER neutronics, 

and the ERSIM module that generates cross-sections libraries and self-shielding factors in 

the SIMMER libraries. 
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6.4.3 Neutronics module and its interface with ERANOS for the generation of 

libraries 

6.4.3.1 The ERANOS modules generating SIMMER libraries 

 

When a calculation is performed with ERANOS, cross-sections are generated in 33 energy 

groups with an intermediate step in 1968 groups (reference route) or 33 groups (design 

route) generating self-shielded cross-sections using probability tables. With SIMMER, the 

self-shielding of cross-sections is performed directly with the self-shielding factors (or 

Bondarenko f-factors) being stored in one of the SIMMER libraries (many terms used in this 

part are explained in Appendix 10).  

SIMMER requires two binary files: 

1) ISOTXS containing the cross-sections for each isotope. 

2) BRKOXS containing the self-shielding factors for different tabulated temperatures 

and dilution cross-sections. 

The number of groups for SIMMER was limited because of the calculation time (running time 

for a transient is rather long, especially because of the numerous time steps due to thermal-

hydraulics and thermal-mechanics). Performing the calculation with a restricted number of 

groups and a limited number of materials is therefore a main point. In the past, calculations 

were performed e.g. with 12 energy groups with corresponding libraries having both the 

cross-sections and the shielding factors in the same energy group structure [66].  

In the following paragraphs, a detailed explanation of those ERANOS modules created in 

2000 and available to produce the SIMMER libraries in a restricted number of groups and 

isotopes is presented.  

 

� Nuclear Data use in ERANOS & SIMMER 

In ERANOS, nuclear data are located in specific libraries generated from evaluations in a 

format that generates values (cross-section vectors, matrices and probability tables, cf 6.2.1) 

directly accessible and conceivable by the ECCO neutronics code (part of the ERANOS code 

system). The library contains microscopic multi-group cross-sections of isotopes; probability 

tables, matrices and vectors. Probability tables are a compact way to represent cross-

sections resonances within groups and can be directly used to generate self-shielded cross-

sections through the use of Lebesgue integrals. Furthermore, probability tables enable an 

easier and more accurate self-shielding treatment for isotopes in the different regions of the 

cell (mixture of isotopes, region). It is also faster and does not require interpolation in 

dilution. Interpolation in temperature however is necessary since nuclear data are tabulated 

as a function of temperature. 

However, SIMMER does not use probability tables but effective cross-sections and 

Bondarenko factors tabulated in temperature and dilution. 

The ERSIM module processes values in the ECCO format and generates other ones in a 

format readable by SIMMER. Consequently, the probability tables are first changed in 

effective cross-sections and then, in Bondarenko factors. Prior to these changes in values 

and format, the number of groups in the library has to be reduced and new elements have 

to be created so that the calculations take less time. This is performed with the ERANOS 

modules, CONDENA and MIXISOTP respectively. The complete sequence of modules is called 

BISIM and is represented schematically in the following figure. 
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In the following part, the different modules of ERSIM will be detailed and to do so, the 

following notations will be used:

- k, l are sub-group indexes, with k Є [1,K] and l 

numbers. 

- g, g’ are the energy fine group indexes, G and G’ the indexes of the broad groups.

- n is an index, with n Є [I, I+2N

moment (2-2N ≤ I ≤ 0)

- σ is a microscopic cross

- σ0 is a dilution cross

- φ is the flux. 

- α1 and α2 are the densities of the isotopes 1 and 2 respectively.

- i the index of the isotope.

- IGM number of neutrons energy groups.

- IGD number of delayed neutron 

- ν  neutron fission yield.

- g
kd ,χ delayed neutron spectrum of energy group g and delayed neutron group k.

 

� Library condensation module: CONDENA

This module reads infinite dilution sections and probability tables of each isotope. 

The probability tables ,( k
gp σ

probability tables in the broad group, the moment

THE CALCULATIONS 

 

Figure 6-7: The BISIM sequence 

In the following part, the different modules of ERSIM will be detailed and to do so, the 

following notations will be used: 

group indexes, with k Є [1,K] and l Є [1,L], K and L being sub

g, g’ are the energy fine group indexes, G and G’ the indexes of the broad groups.

n is an index, with n Є [I, I+2N-1], and I being the order of the first negative 

≤ I ≤ 0) 

σ is a microscopic cross-section, and Σ a macroscopic cross-section.

is a dilution cross-section. 

are the densities of the isotopes 1 and 2 respectively.

i the index of the isotope. 

IGM number of neutrons energy groups. 

IGD number of delayed neutron families. 

neutron fission yield. 

delayed neutron spectrum of energy group g and delayed neutron group k.

Library condensation module: CONDENA  

This module reads infinite dilution sections and probability tables of each isotope. 

)k
gσ  are located within a broad group G. To calculate the 

probability tables in the broad group, the moment, n, of each individual group g has to be 
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In the following part, the different modules of ERSIM will be detailed and to do so, the 

Є [1,L], K and L being sub-group 

g, g’ are the energy fine group indexes, G and G’ the indexes of the broad groups. 

1], and I being the order of the first negative 

section. 

are the densities of the isotopes 1 and 2 respectively. 

delayed neutron spectrum of energy group g and delayed neutron group k. 

This module reads infinite dilution sections and probability tables of each isotope.  

are located within a broad group G. To calculate the 

l group g has to be 
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calculated first: ( )nk
g

lk

k
g

n
g pm σ∑=

,

 , and then needs to be weighted on a fine group collision 

density i.e. the flux gϕ times the total cross-section
total
gΣ . The flux used for the condensation 

is the fuel cell one. 
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From this new set of moments, the broad group probability tables ),( i
G

i
Gp σ  with i Є [1,I] can 

be deduced by solving a N-equations system [47]: 

( )ni
G

i

i
G

n
G pm σ∑=  

The calculation scheme is the same for all types of cross-sections. But, the use of the 

collision density for transfer matrices is not correct as in a broad group calculation scheme, 

transfers from one broad group to the other are due to neutrons located at the boundary of 

the group since energy loss per collision is relatively small. The quantity which therefore 

needs to be conserved is the probability for a neutron to move from one group to the other 

1+→GGP . 

The transfer cross-section is then given by:   
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and hence the transfer matrices are condensed on the flux gϕ :  
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where the index indicates the weighting mode. However, the elastic transfer terms should 

add to the total elastic cross-section in order to preserve the balance:  

 

σ σϕ ϕel
G

el
G G

G
, ,

'

'

= →∑
 

 

Since, different weighting functions (flux and collision density) have been used, the terms of 

the matrix are re-normalised:  
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This method of condensing nuclear data libraries both conserves resonance integrals in a 

narrow resonance approximation (since collision density variation is constant in this case); 

and includes part of the information of the wide resonance integrals when using the collision 
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density variation. It also conserves the transfer probability in a scattering event. 

In ECCO, there are three different libraries: 1968, 172 and 33 energy groups.  

All isotopes existing at 1968 energy groups are condensed from this fine group library while 

the isotopes which do not exist in the fine group library are condensed from the 172 broad 

group library. For the initial calculations, the SIMMER libraries were created in a 12 group 

scheme, as was done in the past. 

 

� The mixture module: MIXISOTP  

MIXISOTP reads infinite dilution sections and probability tables of each isotope. To 

understand how this module works, let us consider the mixture of two isotopes 1 and 2. 

They have probability tables ),( 11
kkp σ  and ),( 22

llp σ  respectively. To calculate the mixture 

probability tables, the mixture moment has to be computed first: 

( )nlk

lk

lkn
mixture ppm 2211

,
21 σασα +=∑ , 

From this new set of moments, we can deduce the mixture probability tables 

),( i
mixture

i
mixturep σ  by solving an N-equation system [47]: 

( )ni
mixture

i

i
mixture

n
mixture pm σ∑=  

The calculation is performed for all types of cross-section. 

 

� The ERSIM module  

� Cross-sections and Bondarenko factors  

This module enables the transformation of probability tables in Bondarenko factors. To do 

so, the infinite dilution cross-sections and the isotopes (or mixtures) probability tables (pk, 

σk) are necessary. 

In the first place, the effective cross-section is calculated for every reaction x, depending on 

the cross-section σx and on the dilution σ0.  

If the narrow resonance hypothesis is assumed, the following flux-weighting formula can be 

used to obtain effective cross-sections: 
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The current weighting formula has to be used for the transport cross-section:  
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The possible use of a specific self-shielding of the transport cross-section has been recently 

introduced in SIMMER by JAEA following CEA request and the transport self-shielding factor 

can now be used in SIMMER. Preservation of reaction balance is made in SIMMER with a 
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correction on the within group scatter term. 

 

As the SIMMER BRKOXS file requires Bondarenko factors (self-shielding coefficients), this last 

calculation is carried out:
g
x

g
effxg

xf
∞
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0

)(
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σ with kg
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The Bondarenko factors exist for each reaction x and are also tabulated as a function of 

temperature. 

The effective cross-sections are stored in the ISOTXS format while the Bondarenko factors 

are stored in the BRKOXS format. 

 

 

� The fission spectrum  

As SIMMER carries out transient calculations, it is important to distinguish both prompt and 

delayed neutron fission spectra.  

The SIMMER input file requirements are the delayed neutron fission spectrum, the delayed 

neutron fission yields and the delayed neutron precursor decay constants.  

SIMMER needs its ISOTXS file to contain the prompt neutron fission spectrum and the total 

neutron fission yield per isotope. 

However, the fission spectrum in the ECCO libraries (ERANOS) is not prompt but total. As a 

consequence, a formula was incorporated into the SIMMER/ERANOS interface so as to 

calculate the prompt fission spectrum and write the data to the ISOTXS file.  

 

The prompt fission spectrum and delayed neutron fission spectrum are in the nuclear data 

libraries in the ENDF format (Evaluated Nuclear Data File) but in ECCO multi-group libraries 

only the total fission spectrum is available. On the other hand, the delayed neutron fission 

spectrum dχ and the delayed neutron fission yield dν are available from the evaluated 

libraries JEF-2.2 (Joint Evaluated File version 2.2) and JEFF-3.1 (Joint Evaluated Fission and 

Fusion File version 3.1).  

 

Therefore, to provide ERANOS with the prompt neutron fission spectrum, the reverse of the 

calculation performed to generate the ECCO libraries is necessary. 

 

The relation between total fission spectrum and prompt fission spectrum is calculated for 

steady state conditions from the relation between total, prompt and delayed neutron 

sources: dpt SSS += . 
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It is possible to deduce for steady state conditions:  

  

∑

∑ ∑∑

=

= ==

ΦΣ

ΦΣ+ΦΣ
= IGM

i

ii
f

i
t

IGD

k

IGM

i

ii
f

i
kd

g
kd

IGM

i

ii
f

i
p

g
p

g
t

1

1 1
,,

1

ν

νχνχ
χ  

 



CODE SYSTEMS USED FOR THE CALCULATIONS 

 

 59

It is assumed 
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In ERANOS data, the neutron fraction (delayed, prompt or total) does not depend on the 

incident neutron energy group, so the expression for g
tχ  can be simplified to: 
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Finally, the expression implemented in the SIMMER/ERANOS interface is, for each group and 

for each isotope:  
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As a consequence, the ECCO fission spectrum was modified in the interface to fit to what 

SIMMER is expecting. It must be noticed that the neutron fission yield was not modified: 

SIMMER requires the total neutron fission yield. It does not sum the prompt and delayed 

neutron fission yields when it calculates the neutron production fΣν and hence the file 

ISOTXS must contain the total neutron fission yield per isotope. 

 

 

6.4.3.2 Comparison ERANOS/SIMMER: first choices and evolution  

� Description of the calculations 

 

� The library 

Calculations with SIMMER neutronics have already been done at CEA Cadarache in 1998: as 

the BISIM module did not exist at that time, FZK libraries were used. Then in 2001, 

calculations with libraries from both CEA and FZK were performed. In this study, 

comparisons between SIMMER-III and ERANOS were done. The results were not very good 

as the difference on k-eff between ERANOS 1968 group calculations (the reference) and 

SIMMER 12 group calculations was for each case greater than 450pcm (comparison between 

25G ERANOS1 calculations and SIMMER 12G ones). The goal is to improve this comparison by 

reducing the difference. 

 A 12 group library was used for these calculations, containing 58 isotopes (55 isotopes and 3 

mixtures). 

 

 

 

                                                      
1
 ERANOS 0.2 with a 25 groups CARNAVAL-4 library. 
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The 12 group library energy scheme is described below: 

 

 Einf (MeV) Esup(MeV) 

1 6.065310e+00 1.964030e+01 

2 2.231300e+00 6.065310e+00 

3 8.208500e-01 2.231300e+00 

4 3.019740e-01 8.208500e-01 

5 1.110900e-01 3.019740e-01 

6 2.478750e-02 1.110900e-01 

7 5.530840e-03 2.478750e-02 

8 2.034680e-03 5.530840e-03 

9 1.234100e-03 2.034680e-03 

10 4.539990e-04 1.234100e-03 

11 1.486250e-04 4.539990e-04 

12 1.000000e-11 1.486250e-04 

Table 1: 12G library energy mesh 

 

The initial CEA 12-group library contains 55 isotopes :  O,  C,  B10,  B11,  Na,  Fe54,  Fe56,  

Fe57,  Fe58,  Cr50,  Cr52,  Cr53,  Cr54,  Ni58,  Ni60,  Ni61,  Ni62,  Ni64,  Al,  Mn,  Mo,  Zr,  N14,  

N15,   Ca,  bdH,  U235,  U238,  Pu239,  Pu240,  Pu241,  Pu242,  Am241,  Np237,  Cm245,  

U233,  Th232,  D,  Cl,  F,  He4,  Be9,  Cd,  Pb,  Cu,  Si,  Xe135,  Sm149,  Ta181,  Am243,  Pu238,  

Cm244,  fpPu239,  sfpPu239,  gfpPu2391, plus 3 mixtures:  

- Fe (5.8% Fe54, 91.72% Fe56, 2.2% Fe57, 0.28% Fe58) 

- Cr (4.34% Cr50, 83.81% Cr52, 9.49% Cr53, 2.36%Cr54) 

- Ni (68.27% Ni58, 26.1% Ni60, 1.13% Ni61, 3.59% Ni62, 0.91% Ni64). 

 

Contrary to the libraries used by JAEA and FZK, which may contain cross-sections and 

Bondarenko factors per medium e.g. steel, CEA libraries contain cross-sections per isotope. 

Data for each medium is created by SIMMER itself. 

This enables the possibility of generating more accurate cross-sections. Nevertheless, this 

solution is not accurate because: 

- The fission spectrum that will be used will not be the medium fission 

spectrum but an isotope fission spectrum (Pu239’s). 

- The β-effective will not be correct (problem solved in 6.4.3.2).  

 

� The geometry 

SIMMER calculations were first performed in 2D (R-Z coordinate system) with a JEF-2.2 12-

energy group scheme library (in 2001). Differences in k-effective could reach 500pcm with 

this 12 group scheme. Improvements could be achieved on the self-shielding option and on 

the group scheme. Comparisons between ERANOS R-Z and SIMMER-III were performed on 

six cases corresponding to the Super-Phenix (SPX) reactor in disrupted geometries [66].  

 

                                                      
1
 fpPu239 means total fission products of Pu239, sfpPu239 represents the solid fission products of Pu239, while 

gfpPu239 means gaseous fission products of Pu239. 
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Figure 6-8: Geometry of the Case b

 

 

The core is completely voided of sodium.

 

The five other cases differ from the Case b by the temperature, the amount of steel or fuel in 

different zones: 

- Case c: The CORE temperature is decreased to 1500K.

- Case d: The amount of fuel in the molten pool is increased to 70%. 

- Case e: The proportion of steel in the CORE is divided by 2.

- Case f: Fissile fuel set in the axial blankets is suppressed.

- Case f: Geometry changes: the core is compacted to 0.5m and a void region 

appears above it (see 

 

Figure 6-9: Geometry used for the case f and geometry used for transient calculations

 

The last calculation was performed 

The geometry is the same as

upper blanket: a region filled with incondensable gas

The geometry is the same as

upper blanket: a region filled with incondensable gas (see 

The volume fractions (in %) of each Case are given in 
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: Geometry of the Case b 

In the Case b (see Figure 

made of a homogeneous mixture of 62.3% 

of the fuel and 82% of the steel initially 

present. Both fuel and steel are liquid and 

their temperature is 3000K. 

The RADIAL BLANKET is a mixture of steel 

and fuel particles at 1500K.

The UPPER and LOWER BREEDING BLANKETS 

are modelled as steel and fuel particles. 

There are the fuel and steel initially present 

in the blanket but there are also the 37.7% 

fuel and 18% steel ejected from the core. 

Their temperature is 1500K.

The core is completely voided of sodium. 

The five other cases differ from the Case b by the temperature, the amount of steel or fuel in 

Case c: The CORE temperature is decreased to 1500K. 

Case d: The amount of fuel in the molten pool is increased to 70%. 

Case e: The proportion of steel in the CORE is divided by 2.

Case f: Fissile fuel set in the axial blankets is suppressed. 

ometry changes: the core is compacted to 0.5m and a void region 

appears above it (see Figure 6-9). 

: Geometry used for the case f and geometry used for transient calculations

The last calculation was performed for a transient. 

as the Case b of SPX except for a new region added above the 

upper blanket: a region filled with incondensable gas 

as the Case b of SPX except for a new region added above the 

region filled with incondensable gas (see Figure 6-9). 

The volume fractions (in %) of each Case are given in Appendix 11. 
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Their temperature is 1500K. 

The five other cases differ from the Case b by the temperature, the amount of steel or fuel in 

Case d: The amount of fuel in the molten pool is increased to 70%.  

Case e: The proportion of steel in the CORE is divided by 2. 

ometry changes: the core is compacted to 0.5m and a void region 

 
: Geometry used for the case f and geometry used for transient calculations 

the Case b of SPX except for a new region added above the 

the Case b of SPX except for a new region added above the 
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� First results  

Reactivity (in pcm) was calculated for the case f with SIMMER and ERANOS with 12 and 33-

groups libraries, with and without self-shielding. The ERANOS reference calculation result is 

given to allow a better comparison. 

 

 SIMMER-III ERANOS R-Z 

 
12G 33G 12G 33G 

Reference 

33G+1968G 

Case f -484 -594 -1078 -994 -804 

Table 6-1: ERANOS and SIMMER reactivity results (in pcm) with self-shielding 

 

 SIMMER-III ERANOS R-Z 

 12G 33G 12G 33G 

Case f -2777 -2565 -2970 -2660 

Table 6-2: ERANOS and SIMMER reactivity results (in pcm) without self-shielding 

 

The difference between SIMMER and ERANOS with no self-shielding is rather small. In 

comparison they are about 500pcm with the self-shielding. It can be concluded that the 

main deficiency of the SIMMER calculation is due to the self-shielding calculation. 

As far as self-shielding is concerned, it can be noticed that 12 group calculations give very 

different results: there are differences of 590pcm between 12 group ERANOS and SIMMER 

calculations. When calculations are performed at 33 groups, the difference between 

ERANOS and SIMMER becomes 400pcm.  

When calculations are performed without self-shielding both in ERANOS and in SIMMER, 

results are of course wrong but consistent with a difference of only 190 pcm in 12 groups 

and only 100pcm in 33 groups. The discrepancies are due to differences in the calculations: 

meshes, Sn order (4 in SIMMER and 1 in ERANOS), angular quadrature set, etc. 

Moreover, ERANOS 12 group and 33 group calculations are different: the difference with 

self-shielding is ~80pcm while it is ~300pcm without self-shielding. There are compensating 

errors in the standard SIMMER calculation (12 groups with self-shielding), errors coming 

both from the self-shielding and the chosen group scheme.  

There are also differences between ERANOS 33G calculation and the reference: 190pcm. A 

perturbation calculation showed that this difference was mainly due to the elastic cross-

section of O16 (150pcm), the capture and fission U238 cross-section and the fission Pu239 

cross-section having compensating effects (-100pcm and +100pcm). The remaining 40pcm 

are due to the other isotopes. 

 

Consequently, the two problems identified (self-shielding treatment and group scheme) will 

be treated afterwards to improve SIMMER neutronics results.  

 

 

� Self-shielding option 

The self-shielding difference observed is mainly due to the transport cross-section. In 

SIMMER, the transport cross-section was calculated as the total cross-section (sum of the 

other cross-sections) whereas it should have a specific treatment: indeed, it should use the 

current weighting self-shielded transport cross-section which takes into account the 
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migration area. 

Although this formulation was used to produce the current weighting self-shielded transport 

cross-section, it is only recently that a new option1 was introduced in SIMMER to make use 

of it. When this option is on, the transport cross-section is calculated as the product of an 

infinite dilution cross-section and a specific self-shielding factor. The effective self-scatter 

cross-section is adjusted in order to ensure the consistency in the cross-section balance. 

 

In Table 6-3, results with the new calculation of the transport cross-section are presented: 

 

 SIMMER-III ERANOS R-Z 

 
12G 33G 12G 33G 

Reference 

33G+1968G 

Case f -1055 -1026 -1078 -994 -804 

Table 6-3: ERANOS and SIMMER reactivity results (in pcm) on Case f with the new transport cross-

section calculation and with self-shielding 

 

The differences between SIMMER and ERANOS are now much smaller: 23pcm with self-

shielding both in 12 groups.  

However, 12 group ERANOS results themselves are far from the reference ERANOS 

calculations. An improvement in the group scheme library could improve these results. 

It can also so be added that problems when doing RESTART calculations where found when 

the new option is used. The modified transport cross-section was actually not saved in the 

RESTART file. Correction sets have been written both by Edgar Kiefhaber from FZK, now KIT 

and myself. These corrections enabled to perform the studies with SIMMER. 

 

 

� Change in the group scheme of the library  

 

To study which groups and isotopes caused differences between ERANOS 12 groups (12G) 

and 33 groups (33G) calculations, a k-eff perturbation calculation was done with ERANOS. To 

do so, calculations were performed at 12 groups and 33 groups with JEF2.2. 33G microscopic 

cross-sections and 33G macroscopic cross-sections were condensed to 12G so as to calculate 

the flux and then new macroscopic cross-sections were calculated using the isotopic 

concentrations at 12G to do the perturbation calculation. The energy ranges of the 12G and 

33G structures are given in Table 6-4. 

The result gives the impact of each isotope and group on the difference of reactivity 

between both calculations. The result on the whole reactor gives the isotopes which are 

mainly responsible for the difference of reactivity: O16, Pu239, U238 but also Fe56, Pu240 

and Pu241. 

Then, the study of the impact of each isotope on reactivity per energy group shows: 

- O16: a significant difference in the 4th group. When considering the elastic 

section, there is a resonance at 0.435MeV (see plotted cross-sections in 

Appendix 12). 

- Pu239: differences in the 8th group for fission section but also in groups 6, 7, 8, 

10 for capture cross-section. 

                                                      
1
 This option is called when setting NIOPT(32)=3 in SIMMER 
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- U238: differences in groups 3 for the fission cross-section and 6 and 8 for the 

capture cross-section: there are resonances from 2 to 20keV. 

- Fe56: differences in groups 3 and 4 for elastic and inelastic cross-sections, 

group 8 for elastic cross-section and also variations on group 10 for capture 

cross-section. 

- Pu240: differences in group 6 for capture and in group 4 for fission. 

- Pu241: differences in groups 6-7-8 for fission. 

The differences are mainly located in 5 groups: 3-4 and 6-7-8. 

Consequently, the groups 3, 4 and 8 are divided in two and the groups 6 and 7 are redefined 

in order to better locate major resonances within an entire group.  

 

The new group scheme has 16 energy groups and is described in the following table (the 16 

energy group scheme is described alone in Appendix 13). 

 

Einf (MeV) Esup (MeV) 33 group scheme 12 group scheme 16 group scheme 

1.000000e+01 1.964030e+01 1 
1 1 

6.065310e+00 1.000000e+01 2 

3.678790e+00 6.065310e+00 3 
2 2 

2.231300e+00 3.678790e+00 4 

1.353350e+00 2.231300e+00 5 
3 

3 

8.208500e-01 1.353350e+00 6 4 

4.978710e-01 8.208500e-01 7 
4 

5 

3.019740e-01 4.978710e-01 8 6 

1.831560e-01 3.019740e-01 9 
5 7 

1.110900e-01 1.831560e-01 10 

6.737950e-02 1.110900e-01 11 

6 
8 

4.086770e-02 6.737950e-02 12 

2.478750e-02 4.086770e-02 13 
9 

1.503440e-02 2.478750e-02 14 

7 9.118820e-03 1.503440e-02 15 
10 

5.530840e-03 9.118820e-03 16 

3.354630e-03 5.530840e-03 17 
8 

11 

2.034680e-03 3.354630e-03 18 12 

1.234100e-03 2.034680e-03 19 9 13 

7.485180e-04 1.234100e-03 20 
10 14 

4.539990e-04 7.485180e-04 21 

3.043250e-04 4.539990e-04 22 
11 15 

1.486250e-04 3.043250e-04 23 

9.166090e-05 1.486250e-04 24 

12 16 

6.790410e-05 9.166090e-05 25 

4.016900e-05 6.790410e-05 26 

2.260330e-05 4.016900e-05 27 

1.370960e-05 2.260330e-05 28 

8.315290e-06 1.370960e-05 29 

4.000000e-06 8.315290e-06 30 

5.400000e-07 4.000000e-06 31 

1.000000e-07 5.400000e-07 32 

1.000000e-11 1.000000e-07 33 

Table 6-4: 33G, 16G and 12G energy group schemes. 
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In Table 6-5 is shown the comparison between 12-groups, 16-groups and 33-groups SIMMER 

and ERANOS calculations. 

The addition of four new groups enabled to better describe the cross-sections and to 

decrease the error but it did not improve dramatically the result: the improvement is of 

93pcm (0.25$) on this case. 

 

 SIMMER-III ERANOS R-Z 

 
12G 16G 33G 12G 16G 33G 

Reference 

33G+1968G 

Case f -1055 -1031 -1026 -1078 -1062 -994 -804 

Table 6-5: ERANOS and SIMMER results with 12, 16 and 33 groups on Case f (reactivity in pcm) 

 

The improvement was also calculated for the five other static cases: 

 

 SIMMER-III ERANOS RZ 

 
12G 16G 16G 

Reference 

33G+1968G 

Case a -1691 -1686 -1694 -1450 

Case b -1374 -1394 -1375 -1113 

Case c 1928 1986 1975 2259 

Case d 1631 1909 1870 2162 

Case e -3295 -3332 -3400 -3182 

Case f -1055 -962 -1062 -804 

Table 6-6: ERANOS and SIMMER results with 12, 16 and 33 groups on 6 cases (reactivity in pcm) 

The gain varies depending on the case: on the Case a, there is nearly no gain, however on 

Case d, the gain is 278pcm (0.73$). The use of the new library improves the results in the 

right direction and gives results which are closer to ERANOS reference results, corresponding 

to about halving the original discrepancy between the 12G and the reference result. 

Nevertheless a certain residual discrepancy between the 16G and the reference results has 

to be accepted and taken into account But the amount is much smaller than for the 12G 

results and does not exceed about 300pcm for the Cases a-f shown in Table 6-6.  

 

� New ββββ-effective calculation 

The β-effective calculation is of great importance to calculate the scenario correctly. Indeed, 

it is the comparison between the reactivity insertion and the β-effective that determines if 

there is a power excursion. As the neutronics libraries given by ERANOS contain data for 

each isotope, the β-effective formula in SIMMER does not give accurate results, and a 

formula by isotope would be much more precise. That is the reason why a new β-effective 

calculation by isotope has been implemented. 

SIMMER needs the global delayed neutron fraction per delayed neutron group as well as the 

delayed neutron spectrum. These data are not required for each isotope. Only one single 

data is given. 

In the ISOTXS file (cross-sections library), the prompt neutron spectrum is given for every 

isotope but SIMMER only takes the spectrum of the isotope specified in the input file. For 

example, for a fast reactor, the prompt fission spectrum used is the Pu239 spectrum. 

Moreover, having data per isotope that are mixed in SIMMER to create macroscopic data 
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does not enable to keep the consistency between a correct β-effective and a correct fission 

spectrum1. 

 

� Use of the data in SIMMER 

 

The following part deals with the way nuclear data is used in SIMMER and describes the 

formula implemented by CEA in the latter code for a more efficient calculation of the β-

effective aiming at consistency between ERANOS and SIMMER data. Below are the notations 

employed for that purpose: 

- ),(, rEif

rΣ  is the macroscopic fission cross-section for each isotope i and 

),( rEf

rΣν the macroscopic nu fission cross-section. 

- ),( rE
rφ is the direct flux. 

- ),(* rE
rφ  represents the adjoint flux.  

- ),( Ekdχ is the delayed neutron fission spectrum. 

- )(Etχ  is the total neutron fission spectrum. 

- it ,ν  is the total neutron fraction (prompt and delayed) for an isotope i. 

- )(kiβ is the delayed neutron fraction for each isotope i and )(kβ the global 

delayed neutron fraction, with k the delayed neutron group. 

 

� Total neutron spectrum 

 

The total neutron fission spectrum is calculated using the delayed and prompt neutron 

fission spectra and the delayed neutron fractions.   

It is only calculated during the first neutronics step.  

The prompt neutron fission spectrum is given to SIMMER in the ISOTXS file. Consequently, to 

recalculate the correct total fission spectrum in SIMMER, the same data as that taken into 

account in the interface must be used: the delayed neutron fraction of Pu239 and the global 

delayed neutron spectrum.  

The total neutron spectrum is used to calculate the reactivity, so it is important to calculate 

it correctly. 

 

� β-effective 

 

At every step, the β-effective is determined. The formula used in SIMMER is the following: 

∫ ∫ ∫

∫ ∫ ∫
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� Concentration of precursors  

 

To calculate the concentration of precursors, the global delayed neutron fraction is 

necessary.  

                                                      
1
 JAEA and FZK may not have this problem as they use data per component: fertile fuel, fissile fuel, structure, coolant and 

absorber. 
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� Inconsistencies caused by the different uses of the data 

 

There are three uses of the data which bring forth inconsistencies when the reactivity and 

the β-effective are calculated: 

� To correctly calculate the total fission spectrum, which is the one of Pu2391, the 

delayed neutron fraction must be the Pu239 one: 239,Pudβ . Indeed, because of the 

use of a single library per isotope, a global total fission spectrum cannot be 

calculated. Thus, the total fission spectrum which is closest to reality is calculated: 

that of Pu239. 

� To correctly compute the β-effective, which is a global value for the whole core, the 

delayed neutron fraction dβ  must be global (it must take into account all the 

isotopes of the core) and calculated before with another code (e.g. ERANOS). 

� Similarly, to properly determine the concentration of precursors, the delayed 

neutron fraction dβ  must be global too. 

 

Finally, to avoid any compromise between calculating correctly the total fission spectrum 

(and the reactivity), the β-effective (and the power amplitude) and the concentration of 

precursors, a new β-effective formula, which depends on the concentration of isotopes in 

the reactor, has been implemented in SIMMER. 

 

 

� β-effective calculation: Keepin formula 

 

ERANOS makes use of the Keepin formula, thereby calculating the β-effective per isotope i 

and delayed neutron group. Since in SIMMER only the β-effective per delayed neutron group 

is needed, below is the expression to calculate it: 

∑ ∫ ∫ ∫
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This is the formula which has been coded in SIMMER for the new determination of )(keffβ . 

 

However, another expression had to be implemented for the computation of the 

concentration of precursors to be coherent: the global delayed neutron fraction calculation 

(used to calculate the concentration of precursors). To do so, the inverse formula of the beta 

effective already existent in SIMMER was calculated (see 6.4.3.2: β-effective): 

∫ ∫ ∫

∫ ∫ ∫






 Φ×ΦΣ






 Φ×ΦΣ

×=
∞ ∞

∞ ∞

V

df

V

tf

eff

rddErEEkdErErE

rddErEEdErErE

kk
rrrr

rrrr

0 0

*

0 0

*

'),'().',(),().,(

'),'().'(),().,(

)()(
χν

χν
ββ

 
 

 

                                                      
1
 Because of the use of a library per isotope, and as only one fission spectrum of the library can be used, it was 

decided to use that of Pu239, which is closest to the real fission spectrum for our main calculations.  
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� SIMMER-III and IV modifications 

� New data 

 

- Additional data is required to compute the β-effective in SIMMER: 

- The delayed neutron fraction per isotope. A value of the delayed neutron fraction 

is given for each isotope, even if it has no delayed neutrons. 

- The macroscopic fission cross-section per isotope: only the total nu fission cross-

section was calculated, whereas all the data were in the ISOTXS file.  

- The total neutron yield. 

 

� The formula 

The formulae (Keepin formula and that for the recalculation of the delayed neutron fraction) 

are then implemented in SIMMER-III version 3d and IV version 2d. Concerning the fission 

spectrum, it is only calculated once, at the first neutronics step. So if in input the value of the 

global delayed neutron fraction is the Pu239 one, the total fission spectrum will be 

calculated correctly. After this step, the delayed neutron fraction is only used to calculate 

the concentration of precursors. 

 

 

� Final results with JEF-2.2 and JEFF-3.1: reactivity, variations in reactivity and β-

effective 

 

To verify whether the improvements implemented also work on other cases (described in 

6.4.3.2), different comparisons were performed: on six other cases, in 2D and 3D, and also 

with JEF-2.2 and JEFF-3.1. 

 

6.4.3.3 Results obtained for reactivity and reactivity variations 

� With the JEF-2.2 library 

� Two dimensions 

 

The first results are the ones obtained with the JEF-2.2 library and with SIMMER-III and 

ERANOS in RZ. The table below compares ERANOS and SIMMER results in the 16 group 

scheme and ERANOS results are also given for the reference route. 

 

 SIMMER-III RZ ERANOS RZ 

 16G 16G 
Reference 

33G+1968G 

Case a -1686 -1694 -1450 

Case b -1394 -1375 -1113 

Case c 1986 1975 2259 

Case d 1909 1870 2162 

Case e -3332 -3400 -3182 

Case f -962 -1062 -804 

Table 6-7: SIMMER and ERANOS results in RZ with JEF-2.2 (reactivity in pcm) 

SIMMER underestimates the reactivity by a maximum of 280pcm compared to the ERANOS 

reference route but the average difference is of about 225pcm. It can also be noticed that 
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discrepancies between ERANOS and SIMMER using both 16-groups libraries are below 

100pcm. The main improvement compared to past results comes from the rather constant 

bias from one configuration to another. 

 

� Three dimensions 

If 3D calculations are now considered, SIMMER-IV creates XYZ Cartesian geometries 

(whereas SFR cores correspond to an Hex-Z geometry). Consequently hexagons were 

transformed in rectangles.  To compare the differences due to this geometry change (see 

Appendix 9), both ERANOS results in Hex-Z and XYZ geometries in the reference route are 

given below. 

 

Moreover, for case f, there are no ERANOS results because the transport solver (VARIANT) is 

nodal and does not converge on voided regions (in contrast to SN solvers). To bridge this 

shortcoming of the solver in a deterministic calculation, Monte-Carlo calculations were 

carried out with TRIPOLI 4.5. It must be specified that point-wise libraries in energy at 1500K 

and 3000K were especially created for the purpose of these comparisons. 

 

 

SIMMER 

IV 16G 

ERANOS 33G 

(1968G) 

TRIPOLI 

punctual 

 XYZ HEX-Z XYZ XYZ 

Case a -1687 -1467 -1465 -1626 

Case b -1471 -1126 -1125 -1256 

Case c 1981 2256 2255 2126 

Case d 1855 2133 2139 1875 

Case e -3350 -3171 -3165 -3233 

Case f -1120   -686 

Table 6-8: SIMMER XYZ, ERANOS XYZ and Hex-Z and TRIPOLI 4.5 XYZ results with JEF-2.2 (reactivity 

in pcm) 

 

There are no differences between ERANOS XYZ and Hex-Z calculations: this achievement is 

due to the way the change in geometry has been made, it is important to preserve the 

masses. Moreover, differences between ERANOS and TRIPOLI are of about 150pcm (0.4$). 

Differences between SIMMER-IV 16-groups and ERANOS XYZ in the reference route are in 

average of 260pcm (0.69$, SIMMER generally underestimates the reactivity). When 

comparing the variations in reactivity (between a given case and the Case a) calculated by 

ERANOS and by SIMMER, it can be noticed that the discrepancies are less than 120pcm 

(0.32$) whereas the reactivity changes between different configurations, e.g. Case c and 

Case e, amount to more than 5000pcm. 

 

 

� With the JEFF-3.1 library 

 

With JEFF-3.1 library, reactivity differences are less than with JEF-2.2. Comparisons are made 

between SIMMER 16 groups and ERANOS in the reference route, both in R-Z and in XYZ. 

In R-Z geometry, discrepancies on reactivity reach up to 150pcm (0.40$), while the 

difference is up to 60pcm (0.16$) in XYZ geometry. On average, the discrepancies are of 

85pcm (0.22$) in R-Z and 37pcm (0.1$) in XYZ. 
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The variations in reactivity are also calculated correctly by SIMMER as when compared to 

ERANOS, they are calculated with a maximum variance of 60pcm (0.16$) both for R-Z and 

XYZ calculations.  

 

 SIMMER-III ERANOS RZ  

 16G 33G+1968G  

Case a -767 -853 +86 

Case b -431 -459 +28 

Case c 2900 2866 +34 

Case d 2721 2600 +121 

Case e -2479 -2628 +149 

Case f -102 -194 +92 

Table 6-9: SIMMER and ERANOS results in RZ with JEFF-3.1 (reactivity in pcm) 

 

 SIMMER-IV ERANOS XYZ  

 16G 33G (1968G)  

Case a -841 -868 +27 

Case b -510 -474 -36 

Case c 2833 2863 -30 

Case d 2633 2576 +57 

Case e -2576 -2610 +34 

Case f -194   

Table 6-10: SIMMER and ERANOS results in XYZ with JEFF-3.1 (reactivity in pcm) 

� ββββ-effective  

 

� With JEF-2.2 

 

The last results deal with the new β-effective calculations: comparisons are made between 

ERANOS R-Z results and SIMMER-III and IV results both with JEF-2.2 (6 delayed neutron 

groups) and JEFF-3.1 (8 delayed neutron groups). 

 

 

ERANOS 

RZ 

SIMMER 

III 

SIMMER 

IV 

Case a 379.1 378.5 378.6 

Case b 379.3 378.6 378.8 

Case c 377.4 376.9 377.0 

Case d 396.5 395.5 395.7 

Case e 377.4 376.8 376.9 

Case f 377.3 377 377.1 

Table 6-11: SIMMER and ERANOS β-effective results with JEF-2.2 

 

The differences are less than 1pcm when comparing the three calculations. It can be 

concluded that the new model of calculation of the β-effective gives satisfactory results and 

can be used for future studies. 
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� With JEFF-3.1 

 

 

ERANOS 

RZ 

SIMMER 

III 

SIMMER 

IV 

Case a 379.5 380.0 380.2 

Case b 379.8 380.3 380.4 

Case c 378.3 378.3 378.4 

Case d 396.1 396.1 396.2 

Case e 378.4 378.8 379.0 

Case f 377.9 378.3 378.7 

Table 6-12: SIMMER and ERANOS β-effective results with JEFF-3.1 

 

Differences between the different β-effective values are less than 1 pcm also with the JEFF-

3.1 library which uses 8 delayed neutron groups (while JEF-2.2 uses only 6 delayed neutron 

groups).  Hence, the modification in the source code is validated for the calculation of the β-

effective and will be used in the further studies independently of the library chosen. 

 

� Improvements on a transient  

 

The transient described in 6.4.3.2 was calculated with JEF-2.2 and in four different manners: 

� With a 12-energy group scheme, and without the correction of the transport 

cross-section nor the new beta effective calculation (with a global delayed 

neutron fraction). 

� With a 12-energy group scheme, and with the correction of the transport cross-

section but without the new beta effective calculation. 

� With a 16-energy group scheme, and with the correction of the transport cross-

section but without the new beta effective calculation. 

� With a 16-energy group scheme, and with both the corrections of the transport 

cross-section and the new beta effective calculation (but also modification of the 

global delayed neutron fraction to calculate correctly the fission spectrum). 

 

The different results concerning reactivity, power and integrated power variations are given 

in Figure 6-10, Figure 6-11 and Figure 6-12. 

 

 
    Figure 6-10: Reactivity variations ($)                   Figure 6-11: Total reactor power variation (W) 
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Figure 6-12: Integrated power variation (J) 

Very few differences can be seen between the 12-group calculations: in this case, the 

improvement in the self-shielding effect had practically no impact on the variations in 

reactivity. 

When the number of groups in the library is increased, there is a shift in the reactivity: the 

variations are slower and the reactivity peak and the associated power peaks come later. 

The integrated power and the total power of the reactor are higher. 

Finally, the new β-effective calculation was added, the global delayed neutron fraction was 

also modified to compute correctly the total Pu239 fission spectrum. The shift that was seen 

previously is observed again, reactivity insertion, power amplitude and integrated power are 

higher than the 12-group ones but lower than the 16-group calculation without the 

correction set. 

 

 The improvements may sometimes change the whole scenario but they will surely give 

more accurate and reliable results, as it will calculate more precisely the time peak and the 

amplitude of the power excursion. In the example, the most appreciable change lies in the 

integrated power, which is 10% higher with the improvements than before, that is to say 

2GJ. This is not a minor increase, and that could change the damage caused to the vessel of 

the reactor. 

 

 Moreover, as the SIMMER results are now closer to the ERANOS ones, which constitute the 

reference, it can be assumed that the models used now better represent the experiments. 

However, the simulated results still have to be compared to experiments: the SNEAK-12A 

experiments should be re-analyzed, as was done in the past with SIMMER-II [67]. 

6.4.4 Conclusion on the neutronics module of SIMMER 

The SIMMER code is used to calculate Core Disruptive Accidents (CDAs). It includes a 

neutronics module which requires nuclear data libraries to be able to perform calculations. 

The ERANOS module creates the ISOTXS and BRKOXS files from the ECCO/ERANOS files. 

These files, ISOTXS and BRKOXS, for use in SIMMER, contain the effective cross-sections and 

the Bondarenko factors respectively to enable self-shielding calculations, respectively.  

Improvements in the files used in SIMMER were necessary mainly for improving the 
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consistency in the results between ERANOS and SIMMER. These improvements included: the 

use of current weighted transport cross-section, the definition of a new scheme with an 

increased number of energy groups and a new β-effective calculation.   

Finally, the previously existing deviations between ERANOS and SIMMER have been 

improved by 300pcm (0.8$). In comparison to ERANOS reference calculation (ERANOS 2.1 

with a 1968G self-shielding), SIMMER-III underestimates the reactivity by 0.5$ whereas 

SIMMER-IV underestimates it by 0.7$ with JEF-2.2 (with JEFF-3.1 it is 0.4$ and 0.2$, 

respectively).  

The effects due to temperature and composition changes can now be calculated with a small 

and known error with SIMMER-III and IV.  

To conclude, the calculations of the multiplication factor, k-effective, and the effective 

delayed neutron fraction, β-effective, were improved, and now the results are more 

accurate while the computation time did not change significantly, thereby ensuring a better 

precision-time cost ratio. The differences on the reactivity value must however be kept in 

mind when SIMMER calculations are performed. But nevertheless, SIMMER neutronics 

calculations are reliable when CDA calculations are carried out (during the transient, the 

reactivity bias remains almost constant). 

There are still differences between ERANOS and SIMMER and SIMMER neutronics 

calculations can be improved. The new β-effective calculation is an improvement in SIMMER 

neutronics but other modifications still have to be implemented. For example, the prompt 

fission spectrum used in SIMMER is the same in every cell, it does not take into account the 

fact whether it is in a fissile or fertile cell.  

To end up, this study described the improvements made to SIMMER neutronics calculations 

but did not validate the neutronics part of SIMMER. Indeed, other common source of 

uncertainties to all codes exists, e.g. nuclear data. To validate the neutronics part of 

SIMMER, the SNEAK experiments will have to be re-analysed [67].  

6.4.5 Other improvements needing to be carried out 

� On the neutronics for the primary phase 

If we want to use SIMMER to represent the primary phase of the accident (instead of the 

code SAS4A), there is an essential modification to perform in the code: the addition of 

feedback expansion effects for fuel, steel and sodium.  

Indeed, they are not modelled at all in SIMMER, so if the calculation is performed in the 

standard route (SAS4A and then SIMMER) it is correct, but if SIMMER is used instead of 

SAS4A, these important effects on reactivity will not be taken into account, creating 

discrepancies on the time of occurrence of the primary power excursion but also on its 

amplitude: the scenario will consequently not be represented correctly. This will be shown 

later in Chapter 7.3. 

These modifications are under development at FZK in collaboration with IRSN. 

 

� On the definition of new materials 

When studying the means to mitigate the accident, it could be interesting to study new 

materials. Moreover, new concepts of reactors (such as the SFRv2b core) have different 

materials for the claddings and for the hexcans.  

In SIMMER, new materials can be added when replacing the characteristics of one material 

(for instance absorber B4C) by another new material (e.g. Eu2O3); however the material B4C 
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will no longer be available in the study. When considering the use of different materials for 

the hexcans and the claddings, it is currently simply impossible. Consequently, modifications 

in the code are necessary to model correctly these new materials.  

 

6.5 Conclusion on all codes 

Four codes have been presented in this chapter.  

TRIPOLI, the neutronics Monte-Carlo code, is only used as a reference, to check the 

consistency of the calculations. 

SAS4A will not be used, but it is important to know how this code operates to understand 

the following studies. 

With ERANOS, only static calculations of prespecified accidental configurations were 

performed, with some hypotheses, but there was no need to improve this code to carry out 

the calculations. 

On the contrary, an important work had to be performed on the SIMMER code to be able to 

use it for transient calculations. Now that it works, and that the main discrepancies are 

reduced, transient studies will be performed too. 

 

To finish, it was seen previously that the designs of the reactors changed, especially with the 

BN1800 core and related ones, and now, the code systems are no longer validated for 

studies of transients related to such modern reactor designs. Consequently, it is of major 

concern to perform new experiments in neutronics but also on the scenarios of accidents to 

validate the code systems and to ensure that the studies performed on cores like the 

BN1800 give accurate results. 

 

 

Now that the context, the cores and the code systems have been described, the studies 

performed during the PhD will be presented. They are divided in two parts, corresponding to 

the two accidents studied during the past three years: the Unprotected Loss Of Flow and the 

Total Instantaneous Blockage. 
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Chapter 7 
 

7 STUDY OF THE UNPROTECTED LOSS OF FLOW 

This chapter deals with only one type of accident: the Unprotected Loss Of Flow (ULOF). The 

ULOF is an accident which is representative of the worse situations. The safety studies must 

demonstrate whether that the accident can be “practically eliminated” or that its 

consequences can be mastered. Consequently, it is important to find ways to prevent the 

recriticality and especially any harmful releases outside the core if the accident happens. 

However, it must be kept in mind that the probability of occurrence of this accident is very 

low. 

 

The Chapter is divided into three main parts: 

- Preliminary static studies: it aims at understanding the phenomena which happen 

at different moments of the accident, so as to find ways to limit the reactivity 

insertions every time. These solutions must then be studied during the transient. 

- Parametric studies of the secondary phase with SIMMER-III: this part gives an 

example of the way transient studies were performed in the past and shows also 

the impact the upper part of the core can have on the scenario of the accident. 

However this approach needs a lot of hypotheses and a new method is then tried 

in the last part. 

- Calculation of the ULOF with SIMMER-III only: it is a new way to perform 

calculations on severe accidents and it is not validated yet. Thus, the method is 

first compared to a reference route and then conclusions were drawn concerning 

the scenario of the ULOF accident for a core such as the SFRv2b core.  

 

7.1 Static preliminary studies: understanding of the phenomena and 

possible solutions  

The objective of this first part for the ULOF is to understand which are the important 

parameters concerning the reactivity insertions during the accident. As the study is 

performed in static, the accident is first divided into different steps, each of them being 

analyzed. This study can then lead to different solutions to limit the reactivity insertions or 

to avoid the recriticality during the ULOF: the solutions may involve the whole design of the 

core or about systems which can be added (ejection of fuel or addition of absorber). These 

solutions are also evaluated and orders of magnitude concerning the amounts of fuel to 

eject or absorber to add are given. The goal is finally to study these solutions during a 
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transient with the code system SIMMER. 

7.1.1 Fuel slump-down 

First, the scenario of the ULOF is split into four static phases. Every phase is being studied in 

details, and then the amount of fuel to be ejected to avoid recriticality is calculated in the 

worst conditions.  

7.1.1.1 Accidental scenario of the core slump-down 

The scenario is thus divided into 4 phases (see Figure 7-1). The modelling is very schematic 

and has as the only objective to analyze physically the neutronics phenomena induced by 

the displacements of the structure materials [68]. 

1) Sodium voiding: sodium evaporation is the first effect when sodium temperature 

increases (sodium boiling temperature is 1200K). 

2) The removal of structure materials (or elements constituting steel):  steel begins to 

lose its mechanical properties at 1100K but it only melts at 1650K. After sodium 

boiling, the cladding “falls” at the bottom of the pins. It takes much more time for the 

hexcan to fall and melt but the chosen case is a conservative one and all the steel of 

the compacted zone goes away. Thus, a complete removal of structure is modelled 

(there is no more structure in the core), there are only fuel and void. This is a very 

hypothetical case which has as only goal to show the impact of the removal of 

structure alone. Fuel then melts at around 3000K and collapses (steel boiling 

temperature is about 3270K). There is a voided zone above the fuel. Actually, the 

structure materials form a crust below the subassemblies and a part of it melts in 

contact to molten fuel but that process is not modelled. 

3) To end, steel migrates towards the upper part of the fuel region (as its density is 

smaller than fuel density) and stratifies above the compacted fuel. There is, hence, a 

zone with only compacted fuel, above it the compacted structure materials and the 

rest of the damaged zone is void. This stratification occurs only after relatively long 

times (several dozens of seconds). 
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Figure 7-1: Modelled phases for the slump

 

Calculations were performed for the core slump

(Appendix 14). However, so as to avoid the effects due to differences of steel in both

the structure material of the cores was modelled 

calculations were performed with ERANOS code system in RZ transport with the ERALIB1 

library. The five states described in 

of each of them on the final reactivity insertion.

 The reactivity insertions obtained at each step for the cores SFRv0 and SFRv2

given below: 

 

Sodium voiding (1)

Structure removal (2)

Fuel slump

Structure repositioning (4)

Table 7-1: Reactivity insertion (in pcm) 

for both the SFRv0 and SFRv2b cores

 

Different phenomena are occurring in each step; the results obtained have to be explained 

for each of them. So as to better explain them, the neutronics balance

each step and for each core (see 

neutronics balance is linked to the definition of k
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: Modelled phases for the slump-down of a SFR core

performed for the core slump-down on the cores SFRv0 and SFRv2b 

). However, so as to avoid the effects due to differences of steel in both

of the cores was modelled as 15-15-Ti AIM1 (austenitic steel). These 

calculations were performed with ERANOS code system in RZ transport with the ERALIB1 

library. The five states described in Figure 7-1 were modelled so as to determine the impact 

of each of them on the final reactivity insertion. 

The reactivity insertions obtained at each step for the cores SFRv0 and SFRv2

SFRv0 SFRv2b 

Sodium voiding (1) 1660 1635 

Structure removal (2) 6831 6971 

Fuel slump-down (3) 2246 3064 

Structure repositioning (4) 1115 1645 

: Reactivity insertion (in pcm) caused by each step of the scenario of the core slump

for both the SFRv0 and SFRv2b cores 

Different phenomena are occurring in each step; the results obtained have to be explained 

for each of them. So as to better explain them, the neutronics balances were calculated at 

each step and for each core (see Table 7-2 for SFRv2b and Table 7-

neutronics balance is linked to the definition of k-effective: 
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down of a SFR core 

down on the cores SFRv0 and SFRv2b 

). However, so as to avoid the effects due to differences of steel in both cores, 

Ti AIM1 (austenitic steel). These 

calculations were performed with ERANOS code system in RZ transport with the ERALIB1 

were modelled so as to determine the impact 

The reactivity insertions obtained at each step for the cores SFRv0 and SFRv2b are 

caused by each step of the scenario of the core slump-down 

Different phenomena are occurring in each step; the results obtained have to be explained 

s were calculated at 

-3 for SFRv0). The 
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For a given population of neutrons, i.e. for a certain neutron flux level, the denominator 

does not change (as a neutron can only be absorbed or leak). On the contrary, decreasing 

the leakage term for example, implies an increase in the absorption term (because of the 

compensating effect) and consequently of the term of fission, which will increase the 

production rate by fission and also the k-eff. 

 

 

 

PRODUCTION 

BY FISSION 
CAPTURE FISSION LEAKAGE 

Standard 3.094E+20 1.929E+20 1.056E+20 7.402E+18 

Sodium voiding (1) 3.146E+20 1.907E+20 1.073E+20 7.966E+18 

Structure removal (2) 3.386E+20 1.813E+20 1.151E+20 9.541E+18 

Fuel slump-down (3) 3.505E+20 1.778E+20 1.190E+20 9.156E+18 

Structure repositioning (4) 3.572E+20 1.775E+20 1.213E+20 7.113E+18 

Table 7-2: Neutronics balance for each step of the core slump-down of SFRv2b 

 

 

PRODUCTION 

BY FISSION 
CAPTURE FISSION LEAKAGE 

Standard 3.131E+20 1.946E+20 1.069E+20 4.459E+18 

Sodium voiding (1) 3.185E+20 1.924E+20 1.087E+20 4.869E+18 

Structure removal (2) 3.426E+20 1.835E+20 1.165E+20 5.900E+18 

Fuel slump-down (3) 3.514E+20 1.808E+20 1.194E+20 5.694E+18 

Structure repositioning (4) 3.561E+20 1.806E+20 1.210E+20 4.329E+18 

Table 7-3: Neutronics balance for each step of the core slump-down of SFRv0 

 

� Sodium void effect and structure removal (1 and 2) 

Two remarks may be suitable on the results which were obtained. 

 

- The reactivity insertion due to the sodium voiding does not vary very much according to 

the core considered (SFRv0 or v2b). This comes from the fact that the volume fractions of 

sodium are very close. Indeed, sodium voiding is a reactivity effect linked to the decrease 

of sodium density (in case of temperature increase for example). The voiding effect is an 

intricate effect but its positive impact on the reactivity is mostly due to spectrum 

hardening. As there are less interactions with the coolant, neutrons are less slowed down 

and a hardening of the energetic spectrum is observed, thereby increasing the probability 

for neutrons to induce fissions. 

 

Studies were performed so as to limit the reactivity insertion in case of sodium voiding. 

The solutions are not numerous and most of them are incompatible with a high internal 

breeding ratio. Solutions which are now considered aim at reducing the sodium volume 

fraction (which directly decreases the amount of voided sodium when temperature 

increases), or adding a sodium plenum which favours leakage in case of sodium voiding. 

There are also, in the case of the core BN1800, geometrical arrangements such as plenum 

and reduction in height. The use of an internal blanket has also been envisaged in some 

related designs.  
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- The removal of structure material has an effect slightly more important for the core SFRv2b 

than for the core SFRv0: that is due to the bigger structure volume fraction of the SFRv2b. 

Structure material removal creates a high reactivity insertion as it reduces the neutron 

absorption. A possible solution to decrease the reactivity insertion is to decrease the 

structure volume fraction.  

 

� Fuel compaction (3) 

The fuel compaction or fuel slump-down means that all the fuel is concentrated at 100% and 

located in the lower part of the core. Above the compacted fuel there is void. 

During the slump-down of a core having a finite radius (from steps 2 to 3), the decrease of 

radial leakage is responsible for the reactivity insertion. Indeed, when a core with an infinite 

radius is considered (with no radial leakage), there are no reactivity variations between the 

standard case and the damaged one. If the core radius is finite, the difference will not be 

zero in case of core collapsing. Moreover, the bigger the leakage will be in the nominal state, 

the more it will decrease during the accident and the bigger the reactivity insertion will be. 

The theoretical approach in Appendix 14 shows how important the radial leakage is during 

the accident. So, it is important to minimize it in the nominal state to prevent it from 

decreasing too much during the accident and so to limit the reactivity insertion of this step. 

 

The slump-down of the core SFRv2b creates a reactivity insertion much higher than the one 

of SFRv0. The leakage rate is much smaller for SFRv0 (see Table 7-2 and Table 7-3), and thus 

there is less leakage variation during the slump-down; which is why the reactivity insertion is 

smaller. 

 

As a conclusion, to limit the reactivity insertion in case of core collapsing, the radial leakage 

must be minimized in the nominal state. So, when there will be collapsing of the core, the 

difference between radial leakage in the nominal state and in the damaged case will be 

minimal and so will be the reactivity insertion. So, the core can be flattened (by increasing 

the radius or decreasing the fissile height) or the flattening of the power shape can be 

limited by putting for instance only one zone of plutonium in the core (but this may be a 

disadvantage for the radial power distribution and the power form factor). Another solution 

is to increase the volume fraction of fuel so as to decrease the height reduction when 

collapsing.  

 

� Structure material repositioning (4) 

The structure material repositioning by stratification has a positive effect on the reactivity. It 

is higher for SFRv2b than for SFRv0. The comparison of neutron balance for steps 3 and 4 

shows the reactivity variation is essentially due to the reduction of neutronics axial leakage. 

As the leakage decreases but also the captures, it can be deduced that the neutrons are 

usually reflected towards the fuel, thus increasing the production rate per fission. This has as 

consequence an increase in the reactivity. 

The leakage rate of SFRv0 is smaller after the structure material repositioning than in 

nominal state, its variation during the structure material repositioning is also small, which 

explains why the reactivity insertion is smaller for SFRv0. 

 

It is important to notice that structure material repositioning is done on long duration times 

(more than 10 seconds).  



STUDY OF THE UNPROTECTED LOSS OF FLOW: Preliminary studies in static 

 

 80

 

Finally, to reduce the reactivity insertion of this step, the structure material stratification 

should not appear. So the structure volume fraction must be reduced (that would also 

decrease the reactivity insertion when steel is withdrawn) or a material of structure that is 

miscible with molten fuel should be chosen (it is possible that vanadium could have the 

requested characteristics but proof has to be demonstrated through the use of extensive 

studies since its phase diagram is rather complex, see Appendix 15) that would prevent any 

removal or repositioning of the structure.  

To summarize, to each step is associated a solution that enables to limit the reactivity 

insertion: 

- Sodium voiding: decreasing the sodium volume fraction, adding a sodium 

plenum. 

- Structure material removal: decreasing the structure volume fraction. 

- Fuel slump-down: increasing the fuel volume fraction, limiting the radial leakage 

in the nominal state (by decreasing the height of the core for instance). 

- Structure material repositioning: decreasing the leakage in nominal or choosing a 

material for structure miscible with the fuel. 

 

These are solutions that can be envisaged for the core design itself (for the BN1800 for 

example, the height of the core was decreased and a sodium plenum was added), while 

additional solutions can be envisaged to act during the accident, such as fuel ejection or 

addition of absorber miscible with fuel. 

 

7.1.1.2 Amount of fuel to be ejected to avoid recriticality 

 

A way to avoid recriticality is to favour fuel ejection. That is why systems such as FAIDUS 

subassemblies or CRGT were created. In this way to proceed, it is interesting to know the 

amount of fuel that must be ejected from the core. 

To calculate the amount of fuel to eject from the core so as to avoid recriticality, ERANOS 

calculations were made in RZ transport with the ERALIB1 library. Different cores were 

modelled. They all have a fissile height of 1m, with only one fuel zone and a 220cm-radius. 

For the whole of them to be critical in nominal, while the enrichment is increased, the fuel 

volume fraction is decreased: actually, the ratio structure to fuel volume fraction is kept 

(31% structure, 69% fuel, as for SFRv2b), but the sum of the volume fractions of fuel and 

structure is decreased. Moreover, it is impossible to have a critical core with enrichment 

lower than 12%. Consequently, the values are not represented. 

 

Two curves were plotted according to the chosen collapsing assumptions: stratification of 

structure material above the molten fuel (case 4 of Figure 7-1) or homogeneous mixture 

fuel/structure. 
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Figure 7-2: Critical height functions of the core enrichment

 

 

The Figure 7-2 represents the compacted height for which criticality is reached depending on 

the core enrichment.  

 

The figure shows that for cores with the

the critical height is and the higher the amount of fuel to eject is. So, for the core SFRv2b 

(average core with an enrichment of 15.7%), 52% of fuel must be ejected in case of 

stratification (3.9m3 or 42tons

26tons). 

At first, the calculation was performed with ERANOS in 1D dimension. However in 1D, there 

was no radial leakage, and the values obtained for the critical height were

Appendix 16). Indeed, as there was no radial leakage, the reduction of the core height when 

it collapses did not induce any reactiv

consequently the reactivity insertion was smaller. The calculation was thus performed in 

transport RZ. This example highlights the importance of the radial leakage on the reactivity 

variation when the core collapses.

 

A main conclusion of this study is that the amount of fuel to eject to avoid recriticality 

depends mostly on the way the materials are spatially distributed in the collapsed region. It 

is obvious that having a homogeneous mixture structur

it is important to have a structure material 

                                                      
1
 The core SFRv2b contains 80 tons of fuel and 27 tons of steel.
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: Critical height functions of the core enrichment

represents the compacted height for which criticality is reached depending on 

The figure shows that for cores with the same size, the higher the enrichment is, the smaller 

the critical height is and the higher the amount of fuel to eject is. So, for the core SFRv2b 

(average core with an enrichment of 15.7%), 52% of fuel must be ejected in case of 

42tons1) and 29% if fuel and structure material stay melted (3.2m

At first, the calculation was performed with ERANOS in 1D dimension. However in 1D, there 

was no radial leakage, and the values obtained for the critical height were

). Indeed, as there was no radial leakage, the reduction of the core height when 

it collapses did not induce any reactivity insertion as it was shown in the last paragraph and 

consequently the reactivity insertion was smaller. The calculation was thus performed in 

transport RZ. This example highlights the importance of the radial leakage on the reactivity 

core collapses. 

A main conclusion of this study is that the amount of fuel to eject to avoid recriticality 

depends mostly on the way the materials are spatially distributed in the collapsed region. It 

is obvious that having a homogeneous mixture structure/fuel is very interesting, and so that 

structure material which is miscible with the molten fuel (such as 
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: Critical height functions of the core enrichment 

represents the compacted height for which criticality is reached depending on 

same size, the higher the enrichment is, the smaller 

the critical height is and the higher the amount of fuel to eject is. So, for the core SFRv2b 

(average core with an enrichment of 15.7%), 52% of fuel must be ejected in case of 

stay melted (3.2m3 or 

At first, the calculation was performed with ERANOS in 1D dimension. However in 1D, there 

was no radial leakage, and the values obtained for the critical height were much smaller (see 

). Indeed, as there was no radial leakage, the reduction of the core height when 

ity insertion as it was shown in the last paragraph and 

consequently the reactivity insertion was smaller. The calculation was thus performed in 

transport RZ. This example highlights the importance of the radial leakage on the reactivity 

A main conclusion of this study is that the amount of fuel to eject to avoid recriticality 

depends mostly on the way the materials are spatially distributed in the collapsed region. It 

e/fuel is very interesting, and so that 

which is miscible with the molten fuel (such as 
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oxides like HfO2, Eu2O3, Gd2O3, etc.).  

7.1.2 Possible solutions to avoid recriticality 

7.1.2.1 Reactivity insertions due to core slump-down 

For this part, the hypotheses for the calculation and the modelling are the followings.  

The temperatures vary depending on the state of the materials: fuel goes from 1500K in the 

nominal state to 3000K when it is molten. For structure, it goes from 750K to 1100K when it 

is molten. 

During compaction, it is considered that fuel compacts alone and that structure material 

stratifies above it. The rest of the core is filled with void. However, the sodium plenum is 

supposed to remain intact. 

Calculations were only performed at the BOL for different reasons: 

- The way the fission products behave in case of an accident is not known, very few 

experiments on accidents were performed with irradiated fuel.  

- The fission products are absorbers: it is more conservative not to take them into 

account, and it is representative for a fresh core. 

However it is true that considering the core at the EOC would lead to different values of 

reactivity insertions, but here the goal is to obtain indications on the reactivity insertions 

which could be obtained and on the ways the accident could be mitigated. The values must 

not be taken as realistic. 

They were also done with ERANOS code system in RZ transport with the nuclear data library 

ERALIB1. This method was validated by comparison with TRIPOLI 4.5 (see Appendix 8). 

 

The cores SFRv0, SFRv2b and a core assimilated to EFR were compacted at BOL (like in step 4 

of Figure 7-1). The reactivity insertions that were obtained are given below: 

SFRv0 30 

SFRv2b 34 

EFR 38 
Table 7-4: Reactivity insertions in $ in case of complete slump-down 

 

They are all greater than 30$, it is consequently necessary to find ways to avoid recriticality 

in case of ULOF (even if it must be kept in mind that these values of reactivity insertions are 

very conservative and not associated to a real scenario).  

Two solutions are now studied: the addition of absorbers and the ejection of fuel. 
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7.1.2.2 Addition of miscible and absorbing materials  

� Tests on different absorbers 

It has been seen previously that it is interesting in case of core slump-down to have a 

homogeneous mixture of fuel and structure. Miscible absorbers with (U,Pu)O2 in case of 

complete melting of the core have been selected. They can be added to the molten pool 

after the accident occurs (after or during the primary phase of the accident) to prevent the 

recriticality during the secondary phase of the accident. The list of absorbers tested as well 

as their volume mass, their melting and boiling temperatures are given in the table below 

(the values for B4C are also given, just as comparison as it is not miscible with fuel):  

 

 

 

Density 

(g.cm-3) 

Melting  

T° (K) 

Boiling 

T° (K) 

Inserted reactivity in case of 

compaction of SFRv0 with 20% of 

absorbers 

Order of efficiency 

of the absorber 

HfO2 9.7 3400 6000 -25 $ 3 

Y2O3 5 3000 5000 +11 $ 5 

La2O3 6.5 ≈ 2800 4800 +10 $ 4 

CeO2 7.1  ≈3100  +12 $ 6 

Eu2O3 7.4  ≈2700  -82 $ 1 

Gd2O3 7.4 2900  -25 $ 2 

UO2 10.9 3300 4300 +2.4$  

B4C natural 2.52 2700 >3800 -83$  

B4C enriched 

(90% B10) 
2.39 2700 >3800 -220$  

Table 7-5: Different tested absorbers and efficiency 

Calculations of complete core slump-down (EFR and SFRv0) with 20% of absorbers in volume 

mixed homogeneously with molten fuel were performed. Structure material is stratified 

above the mixture fuel/absorber (see step 4 of Figure 7-1).  

While in case of complete core slump-down the reactivity insertion is about 30$ (without 

addition of absorber and in case of stratification of structure), the addition of 20% of certain 

absorbers enables to have a negative reactivity insertion (see Table 7-4). The results 

obtained for the EFR-like core and SFRv0 are also in Appendix 17. 

 

Adding 20% of absorbers in volume to the molten fuel is conservative to what is looked for. 

When looking at the results, it is clear that a far smaller proportion of absorber can be added 

to avoid recriticality. 

 

 

� Amount of absorbing material to be added to avoid recriticality 

 

So as to determine the amount of absorber necessary to avoid recriticality, calculations have 

been performed on several cores having different enrichments with only one fuel zone. All 

the cores are critical at nominal state, when the enrichment is modified, the core radius is 

adjusted so as to have a critical core. These cores are slumped down entirely with an 

addition of a given proportion of Eu2O3 so as to be critical (see Figure 7-3). As was done 

previously, the structure material is stratified above the mixture fuel/absorber. The 

calculations were performed in transport RZ with ERANOS code system. 
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Figure 7-3: Amount of Eu2

 

When core enrichment increases, the amount of absorber necessary becomes more 

important. For the core SFRv2b (average core), 6.5% in volu

homogeneously to avoid recriticality (0.5m

the amount of Eu2O3 to add is 0.24m

The sequence during which the different materials will melt to create a sub

beyond the current study and will have to be envisaged later.

 

Other absorbers were tested in the last part, but they all had a smaller absorbing power so a 

more important amount of it would be needed to obtain the same result. For instance, if 

UO2 is added, 32% of it should be added (3.5m

covers like in EFR on a surface equivalent to the SFRv2b one).

 

7.1.2.3 Ejection of part of the molten fuel

Another way to avoid recriticality is to eject part of the molten fue

developed by the JAEA with FAIDUS subassemblies and CRGT. Different mechanisms enable 

to eject fuel: the squirting effect, the sodium

The paragraph 7.1.1.2 shows the amount of fuel to eject from the core to avoid recriticality 

depending on its enrichment. 

amount of material is ejected at all radial

of the fuel must be ejected (3.9m

stratification is done, while it is 29% (3.2m

mixed. 
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2O3 necessary to avoid recriticality in case of core compaction

When core enrichment increases, the amount of absorber necessary becomes more 

important. For the core SFRv2b (average core), 6.5% in volume of Eu2

homogeneously to avoid recriticality (0.5m3 or 4t). If there is no stratification of the steel, 

to add is 0.24m3.  

The sequence during which the different materials will melt to create a sub

beyond the current study and will have to be envisaged later. 

Other absorbers were tested in the last part, but they all had a smaller absorbing power so a 

more important amount of it would be needed to obtain the same result. For instance, if 

is added, 32% of it should be added (3.5m3 or 33t, which corresponds to 47cm of axial 

covers like in EFR on a surface equivalent to the SFRv2b one). 

Ejection of part of the molten fuel 

Another way to avoid recriticality is to eject part of the molten fuel. That is the solution 

developed by the JAEA with FAIDUS subassemblies and CRGT. Different mechanisms enable 

to eject fuel: the squirting effect, the sodium-fuel interaction, etc. 

shows the amount of fuel to eject from the core to avoid recriticality 

depending on its enrichment. The ejection is homogeneous, that is to say that the same 

amount of material is ejected at all radial position. So, if the core SFRv2b is considered, 52% 

of the fuel must be ejected (3.9m3 or 42t) when the hypothesis of 

stratification is done, while it is 29% (3.2m3 or 26t) if structure material 
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necessary to avoid recriticality in case of core compaction 

When core enrichment increases, the amount of absorber necessary becomes more 

2O3 must be added 

or 4t). If there is no stratification of the steel, 

The sequence during which the different materials will melt to create a sub-critical mixture is 

Other absorbers were tested in the last part, but they all had a smaller absorbing power so a 

more important amount of it would be needed to obtain the same result. For instance, if 

or 33t, which corresponds to 47cm of axial 

l. That is the solution 

developed by the JAEA with FAIDUS subassemblies and CRGT. Different mechanisms enable 

shows the amount of fuel to eject from the core to avoid recriticality 

The ejection is homogeneous, that is to say that the same 

So, if the core SFRv2b is considered, 52% 

or 42t) when the hypothesis of structure material 

structure material and fuel remain 
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7.1.2.4 Ejection of part of the molten fuel and addition of miscible material 

In this study, it is assumed that different effects enable to eject 10%

the upper part of the core. Consequently, a smaller amount of absorber or diluent

(compared to the last part) will have to be added to avoid recriticality.

For SFRv2b, it is necessary to add 5.6% in volume of Eu

no fuel ejection). 

The amount of absorber to add depending on the amount of fuel to 

recriticality can be calculated (ERANOS calculations in RZ transport). So this curve was 

plotted for the absorber Eu2O

Figure 7-4: Mass of Eu2O3 to add depending on the fuel mass to eject to avoid recriticality

 

 

The same curve was plotted for UO

 

Figure 7-5: Mass of UO2 to add depending on the fuel mass to eject to avoid recriticality

 

                                                      
1 This value is assumed, but no hypothesis says 10% of fuel will be ejected.
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t of the molten fuel and addition of miscible material 

In this study, it is assumed that different effects enable to eject 10%1 of the fuel material in 

the upper part of the core. Consequently, a smaller amount of absorber or diluent

(compared to the last part) will have to be added to avoid recriticality. 

For SFRv2b, it is necessary to add 5.6% in volume of Eu2O3 (0.4m3, while it is 0.5m

The amount of absorber to add depending on the amount of fuel to 

recriticality can be calculated (ERANOS calculations in RZ transport). So this curve was 

O3, see Figure 7-4. It can be noticed it is a straight line.

to add depending on the fuel mass to eject to avoid recriticality

The same curve was plotted for UO2, see the figure below. 

to add depending on the fuel mass to eject to avoid recriticality

              
This value is assumed, but no hypothesis says 10% of fuel will be ejected. 
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t of the molten fuel and addition of miscible material  

of the fuel material in 

the upper part of the core. Consequently, a smaller amount of absorber or diluent 

, while it is 0.5m3 if there is 

The amount of absorber to add depending on the amount of fuel to eject to avoid 

recriticality can be calculated (ERANOS calculations in RZ transport). So this curve was 

. It can be noticed it is a straight line. 

 

to add depending on the fuel mass to eject to avoid recriticality 

 

to add depending on the fuel mass to eject to avoid recriticality 
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 The curve obtained is also a straight line but the quantities of UO2 to add are much more 

important than for Eu2O3.  With UO2, this option has no more realistic outcome since it looks 

quite impossible to obtain a molten fuel/UO2 mixture for such a large volume. 

It must also be noticed that all these mixtures are homogeneous, and that will certainly not 

be the case in any period of the transient. 

7.1.3 Conclusions on the static study  

To summarize the study, at every static step of the scenario, solutions to avoid the reactivity 

increase are given. They can be envisaged during the core design itself: indeed, a core with a 

smaller volume fraction of sodium and a smaller volume fraction of structure material would 

enable to limit the effects on reactivity of the sodium voiding and the structure material 

removal. Moreover, to limit the variation of radial leakage when the core is slumped-down, 

the radial leakage in the nominal state must be decreased, for instance by having a core with 

a smaller height and a bigger radius and only one fuel enrichment zone.  

 

Other solutions were studied such as addition of absorber miscible with fuel or 

ejection of fuel. 

Indeed, when the addition of absorber is considered, it was shown that 6.5% of Eu2O3 in 

volume would be necessary to avoid recriticality in case of total melting of the core. It could 

also be interesting to have a material for the claddings which could melt with fuel in the 

molten pool (even if this material is not an absorber): it would prevent the repositioning of 

steel and would have a diluting effect (e.g. vanadium). 

 

It was also calculated that 52% of the fuel in the core had to be ejected from a core like 

SFRv2b to avoid recriticality if there is fuel stratification. This corresponds to 42 tons of fuel, 

what is really huge. Keeping steel mixed with fuel would enable to decrease the amount of 

fuel to be ejected: it would be of “only” 26 tons of a mixture of fuel and steel. 

When coupling both methods, addition of absorber and ejection of fuel, the amount of fuel 

to be ejected decreases when the amount of absorber added increases.  

However the problem lies in the way the absorber has to be added to the molten pool: 

solutions are under study, like the SEPIA subassemblies [69]. In this SEPIA subassembly, 

several fuel pins are replaced by voided pins. When the core temperature increases above a 

given level, absorber materials, located above the core, drop in the voided pins of the core. 

However this sort of mechanism must not disturb the normal operation of the reactor and a 

lot of studies are still needed before it can be used. The speed of the drop must be fast 

enough to counteract the scenario considered. It is why core features which enable some 

delay in the scenario might be of interest. 

 

It is important to remember that these studies were performed in static with some 

hypotheses and hence the calculations are very conservative, so they give orders of 

magnitude for the effects which can be useful for the core conception and the 

implementation of systems of mitigation. However, in order to get more precise safe 

arrangements, transient calculations are necessary. 
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7.2 Parametric studies of the secondary phase with SIMMER 

During this part, the accident is studied as it was done in the past: the amount of fuel and 

steel which had to be ejected from the core for it to be back to criticality at the end of the 

primary phase was calculated with the only use of neutronics modules, and then the 

secondary phase was calculated, this time with SIMMER-III with the full use of the different 

disciplines in order to represent the fall of the upper part of the core and the slump-down of 

the fissile zone (see the example of Super-Phenix in Appendix 18).  

 

The study presented here is thus similar: the state of the core at the end of the primary 

phase of the accident is calculated thanks to ERANOS (for a better accuracy): different static 

cases are defined (sodium voiding, Doppler effect, fuel expansion and then fuel ejection) and 

the last calculation gives the state of the core once it is back to criticality. Then the fall of the 

upper part is studied with the SIMMER-III transient code. 

 

The goal of this study is to determine if the geometrical configuration of the core had an 

impact on the scenario of the secondary phase of the ULOF accident. Therefore, different 

configurations of the core have been defined: a core “with axial reflectors”, a core “with a 

high upper gas plenum”, a core “with a sodium plenum”, and a core “with upper fertile axial 

blankets”. 

What we want to conclude at the end of this study is: 

- Does one of these configurations provide the capability to prevent recriticality? 

- If it cannot, is it possible to limit the mechanical energy release so that the vessel 

can withstand it? 

 

7.2.1 Supposed scenario 

 

During this study, an Unprotected Loss Of Flow (ULOF) is considered. A scenario was chosen 

among several other possible ones (see Figure 7-6). During the loss of flow due to the 

primary pump coast down, the temperature of the materials increases and leads to sodium 

boiling and voiding. Afterwards there is a high reactivity insertion and a primary power 

excursion. Part of the fuel is ejected in the lower or/and upper part of the core, by the 

squirting effect or by fuel-sodium interaction. This ejected fuel cools and forms plugs. As 

temperature increases, claddings and wrappers melt and consequently, the upper part of 

the core is no longer supported and collapses. 

There is then fuel slump-down and the second power excursion. 

The accident ends with a diphasic fuel-sodium vapour bubble expansion. 
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Figure 7

 

 

 

7.2.2 ERANOS CALCULATIONS

7.2.2.1 Studied configurations

 

The core used to perform the calculations is

different configurations have been studied:

- “With upper fertile blankets”: this is the usual design and all the former 

calculations of the secondary phase with SIMMER were performed on cases with 

lower and upper axial blankets (Super

- “With reflectors and without gas plenum”: this geometry is not realistic as the 

upper part of the pins (the upper gas plenum) is missing, but this geometry is 

interesting as it will show the impact of having 

blankets in the upper part of the core.

- “With reflectors and with an 11cm upper gas plenum where squirting effect is 

possible”: this could be a real configuration and this geometry corresponds 

exactly to the SFRv2b core.

- “With a sodium plenum and an 11cm upper gas plenum where squirting effect is 

possible”: this geometry is the one of SFRv2b with a sodium plenum. It will show 

the impact of a sodium plenum on the secondary phase of the accident.

- “With a high upper gas plenum w
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7-6 : ULOF scenario considered in the study 

ERANOS CALCULATIONS 

Studied configurations 

The core used to perform the calculations is the SFRv2b at the end of cycle. Furthermore six 

different configurations have been studied: 

“With upper fertile blankets”: this is the usual design and all the former 

calculations of the secondary phase with SIMMER were performed on cases with 

pper axial blankets (Super-Phenix, EFR). 

“With reflectors and without gas plenum”: this geometry is not realistic as the 

upper part of the pins (the upper gas plenum) is missing, but this geometry is 

interesting as it will show the impact of having structural materials instead of 

blankets in the upper part of the core. 

“With reflectors and with an 11cm upper gas plenum where squirting effect is 

possible”: this could be a real configuration and this geometry corresponds 

exactly to the SFRv2b core. 

th a sodium plenum and an 11cm upper gas plenum where squirting effect is 

possible”: this geometry is the one of SFRv2b with a sodium plenum. It will show 

the impact of a sodium plenum on the secondary phase of the accident.

“With a high upper gas plenum where squirting effect is possible”: this geometry 
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the SFRv2b at the end of cycle. Furthermore six 

“With upper fertile blankets”: this is the usual design and all the former 

calculations of the secondary phase with SIMMER were performed on cases with 

“With reflectors and without gas plenum”: this geometry is not realistic as the 

upper part of the pins (the upper gas plenum) is missing, but this geometry is 

structural materials instead of 

“With reflectors and with an 11cm upper gas plenum where squirting effect is 

possible”: this could be a real configuration and this geometry corresponds 

th a sodium plenum and an 11cm upper gas plenum where squirting effect is 

possible”: this geometry is the one of SFRv2b with a sodium plenum. It will show 

the impact of a sodium plenum on the secondary phase of the accident. 

here squirting effect is possible”: this geometry 
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is not realistic; it just aims at looking whether it is important to have reflectors or 

not above the upper gas plenum (to have a region with a lot of void instead of 

structural materials). 

- “With a high upper gas plenum where squirting effect is not possible”: this last 

geometry, when compared to the cases “with upper fertile blankets” and “with 

reflectors and without gas plenum”, will demonstrate the importance of the 

medium where the fuel is ejected. In p

situations in which the distance at which the fuel is ejected differs significantly.

 

All the configurations are described below:
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is not realistic; it just aims at looking whether it is important to have reflectors or 

not above the upper gas plenum (to have a region with a lot of void instead of 

structural materials).  

per gas plenum where squirting effect is not possible”: this last 

geometry, when compared to the cases “with upper fertile blankets” and “with 

reflectors and without gas plenum”, will demonstrate the importance of the 

medium where the fuel is ejected. In particular, it will enable to compare 

situations in which the distance at which the fuel is ejected differs significantly.

All the configurations are described below: 

Figure 7-7 : Different studied cases with ERANOS 
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is not realistic; it just aims at looking whether it is important to have reflectors or 

not above the upper gas plenum (to have a region with a lot of void instead of 

per gas plenum where squirting effect is not possible”: this last 

geometry, when compared to the cases “with upper fertile blankets” and “with 

reflectors and without gas plenum”, will demonstrate the importance of the 

articular, it will enable to compare 

situations in which the distance at which the fuel is ejected differs significantly. 
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For a better understanding of the heterogeneous configurations used for the different 

media, the cross-sections of fuel, fertile, gas plenum and reflectors are plotted: 

 

Figure 7-8

Figure 7-9 : Cross

Figure 7-10
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For a better understanding of the heterogeneous configurations used for the different 

sections of fuel, fertile, gas plenum and reflectors are plotted: 

8 : Cross-sections of the fuel and fertile media 

 

: Cross-sections of the gas plenum and reflectors media

 

 
10 : Cross-section of the sodium plenum medium 
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For a better understanding of the heterogeneous configurations used for the different 

sections of fuel, fertile, gas plenum and reflectors are plotted:  

 

 
sections of the gas plenum and reflectors media 

 



 

STUDY OF THE UNPROTECTED LOSS OF FLOW: Parametric studies of the transition phase with SIMMER 

 91 

The fuel ejection length will vary significantly depending on the medium located above the 

fissile zone. Indeed the only regions where fuel will be able to propagate are the sodium 

channels and for the cases “with gas plenum and squirting effect” only, there is also the 

inner part of the cladding available for that purpose. 

 

Hence, when the medium above the fissile zone is the gas plenum or the plenum, a large 

part of the medium can be used for the fuel to expand. On the other hand when it is fertile 

or reflectors, fuel can only use sodium channels to expand. The volume fractions that are 

available for fuel expansion are given for each medium in the table below: 

 

 

Volume fraction that can be 

used by fuel to expand 

Sodium plenum 86.58 

Reflectors 23.96 

Gas plenum 72.32 

Gas plenum without squirting effect 22.83 

Fertile 22.83 

Table 7-6: Volume fractions that can be used by fuel to expand for each medium in case of SFRv2b 

 

To compare these results with those of other cores, the calculations were also performed on 

the EFR core (EFR CDF 91) and on the starting core of Super-Phenix (SPX). Below are the top 

views of the three cores:          

 

 
 

 
Figure 7-11 : On the top-left, SFRv2b, on the top-right, EFR, and below, SPX. 
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EFR, SPX and SFRv2b differ from each other by their subassembly, their volume fractions and 

their enrichments. EFR and SPX have axial fertile media, the values obtained for both cores 

can consequently be compared to the SFRv2b core with an upper axial fertile medium. 

Below is a table giving the volume fraction available for fuel ejection in each medium. 

 

  

Volume fraction that can be 

used by fuel to expand 

SFRv2b 

Sodium plenum 86.58 

Reflectors 23.96 

Expansion chamber (EC) 72.32 

Gas plenum without  

squirting effect 22.83 

Fertile 22.83 

EFR Fertile 27.64 

SPX Fertile 27.21 

Table 7-7: Volume fractions that can be used by fuel to expand for each medium in case of SFRv2b, 

EFR and SPX 

 

7.2.2.2 ERANOS calculations 

The studies are carried out at the end of cycle for the core SFRv2b and EFR CDF91. For SPX, 

the data are the ones of the starting core.  

 

There are five remarkable steps in the scenario corresponding to the ERANOS calculations: 

1) Sodium void calculation. 

2) Doppler voided calculation. 

3) Calculation of fuel expansion so as to fill the sodium channels (once cladding is 

broken). 

4) Calculation of the amount of fuel to eject to find again the initial reactivity. 

 

For each configuration three types of calculations were performed:  

- Only fuel is ejected and it is only ejected in the upper part of the core. 

- Fuel and half of the cladding are ejected only in the upper part of the core (fuel 

and cladding is assumed to be a homogeneous mixture). 

- Only fuel is ejected but it is half ejected in the lower and half in the upper part of 

the core. 

These hypotheses do not obligatory reflect the reality, they aim at showing the impact of the 

space where fuel is ejected according to the scenario. Moreover, these calculations do not 

take into account the thermal properties of the materials, but only the neutronics: materials 

can be ejected very far in the calculations, while in reality it would have form blockages. 
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7.2.2.3 Calculation methods 

 

Calculation methods used by ERANOS are different depending on the step and the type of 

calculation. Consequently, if the claddings are intact (Doppler calculation, void effect and 

amount of fuel alone to eject), cell calculations are performed for heterogeneous lattices at 

33 groups with self-shielding calculations carried out at 1968 groups. 

 

Concerning core calculations, they are all performed in 3D transport (with VARIANT, see 

justification in Appendix 8).  

 

7.2.2.4 ERANOS results 

� Doppler and void 

 

Void and Doppler reactivity effects are calculated for each core. Voiding was done in the 

fissile zone only (sodium channel and inter-assembly sodium).  

Concerning Doppler, as cell calculations were done with a heterogeneous-medium 

assumption for SFRv2b and EFR, Doppler reactivity effect was calculated between 1500K and 

3000K for fuel and between 740K and 1100K for the various structures. 

Concerning the SPX case, Doppler reactivity effect was calculated homogeneously between 

1500K and 3000K. Doppler reactivity effect results given here do not include Doppler 

reactivity effect in the breeding blankets. 

Results are given in the table below (EC stands for Expansion Chamber): 

 

 
 SFRv2b  

EFR 

 

SPX
1
 

 

Sodium 

plenum 

Reflectors 

without 

EC 

EC with 

squirting 

effect 

Breeding 

blankets 

Reflectors 

with EC 

EC 

without 

squirting 

effect 

 

 

           

Δρ after voiding (pcm) +1727 +1777 +1712 +1765 +1756 +1712  2263  1689 

Δρ after voiding+doppler (pcm) +1283 +1332 +1271 +1329 +1313 +1271  1941  1279 

Table 7-8: Void and Doppler reactivity effect results for SFRv2b, EFR and SPX 

The voiding and Doppler reactivity effects are practically the same for each of the above 

arrangements of the SFRv2b core. As for the SPX core, the values are also similar. However, 

for the EFR core, the void reactivity effect is greater and the Doppler reactivity effect 

smaller. 

 

� Fuel ejection 

After the significant reactivity insertion owing to the core voiding, despite the Doppler 

causing a decrease in reactivity, it did not return to its initial value. Fuel will then expand 

because of the pressure in the core and go out of the fissile zone, and then relocate in the 

zone above the fissile. The reactivity thus decreases. 

Once fuel has expanded in the sodium channels, the amount of fuel which has to be 

removed from the fissile zone to obtain the initial reactivity is calculated with ERANOS. 

                                                      
1
 For SPX, β=366.3pcm. 
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However, the main question is: “Where fuel is ejected?”. Indeed, no precise calculation of 

the primary phase was performed, and hypotheses must be done.  

The first hypothesis is simple, as only fuel is ejected above the fissile zone. This is a 

conservative hypothesis as when fuel falls again, this is the case where there is the most 

important fall of fuel only. 

The second hypothesis considers that half of the claddings are ejected, and then the amount 

of fuel to be ejected to return to the initial reactivity has to be more important than in the 

previous hypothesis. The upper part will then be less reactive when it will fall, but more fuel 

will have to be ejected. 

The third and last hypothesis is that fuel is ejected above and below the fissile zone. 

Consequently, there will be less fuel falling again in the pool. 

For each hypothesis, the amount of fuel to be ejected is calculated with ERANOS. 

What is interesting is to see the impact of the hypothesis on the secondary phase of the 

accident. 

 

 

- Only fuel ejection 

 

The results for fuel ejection in the different studied cases are gathered in the table below: 

 
 SFRv2b  

EFR 

 

SPX 

 

UO2 

blanket 

Refl. 

with EC 

Refl. 

without 

EC 

EC with 

squirting 

effect 

EC without 

squirting effect 

Na ple-

num 
 

 

Ejection length (cm) 18.3 8.6 18.3 7.8 21.7 8.1  15.9  8.39 

Amount of fuel  

ejected (%) 
9.3 14.2 9.6 12.9 11.1 13.5  11.6  6.2 

Energy necessary for  

the displacement
1
 (kJ) 

43 60 45 55 53 57  33  14 

Table 7-9: Amount of fuel to eject to return to the initial reactivity 

 

Concerning the results of fuel ejection, two types of results can be distinguished: 

- Those where fuel ejection length is high and the amount of ejected fuel of about 

10% (leading to an energy necessary for the displacement of about 45kJ).  

- Those where fuel ejection length is smaller and the amount of fuel to eject 

greater (with an energy necessary for the displacement of about 60kJ).  

 

The fuel ejection length is high in configurations where only sodium channels can be used for 

fuel ejection, e.g. breeding blankets, reflectors without gas plenum and gas plenum without 

squirting effect. In these three cases the volume fraction that can be used by fuel to be 

ejected is the same, which explains why the results are so close. It also shows that reflectors 

or fertile are less significant in their effects compared to the distance through which fuel is 

ejected: indeed, it is not important if the medium is filled with reflectors, fertile or void (gas 

                                                      
1
The mechanical energy necessary for the displacement is calculated thanks to the formula:  � � ��∆ℎ with ∆ℎ 

the variation of barycentre of fuel between the nominal state and the state with fuel ejected. Other effects e.g. 

induced by viscosity have been neglected. 
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plenum), what matters is the distance between fuel and the fissile zone (ejection length). 

In cases where there is a gas plenum with squirting effect or a sodium plenum, fuel ejection 

length is much smaller (less than 9cm) and the amount of fuel to eject is higher. This can be 

explained by the fact that there is nearly no segregation or dilution between the fissile zone 

and the ejected fuel. 

 

For EFR and SPX, results will have to be compared to the SFRv2b with axial breeding 

blankets. The results obtained are not very far from those obtained by SFRv2b: 

- For EFR, the reactivity insertion (due to the sodium voiding minus the Doppler 

effect) is more important than for SFRv2b so the amount of fuel to eject is higher. 

On the contrary, the ejection length is smaller because the volume fraction 

available to eject fuel in the fertile of EFR is higher than in the one of SFRv2b. 

- For SPX, the reactivity insertion to compensate by fuel ejection is similar to 

SFRv2b. The amount of fuel to eject is smaller because of the leakage: as SPX is 

smaller, the radial leakage is more important and less fuel has to be ejected to 

have the same effect. Moreover, ejection length is smaller because the volume 

fraction available for fuel ejection in fertile of SPX is higher than in the one of 

SFRv2b. 

 

 

 

- Ejection of half of the cladding and a part of fuel 

 

As the hypothesis of only fuel ejection is not very realistic and rather advantageous 

regarding accident mitigation, another hypothesis was taken, the one where half of the 

claddings are also ejected. So here it is assumed that half of the claddings are ejected (which 

increases the reactivity insertion as the steel moderator effect is partly lost) and then the 

amount of fuel that has to be ejected to find the initial reactivity again is calculated. 

The cores SFRv2b, EFR and SPX have a different cladding volume fraction: SFRv2b has 11.87% 

claddings, EFR 14.67% and SPX 13.76%. 

The values of the table below are calculated as in the last part. 

 
 SFRv2b  

EFR 

 

SPX 

 

UO2 

blanket 

Refl. 

with EC 

Refl. 

without 

EC 

EC with 

squirting 

effect 

EC without 

squirting effect 

Na ple-

num 
 

 

Ejection length  

(cm) 
50.9 40.5 54.7 21.9 59.1 20.5  58.8  34.5 

Amount of fuel  

ejected (%) 
15.9 20.8 16.4 22.7 17.3 23.4  18.5  11 

Energy necessary  

for the displacement (kJ) 
150 170 160 160 170 170  120  60 

Table 7-10: Amount of fuel to eject to return to the initial reactivity when half of the claddings are 

also ejected 

 

As half of the claddings are ejected, the ejection length is much higher than previously, as 

claddings also have to be relocated, and the amount of fuel to be ejected is also higher 
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because steel removal creates a high reactivity insertion (loss of the cladding moderator and 

absorption effect). This explains why the energies necessary for the displacement are three 

times more important than when the fuel only is ejected. It is important to add that the 

ejection lengths are so important that they are not credible: it is likely that fuel would have 

formed crusts before being all ejected. But the configurations here are defined without 

taking into account the thermal aspects of the scenario but only the neutronics. 

 

However, in spite of all these differences, the conclusions are the same as in the last part. 

The amounts of fuel to eject are smaller than for SFRv2b with axial blankets, reflectors 

without gas plenum and gas plenum without squirting effect: the effect of fuel removal is 

more important than dilution effect. 

 

 

 

- Ejection of fuel half in the lower and half in the upper part of the core 

 

To finish, a last hypothesis was considered: only fuel is ejected, but half below and half 

above the core (in volume). Other ERANOS calculations were performed. 

 

 SFRv2b 

 

Axial 

blankets 

Reflectors 

with EC 

Reflectors 

without EC 

EC with 

squirting 

effect 

EC without 

squirting 

effect 

Sodium 

plenum 

Ejection length up (cm) 11.87 21.18 11.37 21.38 11.87 12.37 

Ejection length down (cm) 11.87 7.06 11.37 7.12 11.87 4.12 

Amount of fuel ejected (%) 12.5 23.3 12.5 23.5 12.5 13.6 

Energy necessary for the  

displacement (kJ) 
119 179 118 152 119 143 

Table 7-11: Amount of fuel to eject to return to the initial reactivity when fuel is ejected half above 

and half below the core 

 

The amounts of fuel to eject are bigger than in the case where fuel could be ejected only in 

the upper part. That is due to the fact that here ejected fuel is closer to the fissile zone 

(there is fuel ejected above and below the fissile zone) and more fuel has to be ejected to 

have the same reactivity level as in the nominal state. 

The same groups as previously can be formed: cores with “axial blankets”, with “reflectors 

without gas plenum”, and with “gas plenum without squirting effect” need to eject less fuel, 

and the energies necessary to displace the volumes of fuel are twice as more important than 

in the case of only fuel ejected in the upper part of the core. 

 

 

 

 

 

 

 

 



 

STUDY OF THE UNPROTECTED LOSS OF FLOW: Parametric studies of the transition phase with SIMMER 

 97 

7.2.2.5 Partial conclusion  

Three conclusions can be drawn from this new part: 

- Very strong hypothesis were done on the scenario, the core may not be like that 

at the end of the first phase of the accident, and that will be seen on Chapter 6.3. 

- Two main groups can be distinguished concerning how far fuel can be ejected: it 

is important to eject fuel far from the core midplane so as it has less effect on the 

reactivity. 

 

7.2.3 SIMMER calculations of the secondary phase 

 

After these ERANOS calculations have been performed, SIMMER calculations can be 

triggered. SIMMER initial state was calculated by ERANOS at the end of fuel ejection (end of 

the primary phase). From this point, the SIMMER slump-down transient calculation begins 

and lasts about 0.2 seconds. 

 

7.2.3.1 Geometries used  

 

Calculations were only performed for the SFRv2b core in RZ with SIMMER-III. Control and 

emergency rods are not modelled. The core was described with the sodium column and the 

cover gas. A boundary condition was set: the cover gas pressure at 1bar and the lowest part 

of the sodium is ignored in the calculations (see Figure 7-12). To have only the gravitational 

fall of the upper part of the core, the pressure in the molten pool and the pressure in the 

sodium above the core have been imposed.  

In former calculations the sodium column was not modelled. A comparison of the 

calculations with and without sodium column has been performed (see Appendix 19) and 

consequently the calculation with sodium column was chosen. 

 

We consider a fuel and steel molten pool. Fuel is at 3100K, steel from the cladding is 3100K 

too. Steel from the wrapper is considered as having just melted and so it is described as steel 

particles at 1750K. The part of fuel that has been ejected is modelled as particles. The initial 

radius of steel and fuel particles is 10cm: this value was adjusted on experiment, a smaller 

radius did not enable the upper part of the core to fall at the same time. The radial reflectors 

are intact. 

 

Since the way in which corium moves is not known, the exchanges of matter between the 

fissile zone and the zone below (gas plenum and lower reflectors) are forbidden. This is 

equivalent to the creation of an impenetrable crust in the lower part of the core. 

Below is described the geometry used for the calculations, with an example of what it looks 

like in SIMMER. The post-processor of SIMMER splits the different materials (structure, fuel, 

liquid or particle, etc.) even if in the neutronics calculation it is a homogeneous mixture. 
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Figure 7-12

 

Besides a new upper core configuration is added: a B

plenum. The fuel quantities to eject are the ones calculated for the case with only the 

plenum. The interest in this configuration is to see if the B

fuel and especially prevent the recriticality. Moreover, the addition of B

plenum is already used in designs such as the BN1800.

 

Without precise calculations of the primary phase of the accident, the way fuel is ejected has 

to be assumed. However, so as not to depend on only one hypothesis, three different 

models have been calculated for each configuration (SFRv2b “with upper breeding blankets”, 

“with reflectors and without gas plenum”, “with reflectors and with gas plenum”, “with gas 

plenum and squirting effect”, “with gas plenum without squirting effect”, “with sodium 

plenum” and “with sodium plenum and B

7.2.2.4-Fuel ejection and are summarised below: 

- “With all the ejected fuel

- “With half of the claddings ejected”.

- “With the ejected fuel 

part”. 

 

7.2.3.2 Results of the calculations with SIMMER

Finally 21 cases are studied with SIMMER. Only four of them, the most representative

will be described here: each scenario will be detailed, and to explain exactly what happens, 

the evolution of the masses of fuel and steel (their change of phase, the ejections) is also 

plotted. The scenarios are consequently commented, and the different configura

compared to the others. This enables to give tendencies on the way the accident occurs 

depending on the upper core structure

below. The other results will be given in 

Tables in Appendix 21 summarize all the important data,

reactivity and power, as well as the times of the peaks. It also gives the maxima of pressure 

and steel and fuel temperatures.
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12 : Geometry used in the SIMMER calculation 

core configuration is added: a B4C zone is introduced

plenum. The fuel quantities to eject are the ones calculated for the case with only the 

this configuration is to see if the B4C can fall and melt with molten 

specially prevent the recriticality. Moreover, the addition of B4C above the sodium 

plenum is already used in designs such as the BN1800. 

Without precise calculations of the primary phase of the accident, the way fuel is ejected has 

, so as not to depend on only one hypothesis, three different 

models have been calculated for each configuration (SFRv2b “with upper breeding blankets”, 

“with reflectors and without gas plenum”, “with reflectors and with gas plenum”, “with gas 

quirting effect”, “with gas plenum without squirting effect”, “with sodium 

plenum” and “with sodium plenum and B4C”, see 7.2.2.1). The choices are d

Fuel ejection and are summarised below:  

“With all the ejected fuel deposited in the upper part of the core”.

claddings ejected”. 

“With the ejected fuel deposited half in the lower part and half in the upper 

Results of the calculations with SIMMER-III 

Finally 21 cases are studied with SIMMER. Only four of them, the most representative

here: each scenario will be detailed, and to explain exactly what happens, 

the evolution of the masses of fuel and steel (their change of phase, the ejections) is also 

plotted. The scenarios are consequently commented, and the different configura

compared to the others. This enables to give tendencies on the way the accident occurs 

core structure, and the main conclusions are given in the conclusion 

below. The other results will be given in Appendix 20.  

summarize all the important data, that is to say the maxima of 

reactivity and power, as well as the times of the peaks. It also gives the maxima of pressure 

and steel and fuel temperatures. 
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introduced above the 

plenum. The fuel quantities to eject are the ones calculated for the case with only the 

C can fall and melt with molten 

C above the sodium 

Without precise calculations of the primary phase of the accident, the way fuel is ejected has 

, so as not to depend on only one hypothesis, three different 

models have been calculated for each configuration (SFRv2b “with upper breeding blankets”, 

“with reflectors and without gas plenum”, “with reflectors and with gas plenum”, “with gas 

quirting effect”, “with gas plenum without squirting effect”, “with sodium 

). The choices are described in 

in the upper part of the core”. 

half in the lower part and half in the upper 

Finally 21 cases are studied with SIMMER. Only four of them, the most representative ones, 

here: each scenario will be detailed, and to explain exactly what happens, 

the evolution of the masses of fuel and steel (their change of phase, the ejections) is also 

plotted. The scenarios are consequently commented, and the different configurations are 

compared to the others. This enables to give tendencies on the way the accident occurs 

, and the main conclusions are given in the conclusion 

that is to say the maxima of 

reactivity and power, as well as the times of the peaks. It also gives the maxima of pressure 
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The four more representative groups of results are: 

- “With upper breeding blankets”: in this case,

compared to the other cases

- “With reflectors and with gas plenum”: this accident has a sequence similar to the 

ones of “with reflectors and without gas plenum”, “with gas plenum and squirting 

effect” and “with sodium pl

- “With gas plenum without squirting effect”.

- “With sodium plenum and B

 

For each case, the hypothesis described below is the one “with the ejected fuel half in the 

lower part and half in the upper part”. The sequence for this hypothesis is quite 

than “with all the ejected fuel in the upper part of the core”, while “with half of the 

claddings ejected”, the scenario is almost the same, with a delayed power peak due to the 

more important fraction of structure which is ejected.

 

 

� With fertile blankets

 

Figure 7-13: Reactivity variation for case "fertile with fuel ejection above and below the fissile 
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The four more representative groups of results are:  

“With upper breeding blankets”: in this case, the power peak 

compared to the other cases. 

“With reflectors and with gas plenum”: this accident has a sequence similar to the 

ones of “with reflectors and without gas plenum”, “with gas plenum and squirting 

effect” and “with sodium plenum”. 

“With gas plenum without squirting effect”. 

“With sodium plenum and B4C”. 

For each case, the hypothesis described below is the one “with the ejected fuel half in the 

lower part and half in the upper part”. The sequence for this hypothesis is quite 

than “with all the ejected fuel in the upper part of the core”, while “with half of the 

claddings ejected”, the scenario is almost the same, with a delayed power peak due to the 

more important fraction of structure which is ejected. 

blankets 

: Reactivity variation for case "fertile with fuel ejection above and below the fissile 

zone" 
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the power peak occurs fairly early 

“With reflectors and with gas plenum”: this accident has a sequence similar to the 

ones of “with reflectors and without gas plenum”, “with gas plenum and squirting 

For each case, the hypothesis described below is the one “with the ejected fuel half in the 

lower part and half in the upper part”. The sequence for this hypothesis is quite the same 

than “with all the ejected fuel in the upper part of the core”, while “with half of the 

claddings ejected”, the scenario is almost the same, with a delayed power peak due to the 

 
: Reactivity variation for case "fertile with fuel ejection above and below the fissile 
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Figure 7-14: Fuel mass variations 

accident (in kg) for case "fertile with fuel 

ejection above and below the fissile zone" (the 

blue curve corresponds to the whole core, the 

red, green and light blue ones correspond to the 

fissile zone) 

 

The scenario is here very simple and 

the fuel is compacted. This leads to the power excursion, at 0.091 seconds: 

amplitude is 1600 times the nominal power. The temperatures are at the peak: 3900K for 

fuel, 2800K for steel, the pressure is 3.7 bars. Even after the power excursi

continue to fall in the pool (see 

increases, the Doppler effect makes the reactivity decrease. Then at t=0.14 seconds, fuel and 

steel are ejected from the core zone (T

in the core (p=13 bars). 

This scenario is the simplest and fastest scenario from all the cases. 

 

� With reflectors and with gas plenum

 

Figure 7-16: Reactivity variation (in $) and 

ejection above and below the fissile zone"
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: Fuel mass variations during the 

accident (in kg) for case "fertile with fuel 

ejection above and below the fissile zone" (the 

blue curve corresponds to the whole core, the 

red, green and light blue ones correspond to the 

Figure 7-15: Steel mass variations in the fissile 

zone during the accident (in kg) for case "fertile 

with fuel ejection above and below the fissile 

zone" 

The scenario is here very simple and proceeds very fast: the upper part of the core falls and

the fuel is compacted. This leads to the power excursion, at 0.091 seconds: 

1600 times the nominal power. The temperatures are at the peak: 3900K for 

fuel, 2800K for steel, the pressure is 3.7 bars. Even after the power excursi

continue to fall in the pool (see Figure 7-14 and Figure 7-15), but as the temperature 

increases, the Doppler effect makes the reactivity decrease. Then at t=0.14 seconds, fuel and 

steel are ejected from the core zone (Tfuel =3900K, Tsteel =3800K) and a voided zone appears 

This scenario is the simplest and fastest scenario from all the cases.  

With reflectors and with gas plenum 

: Reactivity variation (in $) and scenario for case "reflectors and gas plenum with fuel 

ejection above and below the fissile zone" 
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: Steel mass variations in the fissile 

zone during the accident (in kg) for case "fertile 

with fuel ejection above and below the fissile 

 

very fast: the upper part of the core falls and 

the fuel is compacted. This leads to the power excursion, at 0.091 seconds: the power peak 

1600 times the nominal power. The temperatures are at the peak: 3900K for 

fuel, 2800K for steel, the pressure is 3.7 bars. Even after the power excursion, fuel and steel 

), but as the temperature 

increases, the Doppler effect makes the reactivity decrease. Then at t=0.14 seconds, fuel and 

voided zone appears 

 
scenario for case "reflectors and gas plenum with fuel 
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Figure 7-17: Fuel mass variations during the 

accident (in kg) for case "reflectors and gas 

plenum with fuel ejection above and below the 

fissile zone" (the blue curve corresponds to the 

whole core, the red, green and light blue ones 

correspond to the fissile zone) 

 
Figure 7-18: Steel mass variations in the fissile 

zone during the accident (in kg) for case 

"reflectors and gas plenum with fuel ejection 

above and below the fissile zone" 

 

The fuel slump-down does not create an increase in reactivity: indeed, the fuel compacts but 

at the same time fuel is ejected in the upper part of the fissile zone. The amount of steel 

which falls in the pool is rather low at the beginning; it increases at t=0.15 seconds. That is 

exactly the time when the reactivity increases: the relocated fuel in the upper part of the 

fissile zone finally falls, the amount of fuel in the core continues to increase, and despite the 

more important fall of steel in the core, the reactivity increases, leading to the power 

excursion (t=0.205 seconds, P=6667P0). Part of the fuel melts after the peak. The 

temperatures are 3800K for fuel, 2900K for steel, and the pressure is 10 bars. Quickly after, 

at 0.23 seconds, 14 tons of fuel and 10 tons of steel are ejected in the upper part of the core. 

The accident ends with the voiding of the core (p=20 bars, Tfuel =3600K and Tsteel =3500K).  

 

This case represents the cases where there is a lot of steel and also a lot of fuel ejected (such 

as the cases “with reflectors and without gas plenum”, “with gas plenum and squirting 

effect” and “with sodium plenum”). This shows that the fall of steel in the pool can delay the 

reactivity peak but in no case prevent it. 
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� With a high gas plenum and without squirting effect

 

 

Figure 7-19: Reactivity variation (in $) and 

squirting effect, with fuel ejection above and below the fissile zone"

 

Figure 7-20: Fuel mass variations during the 

accident (in kg) for case "with a high g

plenum and no squirting effect, with fuel 

ejection above and below the fissile zone" (the 

blue curve corresponds to the whole core, the 

red, green and light blue ones correspond to 

the fissile zone)

 

In this case the fuel slump-down leads to a power excursion 

pressure is 2.5 bars; the temperatures are 3500K for fuel and 2900K for steel. The reactivity 

decreases just after the peak because of the increase in the temperatures and the Doppler 

effect (the temperatures increase until

fuel is ejected from the core (the ejection of fuel begins at t=0.17 seconds). Then, at t=0.2 

seconds, steel is also ejected, these ejections create a voided zone in the core zone (at p=10 
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With a high gas plenum and without squirting effect

: Reactivity variation (in $) and scenario for case "with a high gas plenum and no 

squirting effect, with fuel ejection above and below the fissile zone"

 
Fuel mass variations during the 

accident (in kg) for case "with a high gas 

plenum and no squirting effect, with fuel 

ejection above and below the fissile zone" (the 

blue curve corresponds to the whole core, the 

red, green and light blue ones correspond to 

the fissile zone) 

Figure 7-21: Steel mass variations in the fissile 

zone during the accident (in kg) for case "with a 

high gas plenum and no squirting effect, with 

fuel ejection above and below the fissile zone"

 

down leads to a power excursion (805P0, at t=0.147 seconds). The 

pressure is 2.5 bars; the temperatures are 3500K for fuel and 2900K for steel. The reactivity 

decreases just after the peak because of the increase in the temperatures and the Doppler 

effect (the temperatures increase until 3800K for fuel and 3700K for steel) and very quickly 

fuel is ejected from the core (the ejection of fuel begins at t=0.17 seconds). Then, at t=0.2 

seconds, steel is also ejected, these ejections create a voided zone in the core zone (at p=10 
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With a high gas plenum and without squirting effect 

 
scenario for case "with a high gas plenum and no 

squirting effect, with fuel ejection above and below the fissile zone" 

 
Steel mass variations in the fissile 

zone during the accident (in kg) for case "with a 

high gas plenum and no squirting effect, with 

fuel ejection above and below the fissile zone" 

, at t=0.147 seconds). The 

pressure is 2.5 bars; the temperatures are 3500K for fuel and 2900K for steel. The reactivity 

decreases just after the peak because of the increase in the temperatures and the Doppler 

3800K for fuel and 3700K for steel) and very quickly 

fuel is ejected from the core (the ejection of fuel begins at t=0.17 seconds). Then, at t=0.2 

seconds, steel is also ejected, these ejections create a voided zone in the core zone (at p=10 
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bars). At=0.3 seconds, 20 tons of fuel and 9 tons of steel have been ejected.

Fuel has been ejected very far and the medium above the fissile zone contains a lot of void 

and steel. However, steel, but also fuel, fall in the pool, and that makes the reactivity to 

increase. Even in cases where fuel is ejected rather far, the ejection is not far enough to 

prevent its fall in the pool and the recriticality.

 

 

� With sodium plenum and B

 

Figure 7-22: Reactivity variation (in $) and scenario for case "with sodium plenum and B

with fuel ejection above and below the fissile zone"

Figure 7-23: Fuel mass variations during the 

accident (in kg) for case "with sodium plenum 

and B4C above, with fuel ejection above and 

below the fissile zone" (the blue curve 

corresponds to the whole core, the red, green 

and light blue ones correspond to the fissile 

zone) 

There are two power excursions: the fuel slump

the same time, some fuel is ejected in the upper part of the fissile zone, thus decreasing the 
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seconds, 20 tons of fuel and 9 tons of steel have been ejected.

Fuel has been ejected very far and the medium above the fissile zone contains a lot of void 

and steel. However, steel, but also fuel, fall in the pool, and that makes the reactivity to 

se. Even in cases where fuel is ejected rather far, the ejection is not far enough to 

prevent its fall in the pool and the recriticality. 

With sodium plenum and B4C above 

on (in $) and scenario for case "with sodium plenum and B

with fuel ejection above and below the fissile zone" 

 
: Fuel mass variations during the 

accident (in kg) for case "with sodium plenum 

and B4C above, with fuel ejection above and 

below the fissile zone" (the blue curve 

corresponds to the whole core, the red, green 

and light blue ones correspond to the fissile 

Figure 7-24: Steel mass variations in the fissile 

zone during the accident (in kg) for case "with 

sodium plenum and B4C above, with fuel 

ejection above and below the fissile zone"

 

power excursions: the fuel slump-down creates a reactivity insertion, but at 

the same time, some fuel is ejected in the upper part of the fissile zone, thus decreasing the 
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seconds, 20 tons of fuel and 9 tons of steel have been ejected. 

Fuel has been ejected very far and the medium above the fissile zone contains a lot of void 

and steel. However, steel, but also fuel, fall in the pool, and that makes the reactivity to 

se. Even in cases where fuel is ejected rather far, the ejection is not far enough to 

 
on (in $) and scenario for case "with sodium plenum and B4C above, 

 
: Steel mass variations in the fissile 

zone during the accident (in kg) for case "with 

C above, with fuel 

ejection above and below the fissile zone" 

down creates a reactivity insertion, but at 

the same time, some fuel is ejected in the upper part of the fissile zone, thus decreasing the 
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reactivity. Finally, the reactivity increases and leads to the first power excursion (t=0.184 

seconds, 1833P0). The temperatures at the peak are 3100K for fuel and 2900K for steel. The 

pressure is 2.2 bars. Fuel is then ejected so the reactivity decreases. There is a second fuel 

slump-down which makes the reactivity increase, leading to a second power excursion 

(t=0.194 seconds, 4083P0). The temperatures and pressure are the same than for the 

previous power excursion.  Then fuel and steel are ejected and the reactivity decreases. 9 

tons of fuel and 36 tons of steel are vaporized at t=0.3 seconds. Because of the ejection and 

vaporization of fuel and steel, a bubble is created in the core, filled with a mix of fuel and 

steel vapour (p=5.2 bars, with Tfuel =3500K and Tsteel=3500K). 

 

The case with B4C above the core was chosen as it was imagined the absorber could fall in 

the pool and prevent the recriticality. However, the transient is much too fast and the B4C 

has no time to fall in the pool. In order to prevent the accident or mitigate its consequences, 

it must be added to the molten pool much sooner, during the primary or the transition 

phases. Moreover, an absorber miscible with molten fuel could be better suited for the 

purpose (such as the Eu2O3). 

 

 

No configuration could prevent the recriticality and the power excursion. So, it would have 

been interesting to determine the mechanical energy released to see if the vessel could 

withstand such an energy release (for instance, for EFR, the vessel was designed to 

withstand an energy release of 500MJ at 400m3, and it is assumed that it would be the same 

order of magnitude for SFRv2b). In SIMMER, there is a model to calculate the mechanical 

energy which could be released (it is called DETENT, see Appendix 22), but we lacked time to 

perform this study. However, in the future, it will be interesting to calculate these values. 

 

7.2.4 Conclusion on the ERANOS/SIMMER study of the impact of the upper part of 

the core on secondary phase of the ULOF 

7.2.4.1 On the different models of a given configuration 

The models where fuel only is ejected, whether only into the upper part or into the lower 

and upper part of the core, lead to the same sequence of events (except for the cases with 

sodium plenum). 

Indeed, the amount of fuel which is relocated has a minor importance on the scenario, 

contrary to the length of ejection of fuel; this is shown by the similarity of the scenarios for 

the cases with fertile, reflectors or gas plenum.  

 

When cladding is also ejected, there are two important points: there is less steel in the 

molten pool, and so the pool becomes more reactive, and also there is steel in the upper 

part of the core which can fall in the pool and make the reactivity decrease. It was seen in 

the transients that in some cases steel could fall and delay the power peak. However the 

power excursion could not be prevented in any of the studied cases. 
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7.2.4.2 On the different configurations 

Despite the different models used to study the transients, what is really interesting in this 

study is to compare the behaviour of the different cores during the transient.  

The case with upper fertile is in all the models the case where the peak happens earliest. 

When compared to this last one, the core with upper reflectors has a peak which happens 

later because there is steel falling into the pool. 

In the case “high gas plenum with squirting effect”, the relocated fuel is at the same distance 

than in the case reflectors. However the peak occurs earlier because there is less steel which 

falls in the pool (9 tons versus 3 tons, simply because there is less steel than in the reflector 

medium). In the case “gas plenum without squirting effect”, the fuel is going farther from 

the core and the peak arises later.  

 

With the sodium plenum, the model used highly affects the results obtained. It was shown 

that the composition of the medium above the core after fuel ejection had a big impact on 

the sequence of events, and depending on this composition, the scenarios were close to the 

ones of the other configurations. The addition of B4C above the plenum had a very slight 

impact on the reactivity, as its falling down happened too late and could not prevent the 

power excursion. 

 

7.2.4.3 On the ULOF and the power excursion 

It is also important to keep in mind that the state of the core at the end of the primary phase 

was calculated in static and with a lot of hypotheses; the only goal here is to compare the 

cores and to see if the upper configuration of the core has a big impact on the sequence of 

events. When looking at the results, it seems that the composition of the core and also the 

composition above the core where the fuel is relocated are important. However, even if the 

scenarios are slightly different in all the configurations, none of the studied ones showed 

that recriticality could be avoided, and as no calculation of the mechanical energy release 

could be obtained in this study, no proof could be given that the accident was maintained 

inside the reactor. 

 

Generally, on the accident, what is important to notice is that the second phase is very fast, 

in less than 0.4 seconds there is a power excursion. None of the upper configurations could 

prevent it, and in the time left, it seems very difficult to find solutions to avoid recriticality.  

In conclusion, one can derive from these studies that the accident must be stopped before 

the secondary phase. When considering the difficulties to prevent the recriticality in the 

second phase of the accident, the most reasonable solution is to study how to prevent the 

recriticality or how to start systems which could enable to prevent or limit the power 

excursion before the complete melting of the core (for example the addition of absorber 

miscible with molten fuel, such as Eu2O3). 

 

To analyze the latter, the way studies were performed in the past must be forgotten, and 

new tracks must be followed.  

The primary phase of the accident must be studied. At the moment, this phase is studied 

with the code system SAS4A. However, the interface SAS4A/SIMMER is very much linked to a 

sequence of events of a homogeneous core and does not enable easily to study advanced 

arrangement. Furthermore, at the end of the primary phase, SAS results are very 

questionable since the geometry model is associated to very distorted configurations for 
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which reactivity coefficients lack accuracy, and the assumption regarding the spatial 

distribution of neutron flux and power becomes rather questionable. On the other hand, 

performing SIMMER calculations in the primary phase of the accident will exclude any 

inconsistencies between the two codes, but SIMMER needs to be validated for the primary 

phase with the use of the most advanced features of the code. The decision was 

consequently taken to study the ULOF with SIMMER from the primary phase, and then to 

compare the results with SAS4A to determine what features and models need to be 

improved in SIMMER to obtain satisfactory results on the first phase. 
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7.3 Studies of the SFRv2b core: primary phase, transition phase and 

secondary phase with SIMMER-III 

The goal of these studies is to perform ULOF calculations on the SFRv2b core, and to see how 

the core behaves in case of severe accident. Indeed, the voiding effect of the SFRv2b core is 

lower than the EFR one, but it is assumed it is most probably not a sufficient change to 

prevent the recriticality, which would mean no damage would be caused to the primary 

confinement. However, the ULOF transient might lead to milder release of energy and the 

addition of other adequate arrangements could lead to situations preventing the 

recriticality.  

 

This explains the importance given in this Chapter on methods used to calculate the ULOF 

since it is a pre-requisitive to study these new arrangements. Indeed, the way to proceed 

with SIMMER-III from the beginning of the accident, is not validated yet.  

First, the ULOF calculation with SIMMER-III only is compared to the results obtained with the 

reference route, which uses SAS4A for the first part of the accident, and SIMMER-III for the 

following. Usually, SAS4A calculations are performed for the primary phase of the accident, 

implying that it calculates the degradation of the pins inside the hexcan. Once the hexcan is 

broken, the corium propagation can move radially toward the neighbouring subassemblies: 

it is the transition phase. The SAS4A calculation is then stopped (because all the 

subassemblies are independent, no radial propagation can be modelled in SAS4A) and is 

followed by a SIMMER calculation. This is due to their respective validation domains. In fact, 

the SAS calculation creates a RESTART file which contains all the parameters associated to 

the final state (mass distribution, thermal profile, mass flow rate, etc.). This file is read by 

SIMMER to initiate its calculation. 

 

This calculation scheme is the one used at JAEA to perform the ULOF calculations. However, 

there are discrepancies when doing the RESTART: 

- In SAS4A, the subassemblies are put together depending on their power per unit 

volume, on their flow rate, etc., but not on their exact position in the core. 

However in SIMMER-IV the geometry of the core is described exactly and in 

SIMMER-III it is cylindrical. In SAS, the subassemblies are supposed to be 

independent as the hexcan is still intact, which is why the geometry is not fully 

described. Consequently, when going from SAS to SIMMER-III, a calculation is 

performed to average the configuration of the different SAS subassemblies which 

correspond to the rings of the SIMMER-III geometry. 

- The neutronics of the two codes is very different: in SAS4A, the kinetic model 

used is point kinetics (the power distribution of the core is supposed to remain 

constant) and the reactivity is calculated thanks to feedback effect coefficients; 

however the use of feedback coefficients enables to describe correctly the 

reactivity effects of the movements of materials only for small changes. However 

changes can be very important during the sequence of severe accidents, for 

instance when fuel is ejected from the core, and in this case, the use of feedback 

effects might have to be reconsidered (they might be representing the reactivity 

of the core correctly when the core is highly dismantled). On the contrary, in 



STUDY OF THE UNPROTECTED LOSS OF FLOW: Primary and secondary phases with SIMMER  

108 

 

SIMMER, the quasi-static model is used. The two methods and the geometry are 

thus not equivalent and when doing the RESTART (transition) between SAS and 

SIMMER, the level of reactivity is not the same. 

 

Moreover, SAS4A is a code very difficult to handle, and establishing an input file is rather 

complicated and takes a long time. The possibility of replacing SAS by another code to 

perform calculations for the primary phase is hence envisaged. 

The code system SIMMER could be an alternative:  its use could be extended to the primary 

phase. Indeed, the use of only one code for the whole transient will suppress the 

discontinuity of the codes on reactivity transients. The drawback is that SIMMER is validated 

only in the secondary phase of the accident. However, the code approach includes some 

models adapted to describe the primary phase (internal pin melting zone, clad melting, pin 

swelling model, radial release of fission gas or liquid fuel toward the sodium channel, fuel 

pellets break-up, etc.). Moreover, SIMMER can calculate rather well the degradation inside 

the hexcan when the description is fine, that is when several pins are described. But here, 

the whole core is described and a fine description cannot be performed as a fine mesh 

would lead to a too high computing time (several months): so, this study is limited to 

calculations with only one pin per subassembly.  

Consequently, it is necessary, before studying ways to avoid recriticality, to check if the 

SIMMER results are realistic for the degradation of the pins when the whole core is 

described. To do that, SIMMER calculations will be discussed and compared with the results 

obtained using the chain SAS/SIMMER.  

 

Consequently, the first parts of this chapter will deal with the method of calculation of the 

ULOF: the models used for the calculation will first be described, then the results of the 

calculations with SAS4A and SIMMER-III will be determined, followed by the results of the 

calculation with SIMMER-III only. Both results will then be compared, and conclusions on the 

validity of SIMMER for the calculation of the primary phase will be given. Conclusion will 

illustrate the advantage of the current reference route (SAS + SIMMER) to the one using 

SIMMER for the secondary phase as it was used for Super-Phenix and then used for 

parametric studies in Chapter 7.2. Conclusion will also stress the advantage of using SIMMER 

for the whole ULOF scenario, particularly in view of finding solutions which would enable to 

reduce the energy release during the transient. First results obtained with SIMMER only for 

the whole ULOF scenario of the SFRv2b core will be also given and discussed. 

7.3.1 Models used for the calculation with SIMMER 

Different models were used to perform the calculations, models which are not the ones 

being used a standard option in the code. They will thus be described. 

 

7.3.1.1 DPIN model [73] 

- Insufficiency of the simplified pin model (SPIN) 

Up to now, the SIMMER-III code has been running with the standard Simplified PIN model 

(SPIN, see Figure 7-25). In this model, there are only two radial nodes to describe the pin (an 

interior and a surface node).  

  This modelling was correct for the analysis of those core disruptive accident 

sequences, which are less sensitive to a detailed modelling of the fuel. The fuel pellet was 
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only represented by an interior node and a surface node, the cladding also by one node. 

With this crude meshing, average temperatures were deduced from the equation of energy 

conservation by summing the nuclear heat and the heat transfer between these nodes in an 

implicit scheme in order to take into account the rapid heat transfers. For the plenum gas 

and the control material, the solution was explicit due to the slow thermal response. 

Furthermore, neither the cavity nor the internal fuel motions were modelled once fuel 

melting started. The pin break-up was however modelled by removing the entire fuel 

segment when the fuel and cladding melt fractions reach threshold values (given by the 

user). Liquid fuel was then released to the sodium channel and the remaining solid parts 

transformed into particles. Furthermore, this new region was then made available for the 

movements of materials. Lastly, the fission gas was also transferred to the liquid fuel or to 

the fuel particles but without any gas release. 

Because of the relatively large thermal inertia of the pellet interior, this simple standard fuel-

pin model was considered to be sufficient for simulating the fuel-pin behaviour in a voided 

channel typical of the loss-of-flow accident. This simplified modeling has however exhibited 

some deficiencies for slightly degraded geometry when the fuel melting was only local.  

 

These observations entail to propose a new model, the Detailed PIN module (DPIN), for a 

better description of the fuel pin behaviour during transients. 

 

- Objective and limitation of the Detailed PIN model (DPIN) 

The detailed pin module aims at providing a better description of the fuel rod by increasing 

the number of radial meshes in the fuel pin (see Figure 7-25). The central hole of the pin can 

be represented with this model. The energy generated within the fuel and the fuel 

temperature are always calculated by the equation of energy conservation but are now 

evaluated in each radial mesh from the calculated heat flux between the adjacent radial 

meshes of the pin and from the nuclear heating. The treatment in the gas plenum and for 

the control material has however not been modified because the explicit calculation has 

given correct results up to now. With the DPIN module, the cladding or the fuel pin break-

ups are still controlled by the melting fraction criteria as well as the pin failure. Moreover, 

the cladding or fuel always disappears entirely once fuel or cladding break-up is initiated. 

Contrary to the standard description, the cavity formation is now initiated on a threshold 

melt fraction. The cavity is however not separated from the solid region for the heat transfer 

calculations. The average cavity pressure, cavity volume and temperature are nevertheless 

evaluated at each heat transfer time step. Gas transfer from dissolved to free gas is also 

modelled in the cavity region. Lastly, the DPIN module does not treat the cladding 

mechanical failure and post-failure phenomena such as the molten fuel ejection and the rip 

propagation.  

SPIN and DPIN have the same radial ejection model. As the radial meshing to describe the 

pins is finer, the temperature profile is better described. As oxide fuel has a low conductivity 

(~3W/m.K), there is an important gradient, that is to say a huge difference between the 

temperature at the centre of the pin and at the periphery. That explains that there can be a 

melting at the centre of the pin and the creation of a cavity. With DPIN the temperature 

profile and the temperature of the fission gases is better calculated. As the latter is more 

important at the centre of the pin, that impacts the fission gases and also the ejection 

pressure. With SPIN however, the mass of the pin is mainly contained in the central node, 

and consequently the gradient of temperature is almost represented by an average 
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temperature. Thus, the pressure of the fission gases is less important than in reality and 

there is less driving force for fuel ejection.

 

Finally, the treatment of the fuel pellet with DPIN is identical to its treatment in SAS4A 

(meshing of the pellet, porosity of the rings, central hole, pellet/cladding gap) and the 

comparison between both codes shows correct results 

level than SAS4A, but axially, there is no internal fuel motion in DPIN (the squirting effect 

cannot be modelled). 

 

Figure 7-25

 

At first, the DPIN model should have been used, but problems were encountered when 

trying to use it: the central hole could not be represented (the mass balance showed that it 

was filled with fuel) and several questions were raised about the use of this mo

simultaneously to the neutronics. Consequently, it was decided to use only the SPIN model 

for the calculations. 

 

7.3.1.2 Model of clad candling, mushy steel model 

The mushy steel model1 has been developed in SIMMER

Jeanne at CEA/DEN/DTN/STRI/LMA. This model is not yet implemented in the JAEA’s version 

of the code. The goal of this model is to better describe the candling of the claddings when 

they are molten by favouring the steel freezing on the structure. A detailed description 

this model is given in Appendix 

 

7.3.1.3 Differences of models in SAS and SIMMER: description of the fuel pin, EJECT 

model. 

In SAS, as in SIMMER, there is only one pin described per subassembly (indeed, we could not 

increase the number of meshes in our SIMMER calculation because of the calculation time, 

this is why we have a 1D model of the subassembly, with only one pin per subassembly). The 

difference between the codes is that in SAS, the pin is described with different radial 

meshes, while in SIMMER, as the SPIN module is used, the pin is described with only two 

                                                      
1
 This model is only for steel « SUS316
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temperature. Thus, the pressure of the fission gases is less important than in reality and 

there is less driving force for fuel ejection. 

Finally, the treatment of the fuel pellet with DPIN is identical to its treatment in SAS4A 

let, porosity of the rings, central hole, pellet/cladding gap) and the 

comparison between both codes shows correct results [74]. Radially, DPIN is 

level than SAS4A, but axially, there is no internal fuel motion in DPIN (the squirting effect 

25: SPIN and DPIN models of the pin in SIMMER 

At first, the DPIN model should have been used, but problems were encountered when 

trying to use it: the central hole could not be represented (the mass balance showed that it 

was filled with fuel) and several questions were raised about the use of this mo

simultaneously to the neutronics. Consequently, it was decided to use only the SPIN model 

Model of clad candling, mushy steel model  

has been developed in SIMMER-III and SIMMER

DEN/DTN/STRI/LMA. This model is not yet implemented in the JAEA’s version 

of the code. The goal of this model is to better describe the candling of the claddings when 

they are molten by favouring the steel freezing on the structure. A detailed description 

Appendix 23. 

Differences of models in SAS and SIMMER: description of the fuel pin, EJECT 

is only one pin described per subassembly (indeed, we could not 

increase the number of meshes in our SIMMER calculation because of the calculation time, 

this is why we have a 1D model of the subassembly, with only one pin per subassembly). The 

etween the codes is that in SAS, the pin is described with different radial 

meshes, while in SIMMER, as the SPIN module is used, the pin is described with only two 
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temperature. Thus, the pressure of the fission gases is less important than in reality and 

Finally, the treatment of the fuel pellet with DPIN is identical to its treatment in SAS4A 

let, porosity of the rings, central hole, pellet/cladding gap) and the 

. Radially, DPIN is at the same 

level than SAS4A, but axially, there is no internal fuel motion in DPIN (the squirting effect 

 
 

At first, the DPIN model should have been used, but problems were encountered when 

trying to use it: the central hole could not be represented (the mass balance showed that it 

was filled with fuel) and several questions were raised about the use of this module 

simultaneously to the neutronics. Consequently, it was decided to use only the SPIN model 

III and SIMMER-IV by Thierry 

DEN/DTN/STRI/LMA. This model is not yet implemented in the JAEA’s version 

of the code. The goal of this model is to better describe the candling of the claddings when 

they are molten by favouring the steel freezing on the structure. A detailed description of 

Differences of models in SAS and SIMMER: description of the fuel pin, EJECT 

is only one pin described per subassembly (indeed, we could not 

increase the number of meshes in our SIMMER calculation because of the calculation time, 

this is why we have a 1D model of the subassembly, with only one pin per subassembly). The 

etween the codes is that in SAS, the pin is described with different radial 

meshes, while in SIMMER, as the SPIN module is used, the pin is described with only two 

Input manual. 
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radial meshes. So, when the two codes will be compared, it is likely that the temperatures 

and times at which fuel melts in SIMMER are different than the ones in SAS. The use of the 

DPIN model in SIMMER would have enabled to decrease the discrepancies on these values. 

  

In SAS, there is also a model of pre-irradiation to model the fuel mechanics during 

irradiation: fuel cracking, fuel swelling, expansion of the materials, creation of fission 

products, and reduction of the cladding/pellet gap, etc. In the PhD report, all the calculations 

are performed at the Beginning Of Life (BOL), so this model will not have an impact on the 

results. In the future, some developments should be envisaged to be able to treat that effect 

may be by using GERMINAL1 results. 

 

Moreover, as was said before, in SIMMER the pin is treated as a structure so there is no fluid 

movement in the pin. In SAS however there is the EJECT model that describes it. This model 

represents the motion of molten fuel in the pin before the rupture of the cladding. This 

motion is due to the increase of pressure in the pin caused by the release of the fission 

products when the fuel melts. Actually, the EJECT model represents the squirting effect. 

 

 To summarize, there are important differences in the models used for the calculation 

between SAS and SIMMER. They may cause significant discrepancies when comparing the 

results of the codes. 

7.3.2 Calculation SAS4A/SIMMER-III 

7.3.2.1 Description of the Loss Of Flow 

The ULOF is calculated by using a law of pressure decrease corresponding to the loss of flow 

due to the shutdown of the pumps of EFR: they are the closest to the ones which could be 

used for SFRv2b: the initial pressure is 5.56 bars and it decreases with a decay constant � of 

10 seconds, following the law: ���� =
���	
�

���
�

+ ��� = ∞�. The pressure stabilizes at 2 bars. 

The coast down characteristics of the pump used for both the SAS4A and SIMMER 

calculations is described in the Figure 7-26. The pressure at the bottom of the core, which is 

used as the boundary condition, was calculated as the atmospheric pressure at which we 

add the pressure due to the column of sodium and the pressure loss in the core. We then 

apply the pressure law decrease to this calculated pressure. 

 

 

                                                      
1
 GERMINAL is a CEA code calculating the irradiation of the materials. 
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Figure 7-26: Law of pressure decrease used for the loss flow rate calculation 

 

 

7.3.2.2 Calculation of the primary phase with SAS4A  

The chain SAS4A/SIMMER was used first to perform the calculation of the ULOF. The SAS4A 

calculations were performed by Johann Lecerf from CEA/DEN/DER/SESI/LSMR.  

 

With SAS4A, the first step is the pre-irradiation. It was only calculated on one cycle to have 

the core at the BOL. Then SAS4A calculation was run from 0 second to 20.33 seconds, and 

the loss of flow begins at 1 second. The calculation stopped brutally after the power peak 

but it had progressed far enough to enable the triggering of the SIMMER calculation. 

In the Figure 7-27 and Figure 7-28, the reactivity and power variations are given for the SA4A 

calculation.  
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Figure 7-27: Reactivity variations ($) calculated by SAS4A 

 

 
Figure 7-28: Power variations (P/P0) calculated by SAS4A 

  

As can be seen on the Figure 7-28, there was a primary power excursion calculated by 

SAS4A. It occurred at 19.94 seconds and was 200 times the initial power (720 GWth). The 

graph of the reactivity with the different contributions of the effects shows that the 

reactivity insertion is first due to the sodium voiding in the subassemblies and also (but a bit 

later) due to the expansion of the claddings. The expansion of fuel and the Doppler effect 
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cause the reactivity to decrease, but after the power excursion.  

Indeed, the first boiling occurs in channel 14 (at the junction of the inner and outer core, see 

Figure 7-29) at t=18.0745 seconds. Then, other channels boil (18, 25 and 1, which 

correspond to the rings 5 and 6). The rest of the core boils also very quickly, 1.5 seconds 

after the first channel, the last one begins to boil. Channel 14 is then completely dried out at 

t=19.61 second. At t=19.9 seconds, the whole core is dried out; this corresponds to the peak 

of reactivity. Afterwards, fuel begins to melt in the channels which were first voided (at 

t=19.85 seconds) and breaks up quickly after (t=19.93 seconds for channel 18). That 

propagates to the rest of the core and at the same time claddings begin to melt (t=20.10 

seconds). At t=20.33 seconds, the calculation stops. However the whole core is not 

degraded: fuel is still intact in channels 5 and 11, cladding is intact in channels 5, 11, 16, 17, 

23, 24, 29 and 30. 

When the calculation stops, some materials have been ejected out of the fissile zone, as can 

be seen on Table 7-12 and Table 7-13. Most of the solid fuel has turned into particles (60%), 

and a part of it is liquid (14%). 2.58 tons of fuel have been ejected in the upper and lower 

parts of the core. As far as steel is concerned, 80% of the claddings are melted, while the 

hexcans are almost intact. The claddings are changed into liquid and particles, only 0.9 tons 

were ejected as particles, while 0.07 tons have become vapour. 

 

 
In the fissile zone Ejected fuel 

 
Solid Particles Liquid Particles 

Initial amount of fuel (t) 78.82 
   

Amount of fuel at the end of 

the SAS calculation (t) 
17.58 47.78 10.88 2.58 

Table 7-12: Amounts of fuel (t) at the end of the SAS calculation 

 

 
In the fissile zone Ejected steel 

 
Claddings Hexcans Particles Liquid Particles Vapour 

Initial amount of steel (t) 16.04 11.04 
    

Amount of steel at the end of 

the SAS calculation (t) 
3.20 10.90 2.96 9.04 0.90 0.07 

Table 7-13: Amounts of steel (t) at the end of the SAS calculation 

 

It is important to notice that the SAS calculation stopped because of a numerical problem of 

convergence and not because of the failure of a hexcan as it usually does. 

 

The times of all the events which happened during the calculation are given in Appendix 24. 

The calculated duration times are not correctly predicted as it is rather difficult to determine 

exactly when the melting of fuel and claddings occur in SAS.  

 This shows that in the primary phase, there is less than 2 seconds between the first 

sodium boiling in one ring and the complete melting of the core. 

 

At the end of the SAS calculation, the reactivity is -75.3pcm and the power 20.3GWth. Then, 

the scenario of the accident is being studied with SIMMER. To initiate the level of reactivity 

for the SIMMER calculation, the reactivity and the power at the end of the SAS calculation 

are given as input. SIMMER performs a reactivity calculation, and considers that this 
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reactivity is actually the reactivity given in input and that the power is also the one given in 

input: 

∆���������� = ���������� − ��������� = 0� + ���� 

��� = 0� = ����  
 

This ensures the continuity of the calculation. 

 

7.3.2.3 Calculation of the transition phase with SIMMER  

� Hypotheses 

 

The degraded geometry was taken from the interface SIMSAME between SAS and SIMMER.  

However, problems were met in the interface SIMSAME to represent the lower and upper 

reflectors: indeed, steel was replaced by fuel in these areas. Consequently, the only zone 

which was taken from SAS is the fissile zone. This is not a correct solution as 2.58 tons of fuel 

and 0.9 tons of steel had relocated in these areas. But this seems to be the best solution 

regarding the situation. This may however lead to important discrepancies in the 

calculations, and this must be kept in mind. 

The core is represented, as well as the sodium below and above the core. There are no 

control rods. The geometry is described in RZ that is to say that the channels of the SAS4A 

calculation must be linked to the rings of SIMMER. If a ring is composed of several 

subassemblies from different channels, the mass balance, the configuration of the materials 

in each mesh is averaged. There are 13 rings in SIMMER: the rings 1 to 10 correspond to the 

inner core, while the rings 11 to 13 correspond to the outer core. The shift from SAS to 

SIMMER is represented on a third of core in Figure 7-29 and Figure 7-30: in Figure 7-29 (SAS), 

there are 29 channels grouping assemblies with close volume power, while in Figure 7-30 

(SIMMER), the channels are grouped by rings. This change in the geometry impacts the 

reactivity and creates a shift between SAS and SIMMER: this explains why the level of 

reactivity at the end of the SAS calculation must be an input of the SIMMER calculation. 
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  Figure 7-29: Localization of the subassemblies 

of the SAS channels (one channel for one 

colour) 

 

Figure 7-30: Grouping of the SAS channels into 

SIMMER rings (one channel for one ring) 

 

The whole interior of the vessel is modelled: the sodium below the core, the lower part of 

the subassemblies, the lower expansion chamber, the lower reflectors, the fissile zone, the 

upper expansion chamber, the upper reflectors and the top of the subassemblies. There is 

also a 7 meter-high sodium zone, and radial reflectors. 

There are boundary conditions: 

- Inlet of the reactor: the conditions are the sodium inlet temperature (668K) and 

the law describing the pressure decrease begins with the pressure at the end of 

the SAS calculation (2.49bar). 

- Outlet of the core: the pressure (1.5bar). 

There are also pressure loss coefficients at the bottom and top of the subassemblies. Indeed, 

there is a 3.4 bar-singular pressure loss in the core. However the singular pressure loss is 

only punctual, and the geometrical singularities generated during the degradation of the 

core are not taken into account (the hypothesis is done that the flow is residual where there 

are singularities). 

Moreover, the pressures are given in all the meshes which were not replaced by the SAS4A 

values according to the height of sodium and the pressure loss coefficients. At the first time-

step, SIMMER recalculates the pressure in the meshes.  

The last condition is for the radial reflectors: the inlet and outlet of the reflectors are closed, 

that is to say no sodium enters or goes out of these subassemblies. That was done because 

these are areas with a very low flow rate. 

Below is given the initial geometry of the SIMMER calculation: 
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Figure 7-31: Geometry used to perform the SIMMER calculation after SAS4A

 

The calculation was performed using the default parameters of the code, except the options 

detailed in Appendix 25. 

 

To finish, the calculation was performed using the SPIN model.

One important point is that the values of the liquidus and solidus temperatu

to be changed. Indeed, these values are different in SAS and SIMMER and for the 

to work, the SIMMER values had to be changed to the SAS ones: the liquidus temperature 

passed from 1713K to 1783.15K while the liquidus temperature

1793.15K.  

 

� Results of the calculation

 

The detailed results of the calculations are given in 

the accident, the detailed times, temperatures and pressures, as well as the evolution of the 

phases of the materials.  

 

However, the scenario is summarized below.

The melting of the materials continues and 1 ton of steel is ejected in less than 1 se

This creates an increase in the reactivity. At 21.46 seconds, there is a small peak of reactivity 

at 0.88$ (see Figure 7-32), as the latter decre

begins to be ejected by the lower part of the core (it makes the lower reflectors melt). This 
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: Geometry used to perform the SIMMER calculation after SAS4A

The calculation was performed using the default parameters of the code, except the options 

To finish, the calculation was performed using the SPIN model. 

One important point is that the values of the liquidus and solidus temperatu

to be changed. Indeed, these values are different in SAS and SIMMER and for the 

to work, the SIMMER values had to be changed to the SAS ones: the liquidus temperature 

passed from 1713K to 1783.15K while the liquidus temperature changed from 1753K to 

Results of the calculation 

The detailed results of the calculations are given in Appendix 26: they show the scenar

the accident, the detailed times, temperatures and pressures, as well as the evolution of the 

However, the scenario is summarized below. 

The melting of the materials continues and 1 ton of steel is ejected in less than 1 se

This creates an increase in the reactivity. At 21.46 seconds, there is a small peak of reactivity 

), as the latter decreases before reaching one dollar.  Then the fuel 

begins to be ejected by the lower part of the core (it makes the lower reflectors melt). This 
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: Geometry used to perform the SIMMER calculation after SAS4A 

The calculation was performed using the default parameters of the code, except the options 

One important point is that the values of the liquidus and solidus temperatures for steel had 

to be changed. Indeed, these values are different in SAS and SIMMER and for the transition 

to work, the SIMMER values had to be changed to the SAS ones: the liquidus temperature 

changed from 1753K to 

: they show the scenario of 

the accident, the detailed times, temperatures and pressures, as well as the evolution of the 

The melting of the materials continues and 1 ton of steel is ejected in less than 1 second. 

This creates an increase in the reactivity. At 21.46 seconds, there is a small peak of reactivity 

dollar.  Then the fuel 

begins to be ejected by the lower part of the core (it makes the lower reflectors melt). This 
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makes the reactivity decrease.  

Moreover, some fuel goes out of the calculation zone, thus decreasing the total amount of 

fuel in the core. The accident finishes when the core region is completely voided. 

 

 

 
Figure 7-32: Reactivity (in $) and power variations during the accident (SAS/SIMMER) 

 

 

The calculation SAS/SIMMER of the ULOF of the core SFRv2b showed that there was an 

important primary excursion of power and also that there was nearly a secondary power 

excursion: the recriticality is not reached but it is almost reached and when looking at that 

uncertainties involved in the reactivity in SIMMER e.g. due to the influence of material 

relocations, it should be considered there is certain probability of a secondary power 

excursion, and it will be important to study means to prevent the recriticality.  

 

7.3.3 Calculation with SIMMER-III only 

7.3.3.1 Calculation of the stationary state  

The core was modelled with SIMMER-III in RZ geometry and without control or shutdown 

rods: the rings 1 to 10 correspond to the inner core, while the rings 11 to 13 correspond to 

the outer core. The whole inner vessel is modelled: the sodium below the core, the lower 

part of the subassemblies, the lower expansion chamber, the lower reflectors, the fissile 

zone, the upper expansion chamber, the upper reflectors and the top of the subassemblies. 

There is also a 7 meter-high sodium zone, and radial reflectors. 
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The boundary conditions employed are:

- At the inlet of the reactor: the conditions are the sodium inlet temperature 

(668K) and the inlet pressure (5.2bar).

- At the outlet of the core: the outlet pressure (1.5bar).

There are also singular pressure loss coefficients at the lower a

subassemblies. Indeed, there is a 3.4bar

The last condition is for the radial reflectors: the inlet and outlet of the reflectors are closed, 

that is to say no sodium enters or goes out of these subassemblies. 

these are areas with a very low flow rate.

The whole model is described in the figure below:

 

Figure 7-33: Description of the model used for the calculations

The transient calculation was run with SIMMER thermohydraulics and neutronics.

First, the stationary state had to be obtained, so as to have a correct distribution of 

temperatures and pressure in the core. Moreover, the power varied during the stationary 

state, and finished at 3570MWth (instead of 3600MWth).

The way the stationary state was calculated, and the results at the end of it are given in 

Appendix 27. 

Once the stationary state is obtained, the calculation of the ULOF can begin.

 

7.3.3.2 Calculation and results of the ULOF

 

The loss of flow begins at t=100 seconds, so that corresponds to the time 0 second to 

compare to the SAS4A results. The options used for the calculation are giv

The detailed scenario of the accident with the graphs is given in 

of the events are all given in Appendix 
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ns employed are: 

At the inlet of the reactor: the conditions are the sodium inlet temperature 

(668K) and the inlet pressure (5.2bar). 

At the outlet of the core: the outlet pressure (1.5bar). 

There are also singular pressure loss coefficients at the lower and top parts of the 

subassemblies. Indeed, there is a 3.4bar-pressure loss in the core. 

The last condition is for the radial reflectors: the inlet and outlet of the reflectors are closed, 

that is to say no sodium enters or goes out of these subassemblies. That was done because 

these are areas with a very low flow rate. 

The whole model is described in the figure below: 

: Description of the model used for the calculations

as run with SIMMER thermohydraulics and neutronics.

First, the stationary state had to be obtained, so as to have a correct distribution of 

temperatures and pressure in the core. Moreover, the power varied during the stationary 

Wth (instead of 3600MWth). 

The way the stationary state was calculated, and the results at the end of it are given in 

state is obtained, the calculation of the ULOF can begin.

Calculation and results of the ULOF 

The loss of flow begins at t=100 seconds, so that corresponds to the time 0 second to 

compare to the SAS4A results. The options used for the calculation are giv

The detailed scenario of the accident with the graphs is given in Appendix 

Appendix 24. Below the scenario of the accident is summ
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At the inlet of the reactor: the conditions are the sodium inlet temperature 

nd top parts of the 

The last condition is for the radial reflectors: the inlet and outlet of the reflectors are closed, 

That was done because 

 
: Description of the model used for the calculations 

as run with SIMMER thermohydraulics and neutronics. 

First, the stationary state had to be obtained, so as to have a correct distribution of 

temperatures and pressure in the core. Moreover, the power varied during the stationary 

The way the stationary state was calculated, and the results at the end of it are given in 

state is obtained, the calculation of the ULOF can begin. 

The loss of flow begins at t=100 seconds, so that corresponds to the time 0 second to 

compare to the SAS4A results. The options used for the calculation are given in Appendix 28. 

Appendix 29 and the times 

. Below the scenario of the accident is summarized. 
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The voiding begins at t=122 seconds in the 13

is followed 1.55 seconds later by the rings 4 and 5, and quickly after by the rings 3 and 6. 

The voiding then propagates to the rings 1 to 7, plus the 1

(1.1$, see Figure 7-34). At the same moment, the temperatures and the pressure in the core 

increase dramatically: the materials are about to melt.

Cavities are then created, first in the ring 11, then in the rings 1 to 5.

The cavities propagate to the first eleven rings and become larger at t=123.757 seconds.

The melting of fuel then begins in the rings 11 at t=123.76

to 4 at t=123.77 seconds. 

The melting of fuel quickly propagates to the whole core except the ring 13. At that moment, 

the power excursion is at its maximum (4450GWth, 1237 times P

fuel temperature is 3500K, the liquid steel temperature is 3100K and the pressure 100bars.

Then at t=123.84 seconds, some fuel flows in the lower part in the rings 2 and 3, and also 8 

to 11.  

The core begins to void because of fuel and steel ejection and the pr

dramatically up to 400 bars. 

Because of the power deposited in the materials during the power excursion, the 

temperature of fuel has increased as well as the pressure in the core. The vaporization of 

fuel and steel begins. The pressure decreases to 10 bars once the vaporization has begun. 

Fuel and steel ejections also continue, and the accident ends as the core is filled with void.

 

 

Figure 7-34: Normalized power and reactivity v

 

In the whole SIMMER calculation, there is only one power excursion, due to the sodium 

voiding. As this is highly energetic (1237 times P

and a fuel and steel vapour bubble is cr
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The voiding begins at t=122 seconds in the 13th ring, which corresponds to the outer ring. It 

is followed 1.55 seconds later by the rings 4 and 5, and quickly after by the rings 3 and 6. 

The voiding then propagates to the rings 1 to 7, plus the 13th. This leads to a reactivity peak 

). At the same moment, the temperatures and the pressure in the core 

the materials are about to melt. 

Cavities are then created, first in the ring 11, then in the rings 1 to 5. 

The cavities propagate to the first eleven rings and become larger at t=123.757 seconds.

The melting of fuel then begins in the rings 11 at t=123.765 seconds, and then in the rings 1 

The melting of fuel quickly propagates to the whole core except the ring 13. At that moment, 

the power excursion is at its maximum (4450GWth, 1237 times P0). At that point, the liquid 

temperature is 3500K, the liquid steel temperature is 3100K and the pressure 100bars.

Then at t=123.84 seconds, some fuel flows in the lower part in the rings 2 and 3, and also 8 

The core begins to void because of fuel and steel ejection and the pressure increases again 

Because of the power deposited in the materials during the power excursion, the 

temperature of fuel has increased as well as the pressure in the core. The vaporization of 

pressure decreases to 10 bars once the vaporization has begun. 

Fuel and steel ejections also continue, and the accident ends as the core is filled with void.

: Normalized power and reactivity variation (in pcm) during the ULOF

In the whole SIMMER calculation, there is only one power excursion, due to the sodium 

voiding. As this is highly energetic (1237 times P0), a considerable amount of

and a fuel and steel vapour bubble is created only 1 second after the power excursion. 
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ring, which corresponds to the outer ring. It 

is followed 1.55 seconds later by the rings 4 and 5, and quickly after by the rings 3 and 6.  

. This leads to a reactivity peak 

). At the same moment, the temperatures and the pressure in the core 

The cavities propagate to the first eleven rings and become larger at t=123.757 seconds. 

5 seconds, and then in the rings 1 

The melting of fuel quickly propagates to the whole core except the ring 13. At that moment, 

). At that point, the liquid 

temperature is 3500K, the liquid steel temperature is 3100K and the pressure 100bars. 

Then at t=123.84 seconds, some fuel flows in the lower part in the rings 2 and 3, and also 8 

essure increases again 

Because of the power deposited in the materials during the power excursion, the 

temperature of fuel has increased as well as the pressure in the core. The vaporization of 

pressure decreases to 10 bars once the vaporization has begun. 

Fuel and steel ejections also continue, and the accident ends as the core is filled with void. 

 
ariation (in pcm) during the ULOF 

In the whole SIMMER calculation, there is only one power excursion, due to the sodium 

a considerable amount of fuel is ejected 

eated only 1 second after the power excursion.  
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7.3.4 Comparison of the results SAS/SIMMER and SIMMER only 

The evolution of the accident is the same in SAS and in SIMMER. However the beginning of 

the boiling is delayed in SIMMER: in SAS it begins 18.074 seconds after the beginning of the 

ULOF, while in SIMMER it begins at 22 seconds. That makes a difference of 4 seconds for the 

start of the boiling and then for the progress of the accident.  

This difference can be explained by the Power/Mass flow rate ratios (see Appendix 30): 

indeed, they are more important in SAS4A than in SIMMER, which means that the channels 

of SAS models have fewer margins to boiling. This can explain why the boiling begins earlier 

in SAS. There is also another explanation: the temperature distribution in the pin. It was 

shown previously that the distribution of temperature in the pellet is much more detailed in 

SAS than in SIMMER where there are only two nodes to describe it. Consequently, the 

average temperature in SIMMER is smaller than in SAS and there is less heat given to 

sodium: indeed, the maximum temperature of claddings is 863K in SAS while it is 838K in 

SIMMER.  

 

However the propagation of the voiding is in the same order of time, and also in the same 

areas.  Indeed, the first channel or ring where there is boiling is in the outer core. Then the 

boiling occurs in the inner core, in the rings 4 and 5. The boiling and the dry-out then 

propagate to the whole core: both codes are very similar for the boiling and the voiding of 

the subassemblies (see Appendix 24). 

Cavities are created in the core at the centre of the core and also at the limit inner/outer 

core, at t=1.826 seconds (after the first boiling) in SAS and t=2.335 seconds in SIMMER. That 

propagates to other channels and rings until the claddings thermal break1. The claddings first 

break at 1.896 seconds in SAS and at t=2.368 seconds in SIMMER. They first melt at the 

centre of the core. It is immediately followed by the melting of the fuel in SIMMER while it 

happened a bit earlier in SAS. As there are only two average temperatures in SIMMER, and 

not a temperature gradient like in SAS, the temperature in the centre of the pellet is 

underestimated and the fuel melting temperature is reached later than in SAS. Indeed, the 

thermal condition for fuel breaking is that 10% of fuel must be considered as melted. The 

criterion is: 

 � = �� + �� with �� = 10%� 

 �"�#### = ��"�$��%&� + ��"��'&�%&� 
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So the temperature which must be reached by fuel to change its phase is lying between the 

solidus and the liquidus temperatures. Here, the solidus temperature for fuel is 3002K and 

its liquidus temperature is 3041K. Consequently, for fuel to be melted, the temperature 

must be above 3006K. 

 
The melting of the fuel and the claddings then propagates to the rest of the core, except the 

outer rings of the core. 

That point corresponds to the restart of the SAS calculation with SIMMER. From this point 

on, the two calculations are completely different.  

                                                      
1
 In SAS, it is difficult to know exactly when the cladding breaks or when the fuel melts. 
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Figure 7-35: Difference of reactivity variations in SAS/SIMMER and SIMMER (in $) 

 

 
Figure 7-36: Difference of power variations in SAS/SIMMER and SIMMER 

 

Indeed, the power peak in the first phase is very different for both codes (see Figure 7-35 

and Figure 7-36): in SIMMER, the power excursion is very energetic while this is not the case 

in SAS.  

The question is why was the reactivity insertion during the voiding of the core so important 

in SIMMER compared to SAS? The methods of calculation of the reactivity are completely 

different but the use of the sodium feedback effect enables the correct calculation of the 

voiding effect when compared to a direct calculation, so that is not the explanation.  The 
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explanation may come from the expansion effects of the solid materials: fuel and structure. 

These effects are not taken into account in SIMMER and they may cause discrepancies on 

the time of occurrence and on the amplitude of the power excursion. For instance, 

concerning the axial fuel expansion: when the temperature increases, fuel expands and a 

part of fuel goes out of the fissile zone, leading to a negative reactivity insertion (in SFRv2b, 

the feedback effect of axial fuel expansion is -0.21pcm/K). The axial fuel expansion is 

modelled in SAS but not in SIMMER. The fuel in the inner node in SIMMER has a 900K 

change of temperature during the accident: that leads to a reactivity change of -190pcm. 

This reactivity change is of course not inserted at one moment but all along the transient, 

and it can explain why the final reactivity insertion is more important with SIMMER than 

with SAS. The other expansion effects may also have important effects and explain the 

differences observed between SAS and SIMMER. This effect could have been studied by 

performing a SAS calculation without these expansion effects, but time missed to perform 

this study. 

Concerning the second power peak, it was more important in SAS than in SIMMER. Table 

7-14 and Table 7-15 show the states and the masses of fuel and steel in and out of the core. 

They show that the amounts of fuel and steel in the fissile zone are equivalent, even if their 

distribution in the core is different: indeed, in the SAS calculation, the core is more 

degraded, more pellets have turned into liquid or particles but the ejected fuel and steel are 

not described in the SIMMER calculation. 

 

 

 

In the fissile zone Ejected fuel 

 

Solid Particles Liquid Particles Liquid 

Initial amount of fuel (t) 78.82 
    

Amount of fuel at t=20.33 seconds of  

the SAS calculation (t) 
17.58 47.78 10.88 2.58 0.00 

Amount of fuel after the power  

excursion of the SIMMER calculation  

(at t=124 seconds) (t) 

20.28 30.84 25.21 2.39 0.06 

Table 7-14: Fuel states and masses (t) after the power excursion for SAS and SIMMER calculations 

 

In the fissile zone Ejected steel 

Claddings 
Hexagonal 

cans 
Particles Liquid Particles Liquid Vapour 

Initial amount of  

steel (t) 
16.04 11.04 

     

Amount of steel at  

t=20.33 seconds of the SAS calculation (t) 
3.2 10.9 2.96 9.04 0.04 0.82 0.12 

Amount of steel after  

the power excursion of the SIMMER 

calculation (at t=124 seconds) (t) 

3.57 10.31 0.01 12.83 0.06 0.28 0.02 

Table 7-15: Steel states and masses (t) after the power excursion for SAS and SIMMER calculations 

 

However, as the masses of fuel and steel inside the core are equivalent, as the temperatures 

are also equivalent at that time, another parameter is responsible for the differences of 

reactivity insertion. The pressure in the core is 20 bars more important in the SIMMER 

calculation than in the SAS calculation, and in the SIMMER calculation, fuel is not only 
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ejected, it is also vaporized after the first power peak. 

fuel from relocating again and makes the reactivity decre

7.3.5 Conclusions and perspectives

7.3.5.1 Interest of the new model compared to the ERANOS/SIMMER

 

In the Chapter 7.2, the state of the core at the end of the primary phase was calculated 

thanks to static cases (calculated with 

In the current Chapter, the calculation using SAS4A or SIMMER

these strong hypotheses. Consequently, the state of the core calculated by ERANOS can be 

compared to the one calculated by SAS4A or SIMMER, see the figure below.

 

Figure 7-37 : Comparison of the geometry initiating the secondary phase in Chapter 7.2 (left) and in 

When looking at these geometries, it

7.2 led to geometry far from the one obtained with SAS4A or SIMMER. 

Concerning the power excursions, the one of the primary phase cannot be compared as 

ERANOS does not give amplitudes of power excursion

performed for the secondary phase. In the calculation initiated by ERANOS, all the upper 

part is modelled as particles. Hence, the upper part of the core falls in the molten pool, 

leading to an important power excursion. With S

part of the core is still solid, and does not fall at once. Thus, there is only a slight power peak, 

and no real power excursion. 

It can be concluded that the former way to calculate the secondary phase of the accid

performing assumptions on the state of the accident at the end of the primary phase) leads 

to more severe situations than what happens when fewer hypotheses 

account. It can be concluded that was a conservative way to define en

define whether the reactor vessel can handle it. However, more precise calculations are 

required if one wants to avoid such large energy release. 
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ejected, it is also vaporized after the first power peak. It is this vaporization that prevents 

fuel from relocating again and makes the reactivity decrease. 

Conclusions and perspectives 

Interest of the new model compared to the ERANOS/SIMMER

In the Chapter 7.2, the state of the core at the end of the primary phase was calculated 

thanks to static cases (calculated with ERANOS) defined by performing a lot of hypotheses. 

In the current Chapter, the calculation using SAS4A or SIMMER-III itself did not depend on 

these strong hypotheses. Consequently, the state of the core calculated by ERANOS can be 

lated by SAS4A or SIMMER, see the figure below.

: Comparison of the geometry initiating the secondary phase in Chapter 7.2 (left) and in 

Chapter 7.3 (right) 

When looking at these geometries, it is obvious that the hypotheses performed in Chapter 

7.2 led to geometry far from the one obtained with SAS4A or SIMMER.  

Concerning the power excursions, the one of the primary phase cannot be compared as 

ERANOS does not give amplitudes of power excursions, but the comparison can be 

performed for the secondary phase. In the calculation initiated by ERANOS, all the upper 

as particles. Hence, the upper part of the core falls in the molten pool, 

leading to an important power excursion. With SIMMER-III or SAS4A/SIMMER

part of the core is still solid, and does not fall at once. Thus, there is only a slight power peak, 

 

It can be concluded that the former way to calculate the secondary phase of the accid

performing assumptions on the state of the accident at the end of the primary phase) leads 

to more severe situations than what happens when fewer hypotheses have to be taken into 

. It can be concluded that was a conservative way to define energy release so as to 

define whether the reactor vessel can handle it. However, more precise calculations are 

required if one wants to avoid such large energy release.  
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is this vaporization that prevents 

Interest of the new model compared to the ERANOS/SIMMER-III calculation 

In the Chapter 7.2, the state of the core at the end of the primary phase was calculated 

ERANOS) defined by performing a lot of hypotheses. 

III itself did not depend on 

these strong hypotheses. Consequently, the state of the core calculated by ERANOS can be 

lated by SAS4A or SIMMER, see the figure below. 

 
: Comparison of the geometry initiating the secondary phase in Chapter 7.2 (left) and in 

is obvious that the hypotheses performed in Chapter 

Concerning the power excursions, the one of the primary phase cannot be compared as 

s, but the comparison can be 

performed for the secondary phase. In the calculation initiated by ERANOS, all the upper 

as particles. Hence, the upper part of the core falls in the molten pool, 

III or SAS4A/SIMMER-III, the upper 

part of the core is still solid, and does not fall at once. Thus, there is only a slight power peak, 

It can be concluded that the former way to calculate the secondary phase of the accident (by 

performing assumptions on the state of the accident at the end of the primary phase) leads 

have to be taken into 

ergy release so as to 

define whether the reactor vessel can handle it. However, more precise calculations are 
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7.3.5.2 Possible improvements in the models of the SIMMER-III code 

 

There are two major differences between SAS4A and SIMMER when the accident is 

calculated:  

- The time of sodium boiling: there is a delay between the times at which boiling 

occurs in SAS and SIMMER, of about 4 seconds. This can be explained by the 

model itself: first by the Power/Mass flow rate ratios which are bigger in SAS than 

in SIMMER, and also by the use of SPIN in SIMMER giving a lower fuel 

temperature than in SAS. Consequently the subassembly heats less in SIMMER 

than in SAS and it takes more time to reach the sodium boiling. 

- The primary power excursion: it is much more significant in SIMMER than in SAS. 

Despite the different neutronics model, the value of reactivity insertion during 

sodium voiding should be approximately the same. It seems that it comes from 

the expansion effects, during a transient lasting for about 20 seconds, which are 

modelled in SAS and not in SIMMER. When the temperature increases, materials 

expand and create variations in the reactivity. These expansion effects will be 

modelled in SIMMER very soon (see Chapter 6.4.5). 

As a consequence, it must be noticed that SIMMER gives satisfactory results when 

calculating the first phase of the ULOF: the order of occurrence of the events is correct, yet 

their times of occurrence is not well predicted, but to represent the primary phase correctly 

and as precisely as possible, the SIMMER code and the model must be improved. The 

Power/Mass flow rate ratios used in SIMMER must be closer to reality, the fuel temperature 

must be better modelled (by using DPIN for example) and a model of materials expansion 

should be implemented in the code.  

 

It is also important to say that the use of SIMMER 1D (in analogy to the model of the 

subassembly in 1D) necessitates a validation of the parameters of the code different than 

the ones given by default. It is exactly what was done for the adjustment of the parameters 

of the entrainment model. Moreover, the use of only one pin per subassembly representing 

all the subassemblies is questionable, as was shown for the freezing of steel.  

Concerning the axial dispersion of fuel, it is important to say that the particles model was not 

adjusted, there was no blockage and that impacts the sequence of the accident. 

 

It must be also added that here the calculations were performed at the BOL, so there is no 

irradiation. If fuel is irradiated, there may be more differences between the codes because 

SAS has a pre-irradiation model to degrade the pin while SIMMER has none. However to 

mitigate the influence of this deficiency, the SIMMER calculation could be initiated by SAS4A 

or even better GERMINAL which have models of fission products release. GERMINAL is a CEA 

code being developed to better model fuel behaviour as being measured with irradiations. 

 

To conclude, to have correct results with SIMMER when calculating the ULOF from the 

primary phase, the following improvements must be performed: 

- Adding a model of fuel axial expansion 

- Using the DPIN model (but from now on, the time calculation is too long) 

- Validating parameters which can give coherent results even with the 1D model of 

the subassembly. 

- Adding a pre-irradiation model to SIMMER (for instance by coupling GERMINAL 
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with SIMMER). 

All the modifications of the code will increase the calculation time, but should not prevent 

from performing calculations. 

SAS4A/SIMMER-III and SIMMER-III could mostly be compared on the first phase of the 

calculation, as the continuity between SAS4A and SIMMER was not kept as the ejected 

materials could not be modelled in SIMMER. This discontinuity could have been solved by 

taking the results from SAS4A during the power peak, and before the fuel ejection. This is 

the way the SAS4A/SIMMER-III calculations are performed at JAEA. 

 

 

7.3.5.3 On the way the accident occurs for the core SFRv2b 

 

The calculations with both SAS/SIMMER and SIMMER gave similar scenarios for the ULOF of 

SFRv2b: the primary excursion is caused by the voiding effect, the temperatures increase 

and begin to form cavities. Then, the melting of claddings and fuel propagates quickly into 

the core, the hexcans also melt. The lower and upper parts of the core are attacked and fuel 

and steel are ejected, thus voiding the core. The accident finishes as the core zone presents 

a void cavity. If there is a secondary power excursion, it is a slight one. From the beginning of 

the sodium voiding to the end of the accident where the core is completely damaged, less 

than 4 seconds have passed: it is a very fast accident (there are 18 seconds between the 

shutdown of the pumps and the beginning of the voiding). 

 

Thus, it is important to study means to prevent the recriticality in transient with SIMMER-III. 

Different means were identified to prevent the recriticality in the Chapter 7.1: the addition 

of absorber miscible with (U,Pu)O2 (such as Eu2O3) or the ejection of fuel, or both solutions. 

These solutions will have to be studied in transient once some modifications will be 

performed in SIMMER (mostly the addition of the axial fuel expansion). However, it must be 

noticed that in SIMMER it is rather difficult to model new materials: all their characteristics 

need to be done and implemented in the input file. Moreover, at the moment, adding a new 

absorber is not possible and the solution is to replace the existing absorber material, which 

is B4C. However, this material being used for the control rods will no longer be available in 

the calculation. So, the study of new systems is not as simple as it seems with SIMMER, and 

modifications and/or extensions need to be performed in the code on that point too. 
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7.4 Conclusions and perspectives on the ULOF 

The first part of the study, on the static calculations on the ULOF with ERANOS, showed the 

main effects responsible for the reactivity insertions during the ULOF (the sodium voiding, 

the removal of structure and the slump-down of fuel), and especially which solutions could 

be applied: 

- During the core design itself: decreasing the volume fractions of sodium and 

structure, decreasing the radial leakage in nominal state, for example by 

designing a core with a smaller height, a bigger radius and only one fuel 

enrichment zone. A material miscible with molten fuel could also be used for the 

claddings (it would have a diluting effect). 

- Additional systems: addition of absorber miscible with fuel in the molten pool 

(such as Eu2O3) or ejection of fuel from the core (thanks to CRGT or FAIDUS 

subassemblies for instance). 

Calculations showed 6.5% of Eu2O3 were necessary in volume to prevent the 

recriticality of the core, while 52% of fuel must be ejected for the same result (on 

the core SFRv2b): studies are still necessary to find means to realize these 

solutions. 

 

This first part gave indications for ways to avoid recriticality, but the accident had to be 

studied in transient. 

 

The second part of the studies on the ULOF is a study in transient, with a method which was 

used in the past, for example for Super-Phenix. The state of the core was calculated for it to 

be critical after the sodium voiding: it was supposed half of the claddings were ejected and 

then the amount of fuel which had to be ejected for the core to be critical was calculated. 

The same calculations were performed on the core SFRv2b with different upper 

configurations: “with axial reflectors”, “with a high upper gas plenum”, “with a sodium 

plenum”, “with a sodium plenum and B4C above”, and “with upper fertile axial blankets”. 

The objective was to see if one of these configurations could enable to prevent the 

recriticality, as the fall of steel or of absorber from the upper part of the core could maybe 

dilute enough the fuel. The result is that none of these configurations could: despite the 

different scenarios, the recriticality always happened. No time was left to study the 

mechanical energy release during these scenarios. It would be interesting to study them in 

the future. The method used for the calculations was not very accurate, a lot of hypotheses 

were performed and finally the recriticality always occurs: it was shown in Chapter 6.3 that 

these hypotheses were really too severe for the accident, and did not give an accurate 

scenario for the accident. The results are conservative, but at a point where the results will 

never show the accident can be mastered. Consequently, more precise calculations have to 

be performed as it was tentatively done in the following part. 

 

The third and last part of the studies on the ULOF is a new method of calculation. It uses 

SIMMER-III to calculate the whole accident, while the standard method for transient 

analyses is to use first SAS4A and then SIMMER-III. As this new method was not validated, 

the first work was to validate the method of calculation. So, the comparison between both 
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methods was performed by calculating an ULOF on the SFRv2b core. Conclusions were 

drawn on the improvements which have to be done in SIMMER to give correct results 

(addition of a model of fuel axial expansion, addition of a pre-irradiation model to SIMMER), 

on the models to use for the calculation (use of the DPIN model, validation of the 

parameters to use to have consistent results with a 1D description of the subassembly) and 

also on the scenario of the accident: there may be a significant primary power excursion due 

to the sodium voiding and then a secondary power excursion due to the recriticality. Thus, it 

is important to study means to prevent it, and to do so, the improvements must be 

performed in SIMMER. If new materials also need to be studied (such as Eu2O3, or a material 

different for the cladding and the hexcans), other improvements will have to be done as no 

new material can be added in SIMMER at the moment. However, since the power excursion 

in the SFRV2b occurs rather quickly (~20 seconds) whatever the upper core arrangement and 

this, although significant efforts have been done to reduce the sodium void reactivity effect 

and increase the Doppler effect, some more efforts should be devoted to design 

modifications in order to give more time, for instance, for the absorbing materials to be 

introduced in a passive mode. The BN1800 core was designed for that purpose although 

other dispositions should be added to enhance the core behaviour such as internal blanket. 

However, new problems arise in its ULOF SIMMER calculation. These problems need to be 

cured prior to the study of these dispositions. 

 

Further studies must be performed on the ULOF to whether find ways for practically 

eliminating this accident or find ways to limit its consequences. From now on, this accident 

was considered as the representative accident of the worse situation, but if it can be 

prevented, it might no longer be that one. Thus, other Hypothetical Core Disruptive 

Accidents (HCDA) such as Unprotected Transient Over Power (UTOP) or Unprotected Loss Of 

Heat Sink (ULOHS) should be studied.  This would enable to find which accident could 

replace the ULOF one as a representative hypothesis.  
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Chapter 8 
 

8 STUDY OF THE TOTAL INSTANTANEOUS BLOCKAGE 

The second accident studied during the PhD is the Total Instantaneous Blockage (TIB). This is 

a very specific and severe accident as the whole flow is lost instantaneously in one 

subassembly.  

The problematic of this accident is different from the one of the ULOF. Here, the objective is 

not to prevent the accident: the assumption is that it occurs, whatever the probability, but 

besides that the accident should be protected: the shutdown system has to operate 

correctly triggered by an acquisition device. Hence, for the TIB, the problem lies in the 

detection: the studies must prove that once the accident occurs, the data acquisition 

systems will detect it soon enough for the SCRAM to stop the accident prior to a general 

core melting. The main system of detection is, as was described in Chapter 5.4.2, the DND. 

Other systems are under developments, such as the detection of cladding failure, an acoustic 

detection of the sodium boiling or an accurate detection of the temperatures or the flow at 

the outlet of the subassembly. The studies on the TIB have as objective to see if the accident 

can be detected owing to one of these means of detection. 

This Chapter is divided in two parts: 

- The preliminary studies are static and aim at understanding which parameters of 

the core have the most important influence on the reactivity insertion in case of 

TIB. It also studies solutions which could be used to prevent the propagation of 

the accident to core. 

- As the static studies do not give indications on the delay which is being given to 

the detection systems nor to the ways the accident can be detected, transient 

studies must be performed.  

No code is being dedicated to the study of the TIB. SIMMER has already been used for that 

purpose on SFRs but without any neutronics. SIMMER TIB transient studies have never been 

performed with neutronics on SFRs and on a reactor case (with a coarse mesh), and the 

method has to be validated first.  
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8.1 Static preliminary studies: under

possible solutions 

During a Total Instantaneous Blockage (TIB), different physical phenomena are involved. The 

goal of this first part is to define what they are and how the core behaves during that 

accident. To do so, a very schematic scenario of the accident is being defined (based on the 

past experience: see Chapter 5), then the impact of the intact core on the TIB zone is being 

studied, and finally, there is an analysis on the reactivity insertion during TIB based on the 

fission, absorption and leakage rates.

8.1.1 Understanding of an accidental scenario of the TIB

The scenario is divided into 4 phases (similar to 

schematic and has as only goal to analyze physically the neutronics phenomena linked to the 

movements of the structure materials.

4) Sodium voiding. 

5) The removal of structure materials (or elements constituting steel).  

6) Steel stratification. 

These steps are applied to the damaged subassemblies (1, 7 and 19), the others are kept 

intact.  

Figure 
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Static preliminary studies: understanding of the phenomena and 

possible solutions  

During a Total Instantaneous Blockage (TIB), different physical phenomena are involved. The 

goal of this first part is to define what they are and how the core behaves during that 

schematic scenario of the accident is being defined (based on the 

past experience: see Chapter 5), then the impact of the intact core on the TIB zone is being 

studied, and finally, there is an analysis on the reactivity insertion during TIB based on the 

ission, absorption and leakage rates. 

Understanding of an accidental scenario of the TIB 

The scenario is divided into 4 phases (similar to Figure 7-1 in 7.1.1). The modelling is very 

schematic and has as only goal to analyze physically the neutronics phenomena linked to the 

movements of the structure materials. 

The removal of structure materials (or elements constituting steel).  

These steps are applied to the damaged subassemblies (1, 7 and 19), the others are kept 

Figure 8-1: Schematic scenario of the TIB 
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standing of the phenomena and 

During a Total Instantaneous Blockage (TIB), different physical phenomena are involved. The 

goal of this first part is to define what they are and how the core behaves during that 

schematic scenario of the accident is being defined (based on the 

past experience: see Chapter 5), then the impact of the intact core on the TIB zone is being 

studied, and finally, there is an analysis on the reactivity insertion during TIB based on the 

n 7.1.1). The modelling is very 

schematic and has as only goal to analyze physically the neutronics phenomena linked to the 

The removal of structure materials (or elements constituting steel).   

These steps are applied to the damaged subassemblies (1, 7 and 19), the others are kept 
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8.1.1.1 Study of the scenario in static 

The reactivity insertion due to each step of the scenario has been calculated for 1, 7 and 19 

damaged subassemblies at the centre of the core thanks to the ERANOS code in RZ 

transport, with the library ERALIB1. These calculations were performed for two cores: SFRv0 

and SFRv2b. The results obtained are presented in the table below: 

 
  SFRv0 SFRv2b 

1 damaged assembly 

Sodium voiding 1 3 

Structure removal 5 9 

Fuel slump-down -2 0 

Structure repositioning -6 -5 

    

7 damaged assemblies 

Sodium voiding 10 16 

Structure removal 49 69 

Fuel slump-down -3 89 

Structure repositioning -17 91 

    

19 damaged assemblies 

Sodium voiding 29 40 

Structure removal 217 376 

Fuel slump-down 105 1831 

Structure repositioning 96 1612 

Table 8-1: Reactivity insertion (in pcm) caused by each step of the scenario of the TIB 

 

Each step and result obtained will be explained and detailed separately. The neutron 

balances for each step, core and number of damaged subassemblies were calculated and are 

given in Appendix 31. 

� Sodium void effect and structure removal (1 and 2) 

The sodium voiding and the structure removal create a positive reactivity insertion in all 

cases (and of the same amplitude for each core), this is due to the loss of the slowing down 

effect of sodium and structure. Indeed, as the neutrons are less slowed down, the neutron 

spectrum hardens. As explained in Chapter 7.1, this increases the fission rate and 

consequently the reactivity. 

 

It can be noticed that structure or sodium removal creates a more important reactivity 

increase for the SFRv2b core than the SFRv0 one, which can be explained by the higher 

sodium and structure volume fractions of the SFRv2b core. 

 

� Fuel slump-down (3) 

The results obtained for the fuel collapsing are very different for the SFRv0 and SFRv2b 

cores. For a small number of damaged subassemblies, (1 to 7 for SFRv0 and 1 for SFRv2b), 

the reactivity insertions due to this step are slightly negative or null. When the number of 

damaged subassemblies increases, the reactivity insertion also increases. It increases much 

faster in the SFRv2b core than for the SFRv0 core. 
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So as to find an explanation for the differences between the SFRv0 and SFRv2b cores, and 

also to the small reactivity insertions for 1 and 7 damaged subassemblies, the neutron 

balance is being studied (see Appendix 31). 

 

For 1 subassembly, there is nearly no variation on the neutron balance. 

 

For the SFRv2b core, and for 7 damaged subassemblies, there is an increase in the leakage, 

which decreases the captures and increases the fissions. Finally, there is a slight increase in 

the productions per fission. On the contrary, for 19 damaged subassemblies, the leakage 

decreases strongly and the fissions increase a lot. For the SFRv0 core, the variations are 

nearly zero for 1 and 7 damaged subassemblies. For 19 subassemblies, the leakage 

decreases but far less than for the SFRv2b core, which explains why the reactivity insertion is 

so small. 

 

To finish, the decrease in the radial leakage creates an increase in the reactivity: thus, having 

a core with low radial leakage in nominal condition will enable to decrease the reactivity 

insertion. 

� Structure materials repositioning (4) 

Here again the reactivity variation is due to the neutron leakage. The repositioning of the 

structure causes a variation in the axial leakage. For 1 damaged subassembly, of the SFRv2b 

core, and 1 and 7 subassemblies of the SFRv0, there is no variation. For 7 and 19 

subassemblies of the SFRv2b core, the leakage decreases, thereby increasing the fissions. 

The consequence is an increase in the reactivity. For 19 damaged subassemblies of the 

SFRv0 core, the leakage also decreases but in a smaller proportion than for the SFRv2b core, 

which explains the differences. 

 

The leakage is also responsible for the increase in reactivity during the structure 

repositioning. 

 

 

To sum up, thanks to that simplified study of the scheme of a TIB, it can be concluded that 

the reactivity insertions vary a lot depending on the number of collapsed subassemblies. 

However, during the first three steps, they depend on the variation of the fission rate while 

during the last step, they mostly depend on the variation of the leakage rate. 

 

Solutions to avoid reactivity insertion at each step can be envisaged: 

- Sodium voiding: decrease the sodium volume fraction. 

- Structure removal: decrease the structure volume fraction. 

- Fuel slump-down: limit the enrichment of the zone. 

- Structure repositioning: decrease the leakage in nominal or choose a structure 

material miscible with fuel (it could be vanadium). 
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� Recriticality due to the mass of fuel itself 

So as to put forward the recriticality due to the mass of fuel alone (a phenomenon that 

appears during the fuel collapsing), calculations were performed with the ERANOS code 

system in 2D RZ and 1D spherical transport.  

The volumes of the damaged zones are

Three different cores are model

spherical core has been reduced so as to be critical in nominal (the radius goes from 

R=270cm in RZ to R=128cm in spherical when consid

SFRv2v). It can be noticed that if the fuel volume was kept constant between RZ and 

spherical modelling, the radius of the sphere for the SFRv2b core would be 133cm. However, 

as the core must be critical in nominal

to the leakage which is minimized when considering a sphere (the surface to volume ratio is 

minimized: there is less surface where the neutrons can flee). As there is less leakage, less 

fuel is needed to obtain the same reactivity.

The modelled cores only have one fuel zone enriched at 14.5% for the inner core of SFRv2b, 

13.4% for the inner core of SFRv1, and 18.3% for the inner core of EFR.

For each case, in RZ or in 1D spherical

compacted fuel with stratified structure above it, the rest of the zone being a voided zone 

(see step 4 of Figure 8-1 for the

Figure 

The Figures 8-3, 8-4 and 8-5 show the variation of k

subassemblies for three calculations and for the cores SFRv2b, SFRv1 and EFR respectively:

- Collapsing of subassemblies at the centre of a core critical in RZ.

- Collapsing of subassemblies at the centre of a core critical in spherical.

- Collapsed zone alone in spherical.
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Recriticality due to the mass of fuel itself  

So as to put forward the recriticality due to the mass of fuel alone (a phenomenon that 

appears during the fuel collapsing), calculations were performed with the ERANOS code 

system in 2D RZ and 1D spherical transport.   

The volumes of the damaged zones are kept constant for each modelling. 

Three different cores are modelled: SFRv2b, SFRv1 and EFR. The external radius of the 

spherical core has been reduced so as to be critical in nominal (the radius goes from 

R=270cm in RZ to R=128cm in spherical when considering the collapsing of the inner core of 

SFRv2v). It can be noticed that if the fuel volume was kept constant between RZ and 

ling, the radius of the sphere for the SFRv2b core would be 133cm. However, 

as the core must be critical in nominal condition, the radius must be diminished. This is due 

to the leakage which is minimized when considering a sphere (the surface to volume ratio is 

minimized: there is less surface where the neutrons can flee). As there is less leakage, less 

to obtain the same reactivity. 

led cores only have one fuel zone enriched at 14.5% for the inner core of SFRv2b, 

13.4% for the inner core of SFRv1, and 18.3% for the inner core of EFR. 

For each case, in RZ or in 1D spherical geometry, the collapsed zone is composed of the 

compacted fuel with stratified structure above it, the rest of the zone being a voided zone 

for the case RZ and Figure 8-2 for the spherical case).

Figure 8-2: Modelling of the collapsing in 1D 

5 show the variation of k-eff with the number of damaged 

subassemblies for three calculations and for the cores SFRv2b, SFRv1 and EFR respectively:

Collapsing of subassemblies at the centre of a core critical in RZ. 

assemblies at the centre of a core critical in spherical.

Collapsed zone alone in spherical. 
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So as to put forward the recriticality due to the mass of fuel alone (a phenomenon that 

appears during the fuel collapsing), calculations were performed with the ERANOS code 

 

ed: SFRv2b, SFRv1 and EFR. The external radius of the 

spherical core has been reduced so as to be critical in nominal (the radius goes from 

ering the collapsing of the inner core of 

SFRv2v). It can be noticed that if the fuel volume was kept constant between RZ and 

ling, the radius of the sphere for the SFRv2b core would be 133cm. However, 

, the radius must be diminished. This is due 

to the leakage which is minimized when considering a sphere (the surface to volume ratio is 

minimized: there is less surface where the neutrons can flee). As there is less leakage, less 

led cores only have one fuel zone enriched at 14.5% for the inner core of SFRv2b, 

d zone is composed of the 

compacted fuel with stratified structure above it, the rest of the zone being a voided zone 

for the spherical case). 

 

eff with the number of damaged 

subassemblies for three calculations and for the cores SFRv2b, SFRv1 and EFR respectively: 

 

assemblies at the centre of a core critical in spherical. 
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Figure 8-3: Collapsing of the internal core in 

spherical and RZ for the SFRv2b core

Figure 8-5 : Collapsing of the internal core in 

spherical and RZ for the EFR core

However, the criticality is obtained much sooner for the EFR core, at 11 subassemblies (~1.5 

tons of fuel), while it is obtained for about 20 subassemblies for the SFRv1 core (~3.8 tons of 

fuel). The critical mass is reached more rapidly when the enrichment is bigger.

This local critical mass depends on the enrichment and on the fuel volume fraction, but 

whatever the corresponding number of subassemblies is, exceeding it makes it impossible to 

control the reactivity by classical emergency systems (control and shutdown rods) and can 

potentially lead to an important energetic release.
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: Collapsing of the internal core in 

spherical and RZ for the SFRv2b core 

Figure 8-4 : Collapsing of the internal core in 

spherical and RZ for the SFRv1 core

 

: Collapsing of the internal core in 

spherical and RZ for the EFR core 

The Figure 8-3 indicates that as far as the 

slump-down of the inner core is concerned, 

and until 18 damaged subassemblies (~3.5 

tons of fuel), the reactivity of the core is 

directed by the core around (and not only 

the damaged zone). However, beyond that, 

the reactivity of the collapsed area is more 

important than one dollar (

SFRv2b core) and the red and blue curves 

get closer: the reactivity depends mostly on 

the mass of collapsed fuel which becomes 

critical by itself. 

This is the same phenomenon which occurs 

for the other cores.  

However, the criticality is obtained much sooner for the EFR core, at 11 subassemblies (~1.5 

tons of fuel), while it is obtained for about 20 subassemblies for the SFRv1 core (~3.8 tons of 

l). The critical mass is reached more rapidly when the enrichment is bigger.

This local critical mass depends on the enrichment and on the fuel volume fraction, but 

whatever the corresponding number of subassemblies is, exceeding it makes it impossible to 

control the reactivity by classical emergency systems (control and shutdown rods) and can 

important energetic release. 
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: Collapsing of the internal core in 

spherical and RZ for the SFRv1 core 

icates that as far as the 

down of the inner core is concerned, 

and until 18 damaged subassemblies (~3.5 

tons of fuel), the reactivity of the core is 

directed by the core around (and not only 

the damaged zone). However, beyond that, 

the collapsed area is more 

important than one dollar (∼350pcm for the 

SFRv2b core) and the red and blue curves 

get closer: the reactivity depends mostly on 

the mass of collapsed fuel which becomes 

This is the same phenomenon which occurs 

However, the criticality is obtained much sooner for the EFR core, at 11 subassemblies (~1.5 

tons of fuel), while it is obtained for about 20 subassemblies for the SFRv1 core (~3.8 tons of 

l). The critical mass is reached more rapidly when the enrichment is bigger. 

This local critical mass depends on the enrichment and on the fuel volume fraction, but 

whatever the corresponding number of subassemblies is, exceeding it makes it impossible to 

control the reactivity by classical emergency systems (control and shutdown rods) and can 
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8.1.1.2 Study of the impact of the position and the enrichment of the damaged 

subassembly 

 

In order to study the effect of the leakage, the absorptions and the fissions on the reactivity 

insertion during a TIB, different calculations on the latter have been performed with TRIPOLI 

4.5 on two cylindrical cores: first a core with one enriched zone (average

cylindrical SFRv2b with two enriched zones (and no control rods, the standard SFRv2b). The 

calculations were performed at 300K with the JEF

Four zones in the core were damaged: at the centre of the core, at R=60cm, at R=110cm

R=200cm (outer core for the SFRv2b). For each zone, 1, 7 and 19 subassemblies were 

damaged (with stratification of the materials of structure as in the case 4 of 

except in the outer core where only 9.4 subassemblies maximum could be damaged. 

The rates of production by fission, absorption, radial and axial leakages were calculated by 

TRIPOLI1 and compared to the results in nominal

rates are lower than 0.15% and for k

 

Figure 8-6: Scheme in top view of the calculations done with TRIPOLI

 

The differences between the average and standard cores are due to the different 

enrichments: indeed, the differences of enrichments cause a change in the neutron leakage 

and also in the spectrum of the core. A core with one enrichment zone has less leakage

a core with two enrichment zones. Moreover, for the core with two enrichment zones, 

additional calculations were performed: the enrichment of the compacted zone in the inner 

core was replaced by the one of the outer core. 

So, three cores are calculated:

- Case 1: average SFRv2b.

- Case 2: standard SFRv2b.

- Case 3: standard SFRv2b with compacted fuel in the inner core having the 

enrichment of the outer core.

                                                      
1
 Number of productions and absorptions per fission on the entire core, and for the leakage, the number of 

neutrons that goes through the interface core

values are normalized compared to the sou
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Study of the impact of the position and the enrichment of the damaged 

to study the effect of the leakage, the absorptions and the fissions on the reactivity 

insertion during a TIB, different calculations on the latter have been performed with TRIPOLI 

4.5 on two cylindrical cores: first a core with one enriched zone (average

cylindrical SFRv2b with two enriched zones (and no control rods, the standard SFRv2b). The 

calculations were performed at 300K with the JEF-2.2 library.  

Four zones in the core were damaged: at the centre of the core, at R=60cm, at R=110cm

R=200cm (outer core for the SFRv2b). For each zone, 1, 7 and 19 subassemblies were 

damaged (with stratification of the materials of structure as in the case 4 of 

except in the outer core where only 9.4 subassemblies maximum could be damaged. 

The rates of production by fission, absorption, radial and axial leakages were calculated by 

and compared to the results in nominal configurations. The errors on the reaction 

rates are lower than 0.15% and for k-eff they are less than 7pcm. 

: Scheme in top view of the calculations done with TRIPOLI

The differences between the average and standard cores are due to the different 

enrichments: indeed, the differences of enrichments cause a change in the neutron leakage 

and also in the spectrum of the core. A core with one enrichment zone has less leakage

a core with two enrichment zones. Moreover, for the core with two enrichment zones, 

additional calculations were performed: the enrichment of the compacted zone in the inner 

core was replaced by the one of the outer core.  

ted: 

Case 1: average SFRv2b. 

Case 2: standard SFRv2b. 

Case 3: standard SFRv2b with compacted fuel in the inner core having the 

enrichment of the outer core. 

              
Number of productions and absorptions per fission on the entire core, and for the leakage, the number of 

neutrons that goes through the interface core-neutronic shieldings and towards the exterior of the core. The 

values are normalized compared to the source used by TRIPOLI. 
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Study of the impact of the position and the enrichment of the damaged 

to study the effect of the leakage, the absorptions and the fissions on the reactivity 

insertion during a TIB, different calculations on the latter have been performed with TRIPOLI 

4.5 on two cylindrical cores: first a core with one enriched zone (average SFRv2b) and the 

cylindrical SFRv2b with two enriched zones (and no control rods, the standard SFRv2b). The 

Four zones in the core were damaged: at the centre of the core, at R=60cm, at R=110cm and 

R=200cm (outer core for the SFRv2b). For each zone, 1, 7 and 19 subassemblies were 

damaged (with stratification of the materials of structure as in the case 4 of Figure 8-1), 

except in the outer core where only 9.4 subassemblies maximum could be damaged.  

The rates of production by fission, absorption, radial and axial leakages were calculated by 

. The errors on the reaction 

 
: Scheme in top view of the calculations done with TRIPOLI 

The differences between the average and standard cores are due to the different 

enrichments: indeed, the differences of enrichments cause a change in the neutron leakage 

and also in the spectrum of the core. A core with one enrichment zone has less leakage than 

a core with two enrichment zones. Moreover, for the core with two enrichment zones, 

additional calculations were performed: the enrichment of the compacted zone in the inner 

Case 3: standard SFRv2b with compacted fuel in the inner core having the 

Number of productions and absorptions per fission on the entire core, and for the leakage, the number of 

and towards the exterior of the core. The 
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This study will enable to see the importance of the leakage variations and of the enrichment 

during a TIB. The results of the reactivity insertions are given below: 

 

 

 1 7 19 

R=0cm -13±14 568±14 3104±14 

R=60cm -13±14 522±14 3102±14 

R=110cm -25±14 392±14 3017±14 

R=200cm -15±14 43±14 139±14 (9.4 subassemblies) 

Table 8-2: Reactivity insertion (in pcm) for each zone of the average SFRv2b core (Case 1) 

 

 

 1 7 19 

R=0cm 2±14 353±14 3284±14 

R=60cm -7±14 387±14 3312±14 

R=110cm -3±14 475±14 3525±14 

R=200cm -5±14 2368±14  3957±14 (9.4 subassemblies) 

Table 8-3: Reactivity insertion (in pcm) for each zone of the standard SFRv2b core (Case 2) 

 

 

 

1 7 19 

R=0cm 20±14 2900±14 8165±14 

R=60cm 17±14 2979±14 8179±14 

R=110cm 21±14 3100±14 8282±14 

R=200cm -5±14 2368±14 
3957±14 (9.4 

subassemblies) 

Table 8-4: Reactivity insertion (in pcm) for each zone of the SFRv2b core but with compacted fuel 

for the inner core from the outer core (Case 3) 

 

For 1 damaged subassembly, the reactivity variations are nearly zero. Indeed, the weight of 

one subassembly, whatever its position, is about 30pcm for the SFRv2b core. The interesting 

results are for 7 and 19 damaged subassemblies.  

For the first zones (R=0cm and R=60cm), the reactivity variations are similar for the average 

and standard cores (there is a slight difference due to the difference of enrichment). 

However, when the enrichment of the compacted fuel is bigger, the reactivity insertion is 

much more important (see Table 8-4). 

However for R=110cm, the reactivity insertion decreases for the average SFRv2b while it 

increases for the standard one. The reactivity insertion is still much more important when 

the damaged fuel is more enriched. 

In the 4th zone, this is different: the leakage is more important and the reactivity insertion is 

lower than in the inner core when the enrichment is comparable. When the enrichment is 

bigger at the periphery (standard calculation), the reactivity insertion is much more 

important. In Tables 8-3 and 8-4, the reactivity insertions in the 4th zones are the same 

because the enrichments of the outer cores are the same. 
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To detail the differences between the results, the variations of the leakage, absorption and 

production rates per fission are studied for Case 1 and Case 2. The tables are given and the 

results are plotted in Appendix 32. 

 

Thus, two points are very important during TIB: 

- The radial leakage. 

- The enrichment of the damaged zone. 

The comparison between the three cases enables to see the relative importance of the 

enrichment compared to the radial leakage. It showed that the most important parameter is 

the enrichment. The radial leakage has a far less important effect, even if it is has one, 

especially in the outer core. 

 

A solution for the core design to decrease the impact of a TIB is to limit the enrichment of 

the core, as well as the radial leakage in the nominal state, for example by having a single 

enriched core (but that creates other problems such as the unfavourable radial power form 

factor).  

 

 

8.1.2 Reactivity insertions due to TIB for three cores (approximate EFR, SFRv1, 

SFRv2b) 

 

To compare EFR, SFRv1 and SFRv2b in case of TIB, a very hypothetical situation has been 

calculated: 1, 7 and 19 subassemblies are supposed to be damaged in both the inner and 

outer cores of the cores. The reactivity insertions between the initial and the damaged steps 

are calculated and are used to compare the cores behaviour. However it is important to 

notice that these are static calculations.  

 

During a TIB, what is really important in the scenario, is the way the accident occurs and the 

reactivity ramp, not the difference in reactivity. 

The only goal of this study was to compare the cores and to see what is really important for 

the accident at the core design level. 

8.1.2.1 Conditions of calculations  

 

The calculations were performed with the reference code system ERANOS in Hex-Z 

transport. The library used is ERALIB1. The calculations were performed at BOL and EOC. 

The hypothesis of calculation and modelling are: 

• The temperatures vary depending on the state of the materials: the fuel goes from 

1500K in the nominal state to 3000K when it is compacted. When the structure is 

concerned, it goes from 750K in nominal to 1100K when it is molten. 

• During the collapsing, it is assumed the fuel falls alone and that structure stratifies 

above it (like in step 4 of Figure 8-1). The rest of the core is assumed to be a voided 

zone. However the sodium plenum is supposed to remain untouched. 
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8.1.2.2 Examples of reactivity ins

 

To compare the three cores, the reactivity insertions for the slump

subassemblies have been calculated, in the inner and outer cores and also at the BOL and 

EOC. However, at EOC, there is an additional problem to be considered: the fission products 

(FP). Indeed, the way the FP will mix with fuel is unknown, and they are very absorbing, that 

is why it is important to apply a hypothesis on their locations in the core. The gaseous fission 

products will be released in the core, but the solid ones can mix or not with fuel. 

Consequently, two calculations were performed at the EOC: with and without FP mixed with 

the molten fuel. 

 

Below are given the graphs plotting the reactivity insertions for 

on the number of damaged subassemblies at BOL (

and EOC with FP (Figure 8-9). The zones where the subassemblies are damaged and the

values are given in Appendix 33

 

Figure 8-7: Reactivity insertion ($) as a function of the number 
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Examples of reactivity insertions during TIB and comparisons of three cores

To compare the three cores, the reactivity insertions for the slump-down of 1, 7 and 19 

subassemblies have been calculated, in the inner and outer cores and also at the BOL and 

is an additional problem to be considered: the fission products 

(FP). Indeed, the way the FP will mix with fuel is unknown, and they are very absorbing, that 

is why it is important to apply a hypothesis on their locations in the core. The gaseous fission 

roducts will be released in the core, but the solid ones can mix or not with fuel. 

Consequently, two calculations were performed at the EOC: with and without FP mixed with 

Below are given the graphs plotting the reactivity insertions for the three cores depending 

on the number of damaged subassemblies at BOL (Figure 8-7), EOC without FP (

). The zones where the subassemblies are damaged and the

33. 

: Reactivity insertion ($) as a function of the number of damaged subassemblies for EFR, 

SFRv1 and SFRv2b at BOL 
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ertions during TIB and comparisons of three cores 

down of 1, 7 and 19 

subassemblies have been calculated, in the inner and outer cores and also at the BOL and 

is an additional problem to be considered: the fission products 

(FP). Indeed, the way the FP will mix with fuel is unknown, and they are very absorbing, that 

is why it is important to apply a hypothesis on their locations in the core. The gaseous fission 

roducts will be released in the core, but the solid ones can mix or not with fuel. 

Consequently, two calculations were performed at the EOC: with and without FP mixed with 

the three cores depending 

), EOC without FP (Figure 8-8) 

). The zones where the subassemblies are damaged and the 

 
of damaged subassemblies for EFR, 
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Figure 8-8: Reactivity insertion ($) as a function of the number of damaged subassemblies for EFR, 

SFRv1 and SFRv2b at EOC without FP

Figure 8-9: Reactivity insertion ($) as a function of the number of damaged subassemblies for EFR, 

 

 

The reactivity insertions are very different depending on the cores considered, but 

moment in the cycle and the damaged area.

Indeed, in the outer core the reactivity insertions are much more important than in the inner 

core. That corresponds to the results of the previous study, which showed that the variation 

of reactivity was bigger when the enrichment was important. 

NSTANTANEOUS BLOCKAGE: Preliminary studies in static

: Reactivity insertion ($) as a function of the number of damaged subassemblies for EFR, 

SFRv1 and SFRv2b at EOC without FP 

 

: Reactivity insertion ($) as a function of the number of damaged subassemblies for EFR, 

SFRv1 and SFRv2b at EOC with FP 

The reactivity insertions are very different depending on the cores considered, but 

moment in the cycle and the damaged area. 

Indeed, in the outer core the reactivity insertions are much more important than in the inner 

core. That corresponds to the results of the previous study, which showed that the variation 

bigger when the enrichment was important.  

studies in static 
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: Reactivity insertion ($) as a function of the number of damaged subassemblies for EFR, 

 
: Reactivity insertion ($) as a function of the number of damaged subassemblies for EFR, 

The reactivity insertions are very different depending on the cores considered, but also the 

Indeed, in the outer core the reactivity insertions are much more important than in the inner 

core. That corresponds to the results of the previous study, which showed that the variation 
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Concerning the cores, the EFR core is in each case the core with the biggest reactivity 

insertion. Then comes the SFRv2b and to finish the SFRv1 (except for the outer core at BOL). 

The EFR core has more radial leakage and is also more enriched than the SFRs, which 

explains why it always has the most important reactivity insertions (see Table 8-5). For 

SFRv2b and SFRv1 cores, it depends on the moments in the cycle. The SFRv1 core is less 

enriched than the SFRv2b core. Consequently, the reactivity insertions during core slump-

down are more important for the SFRv2b core than for the SFRv1 core. However, for the 

outer core, the radial leakage becomes more important and counteracts the enrichment: 

despite the bigger enrichment, and as it has a smaller radial leakage than the SFRv1 core, the 

reactivity insertions for both cores in the outer core are equivalent. 

 

 

 
EFR SFRv2b SFRv1 

 
BOL EOC BOL EOC BOL EOC 

Radial leakage (percentage  

of the neutron population) 
6.26 5.48 3.98 4.14 5.36 5.26 

Equivalent enrichment (%)  

in Pu239 (inner-outer core) 
12.8 - 16.7 12.3 - 14.3 10.2 - 12.1 11.4 - 12.3 9.3 - 11.6 

10.4 - 

11.4 

Table 8-5: Radial leakage and equivalent enrichment in Pu239 values for the cores EFR, SFRv2b and 

SFRv1 at BOL and EOC (%) 

Consequently, it is very important to limit the enrichment of the cores. That enables to have 

reactivity insertions that are not too important. 

It must also be noticed that the reactivity insertions are very important: here, the 

recriticality is obtained for less than 7 damaged subassemblies. But the results are given 

neither being linked to a scenario nor to time. To see if the TIB of the core can lead to 

reactivity insertions bigger than 1$, transient calculations are needed. 

But before performing these transient calculations, a few solutions will be tested in static.  

 

8.1.3 Solutions envisaged to avoid the recriticality and the propagation of the 

accident 

Different solutions can be studied to avoid the propagation or the recriticality of the 

accident: the addition of material miscible with (U,Pu)O2, the ejection of fuel or both of 

these solutions. 

It must be kept in mind that the calculations were performed assuming a homogeneous 

mixture fuel/material, so the quantities of material to add were under-evaluated and the 

material re-arrangement for the damaged subassemblies corresponds to the step 4 of Figure 

8-1. In addition the effect of “neutron streaming” in channels of a heterogeneous 

arrangement is not taken into account. The results of this study only give an order of 

magnitude. 
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8.1.3.1 Addition of miscible material  

The amount of miscible material to add to the molten fuel to avoid recriticality was 

calculated for 1, 7 and 19 damaged subassemblies. The calculations were performed on the 

SFRv2b core in RZ transport at BOL. The miscible materials chosen are Eu2O3 and UO2. The 

results are given below: 

 

Number of damaged assemblies 1 7 19 

Amount of Eu2O3 to add (m3) 0 8.5E-4 3.7E-2 

Amount of UO2 to add (m3) 4.1E-3 3.0E-2 9.5E-2 

Table 8-6: Amount of material to add to avoid recriticality 

 

As Eu2O3 is an absorber, less must be added to avoid recriticality. 

If there was no stratification of structure materials, the TIB of 7 subassemblies would not be 

critical and only 0.04m3 would be necessary to avoid the recriticality with 19 damaged 

subassemblies. 

 

8.1.3.2 Ejection of fuel 

The second solution is to eject a part of the molten fuel. 

For a core with given characteristics, (particularly the pin diameter and the fissile height), the 

squirting effect can occur and enable to eject fuel from the core. The interaction 

sodium/molten fuel can also help to eject fuel from the core. So calculations were 

performed on an EFR-like core. Two hypotheses were considered: all the fuel ejected into 

the lower part of the core or a third of the fuel located into the upper part of the core. The 

results are given below:  

 1 7 19 

All the fuel ejected in the lower part of the core -71 189 3373 

1/3 of the fuel located in the upper part of the core -77 -69 57 

Table 8-7: Reactivity insertion (in pcm) in case of complete collapsing of a core like EFR, with two 

hypotheses: all the fuel in the lower part; 2/3 in the lower part, 1/3 in the upper part 

The same type of calculations was performed on the SFRv2b core: it is assumed that 10%1 of 

the molten fuel was ejected in the reflectors thanks to squirting effect (or fuel coolant 

interaction).  

 

 1 7 19 

No fuel ejection 11 265 3921 

10% of the molten fuel in the reflectors 5 111 2305 

Table 8-8: Reactivity insertion (pcm) for the TIB of SFR if 10% of corium is ejected 

 

The possibility for the fuel to stay in the upper part of the core is a real gain for reactivity. 

Indeed, it enables to have a reactivity insertion inferior to 1$ when 19 subassemblies are 

collapsed in the centre of the EFR-like core at BOL. The gain is less important for the SFRv2b 

                                                      
1 It is a supposed value; no experiment gave such a result. 
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core, but only 10 % (compared to 30% for the EFR core) were ejected in the upper part of 

the core. 

It is important to remember that the squirting effect is at pin-scale and that the calculation is 

beyond this effect (and also far beyond the sodium/fuel interaction). Moreover, the 

conditions when the squirting effect are not very well known, and another effect (Sarbacane 

effect) could counter it. 

 

 

8.1.3.3 Addition of miscible material and ejection of fuel 

The last envisaged solution to avoid recriticality is to eject fuel from the core and at the 

same time to add absorber or diluent. So, for the SFRv2b core, it was assumed that 10% of 

molten fuel was ejected and the amount of absorber/diluents necessary to avoid 

recriticality was calculated. The absorber considered is Eu2O3 and the diluent is UO2. The 

results are given below: 
 

 

 1 7 19 

10% of fuel in the reflectors 0 3.02E-4 1.79E-2 

0% of ejected fuel 0 8.55E-4 3.75E-2 

Table 8-9: Amount of Eu2O3 (in m3) to add to corium to avoid recriticality 

 

 

 1 7 19 

10% of fuel in the reflectors 0 1.96E-2 6.65E-2 

0% of ejected fuel 0 2.99E-2 9.53E-2 

Table 8-10: Amount of UO2 (in m3) to add to corium to avoid recriticality 

 

The amount of absorber to add is smaller than for the fertile, the amount of material is also 

smaller when 10% of fuel is ejected. The more practical solution would be to couple these 

various solutions.  

8.1.4 Conclusion on the static study 

The study of the scenario on some static cases showed where the main effects on reactivity 

occur and enabled to find possible solutions in order to limit the reactivity insertion prior to 

any safety accident studies at the core stage (with the same objectives than the static 

studies related to the ULOF accident sequences): 

- Sodium voiding: decreasing the sodium volume fraction. 

- Structure removal: decreasing the structure volume fraction. 

- Fuel slump-down: increasing the fuel volume fraction, limiting the radial leakage 

in the nominal state. 

- Structure repositioning: decreasing the leakage in nominal or choosing a material 

for structure miscible with fuel. 
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Then specificities of the TIB were shown: the recriticality of the compacted zone for a given 

number of damaged subassemblies, due to the fact that the damaged subassemblies can 

become critical alone: there is a threshold effect due to the critical mass (obtained for about 

5 damaged subassemblies for the SFRv2b core); and also the influence of the untouched 

core itself on the accident for a small number of damaged subassemblies. 

The study on the impact of the area where the TIB occurs showed that this was not the most 

important point, compared to the enrichment: the TIB in the outer core creates bigger 

reactivity variations because the enrichment is more important than in the inner core. 

 

To end up, the amounts of fuel to eject or of absorber to add were calculated. The amount 

of fuel to eject or of absorber to add is not very large as the number of damaged 

subassemblies is not very important, but the problem relies in the way of adding the 

absorber or ejecting the fuel in due time. For example, a solution to add absorber in a 

damaged subassembly could be the SEPIA subassembly (explained in Chapter 7.1.3). 

Concerning the fuel ejection, the FAIDUS subassemblies are a possible solution. 

 

All these studies were performed in static and were linked to a lot of hypotheses. In the next 

sub-chapter 8.2, transient calculations are performed with the SIMMER code to better 

address the issue.  
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8.2 Studies of the core SFRv2b: complete calculation with SIMMER 

 

The Total Instantaneous Blockage is usually calculated only with thermal-hydraulics ([76] and 

[77]). This way to calculate is assuming that the power increase is unlikely to occur during 

the transient i.e. that no reactivity insertion is occurring. Indeed, in small cores, it might be 

the case and this, as it has been shown in the previous chapter, comes from the neutron 

leakage which plays an important role in this local accident. Hence, the interest of this 

accident relies in the melting of the subassembly and the propagation of the accident to the 

neighbouring subassemblies. The SCARABEE programme (BE+, PVA, PIA) was performed to 

study this propagation. For a big core, this accident can be calculated at nominal power and 

only with thermal-hydraulics as far as the scenario is limited to one subassembly because the 

reactivity weight of the voiding of one subassembly has no impact on the neutronics as has 

been shown in the previous chapter. But once the accident propagates to the neighbouring 

subassemblies, the neutronics becomes important: indeed, the propagation of the accident 

is done in only one privileged direction, which is the one where the hexcan first breaks.  This 

break-up is influenced by the neutronics and especially the flux.  

The main goal of the study of the TIB with neutronics is to show the impact of the neutronics 

on the propagation of the accident when propagating to the six neighbouring subassemblies 

and then to the whole core. It is also important to notice that this is the first time a TIB on a 

reactor case (with a coarse mesh) is performed, so the method will have to be validated by 

comparison with the experiments before drawing conclusions on the accident itself. 

 

Moreover, beyond the validation of the method, there are other objectives: 

- To check the consistency of the scenario and of the characteristic times by 

comparing the results of the calculation with the experimental results from 

SCARABEE (see Figure 10-6 in the Appendix 7). 

- If it is indeed consistent, to check if the accident can be detected in due time to 

avoid the propagation of the accident to the rest of the core. Usually the TIB is 

detected thanks to the emission of delayed neutrons once the cladding of the 

neighbouring subassembly pins is broken: the time of rupture of the hexcans will 

give information on the time of detection of the accident thanks to the DND1 

(however the calculations are performed at BOL, when no fission products can be 

released, so the results will only be orders of magnitude). The reactivity and the 

sodium temperatures of the neighbouring subassemblies can be studied with 

SIMMER, so it will show if the accident can be detected with these methods.  

 

 

 

 

 

 

                                                      
1
 The delayed neutrons are released when the hexcan breaks. 
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8.2.1 Method used 

The calculation of the accident begins after the stationary state was obtained (like for 

the ULOF calculation with SIMMER, see Chapter 7.3). Afterwards, the tot

condition imposed at a specific time of the transient at the entrance of the central 

subassembly of the core: a “virtual wall” is added at the bottom of the subassembly (that is 

to say a “wall” that prevents all exchanges between the lower

located). Consequently, the subassembly is instantaneously blocked (see 

central subassembly was chosen 

the only one containing only one subassembly. However, if the calculation had been able to 

be run in 3D1, it would have been very interesting to study the TIB in the outer core. It must 

also be added that the propagation of the accident in RZ is obviously wrong, as the accident 

propagates in one preferential direction while here only symmetrical propagation can be 

envisaged. However an RZ calculation is sufficient to give us 

accident as well as on the scenario of the degradation of the first subassembly.

It is important to say that the central subassembly is treated in 1D as the other 

subassemblies: the radial mesh is very coarse. A complementary stu

with a finer description of the central subassembly with SIMMER

 

Figure 8-10: Geometry used to perform the TIB calculation in the central SA

The options used for the calculation are given in 

 

 

                                                      
1
 The input file was written for SIMMER

stationary calculation and so the accident calculation could not be performed.

NSTANTANEOUS BLOCKAGE: Complete calculation with SIMMER

The calculation of the accident begins after the stationary state was obtained (like for 

the ULOF calculation with SIMMER, see Chapter 7.3). Afterwards, the tot

condition imposed at a specific time of the transient at the entrance of the central 

subassembly of the core: a “virtual wall” is added at the bottom of the subassembly (that is 

to say a “wall” that prevents all exchanges between the lower and upper meshes where it is 

located). Consequently, the subassembly is instantaneously blocked (see 

central subassembly was chosen because the calculation is performed in RZ: the first ring is 

the only one containing only one subassembly. However, if the calculation had been able to 

, it would have been very interesting to study the TIB in the outer core. It must 

added that the propagation of the accident in RZ is obviously wrong, as the accident 

propagates in one preferential direction while here only symmetrical propagation can be 

envisaged. However an RZ calculation is sufficient to give us hints on the ways to detect the 

accident as well as on the scenario of the degradation of the first subassembly.

It is important to say that the central subassembly is treated in 1D as the other 

subassemblies: the radial mesh is very coarse. A complementary study could be performed 

with a finer description of the central subassembly with SIMMER-III. 

: Geometry used to perform the TIB calculation in the central SA

The options used for the calculation are given in Appendix 34. 

              
SIMMER-IV but many convergence problems were encountered

stationary calculation and so the accident calculation could not be performed. 
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The calculation of the accident begins after the stationary state was obtained (like for 

the ULOF calculation with SIMMER, see Chapter 7.3). Afterwards, the total blockage is a 

condition imposed at a specific time of the transient at the entrance of the central 

subassembly of the core: a “virtual wall” is added at the bottom of the subassembly (that is 

and upper meshes where it is 

located). Consequently, the subassembly is instantaneously blocked (see Figure 8-10). The 

because the calculation is performed in RZ: the first ring is 

the only one containing only one subassembly. However, if the calculation had been able to 

, it would have been very interesting to study the TIB in the outer core. It must 

added that the propagation of the accident in RZ is obviously wrong, as the accident 

propagates in one preferential direction while here only symmetrical propagation can be 

on the ways to detect the 

accident as well as on the scenario of the degradation of the first subassembly. 

It is important to say that the central subassembly is treated in 1D as the other 

dy could be performed 

 
: Geometry used to perform the TIB calculation in the central SA 

encountered during the 
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8.2.2 Results of the calculation 

� Scenario of the accident 

 At t=100s (at the end of the stationary state calculation), the central subassembly is 

blocked. All the distributions of the materials at different steps of the accident are plotted in 

Appendix 35. 

The damages occur in the blocked subassembly first: the boiling begins at t=1.6 second, the 

subassembly is voided 1.1 second later. The temperatures increase (as can be seen in Figure 

8-11) and finally the cladding begins to melt at t=105.85 seconds. An upper blockage is then 

created because of a too high gas entrainment. This is followed by the creation of a lower 

blockage. To finish, the molten steel circulates in the subassembly, the hexcan break, but the 

fuel pellets are still intact. The accident is stopped here as the scenario of the accident did 

not correspond to the experiment: the blockage should have happened in the lower part of 

the core first, and above all, the hexcans are supposed to melt because of the molten fuel.   

However, the temperature of the fuel in the inner node explains why it did not melt: the 

temperature of melting (3002K) is not reached at 120 seconds: as the pellets are calculated 

with the SPIN model, all the liquid phase appears at the same time, when the average 

temperature reaches the liquidus temperature. Nevertheless, it is not far and when 

considering the evolution of the fuel temperature, it could have melted at about 110 

seconds (before the melting of the hexcans). 

 
Figure 8-11: Variations of temperature of the different elements during the TIB at mid-plane 
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For the hexcans to melt sooner, another model of fuel pellet break-up could have been used, 

which causes the fuel pellets breakup when the cladding is lost1. This solution was tested: 

the fuel melts before the break-up of the hexcan but the way the accident occurs is not 

physical either as the fuel melts too soon after the cladding break-up. 

 

� Comparison with the results of the experiments 

 

The problem of these results is that they do not fit the experiment. On Table 8-11 are given 

all the times of the events which were deduced from the SCARABEE experiments, as well as 

the times of the events adjusted for the reactor EFR (see Chapter 5).  

 

 Experiment Adjustment Simulation 

 SCARABEE EFR SFRv2b 

Sodium boiling 2s 1.5s Sodium boiling 2.0s 

Clad candling 5-6s 6.5s Clad candling 6s 

Lower Blockage   Upper blockage 6.25s 

Fuel candling   Lower Blockage 6.55s 

Liquid pools  9.4s   

Upper blockage     

Hexcan failure 15-20s 19s Hexcan failure 12s 

Second hexcan failure  19.6s Fuel melting 21-22s 

Accident propagation  20.6-23.6s   

Table 8-11: Main steps of the scenario and associated times in experiment and simulation 

 

The times of occurrence for the SCARABEE experiment are just given as an example. The 

SCARABEE core characteristics (pellets radius, fuel composition, number of subassemblies in 

the core, etc.) are very different from the EFR and SFRv2b ones. However, the times given 

for the EFR calculation can be used to perform comparisons, and the scenario is the same in 

SCARABEE and EFR. 

Nevertheless, the simulation gives a different scenario. The sodium boiling occurs at 2 

seconds, which is correct, despite the use of SPIN with a coarse mesh which delays the 

sodium boiling: indeed, using SPIN underestimates the real temperature in fuel, and 

consequently less heat is transferred to sodium. It is likely that sodium would boil earlier, 

like for EFR, if DPIN was used. The candling of the cladding occurs at a correct time; the only 

problem is that it is entrained towards the upper part of the core, and that it blocks first in 

the upper part, and then in the lower part. This is due to a too important gas entrainment. 

Improvements were performed on the values of the model to limit it, but the only solution 

to do that (without modifying the code) would have been to suppress it entirely, and as it is 

a phenomenon which really exists, that would have not been physical.  

Then, the hexcan breaks before the fuel melts. First, the hexcans melt a bit too soon (12 

seconds, while it should rather be around 15-20 seconds), and the fuel should have melted 

before. The fuel did not melt because it had not reached the criterion for the fuel melting, 

which is, for a value of FMELT of 0.01, a temperature of 3002.4K. That is due to the use of 

                                                      
1
 HMTOPT(66) = 1, in NAMELIST &XCNTL 
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SPIN: as there is only one node to describe the temperature in 90% of the pellet, there is no 

temperature gradient, the temperature at the centre of the pin is highly underestimated, 

and fuel does not reach the melting criterion. 

As far as the hexcans are concerned, they melt too soon. That is due to the fact there are too 

many interactions between the pin and the hexcan. Indeed, the way in which the 

subassembly is described (see 

pin and the hexcan, which is why the heat transfer coefficients between liquid steel and the 

hexcan and the pin were divided by 10 for the calcul

described by only one mesh radially, and so the liquid steel of the melted claddings is too 

close to the hexcans. This creates too important exchanges between the fuel, the liquid steel 

and the hexcan. 

Figure 8-12

As the results of the simulation do not fit the scenario defined by the experiments, the 

accident was stopped; its propagation would be most certainly false. Improvements 

code need to be done before going any further.

8.2.3 Results concerning the possibilities of detection of the TIB

In case of TIB, for EFR, an early detection of the accident is not envisaged. Indeed, the 

sodium does not go through the subassembly anymore

temperatures is not efficient anymore. For cores with a large height, the effects in reactivity 

due to possible changes of phase and relocation of the subassemblies are too small to be 

detected. The detection can only be e

the subassembly, thus coming

The SIMMER calculations can give information on three types of detection:

- The DND detecting fission products moving out of a pin due to the c

failure and out of the hexcan thanks to its rupture: the DND response time was 

about 10 seconds in Super

located. 

- The sodium temperature variations in the neighbouring subassemblies (~1 

second). 

- The reactivity variation.

NSTANTANEOUS BLOCKAGE: Complete calculation with SIMMER

SPIN: as there is only one node to describe the temperature in 90% of the pellet, there is no 

temperature gradient, the temperature at the centre of the pin is highly underestimated, 

and fuel does not reach the melting criterion.  

the hexcans are concerned, they melt too soon. That is due to the fact there are too 

many interactions between the pin and the hexcan. Indeed, the way in which the 

subassembly is described (see Figure 8-12) over-estimates the exchange area between the 

pin and the hexcan, which is why the heat transfer coefficients between liquid steel and the 

hexcan and the pin were divided by 10 for the calculation. But the sodium channel is 

described by only one mesh radially, and so the liquid steel of the melted claddings is too 

close to the hexcans. This creates too important exchanges between the fuel, the liquid steel 

12: Description of the subassembly in SIMMER 

As the results of the simulation do not fit the scenario defined by the experiments, the 

accident was stopped; its propagation would be most certainly false. Improvements 

code need to be done before going any further. 

Results concerning the possibilities of detection of the TIB 

In case of TIB, for EFR, an early detection of the accident is not envisaged. Indeed, the 

sodium does not go through the subassembly anymore and the monitoring of the outlet 

temperatures is not efficient anymore. For cores with a large height, the effects in reactivity 

due to possible changes of phase and relocation of the subassemblies are too small to be 

detected. The detection can only be envisaged when molten materials break the hexcan of 

coming in contact with the sodium around. 

The SIMMER calculations can give information on three types of detection:

The DND detecting fission products moving out of a pin due to the c

failure and out of the hexcan thanks to its rupture: the DND response time was 

about 10 seconds in Super-Phenix, but it mostly depends on where the detector is 

The sodium temperature variations in the neighbouring subassemblies (~1 

The reactivity variation. 
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SPIN: as there is only one node to describe the temperature in 90% of the pellet, there is no 

temperature gradient, the temperature at the centre of the pin is highly underestimated, 

the hexcans are concerned, they melt too soon. That is due to the fact there are too 

many interactions between the pin and the hexcan. Indeed, the way in which the 

estimates the exchange area between the 

pin and the hexcan, which is why the heat transfer coefficients between liquid steel and the 

ation. But the sodium channel is 

described by only one mesh radially, and so the liquid steel of the melted claddings is too 

close to the hexcans. This creates too important exchanges between the fuel, the liquid steel 

 

As the results of the simulation do not fit the scenario defined by the experiments, the 

accident was stopped; its propagation would be most certainly false. Improvements in the 
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The SIMMER calculations can give information on three types of detection: 
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failure and out of the hexcan thanks to its rupture: the DND response time was 

Phenix, but it mostly depends on where the detector is 

The sodium temperature variations in the neighbouring subassemblies (~1 
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As previously said, the calculation of the SFRv2b could not give a correct result concerning 

the break-up time of the hexcan, so it is difficult to conclude on the moment when the 

delayed neutrons are released. Moreover, the time of detection by DND mostly depends on 

the hydraulic path between the detector and the break-up in the hexcan. So, if the location 

of the DND device can be brought closer to the core leading to a quicker response, the 

system might operate more efficiently. 

 

Concerning the variations of the sodium temperature in the neighbouring ring, it is plotted 

on the Figure 8-13: 

 
Figure 8-13 : Outlet sodium temperature variation 

in the rings 2, 3 and 4 during the TIB. 

 

 
Figure 8-14 : Inlet sodium velocity variation 

during the TIB. 

 

The temperatures begin by increasing of about 12K in the neighbouring subassemblies, while 

it is 11K in the third and fourth ring. The temperature then decreases rapidly before 

increasing again. The temperatures of the second and third rings begin to differ at 14 

seconds. These temperature variations are due to the variation of flow rate in these 

subassemblies (see Figure 8-14): the flow cannot go into the blocked subassembly, and the 

flow rate is re-distributed in the other subassemblies, but this takes time and the flow 

decreases first. Thus, it seems the accident could be detected at 14 seconds by the 

thermocouples of the neighbouring subassemblies: indeed, the actual thermocouples will 

only detect relative variations of temperatures between the subassemblies. This time of 

detection could be improved if the processing of the signal given by the thermocouples was 

finer. 
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To finish, the reactivity variation in the core 

was also plotted (see Figure 8-15): the 

degradation of only one subassembly did 

not change the reactivity enough for it to be 

detected. Indeed, the detector has an 

accuracy of about 10pcm and the weight in 

reactivity of one subassembly is much lower: 

the detection of the accident thanks to the 

reactimetre will begin when the 

neighbouring subassembly is damaged, that 

is to say more than 20 seconds after the 

beginning of the accident. For a large 

reactor, the reactimetre is not sufficient to 

detect the TIB. 

 

  

Figure 8-15 : Reactivity variation (in pcm) 

during the TIB 

 

8.2.4 Conclusions on the results and on the possible improvements 

As a conclusion, the TIB is, contrary to the ULOF, a slow transient: all the materials take 

some time to move and to be degraded inside the subassembly, and consequently, the 

subassembly needs to be described more precisely. First of all, the DPIN model must be 

used: it could not be used in this calculation1 but to have better results in the future, it 

should; however the use of DPIN causes very long calculation times. Secondly, this model 

should be extended to a better radial definition of the cladding, the sodium channel and 

maybe also the hexcan. Two possible solutions are described in the Figure 8-16: the DPIN 

model could be improved and several nodes could describe the claddings, the sodium 

channel and the hexcan; the other solution would be to describe several rings of pins to 

represent the pin bundle. 

 

                                                      
1
 The model did not work; the central hole of the pin was filled with fuel. 
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Figure 8-16: Two possible solution

Moreover, so as to better describe the candling of the claddings, the claddings and the 

sodium channels must be defined more precisely radially. Two solutions can be used to do 

that: adding meshes to the actual d

describing several rings of pins in the subassembly. The latter solution is the most precise, 

but the second one is easier to 

code. 

Besides, the inter-assembly is not filled with sodium in the SIMMER description, but in the 

TIB it must be important to have sodium in it, to better model the propagation of the 

accident. 

 

JAEA also noticed that new developments were needed in SIMMER to perform this ki

calculations. Consequently, they recently performed developments, which were 

presented at the SIMMER meeting in May 2010. They are listed here:

– DPIN model for pin bundle geometry; the Detailed PIN (DPIN) model, originally 

developed for single pin, became available for pin bundle geometry.

– Input simplification of DPIN; 

simplified as well as SPIN model.

– Multi-node CW model; Can Wall (CW, or hexcan), originally consisting of “surface” & 

“interior” nodes, was arranged to take multi nodes.

– Mechanical breakup model for CW; 

degrees below melting point could breakup according to the specified temperature.

No more precise information is available on these devel

concluded on the necessity to use the same improvements than the ones being identified in 

this study: the importance of the DPIN model and of the description of the pin bundle, as 

well as the importance to improve the c

But such improvements in the model have a cost in terms of calculation time.

It can however be added that these solutions are required for big cores where all the rings 

cannot be modelled precisely and whe
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Moreover, so as to better describe the candling of the claddings, the claddings and the 

sodium channels must be defined more precisely radially. Two solutions can be used to do 

that: adding meshes to the actual description (it is an “improved DPIN” method) or 

describing several rings of pins in the subassembly. The latter solution is the most precise, 

but the second one is easier to implement, even if it necessitates significant changes in the 

assembly is not filled with sodium in the SIMMER description, but in the 

TIB it must be important to have sodium in it, to better model the propagation of the 

JAEA also noticed that new developments were needed in SIMMER to perform this ki

calculations. Consequently, they recently performed developments, which were 

presented at the SIMMER meeting in May 2010. They are listed here: 

DPIN model for pin bundle geometry; the Detailed PIN (DPIN) model, originally 

pin, became available for pin bundle geometry.

Input simplification of DPIN;  Treatment of input parameters of DPIN model was 

simplified as well as SPIN model. 

node CW model; Can Wall (CW, or hexcan), originally consisting of “surface” & 

nodes, was arranged to take multi nodes. 

Mechanical breakup model for CW;  Mechanically-weakened CW at several hundred 

below melting point could breakup according to the specified temperature.

No more precise information is available on these developments but it can be seen that JAEA 

concluded on the necessity to use the same improvements than the ones being identified in 

this study: the importance of the DPIN model and of the description of the pin bundle, as 

well as the importance to improve the code to better model the degradation of the hexcan. 

But such improvements in the model have a cost in terms of calculation time.

It can however be added that these solutions are required for big cores where all the rings 
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not used, only two or three rings can be modelled to describe the accident: that is what had 

been done for the Phenix core [38]: two rings had been modelled, and the central 

subassembly was described by nine rings of pins.  

 

 It is also important to highlight two points. 

First, SIMMER has not been conceived to describe slow transient such as the TIB, and its 

usual use is only the calculation of the transition and secondary phases of the ULOF. Thus, it 

is not very surprising but  it does not describe the TIB correctly with such coarse meshes. 

Secondly, the study was performed with SIMMER-III (in RZ) but studying the propagation of a 

TIB in RZ is not adequate: the SCARABEE experiments showed that the TIB propagates in one 

preferential direction. Furthermore, the neutronics is interesting only when the TIB 

propagates to the neighbouring subassemblies. Consequently, to study this accident 

accurately, improvements must be performed: 

- Describing more precisely the subassembly: at least, using the DPIN model. 

- Performing the calculation with the neutronics and in 3D. 

The problems of such a calculation are for the moment the calculation time (addition of 3D, 

neutronics and DPIN models) and also the convergence problems which are more frequent 

in 3D than in 2D. 

 

8.2.5 Detection of the accident 

To finish, SIMMER is an interesting code to evaluate the possibilities of detecting the 

accident. The efficiency of the DND cannot be evaluated with SIMMER, as it mostly depends 

on its location, but the detection of the temperature and reactivity variations can be studied: 

the detection of the sodium temperature changes in the neighbouring subassemblies and 

the variation in reactivity can be observed. This can lead to conclusions concerning the 

detection times for the TIB to be detected. Regarding the sodium temperature, it seems that 

the accident could be detected thanks to the redistribution of the flow rate in the core, but 

only at 14 seconds after TIB initiation. This could be improved by new signal processing of 

the data from the thermocouples. 

Concerning the reactimetre, as the core is rather large, the weight of one subassembly is 

very small, and the TIB has nearly no impact on the reactivity before the neighbouring 

subassembly is melted too, that is to say at about 20 seconds, and this is then too late to 

stop the accident.  
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8.3 General conclusion on the TIB 

The first part of the studies on the TIB was static and aimed at understanding the 

phenomena involved in the reactivity insertion during the accident. This showed how 

important the radial leakage and the critical mass are during the accident and gave hints to 

take the accident into account from the design on. Indeed, as for the ULOF, the decrease of 

the volume fractions of sodium and structure will impact the sodium voiding and the 

structure removal; the decrease of the leakage in the nominal state will enable a smaller 

leakage variation during the accident.  

Moreover, it is of major concern not to exceed a threshold value for the recriticality mass: it 

is about 5 subassemblies, maybe less, for a core of the SFRv2b type, but this threshold 

depends on the area where the blockage happens: it is more dramatic in the periphery of 

the core. 

Finally, solutions were studied: fuel ejection and addition of absorber. The amounts of fuel 

to eject or of absorber to add are rather small, and solutions like the FAIDUS or the SEPIA 

subassemblies are studied.  

This part could give indications for the possible solutions but transient studies are needed to 

figure out the accident scenario and the means with which the detection of the accident can 

be envisaged. 

 

The second study on the TIB was a new method which was used for the first time and 

needed to be validated on experiments. The results could then be analyzed in term of 

detection. The code SIMMER was used to perform the transient calculations, but as this code 

had not been created to study this type of accident, the results did not correspond to what 

was observed during the experiments in the calculation: the steel blockage was observed 

first in the upper part of the core while according to experiments, it should have been 

observed in the lower part, and the hexcans broke before the fuel melting while their break-

up should have been induced by the melted fuel. Thus, some improvements are needed for 

the TIB to be represented correctly: 

- Improving the DPIN model to represent the pin bundle. 

- Better describing the temperatures in the hexcan. 

 

Concerning the TIB detection, SIMMER can give information on two types of detection: 

detection of the sodium temperatures in the neighbouring subassemblies and the variation 

in reactivity. The study performed here showed that the reactimetre signal arrives too late 

to stop the accident before getting to recriticality, while it is possible that the outlet sodium 

temperature of the neighbouring subassembly increases enough for it to be detected: this 

would be a solution to detect and stop the accident before its propagation to the other 

subassemblies. 

 

To finish, it must be outlined that the TIB in the periphery of the core, where the enrichment 

is more important, could not be studied (mostly because of numerical problems with 

SIMMER-IV). In the future, these problems must be solved because only 3D transient 

calculations enable to conclude on this accident. 
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Chapter 9 
 

9 CONCLUSIONS AND PERSPECTIVES 

 

With the growing need in energy, plans to build nuclear power reactors are becoming 

effective. In order to make nuclear power a rather sustainable source of energy, a more 

efficient use of nuclear ore is required while production and treatment of long-lived waste 

should be mastered. Only fast reactors can answer these concerns and this explains why 

they are back on the drawing table. Several nations are performing studies on fast reactors, 

and especially on Sodium-cooled Fast Reactors (SFR): France of course, but also Japan, 

Russia, India, China, US, etc. Design studies are conducted at the same time on various 

aspects of the core and the plant and hence also on the safety. 

 

Among all the types of accidents to be considered for the safety licensing of a plant, some 

have a very low probability of occurrence but might have very important consequences: the 

severe accidents or Hypothetical Core Disruptive Accidents (HCDAs). The studies on the 

scenario of these accidents are performed in parallel to the prevention studies. As there are 

a lot of different HCDAs, and rather than studying all of them, representative cases leading 

to the most energetic releases were chosen. If it is indeed demonstrated they are 

representative, then, the studies can be limited to these cases. Historically, two types of 

accidents are studied, an accident with global degradation of the core, the Unprotected Loss 

Of Flow (ULOF), and a local accident which can propagate to the whole core, the Total 

Instantaneous Blockage (TIB). In this report, these two representative safety cases have been 

studied.  

 

The studies on the ULOF have one major objective: showing evidence that the accident will 

have no consequences outside the reactor plant.  

At first, studies are centred on prevention, that is, the possibility of avoiding core disruption.  

Then, by adding uncertainties on the top of some reactivity coefficients such as sodium void 

reactivity effect or by eliminating some favourable reactivity feedback coefficients for which 

modelling remains a problem, the accident might occur. Several other challenges will then 

have to be overcome:  

� Determining the systems which could potentially limit the risks of power 

excursion and avoid the risk of recriticality, by adding absorbers or diluents in the 

molten pool. 

� Determining dispositions which ensure a stable post-accidental state, which 

means under-critical and which can be cooled. 

� Ensuring an efficient confinement of radioelements. 
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If the dispositions which are taken to eliminate the accident have some success, the ULOF 

might lose its representative character and other accidents might replace it and would have 

to be studied. 

 

For the TIB, the challenges are different: the goal is to demonstrate that the accident can be 

detected early enough for the shutdown of control rods to be activated. Hence, its 

propagation will be limited and the reactivity and the removal of the residual power will be 

kept under control.  

 

The PhD deals with the prevention of the accidents and the reduction of their consequences 

and this is achieved through analyses aiming at understanding how the accident occurs, and 

which solutions can be envisaged to limit its consequences.  

 

Different cores are studied at the same time: the European Fast Reactor (EFR) which was 

designed in 1991; and more recent SFR designs, the Sodium-cooled Fast Reactors, created 

jointly by CEA, EDF and AREVA. The core envisaged for these SFR reactors has enhanced 

features compared to previous designs. In the course of the design improvement, three 

different versions of these cores, the SFRv0, the SFRv1 and the SFRv2b have been 

established. Some efforts have been devoted to the design of these cores to avoid the risk to 

go into CDA by improving the feedback coefficients, just as reducing the sodium void effect 

or increasing the Doppler effect. However, the studies performed show that these cores fail 

to exclude a sequence of events leading to CDA. More efforts should be given to designing 

cores with low sodium void reactivity effects as they might behave differently. 

 

The first results concern the improvements performed in the neutronics of the SIMMER code 

system1, which is a code designed to calculate CDA. SIMMER couples thermohydraulics, 

neutronics and mechanics: improvements are required to achieve better accuracy. Among 

the various improvements required, the neutronics module was given a lot of attention with 

the creation of new nuclear data libraries able to achieve better neutronics results and 

improved consistency with ERANOS results, and with the implementation of a new algorithm 

in the code, so as to calculate correctly the β-effective in consistency with these new 

libraries. 

 

 

The second type of the results deals with the ULOF. First, static studies with the ERANOS 

code system were performed to understand which parameters are important in the 

reactivity increase, and which solutions can be envisaged to prevent the re-criticality: 

addition of material miscible with fuel in the molten pool or ejection of fuel out of the core.  

  Then, studies have been performed following an approach which has been used in 

the past for defining the maximum energy release during the accident and for verifying that 

the vessel can withstand it. A specific study has been done on Super-Phenix so as to 

demonstrate that such calculations can be repeated. A parametric study based on that type 

of approach was performed so as to get an in-depth understanding of the impact of the 

upper core arrangement on the secondary phase sequence of the accident: the one 

following the transition phase. The beginning of the accident, the so-called primary phase, 

which is assumed to release energy, was not calculated in transient but the configuration at 

                                                      
1
 SIMMER-III for 2D calculations, SIMMER-IV for 3D calculations. 
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the end of this phase was defined based on some assumptions. The assumptions are very 

much based on the fact that the movement of materials have finished once the core is 

becomes critical again (after the ejections of materials due to the energy release of the 

primary power excursion). Given these hypotheses, the configuration was looked for in static 

with ERANOS, while the evolution of the accident (the so called secondary phase) was 

calculated with SIMMER. This enabled to find which magnitude the secondary power 

excursion could have, depending on the upper configuration lay out and which one could be 

most favourable. 

The final study is an ULOF calculated with the only use of SIMMER. Usually, the ULOF is 

calculated with the code SAS4A for the primary phase of the accident (until the hexcan 

breaks) and then the secondary phase is calculated with SIMMER. However, because of the 

lack of accuracy in the link between the two codes, and also because of the complexity of 

SAS4A, a solution where SIMMER is being used throughout is envisaged. This is the reason 

why this route has been used here. This approach needs some code developments and 

validations. In order to quantify the degree of improvements required, the SAS4A and 

SIMMER codes have been compared on the primary phase of the ULOF of the SFRv2b core. 

The chapter ends with the list of improvements and validations required to obtain reliable 

results, as well as with conclusions on the scenario of the ULOF of the SFRv2b core.  

However, since recent core designs cannot avoid recriticality and large energy releases, 

further improvements in the core design should be introduced. Study of new core designs 

with low void coefficient should be pursued for that type of events since sodium void being a 

trigger to the ULOF accident to go into CDA, there is a chance that the event might be 

milder. However, a milder event might mean less dispersion and hence a similar energy 

release as it has been seen in the parametric study. But it might leave some more time to act 

with other devices to actually try to avoid re-criticality (systems enabling to add absorber in 

case of accident or permitting to eject fuel from the core). 

 

 

The third and last part of the results is on the TIB. At first, static studies are performed, as on 

the ULOF, to understand the important parameters on the recriticality in case of TIB, but also 

on the means which can be envisaged to limit the reactivity insertion, such as the addition of 

material miscible with fuel or the ejection of fuel out of the core.  

Then a transient calculation of the TIB with SIMMER was performed on the core SFRv2b. It 

was the first time a calculation of TIB was performed on a reactor case, with the whole 

reactor described and with the neutronics. However, as the method is new it was not 

validated, and a comparison with the experiment was performed to decide on the efficiency 

of SIMMER to represent correctly the TIB. There were discrepancies between the code and 

the SCARABEE experiment on the scenario of the accident, and thus, improvements in the 

code are necessary and are listed. However, even if the method is not perfect, conclusions 

could be drawn on the means of detecting the accident. 
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1.1. Improvements in the SIMMER code system 

1.1.1. Work performed on the neutronics of SIMMER 

The differences between ERANOS and SIMMER on the k-effective were at first larger than 

1.5$, which showed there were errors calculating the reactivity. Consequently, 

improvements were performed on the neutronics libraries, which contain the cross-sections 

and the self-shielding factors by neutron energy group. The modifications concerned: the 

use of the current weighted transport cross-section, a new option in SIMMER was activated; 

the definition of a new scheme with an increased number of energy groups, the number of 

energy groups of the calculation was indeed increased from 12 to 16 groups; and finally, a 

new β-effective formula was implemented in the code so as to take into account the 

specificities of the library being used at CEA, to be more accurate and to make the code 

more user friendly.  

After all these improvements, the comparisons between ERANOS and SIMMER have been 

improved by 300pcm (0.8$). In comparison to ERANOS reference calculation1, SIMMER-III 

underestimates the reactivity by 0.5$ whereas SIMMER-IV underestimates it by 0.7$ with 

JEF-2.2 (with JEFF-3.1 it is 0.4$ and 0.2$ respectively).  

The effects due to temperature and composition changes are calculated by SIMMER-III and 

IV in accordance to ERANOS.  

SIMMER neutronics calculations can now better be trusted, however it is important to notice 

that the neutronics module needs a validation: experiments such as the SNEAK experiments 

need to be re-analyzed to determine exactly the uncertainties of the code when 

recalculating the effects of the movements of the materials. 

 

1.1.2. Other improvements in SIMMER 

Improvements are actually performed at FZK on the neutronics part of SIMMER, adding 

thermal expansion models and feedback effects, but also parallelizing the neutronics core 

model. 

At JAEA, improvements were performed on the DPIN model which describes the 

temperature gradient in the pin: the model now can describe a pin bundle. The hexcan 

temperature can also be better described. 

To finish, at CEA, a new model for the candling of the claddings was developed and used in 

our studies. 

 

1.2. ULOF 

1.2.1. Static studies 

� Main phenomena influencing the reactivity insertion 

The accident was divided into 4 steps (sodium voiding, structure removal, fuel slump-down 

and structure repositioning) which showed that the main phenomena responsible for the 

reactivity insertion were the structure removal and the fuel slump-down. The loss of the 

absorbing and neutron slowing-down effects of steel causes an important increase in 

reactivity. Moreover, the fuel slump-down creates a variation of radial leakage which creates 

an increase in reactivity. It was shown that the slump-down of a core with no radial leakage 

creates no reactivity insertion. There are consequently two parameters where solutions can 

be applied: the loss of absorbing material and the variation of the radial leakage. 

 

                                                      
1
 ERANOS 2.2 calculation at 33 groups with a self-shielding at 1968 groups. 
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� Solutions which can be envisaged 

Solutions can be first envisaged on the geometry of the core: the radial leakage can be 

limited in the nominal state, by decreasing the fissile height or using only one enrichment 

zone for the whole core for example. Moreover, materials miscible with fuel could be used 

at least for the claddings; it would prevent the structure removal: vanadium could be a good 

solution, but additional data on this material are needed.  

So, other solutions were studied: the addition of absorbing materials and the ejection of 

fuel. Different absorbing materials, all miscible with fuel, were tested: the best absorber is 

the Eu2O3, 6.5% of this absorber have to be added homogeneously to the fuel of the core 

SFRv2b to avoid the recriticality. When considering the fuel ejection, 52% of fuel has to be 

ejected to avoid recriticality in case of fuel stratification. The addition of absorber and the 

ejection of fuel at the same time were also tested: it enables to add less absorber and to 

eject less fuel: the relation between both solutions is linear. However what is difficult is to 

find ways to add absorber in the core or to eject fuel from the core: solutions are under 

study, such as the SEPIA1 subassemblies for the absorbers and the FAIDUS2 subassembly for 

fuel ejection. 

 

1.2.2. Studies on the impact of the upper part of the core on the accident 

Here, the study was performed following a procedure which was used in the past for 

defining a conservative value of the energy release during the transient: the state of the core 

at the end of the primary phase was postulated and calculated in static with ERANOS. 

Indeed, the core was voided and then, the amount of fuel to be ejected for returning to 

criticality was calculated. To finish, the secondary phase was calculated with SIMMER.  

Different upper configurations of the core were compared: “with upper fertile blankets”, 

“with reflectors and without expansion chamber”, “with reflectors and with a 11cm upper 

expansion chamber where squirting effect is possible”, “with a sodium plenum and a 11cm 

upper expansion chamber where squirting effect is possible”, “with a high upper expansion 

chamber where squirting effect is possible”, “with a high upper expansion chamber where 

squirting effect is not possible”. For each upper core configurations, three calculations were 

performed: “with only fuel ejected in the upper part of the core”, “with fuel and half of the 

claddings ejected in the upper part of the core”, and “with fuel only ejected in the lower and 

in the upper part of the core”. 

The static results showed that if fuel is ejected to regions far from the core, it has less effect 

on the reactivity, and consequently, less fuel has to be ejected from the core to be critical 

again. 

When looking at the transient results, the evolution of the accident, the amplitude of the 

power excursion, were each different but on the whole, all the transients happened in the 

same way: the fuel slump-down caused the reactivity increase, most of the time leading to 

the power excursion; sometimes, steel falls in the pool, delaying the reactivity peak. After 

the power peak, fuel and steel are ejected from the pool, creating a voided zone in the core. 

Two points are however important to notice: all the transients led to a power excursion, the 

addition of absorber above the plenum did not enable to prevent it because the transient is 

                                                      
1
 Several pins of the subassembly are replaced by systems where absorber can fall when the temperature 

increases. 
2
 System developed at JAEA: several neighbouring pins from the subassembly are omitted for fuel to be ejected 

when it is molten.  
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much too fast; the secondary phase of the accident lasts at maximum 0.4 seconds, it is very 

fast and thus, it is difficult to prevent it: the accident must be stopped sooner, during the 

primary phase. The power excursions were calculated but the mechanical energy released 

during the accident could not be obtained1, so no conclusion can be drawn on the 

containment of the accident within the vessel.  

It is also important to add that this study was performed by assuming a lot of hypotheses, 

and that the only conclusion we could draw was that the systems to stop the accident must 

be activated sooner: the accident must be studied without all these hypotheses, and the 

primary phase must also be studied to see if means to stop the accident are possible in that 

phase. 

 

1.2.3. Evaluation of SIMMER-III during the primary phase of the accident 

Instead of using SAS4A for the primary phase of the accident, and then SIMMER-III for the 

secondary phase, SIMMER-III was used to calculate both the primary and the secondary 

phases. The comparison between the usual route SAS4A/SIMMER-III and SIMMER-III showed 

important discrepancies on the times and on the amplitudes of the power peaks. Indeed, 

SIMMER delays and over-estimates the first power excursion. The fact that the first power 

excursion is much more energetic in the whole SIMMER calculation causes a much more 

significant reactivity decrease after the first peak and then, a secondary power excursion is 

inhibited; in the SAS/SIMMER calculation, there is a slight secondary power excursion.  

The discrepancies come from different points: 

� The model of the calculation:  

- The “Power/Flow rate” ratios were bigger in SAS than in SIMMER (but that 

is due to 2D model of SIMMER). 

- The use of the SPIN model in SIMMER does not describe the temperature 

gradient in the pin (but the DPIN model takes too much calculation time to 

be used). 

� The models in the codes:  

- The expansion effects of materials: they are not modelled in 

SIMMER and they are of major importance when calculating the 

fairly long lasting primary phase of the accident. A model of 

material expansion with feedback effects is being implemented in 

SIMMER at KIT. 

- Coherent parameters for the 1D model of the subassembly must 

also be given. 

- A pre-irradiation model should be added to SIMMER (for instance 

by coupling GERMINAL with SIMMER). 

 

But despite arriving at the conclusion that the model of the primary phase with SIMMER 

must be improved, information was given on the scenario of the ULOF for the SFRv2b core. 

There is an important primary power excursion due to the sodium voiding, the 

subassemblies then begin to melt and there is a slight recriticality. However, the ejected fuel 

from the SAS calculation could not be taken into account in the following SIMMER 

calculation, SIMMER needs to be validated on experiments (CABRI, SCARABEE), rather than 

by performing comparisons with SAS4A. Moreover, solutions must be found and studied to 

                                                      
1
 We lacked time to calculate them. But these results are important and it will be interesting to calculate them 

when performing new studies. 
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prevent the recriticality during the primary phase: ejection of fuel and addition of absorber 

will have to be studied in transient with SIMMER. However this will necessitate other 

improvements in the code so as to take into account additional absorbing materials.  

 

An important point, not tackled in this report, is the study of the uncertainties with SIMMER. 

It is difficult to handle them in SIMMER, but studying an accident such as the ULOF without 

taking them into account makes it difficult to conclude on the conservatism of the accident. 

The code should enable to suppress the favourable effects to see the impact on the 

calculations. Indeed, in the Monju safety report, the voiding effect of the core was increased 

by 30% and some feedback effects which had favourable effects were suppressed to bring 

some conservatism to the calculation. A better knowledge of these uncertainties together 

with a better modelling of some feedback effects could lead to reduce the amplitude of the 

conservative energy release. 

 

 

Then, the second and last studied accident is the TIB: as for the ULOF, it was studied both in 

static and in transient. 

 

 

1.3. TIB 

1.3.1. Static studies 

� Main phenomena conditioning the reactivity insertion 

 The TIB was divided into 4 main steps: the sodium voiding, structure removal, fuel 

slump-down and structure materials repositioning. The three last steps are the more 

important. As for the ULOF, the loss of the absorbing effect of the structure and the 

decrease of the radial leakage are the main effects responsible for the reactivity insertion.  

Moreover, a study showed that the mass of fuel itself can lead to recriticality: when 18 

subassemblies of the core SFRv0 are collapsed, the reactivity of the core is driven by the 

damaged area: it stands to reason that the higher the fuel enrichment of the core is, the 

sooner the recriticality will be reached. 

A second study on the leakage, fission and absorption rates showed that the main parameter 

in the reactivity insertion is the enrichment of the core. Indeed, in a core with two 

enrichment zones, a TIB happening in the outer core creates a larger reactivity insertion than 

a TIB in the inner core, and this is mostly due to the higher enrichment. The radial leakage 

has less impact than the enrichment. 

 

 

� Solutions which can be envisaged 

 Finally, the solutions which can be envisaged here are the same as for the ULOF: 

decrease the radial leakage in the nominal state (by 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 amounts of fuel to eject or of absorber to add are rather small; 

the main problem is the detection of the accident so as to stop it early enough, which 

explains why passive systems are being developed, such as the FAIDUS subassembly to eject 

fuel or the SEPIA subassemblies to add absorber. But transient studies are necessary to see 

when the accident can be detected and what means can really be used to stop the accident. 
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1.3.2. Transient studies with SIMMER 

The last study is the calculation of a TIB with SIMMER. However SIMMER is a code created to 

calculate accidents such as the ULOF, with a fast transient, and it is not validated for the 

calculation of the TIB on a reactor case, with a coarse mesh. So the results of the calculation, 

that is to say the time steps and the scenario of the accident, were compared to the results 

of the SCARABEE experiments. SIMMER-III has already been validated on SCARABEE 

experiments, and reactor cases have also already been performed with the code, on Phenix 

for instance. However, these calculations were performed with thermo-hydraulics only and 

with a very fine mesh. In this study, the neutronics is used and the mesh cannot be as fine as 

it was for the Phenix calculation, as the whole core must be modelled to have correct 

variations of reactivity. 

In the study of the TIB of the SFRv2b core, it turned out that SIMMER had difficulties to 

calculate the scenario: the boiling of sodium and the candling of the claddings are correctly 

calculated (thanks to the use of a new model of candling of the claddings developed at CEA). 

But then, the vapour entrainment model is too important, and the molten steel creates an 

upper blockage before the lower blockage. To finish, the fuel melting appears after the 

failure of the hexcans. Thus, there are large discrepancies between the simulation and the 

experiment, and to perform correct calculations on the SFRv2b, several modifications must 

be added: 

- The DPIN model should be used, the temperature of fuel would be better described 

and fuel would melt later.  

- The exchanges between the pins and the hexcan are too important, that is due to the 

1D model of the subassembly: this model should be refined. That would also reduce 

the too important vapour entrainment.  

The refinement of the description of the subassembly is being developed at JAEA as they 

improved the DPIN model to represent the pin bundle. They also improved the description 

of the temperature of the hexcan. 

Moreover, other improvements could be performed: the inter-assembly could be filled with 

sodium instead of void. Indeed, it is not important for an ULOF, but for a TIB where the 

neighbouring subassemblies are still intact, it can affect the accident. At last, for the 

sequence of the TIB to be correctly described, the calculation should be performed in 3D, as 

the propagation of the accident, which is unidirectional, is only correct in 3D. SIMMER has 

been parallelized, but even with the parallelization, the calculation times in 3D remain a 

challenge. 

 

Nevertheless, the study of the TIB could give clues for the detection of the accident: SIMMER 

enables to get information on two types of detection: the detection of the sodium 

temperature of the neighbouring subassemblies, and the reactivity. The DND response 

mostly depends on their location in the core, and not on the moment the hexcan breaks. 

Concerning the sodium temperature, it seems probable that the increase in temperature of 

the neighbouring subassembly, due to the redistribution of the flow rate, might allow the 

detection of the accident before its propagation to the neighbouring ring.  The last detection 

possible is the reactivity, but the variation in reactivity can only be detected once two 

subassemblies are damaged, and that is too late to prevent the propagation of the accident.  
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1.4. Perspectives 

 

The safety studies on severe accident prevention and mitigation remains a huge work to be 

done prior to building any reactor plant. This PhD thesis has only been paving the path 

towards the study of these more or less hypothetical severe accidents in a sodium fast 

reactor.  The initial idea was to find potential solutions to both reduce the occurrence of 

core disruptive accidents and once it is appearing to find out solutions which can be 

envisaged to limit the energy release. These solutions could be used for future designs.  

On the prevention side of this work, the recent core designs had the goal to decrease the 

sodium void reactivity effect, without forgetting the important design characteristics of the 

core, such as the breeding ratio or the power map distribution over the cycle. SFRv2b was 

the first design for which search in that direction was conducted, however the design 

changes were found insufficient to limit the speed at which the core disruptive accident 

occurs in a ULOF. Situation might be different with cores exhibiting very low void effects. 

Transient calculations must be conducted on these cores to find out how large the delay is.  

On the mitigation side of this work, potential solutions require time to operate. During the 

secondary phase of the ULOF accident, no possible solutions could be envisaged since the 

event was found to be too quick. During the primary phase, there are potential solutions but 

these require tools with proper features which need to be developed.  SIMMER has the 

potential for tackling these innovative configurations as the SFRv2b calculation did 

demonstrate. However, a lot of improvements are required for achieving a robust 

demonstration. SIMMER has shown to be not always capable of providing suitable solutions 

for problems related to analyses of postulated severe accidents in large SFR cores with 

innovative features. More development work and modelling efforts are still needed for 

establishing an adequate and suitable calculation tool allowing to determine sufficiently 

reliable results for safety analyses of advanced modern core designs. 

For the TIB, the objective is to demonstrate it can be detected before going to recriticality: to 

do so, it is important to have codes reliable enough. Although SIMMER has been used in the 

past for the TIB in Phenix, the study of this kind of accidents in large cores like SFRv2b 

requires the neutronics module of SIMMER to be activated in conjunction with other ones. A 

first attempt has been done which has illustrated the shortcomings of the current SIMMER 

version. 

Hence, the use of SIMMER for the calculations of the ULOF and the TIB showed there were 

major problems using it for large reactor cases. The code needs improvements, and then it 

needs validation based on existing experiments. New experiments are also really needed, for 

the validation of the codes, but also for understanding better how the accidents occur and 

behave. Since the pin designs have changed (the pins have a larger diameter, there is a 

central hole in the annular pellets), they no longer correspond closely to the past 

experiments. If some of the favourable effects like the squirting effect are essential in the 

scenario, the phenomena must be better known. 

 

Once all these phases of experiments and validation of the codes will be performed, it will be 

possible to perform robust demonstrations, an important issue for the new SFR prototype, 

ASTRID, to be built in France. 
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Appendix 1 : Method of calculating the feedback effects 

 

The feedback coefficients are calculated for a given range of temperature, and they are 

assumed to be constant within this range. If they are used too far from it, the coefficients 

are no more valid.  

 

The Doppler effect: 

The Doppler constant �� is calculated between two temperatures �� and �� and it is valid 

between these temperatures. 

Actually, the difference in reactivity of the core ∆� between these two temperatures is 

calculated (only the temperature of calculation of the cross-sections is changed) and then 

the constant is calculated using the following formula:  �� =  ∆

����

��
�
 . 

The sodium expansion effect: 

The concentration in sodium is reduced by 1% in all the media containing sodium: the 

difference of reactivity ∆�  between the standard case and the perturbed case is calculated. 

It is then divided by the temperature difference ∆� which would have led to a variation of 

density of sodium of 1%: ∆� =  ��1 0.99⁄� − 1� �
���

 , with � !the expansion coefficient of 

sodium. Finally, the coefficient for sodium is � ! =  ∆

∆"��

. 

 

The structure expansion coefficient (for the claddings and the hexcans): 

There are two distinct effects to calculate: the variation of density of the structure due to 

the axial expansion and the reduction of sodium volume due to the radial expansion of the 

claddings and the hexcans.  

The calculation is thus performed in two steps: 

� Calculation of the axial effect: the concentration of structure is decreased by 1%. The 

reactivity variation ∆� between the standard and the perturbed case is calculated 

and then the equivalent temperature variation to have 1% of change in structure 

expansion is calculated (∆�#$%& =  '1 0.99⁄ − 1( �
�)*+,

, with �#$%& the expansion 

coefficient of structure). Finally, the axial structure expansion coefficient is 

�#$%& =  ∆

∆")*+,

. 

� Calculation of the radial effect: 

- For the hexcans: there is sodium in and out of the hexcan, the coefficient 

corresponds to a removal of 2% of the sodium due to the expansion of 1%  of 

the radius of the hexcan: 

�-./0!�,%!2 =  34567�8
3��

× ∆
(;�%  !)
∆")*+,

, with >-./0!� and > ! the volume 

fractions of hexcans and sodium respectively. 

- For the claddings: the calculation is more intricate as there is sodium outside 

the cladding but the interior face of the claddings is adherent to the fuel 

(claddings and fuel are very quickly tied together as the fuel expands during 

the irradiation). So, the interior and exterior radii of the claddings vary, and a 

variation of 1% of the radius from the centre of the fuel pin to the exterior of 

the claddings can be observed. The radial structure expansion coefficient is 

consequently: �0�!22?�@#,%!2 =  �;34567�8;3��
3��

× �×∆
(;�%  !)
∆")*+,

. 
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The fuel expansion effect: 

This expansion has two effects: 

- Reduction of fuel density due to the axial expansion. 

- Increase in the height of the core. 

The concentration in fuel is decreased by 1% and the height of the core is increased 

(ABC ℎBEFℎG =  ?�?$?!� -.?@-$
H.II ). This calculation, when compared to the standard one, gives 

the reactivity variation ∆� due to the fuel expansion. Then, as the fuel is tied to the 

structure, it is the structure expansion coefficient which must be taken into account, and 

�J&.�,!/?!� =  ∆

∆")*+,7*,+5

. 

 

The grid expansion effect: 

The grid represents the bottom of the subassemblies. Its expansion corresponds to a 

variation of the sodium inlet temperature. If it expands of 1%, the subassemblies move away 

from the others, the volume occupied by structure, fuel and void decreases by 1% while the 

volume occupied by sodium increases by 2%. So, to calculate the effect due to the grid, the 

calculation is split in two: 

- The volume fractions of structure, void and fuel are multiplied by the ratio of the 

volumes  
3
3K =  3

�.H��×3 = �
�.H�� . The volume fraction which is left is the one for 

sodium. 

- The core radius is increased by 1%, as well as the external across flat distance and 

the inter-assembly distance.  

A direct calculation gives the variation in reactivity, and the coefficient is then calculated: 

�@%?2 =  ∆

∆")*+,

. 

 

All these feedback effects are used to perform transient calculations on accidents such as 

the Unprotected Loss Of Flow, the Unprotected Transient Over Power, etc. They are used in 

kinetic studies.  
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Appendix 2: The FAIDUS subassembly and the CRGT 

 

 

Systems have been proposed by JAEA to prevent any recriticality in case of severe accidents 

([78], [79] and [80]). They aim at ejecting fuel from the core and they are called FAIDUS (Fuel 

subassembly with Inner DUct Structure) and CRGT (Control Rod Guide Tube), see Figure 

10-1. 

  

The FAIDUS subassembly is a JSFR1 subassembly where 16 pins have been replaced by a duct 

to provide a channel for fuel to be ejected from the core in case of CDA. The high vapour 

pressure in the core acts as a driving force for fuel discharge and fuel is ejected in the upper 

part of the core. 

 

The CRGT concept is different. It is a subassembly dedicated to fuel discharge (for example a 

guide tube of control rods). This system needs improvements to function: the CRGT has been 

connected to the lower plenum which is at high pressure, but it is necessary to have a 

system decreasing the pressure for the fuel to be ejected. The molten fuel will thus be 

ejected in the lower part of the guide tube. 

 

Calculations were performed at JAEA to study the FAIDUS subassembly using SAS4A and 

SIMMER (see Chapter 6): SAS calculations are performed with and without FAIDUS 

subassemblies and then SIMMER calculations are performed using a power map calculated 

with SAS [81]. These calculations could show that 20% of the molten fuel could be ejected 

from the core thanks to the FAIDUS subassemblies.  This, however, is not sufficient to avoid 

recriticality and absorber (B4C) is being introduced in the core as a complement to the fuel 

ejection. This is done using a self actuated shutdown system (SASS) which is being dropped 

automatically in the core by a Curie device which cancels the magnetic fields of the gripper 

as soon as the sodium temperature reaches some high values.  

The CRGT was designed to avoid the recriticality when the molten fuel is moving from the 

top of the core to the core catcher located below. All these features are, according to JAEA 

calculations, preventing recriticality. 

Moreover, in the secondary phase of the accident, the accident remains in the vessel. The 

fuel which remains in the core is solid or as particles, all the liquid has been ejected thanks to 

FAIDUS. The severe reactivity insertion (several times 10$/s) seems impossible according to 

the calculations. 

 

 

                                                      
1
 Japanese Sodium Fast Reactor 
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Figure 10-1: Schemes of the FAIDUS and CRGT systems (UAB=Upper Axial Blanket, LAB=Lower Axial 

 

 

 

 

 

: Schemes of the FAIDUS and CRGT systems (UAB=Upper Axial Blanket, LAB=Lower Axial 

Blanket) 
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Appendix 3: Core characteristics 

 

 
  EFR CDF 1991 SFRv0 SFRv1 SFRv2b 

BN1800 

H80 

BN1800 

H100 
C

O
R

E
 

Fissile zone volume (m
3
) 11.88 15.58 15.77 17.43 15.62 17.11 

Blanket zone volume (m
3
) 8.1 0.00 0.00 0.00 16.67 16.38 

Fissile length (m) 1 1.0 1.0 1.0 0.8 1 

Plenum height (cm) 0 30 30 0 40 40 

Boron shieldings (cm) 0 0 0 0 65 65 

Core diameter (m) 3.89 4.45 4.45 4.71 4.46 4.67 

Core pressure drop (bar) 5 3.23 3.23 3.4   

A
S

S
E

M
B

LY
 

Number of fissile subassemblies 387 424 429 453 630 552 

Number of control subassemblies 33  33 34 55 43 

External wrapper wall (mm) 183 203.2 203.2 206.3 183 183 

Width of wrapper wall (mm) 4.4 3.3 3.3 4.5 3.5 3.5 

Inter-wrappers gap (mm) 5 2.8 2.8 4.5 5.2 5.2 

Number of pins per S/A 331 271 271 271 271 271 

P
IN

 

Pellet pitch (mm) and hole (mm) 6.94 2 9.5 2 8.1 2 9.43 2.5 8.1 2 8.1 2 

Wire diameter (mm) 1.1 1.0 1.0 1.0 1.0 1.0 

Clad thickness (mm) 0.515 0.50 0.50 0.5 0.55 0.55 

Pin-clad space (mm) 0.110 0.115 0.115 0.15   

C
O

M
P

O
 

Fuel volume fraction (%vol) 39.90 47.36 47.36 43.7 45.6 45.6 

Sodium volume fraction (%vol) 35.10 27.07 27.07 27.6 27.6 27.6 

Structure volume fraction(%vol) 25.00 18.49 18.49 20.0 20.7 20.7 

P
O

W
E

R
&

T
 

Thermal power (MWth) 3600 3600 3600 3600 4200 4200 

Linear rating (W/cm) BOL 520   420 417(BOC) 421 (BOC) 

Density of thermal power (W/cm3) 303 231 231 206 364 (BOC) 368 (BOC) 

Form factor 1.54   1.43 1.51 1.63 

D
A

M
A

G
E

 Fuel residence time (EFPD) 1700 5x340 2050 5x410 269 245 2050 5x410 1980 5x396 1980 5x396 

Max burn-up (GWd/t) 190 184  139 190 194 

Average burn-up (Gwd/t) 128 106 106 98 131 122 

Damage dose (dpa) 190 199 199 150   
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  EFR CDF 1991 SFRv0 SFRv1 SFRv2b 

BN1800 

H80 

BN1800 

H100 

P
lu

to
n

iu
m

 Enrichment inner core (%) 18.33 13.40 13.40 14.5 22.43 19.92 

Enrichment outer core (%) 24.16 16.70 16.70 17.0 22.43 19.92 

Average enrichment (%) 19.21 14.72 14.72 15.7 22.43 19.92 

Pu isotopic composition Pu CDF
1
 Pu2035

2
 Pu2035 Pu2035   

Initial Pu mass (kg) 8778 10759 10886 12500 17340 16870 

B
G

 Breeding gain of fuel -0.196 0.053 (average) 0.044 (average) 0.04 -0.118 -0.012 

Breeding gain of breeding blankets 0.218 0 0 0 0.266 0.240 

Total breeding gain 0.022 0.053 (average) 0.044 (average) 0.04 0.146 0.228 

Void Void effect core EOC ($) 7.1 4.5 (EOL) 5.5 4.9 2.65
3
 4.27

3
 

DOPP

LER 

KD 
4
 fuel. EOC (450->1500K) ($) -1.79 -1.4 (EOL) -1.2 -1.3 -1.76 -2.28 

KD fuel.+covers EOC (450->1500K) ($) -2.17 -1.4 (EOL) -1.2 -1.3 -2.14 -2.53 

βeff Delayed neutrons EOC (pcm) 362 368 368 368 361.1 365.5 

 
Table 10-1: Characteristics of the cores EFR, SFRv0, SFRv1, SFRv2b and BN1800 

  

 

 

 

                                                      
1
 Pu CDF : 2%Pu238, 54%Pu239, 26%Pu240, 10%Pu241, 8%Pu242, with an Am241 content being Am241/Pu=0.02. 

2
 Pu 2035 : 3.571%Pu238, 47.385%Pu239, 29.659%Pu240, 8.231%Pu241, 10.376%Pu242, 0.778%Am241. 

3
 With sodium plenum. 

4
 �� = 3!%?!$?L� LJ %.!0$?M?$N 2&. $L $-. �LO��.% .JJ.0$ P.$Q..� "�!�2 "� 

��("� "�⁄ )  
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reproduced with the code system ECCO/ERANOS (see Chapter 6). The main characteristics of 

the BN1800 cores were also compared to the ones of the SFRv0 and t

As the results obtained with the ERANOS code system 

existing results of other benchmark participants

understand the origin of the discrepancies between the CEA and ROSATOM resu

 

 

- CHARACTERISTICS OF THE CORES 

� Data of the benchmark

 

The benchmark describes two cores of 4200MWth which have different fissile heights: 80 

and 100cm. Their design is very close, as can be seen on 

 

Figure 10

 

 

 

 

 

 

 

 

 

Appendix 4: Benchmark of the BN1800 cores 

 the data describing the cores, and the benchmark was 

reproduced with the code system ECCO/ERANOS (see Chapter 6). The main characteristics of 

the BN1800 cores were also compared to the ones of the SFRv0 and the EFR.

As the results obtained with the ERANOS code system showed significant discrepancies to 

existing results of other benchmark participants, an in-depth study was performed to 

understand the origin of the discrepancies between the CEA and ROSATOM resu

CHARACTERISTICS OF THE CORES  

Data of the benchmark 

The benchmark describes two cores of 4200MWth which have different fissile heights: 80 

and 100cm. Their design is very close, as can be seen on Figure 10-2 and Figure 

10-2 : Cross-section view of the cores BN1800 
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the data describing the cores, and the benchmark was 

reproduced with the code system ECCO/ERANOS (see Chapter 6). The main characteristics of 

he EFR. 

showed significant discrepancies to 

depth study was performed to 

understand the origin of the discrepancies between the CEA and ROSATOM results. 

The benchmark describes two cores of 4200MWth which have different fissile heights: 80 

Figure 10-3. 
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Figure 10-3 : 3D scheme of the BN1800 cores with, respectively, fissile heights of 100 and 80cm. 

 

The benchmark gives for every region of the core the isotopic compositions at the Beginning 

Of Cycle (BOC) as well as the temperatures. The fuel regions are divided into 9 different 

regions with different compositions. The geometry is given at a hot state. 

The control rods are immersed in the core and the depth of immersion is given for each 

core: 

- For the 80cm-high core, the compensating rods are inserted by 15cm, the 

regulating rods by 40cm, while the scram rods are out of the core. 

- For the 100cm-high core, the compensating rods are inserted by 18cm, the 

regulating rods by 50cm, while the scram rods are out of the core. 

Both cores differ thus by their fissile height and their number of subassemblies (radius of the 

core and number of control or scram rods). The volume fractions are identical, as well as the 

description of the pin or of the subassembly. A detailed description of these characteristics, 

with a comparison to SFRv0 and EFR is given in Table 10-1. 

 

Different results are associated to this benchmark: 

- Results concerning the characteristics of the core: breeding ratio, power, burn-up. 

- Results concerning the voiding effect. It is important to notice that one of the main 

results is a zero-voiding effect when the core, the sodium plenum and the upper 

shieldings with boron are voided. 

 

The objective of this study is to check the accuracy of the results of the benchmark and to 

understand what leads to such a low voiding effect. 
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� Calculation of the neutronics characteristics of the core 

 

So as to check the results of the benchmark, the calculations were reproduced with the code 

system ERANOS 2.1. 

 

� Choices in the modelling 

At first, the calculations were performed in 3D so as to correctly take into account the effect 

of the control and compensating rods. As the goal is to calculate a voiding effect, the best 

solution is to perform the calculations in 3D transport; the chosen solver is consequently 

VARIANT.  

The library used is ERALIB1: the ECCO cell calculation is performed with a homogeneous cell 

in two steps: 

- One step to calculate the self-shielding of the cell in fine groups of energy (1968 

groups). 

- One step to condense the cross-sections to 33 groups of energy. 

As the concentrations1 of the benchmark are given at hot state, the geometry is also given at 

a hot state, and no expansion of the geometry was performed2. 

However, as these two cores have a higher number of fissile subassemblies than the SFRv0 

or EFR cores, the flux calculation could not be obtained (there was a lack of memory on the 

computers being used), and the 3D transport calculation with VARIANT could not converge. 

Consequently, the 3D geometry was turned into a 2D model (RZ, see Figure 10-4). The 

calculations performed on the cores BN1800 were performed in RZ transport (solver BISTRO) 

as well as in 3D diffusion.  

 

 

 
Figure 10-4 : RZ modelling of the BN1800 cores with fissile heights of 80 and 100cm (radii in cm) 

 

 

� First results 

The main characteristics of the cores were calculated and compared to the cores SFRv0 and 

a core like EFR. So, the different characteristics were calculated: power, fuel residence time, 

damage rate, breeding ratio, void effect and beta effective at EOC. All the results are 

presented in Table 10-1. 

 

When looking at the geometry, the core BN1800 lies between the SFRv0 and EFR cores. Its 

                                                      
1
 The fission products are represented in ECCO by fpPu239, their concentration is thus multiplied by 2 

compared to the benchmark because the fission yield is 200 in ECCO/ERANOS. 
2
 During the ECCO cell calculation, the module CONDITIONS_DE_FONCTIONNEMENT is not used. 

Fuel 1 
Fuel 2 
Fuel 3 

Fertile blanket 
Structure with 
boron 
Reflectors 

Scram rod 
Regulating rod 
Compensating rod 

0   9.94             49.7 51.6 55.3       84.8 88.3     102.3 105.1       119.6 122        136.9 139     152.3 154.2                171.5 173.2              224.5 242.3     277.6      312.7      387.2  R  

0        9.9            49.7 51.6 55.3       84.9 88.3     102.3 105.1        119.6 122        138 140.1     152.3 154.2     170.6 172.3 174    188.7 190.3    242.3    260    295.2    330.2 387.2  R  

Core with a 80cm-fissile height 

Core with a 100cm-fissile height 
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height and volume fraction are close to the SFRv0, but it also has breeding blankets and 

shieldings with boron. The pin pitch of the BN1800 cores is the same as EFR (18.8cm) and the 

radius of the pin is intermediate between the ones of SFRv0 and EFR. 

 

The volume power of the cores BN1800 is lower than the one of SFRv0. The breeding ratio is 

higher than the ones of EFR and SFRv0. 

The 1meter-high core BN1800 has a voiding effect lower than SFRv0 (-0.35$, the gain can be 

due to the boron shielding, to the larger height of the sodium plenum or to the plutonium 

isotope vector (exhibiting more fissile Plutonium)); but more interesting is the 80cm-high 

core: it enables a reduction of 1.72$ of the sodium void effect compared to the SFRv0 one (a 

voiding effect of 2.7$ at EOC). This improvement is due to its lower height (there is more 

neutronics leakage and that enables to decrease the voiding effect) as well as to the boron 

shield. It can also be noticed that the modelling of the BN1800 cores takes into account the 

end of the pins, which is not the case of the SFRv0 and EFR cores: so, 0.5$ can be added as 

an advantage to the Russian cores1. 

 However, the voiding effect is not null as was originally postulated in the definition of 

the benchmark. 

 

 

� Feedback effects 

 

The feedback effects coefficients of the cores BN1800 were calculated at BOC, in order to 

see if the feedback coefficients of the Russian cores are better than those of the SFRv0 and 

EFR cores (but for these cores, the results are given at EOC). The results are given in the 

table below. 

 

 

  

EFR 

EOC 

SFRv0 

EOC 

BN1800 80cm 

BOC 

BN1800 100cm 

BOC 

  

∆ρ 

(pcm) 

∆ρ/∆T 

(pcm/°C) 

∆ρ 

(pcm) 

∆ρ/∆T 

(pcm/°C) 

∆ρ 

(pcm) 

∆ρ/∆T 

(pcm/°C) 

∆ρ 

(pcm) 

∆ρ/∆T 

(pcm/°C) 

Sodium 
Voiding effect 

2433 

(7,1$) 
 

1537 

(4,4$) 
 

980 

(2.7$) 
 

1559 

(4,3$) 
 

Perturbation  0.6111  0.4935  0.3887  0.5154 

Structure 

Hex-can total  0.0717  0.0485  0.0149  0.0339 

Cladding total  0.2204  0.2043  0.0902  0.1473 

Total axial  0.1349  0.1077  0.0196  0.0678 

Total radial  0.1572  0.1451  0.0855  0.1134 

Fuel Tied  -0.2456  -0.2057  -0.1947  -0.2017 

Grid Radial  -0.8631  -0.8080  -0.8423  -0.8063 

Doppler 

At cold  

(450K -> 

1500K) 

(fissile only) 

-694.5  -819.4  -637  -832  

At cold 

(fissile+fertile) 
-831.5  -819.4  -771  -923  

Table 10-2: Feedback coefficients of the cores BN1800, SFRv0 and EFR-like 

                                                      
1
 The fact the end of the pins is not modeled implies an underestimation of the voiding effect of about 0.5$. 
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The coefficients of the BN1800 100cm core are relatively comparable to the values of the 

core SFRv0, but some coefficients of the Russian core are more favourable (such as the 

expansion coefficients of structure and fuel). 

The comparison of the BN1800 cores between them shows that the 80cm-high core has in 

general better feedback coefficients, except for the fuel expansion coefficient and the 

Doppler effect which are more negative than for the 100cm-high core. 

 

 

 

- Comparison of the results ROSATOM/CEA 

 

After having calculated the different neutronics parameters that characterize the behaviour 

of the core, the results obtained at CEA are compared to the ones of the benchmark.  

At ROSATOM, the calculations are performed with a 3D diffusion code system called TRIGEX, 

including the module CARE to perform burn up calculations. The library ABBN-93 is used, as 

well as its system of preparation CONSYST.  

So, the code system, the method and the library used are different from the ones used at 

CEA. 

 

� Global characteristics of the core 

 

The characteristics of power, burn-up and breeding gain are given in the benchmark. 

No indication was given concerning the way to calculate the burn-up or the breeding ratio. 

As far as the CEA results are concerned, the maximum burn-up cannot be calculated 

(because the data of the benchmark correspond to the BOC and not the BOL, and the 

ERANOS calculation needs the data of BOL to calculate it), the burn-up was calculated on an 

average cycle and extrapolated to the whole life of the reactor. No data was found 

concerning the method of calculation of the breeding ratio at ROSATOM. In ERANOS, the 

breeding gain is calculated, and the formula used is: 

 

∑

∑ ∑

Φ

Φ−Φ−
=

+

i
i

f
i

i i
i

f
iii

c
iii

N

NwNww
BG

σ

σσ)( 1

. 

With w  the weight of each isotope (normalized) 
c
iσ  the capture microscopic cross-section  of the isotope i (barn=10

-24
cm

2
) 

f
iσ  the fission microscopic cross-section  of the isotope i (barn) 

iN  the atomic density of the isotope i (at/cm
3
) 

Φ  the flux (n/cm
2
.s) 

 

It must be noticed that the result given in the benchmark is not the breeding gain but the 

breeding ratio1. 

 

                                                      
1
 Breeding ratio≈1+Breeding gain. This is an assumption, no information was given concerning the way 

ROSATOM calculates the breeding ratio. 
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The results of the benchmark are compared to the ones obtained with ECCO/ERANOS at 

BOC.  

 Fissile height=80cm Fissile height =100cm 

 CEA ROSATOM CEA ROSATOM 

Max lineic power (W/cm)  445 434 441 439 

Max burn-up (GWd/t) 190 170 194 177 

Average burn-up (Gwd/t)  131 126 122 117 

BG in fuel -0.119 -0.13 -0.012 -0.02 

BG in breeding blankets 0.276 0.21 0.248 0.17 

BG total 0.157 0.08 0.236 0.15 

Table 10-3: Comparison of the results CEA/ROSATOM 

 

The results obtained on the linear power and the burn-up are in reasonable agrrement (the 

maximum error is 10% on the maximum burn-up calculation, and it can be explained by the 

approximated method used at CEA). 

However, the discrepancies are more important on the breeding ratio, they go up to 7% on 

the breeding ratio in the breeding blankets. That must be due to the methods of calculation 

that may be different between ERANOS and TRIGEX. 

 

 

� Sodium void effect 

 

� Results 

 

The results presented by ROSATOM indicated a zero-voiding effect when the areas of core, 

sodium plenum and upper shieldings with boron were voided, but these calculations had 

been performed at the BOC. As was shown previously, CEA results gave a voiding effect of 

2.71$ at BOC when the core and the plenum were voided. The addition of the voiding of the 

shieldings with boron could not however explain such discrepancies.  

However, they can be explained by the method of diffusion used by ROSATOM to perform its 

calculations. Calculations with voiding of different areas were performed on the core with a 

80cm-fissile height so as to better identify the discrepancies observed in the benchmark 

results. These calculations were performed at BOC, in RZ transport and in 3D diffusion; the 

results are given in Table 10-4. The beta effective for this core is 361pcm. 

 

  RZ transport 3D diffusion  Benchmark 

  β=361pcm pcm $ pcm $  pcm 

Case 1 
Core + sodium plenum + 

upper shieldings with boron 
948 2.63 404 1.12  -8 

Case 2 Core + sodium plenum 980 2.71 442 1.22  120 

Case 3 Case 1 + lower axial blankets 929 2.57 418 1.16  -31 

Case 4 Case 3 + radial blankets 908 2.51 402 1.11  -57 

Case 5 Core only 1624 4.50 1610 4.46  1700 

Table 10-4: Results of different voiding effects at the BOC 
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The new results indicate there is a difference in the calculation in the voiding effect in RZ 

transport and in 3D diffusion. Even if the diffusion calculations do not give the negative 

results of the benchmark, they show a much lower result than in transport when the sodium 

plenum is voided. 

It can nevertheless be noticed that the results both in transport and in diffusion give very 

close results when the core only is voided. So as to better understand this result, the central 

and leakage components are calculated thanks to a perturbation calculation for the 

transport and diffusion calculations. The results are given in pcm in the table below: 

 

 

Central 

component 

Leakage 

component 

Transport 2454 -830 

Diffusion 2422 -802 

Table 10-5: Decomposition of the results of voiding effect for the core only in transport and in 

diffusion (in pcm) 

The diffusion calculation gives the leakage component with a discrepancy of 3.4% and the 

central one with a discrepancy of 1.3% compared to a calculation in the transport theory; so 

it can be concluded that in the fissile area, the voiding is well represented in the diffusion 

theory. 

The perturbation calculations were also performed in RZ diffusion, but no reliable result 

could be obtained when the sodium plenum was voided. The results are thus not presented. 

The conclusion of these calculations is that the theory of diffusion does not permit to 

calculate correctly the voiding of an area filled with sodium, such as the sodium plenum or 

the guide tubes. Finally, to prove the validity of the voiding calculation in transport with 

ERANOS, a comparison between ERANOS and TRIPOLI was performed (see Appendix 8). 

 

 

 

� Explanation of the discrepancies  

 

In the table below are given new results by ROSATOM corresponding to the benchmark of 

the core BN1800 with an 80cm-fissile height: 

 

  RZ transport 3D diffusion 

 β=355.3pcm pcm $ pcm $ 

Case 1 
Core + sodium plenum + 

upper shieldings with boron 
830 2.34 167 0.47 

Case 2 Core + sodium plenum 880 2.48 272 0.76 

Case 3 Case 1 + lower axial blankets 830 2.34 138 0.39 

Case 4 Case 3 + radial blankets 810 2.28 133 0.38 

Case 5 Core only 1900 5.35 1700 4.78 

Table 10-6: Summary of the new ROSATOM results at BOC 
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CEA and ROSATOM results are now in accordance, even though there are still discrepancies 

(these discrepancies come from the different nuclear data libraries which are used: ABBN-93 

vs. ERALIB1 and different code systems: TRIGEX vs. ERANOS). The tendencies of the results 

are the same. ROSATOM however indicates there are still discrepancies when the transport 

and diffusion calculations are compared on case 5: for CEA, the voiding of the core only gives 

the same result in transport and in diffusion while for ROSATOM there are discrepancies up 

to 10%.  It must also be noticed that in ROSATOM transport calculations, there are nearly no 

differences between cases 3 and 1 when the lower axial blankets are voided. 

The model used at ROSATOM will be revised so as to perform more detailed studies. 

 

 

 

- Conclusions and perspectives 

 

The assets found for the cores BN1800, and more especially the 80cm-high one, deserves 

further detailed studies; such an advanced design indeed enables to decrease the voiding 

effect by 2$ compared to the core SFRv0, and its value is 2.7$. This improvement is due the 

lower height of the core but also to the use of a higher sodium plenum and of boron shield 

above. The better isotopic composition of plutonium is also favourable. It can be added that 

these design features (lower height of the core, use of a sodium plenum with shieldings with 

boron) are used in the BN1800 core. 

 

Concerning the characteristics of the core (power, burn-up and breeding ratio), the results of 

the benchmark were confirmed, except for discrepancies on the breeding ratio in the 

breeding blankets, probably due to the methods used. 

 

Moreover, reproducing the benchmark could show the lack of accuracy in calculating the 

void effect when using the diffusion theory in regions at the core periphery where the 

volume fraction of sodium is important (e.g. the sodium plenum). The benchmark also 

showed the limits of the module TGV/VARIANT in ERANOS, which cannot calculate cores as 

big as the BN1800 cores. That illustrates the necessity to have in ERANOS a 3D Hex-Z 

transport solver which can calculate big cores. 

 

To end up, there are discrepancies in the voiding effects being calculated with the transport 

theory either at CEA or at ROSATOM, especially concerning the fissile zone. The realization of 

voiding experiments such as the void experiments performed in the critical installation 

MASURCA or BFS (BFS581 configuration) would enable to determine how exact the results of 

ERANOS for such voiding conditions are.  

 

                                                      
1
 The Russian experiments BFS58 are experiments on the critical mock-up BFS which simulates the BN800 core 

with a sodium plenum. Different numbers of subassemblies of the core with and without plenum are voided. 
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Appendix 5 : Examples of transients in a ULOF accident for EFR and SFRv2b 

 

The designs of the cores between EFR and SFRv2b have been improved concerning the 

accidental behaviour. Indeed, the feedback effects have been improved to lower the 

maximum temperatures of the cores, so as to delay the power excursion and improve the 

way the accident occurs.  

 

Below are given examples of feedback effects for cores close to the EFR1 and the SFRv1. 

These values are only given as examples, to give orders of magnitude. Then, the transients of 

ULOF corresponding to these two cores are given as examples of improvements which can 

be performed. 

  

  

EFR-type SFRv1-type 

  

∆ρ 

(pcm) 

∆ρ/∆T 

(pcm/K) 

∆ρ 

(pcm) 

∆ρ/∆T 

(pcm/K) 

Sodium 
Void effect 

2432.8 

(7.1$) 
  

1537.3 

(4.4$) 
  

Perturbation   0.6111 

 

0.4266 

Structure 
Hexcans   0.0717   0.0485 

Claddings   0.2204   0.2043 

Fuel Tied   -0.2456   -0.2057 

Grid Radial   -0.8631   -0.8080 

Doppler 450K -> 1500K -694.5   -819.4   

 

 

The transients are calculated with a code called MAT4DYN giving very fast tendencies on 

how the core will behave during the transient. 

 

 

 

The results for the core of EFR-type 

are given here.  The variations of 

reactivity (in pcm) first, and then the 

variation of power, temperatures of 

fuel, claddings and sodium.  

 

                                                      
1
 The core is different from EFR because it has only two enrichment zones and its enrichment was recalculated 

for it to be critical in RZ at the end of cycle. 
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Here are the results of the 

transient of the ULOF for the core 

SFRv1.  The first graph shows the 

variations of reactivity during the 

transient, with all the impacts of 

the different feedback effects. 

 

Then, the average temperatures 

of the fuel, the claddings and the 

sodium are given. 

 
 

 

The power excursion also occurs for the core SFRv1, and the temperatures of the materials 

are slightly reduced (10K for the claddings and the sodium), but this is not significant. For the 

ULOF, the improvements in the conception between EFR and SFR are not sufficient to 

change the behaviour of the core during the accident, but with a core with a very low 

voiding effect, this may be different. 

Having in mind this goal, the sodium expansion coefficient of SFR was set to 0.01pcm/K and 

the same calculations were performed: 

 



APPENDIX 5 

 

190 

 

 
 

The transient here shows that cancelling the voiding effect changes entirely the transient: 

the sodium does not boil, the claddings do not melt, and the fuel remains intact. This is the 

effect we are looking for. 

However, the zero-voiding effect of the core is not real, it was intentionally set to zero. If a 

core is designed so as to obtain a zero-voiding effect, the other feedback effects may also 

change and the transient will certainly be different.  
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Appendix 6: Analysis of ULOF Accident in Monju 

 

In this appendix, a summary of the following document: “Analysis of ULOF Accident in Monju 

Reflecting the Knowledge from CABRI In-pile Experiments and Others” [39], is being 

presented as an example of a safety approach for this type of accident for an existing 

reactor. 

 

In the safety evaluation in the original licensing procedure of the prototype FBR 

Monju: the mechanical energy release during an unprotected loss-of-flow (ULOF) event, one 

of technically inconceivable events postulated beyond design basis, was evaluated and 

shown that the radiological consequences are suitably limited. Since the sodium leakage 

accident in the secondary heat-transport system, the Monju plant has been kept under the 

stand-by condition for more than ten years and the composition of fuel in the current 

reactor core has changed due to decay of a plutonium isotope into americium. This change 

in fuel composition affects the neutronics characteristics of the core, requiring assessment 

of its effect on safety. 

In this study, event sequences of ULOF were analyzed to assess the effect of the 

change in neutronics characteristics on the mechanical energy release during ULOF. A 

significant advance has been made in the safety analysis codes reflecting the knowledge 

obtained through extensive safety research programs in the last decades, notably the CABRI 

in-pile experiments. The present results with the advanced analysis codes showed that the 

mechanical energy release in the current Monju core with the changed neutronics 

characteristics would not exceed the value evaluated formerly. 
 

 

The accident of ULOF was consequently re-analyzed taking into account the progresses in 

the knowledge of the phenomena which occur during the sequence of the scenarios. 

Considering reduced uncertainties on some neutronics parameters, the most probable 

scenario was defined (this is the “best estimate” scenario) and then, other scenarios 

corresponding to penalizing conditions were defined. The objective was to make the 

scenario becoming conservative with respect to all the situations leading to core 

degradations and to energetic excursions. 

The following diagram summarizes the performed calculations: 
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In the safety report of the conception of Monju, the mechanical energy which is conservative 

of all the accidental situations was evaluated to 380MJ.  

In the current study, the released mechanical energy does not exceed 330MJ, thus showing 

the reactor is still sure despite the degradation of its reactivity coefficients due to the 

increase of concentration of Am241 in the reactor (created by the radioactive decay of 

Pu241). This value was obtained given pessimistic assumptions given for the Na void 

coefficient (most probable value + 30% increase due to uncertainty) and for the axial 

displacement of materials due to thermal expansion (cancelled since their basic mechanical 

behaviour is associated to complex phenomena involving fuel behaviour). 

If only a pessimistic assumption is given to the sodium void (most probable value + 30% 

increase due to uncertainty) value for the released mechanical energy reaches 150 MJ and is 

coming from the transition phase. 

If most probable values are given for all feedback coefficients, there is no released 

mechanical energy. 

Uncertainties calculations on the primary phase of the accident were calculated by I. Sato et 

al. [40]. 

Evaluation of the 
vessel integrity

Evaluation of the decay
heat removal means

Mechanical disruptive 
state of the core

Initiating
Phase All pumps stopped

No SCRAM

ULOF 
Initiating Event

No mechanical
Energy release

150 MJ mechanical
Energy production

330 MJ 
mechanical
Energy
production

Rupture and melting of the hexagonal tube
Formation of a  melted fuel pool
Fuel moved out of the core
Reactor stopped (neutron reaction chain)

No mechanical
Energy release

Na void
Cladding melting
Power increase
Cladding rupture 
Fuel dispersion

Transition 
Phase 
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Appendix 7 : Experimental validation to support the scenarios: Scenarios of the ULOF and the 

TIB 

 
 

In-pile and out-of-pile tests were performed in the 70's to demonstrate that the 

vessel can remain intact and furthermore tight. 

Most of the experiments were performed in the CABRI (experimental reactor in Cadarache, 

France, dedicated to the study of accidents in fast reactors) and SCARABEE reactors between 

1971 and 20011 ([82], [83], [84], [85] and [86]). Results of these experiments give 

information concerning the scenarios which can be envisaged for the accident: the detailed 

scenarios are given on Figure 10-5 for the ULOF and in Figure 10-6 for the TIB. 

 

 

The experiments on the ULOF 

 

� Primary phase 

The primary phase was studied in CABRI (LOF and TOP). These experiments enabled to 

demonstrate the sodium voiding reactivity insertion was cancelled by the fuel ejection (fuel 

expands like a foam) and the fuel-sodium interaction. 

 

Fuel can spread axially; this is called the squirting effect. Indeed, the temperature and the 

pressure increase in the pellet while the cladding is still intact. Under this pressure, part of 

the fuel is ejected in the lower or upper part of the pin. The fissile mass ejected outside the 

core is about 20 to 30% (50% max if the TOP is late). There is moreover release of a strong 

mechanical energy. This fuel ejection depends on the fuel mobility and on the massive 

candling in the ejection front. It is also very dependent on the pin geometry: the pin 

considered in CABRI had no central hole and had a small diameter, and new experiments are 

needed to see if the squirting effect could occur in bigger annular pellets like the SFRv2b 

ones. 

 

If the fuel is irradiated (presence of fission gases), the fuel movement is reduced (ejection of 

mixed foam and remains). An effect called “Sarbacane” was noticed in this case, that means 

fuel is not ejected in the upper or lower part of the pin but on the contrary it relocates in the 

centre of the pin. 

 

� Transition phase  

At the beginning of this transition phase, it is possible that fuel begins to move and 

consolidates more outside of the fissile zone. It would however be at a maximum of 4 to 

6cm.  

 

Finally it is impossible to stop the accident at the primary phase; the accident evolves 

towards a transition phase. 

 

                                                      
1
 In CABRI, flow reductions, power transients and power ramps were studied. In SCARABEE, flow reductions and 

TIB were studied. 
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10-5 : Scenario of an Unprotected Loss Of Flow 
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The experiments on the TIB 

 

 

The TIB was studied in SCARABEE [41], and the scenario of the accident was divided into 

several phases: 

- Evolution of the melting of materials in the damaged subassembly (BE+ tests) 

- Propagation in the inter-assembly gap (PI-A tests) 

- Propagation in a neighbouring subassembly (PV-A tests) 

- Fuel and steel molten pool behaviour. 

 

It was noticed that in the blocked subassembly, there is no fuel ejection because of 

blockages created above and below the fissile zone. 

A fuel crust is created on the can wall, the high fuel temperature induces melting of the 

hexcan steel. 

Then the molten fuel-sodium interaction initiates material dispersal. It is just this interaction 

that causes the neighbouring subassembly to undergo melting. There is still no axial fuel 

ejection, but the fuel-sodium interaction results in the radial propagation of the melted 

material. 

A high delayed neutron signal is emitted, which leads to the accident detection and to the 

SCRAM (rods shutdown). 
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10-6 : Total Instantaneous Blockage Scenario 
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Appendix 8 : Comparison ERANOS/TRIPOLI on accidental situations 

 

To check the accuracy of the ERANOS calculations in case of accident, a comparison was 

performed between TRIPOLI (Hex-Z geometry) and ERANOS in RZ with BISTRO and in Hex-Z 

with VARIANT. 

 

Geometrical data: Calculations were 

performed on the SFRv2b. 1, 7 and 19 

subassemblies in the inner and outer core 

(see Figure 10-7) were slumped down. The 

emergency central rod was replaced by a fuel 

zone to perform RZ calculations. Moreover, 

2% of structure in volume was added in the 

voided zone for the VARIANT calculations to 

converge. That does not impact the results as 

shown in the reference TRIPOLI calculations. 

 

Cell calculations: All the calculations were 

performed at 300K and the module 

CONDITIONS DE FONCTIONNEMENT is not 

called for the media and the geometry not to 

expand. During the ECCO calculation, the fuel 

cells are supposed to be critical (B2 search). 

 

Library: The library used is JEF-2.2. 

 

The results of the comparisons are presented in the table below. 

   0 1 7 19 (18 for OC) 
       

SLUMP-DOWN IN  

INNER CORE 

TRIPOLI 
ρ (pcm) 2432 2433 2787 6596 

Δρ (pcm) 0 1 355 4164 
      

ERANOS 3D 
ρ (pcm) 2286 2286 2636 6700 

Δρ (pcm) 0 0 350 4414 
      

ERANOS RZ 
ρ (pcm) 2290 2301 2620 6578 

Δρ (pcm) 0 11 330 4288 
       

SLUMP-DOWN IN  

OUTER CORE 

TRIPOLI 
ρ (pcm) 2432 2452 7625 12515 

Δρ (pcm) 0 20 5193 10083 
      

ERANOS 3D 
ρ (pcm) 2286 2293 7640 12643 

Δρ (pcm) 0 7 5354 10357 

Table 10-7: Comparison TRIPOLI/ERANOS on reactivity in the SFRv2b core 

The results ERANOS RZ and 3D are very close to TRIPOLI results, and the maximum error is 

7% for 7 and 19 compacted subassemblies. It can be concluded that ERANOS results are 

correct in case of core slump-down, and that ERANOS can be used for the reactivity 

calculation of this sort of accidents. 

Figure 10-7: Compacted zone in the outer core 

of the SFRv2b core 
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In 3D, the geometry is usually described in XYZ. It is rather intricate to describe a hexagonal 

lattice in XYZ. Therefore it was decided to depict the hexagon by a rectangle which surfa

equal to the surface of the subassembly

 

 

 

 

 

 

 

 

 

 

 

Figure 10-9

 

The formula used to calculate the rectangle dimensions are:

2

2

3

ea
b

eac

−=

−=

 

with 

a the subassembly pitch.

b the rectangle internal radial face size.

c the rectangle inter

e the sum of the inter

 

When doing thermohydraulic calculations, correction terms must be applied so as to keep 

contact surfaces between fluid and structure. As far as neutronics is concerned, 

important is to maintain the volume and the mass balance.

 

To conclude on this 3D geometry representation and on the neutronics calculation, it can be 

seen that this description enables to preserve the flux shape evolution in the core in case of 

geometry degradation. 

Figure 10-8: Hexagon to rectangle
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Appendix 9: SIMMER-IV geometry description 

In 3D, the geometry is usually described in XYZ. It is rather intricate to describe a hexagonal 

it was decided to depict the hexagon by a rectangle which surfa

equal to the surface of the subassembly (see Figure 10-8).  

 

9: Modelling of a hexagon in a XY configuration 

The formula used to calculate the rectangle dimensions are: 

a the subassembly pitch. 

b the rectangle internal radial face size. 

c the rectangle internal azimuthal face size. 

e the sum of the inter-wrappers gap and wrapper thickness.

When doing thermohydraulic calculations, correction terms must be applied so as to keep 

contact surfaces between fluid and structure. As far as neutronics is concerned, 

important is to maintain the volume and the mass balance. 

To conclude on this 3D geometry representation and on the neutronics calculation, it can be 

seen that this description enables to preserve the flux shape evolution in the core in case of 

Two continuous faces are grouped (2

6). To distinguish them, the rectangle is divided 

in two meshes (the first one with faces 3, 4, 5 

and the other one with faces 1, 2, 6). However it 

changes the size of faces: it increases 1 and 4 

while it decreases 2, 3, 5 and 6 fa

 

What is mainly interesting in this 

transformation is that it enables to keep the 

subassembly pitch size. In Figure 

how the transformation is done.

 : Hexagon to rectangle 

 

1 

4 

5 

6 

Mesh 1 

Mesh 2 
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In 3D, the geometry is usually described in XYZ. It is rather intricate to describe a hexagonal 

it was decided to depict the hexagon by a rectangle which surface is 

 
 

wrappers gap and wrapper thickness. 

When doing thermohydraulic calculations, correction terms must be applied so as to keep 

contact surfaces between fluid and structure. As far as neutronics is concerned, what is 

To conclude on this 3D geometry representation and on the neutronics calculation, it can be 

seen that this description enables to preserve the flux shape evolution in the core in case of 

s are grouped (2-3 and 5-

6). To distinguish them, the rectangle is divided 

in two meshes (the first one with faces 3, 4, 5 

and the other one with faces 1, 2, 6). However it 

changes the size of faces: it increases 1 and 4 

while it decreases 2, 3, 5 and 6 face sizes. 

What is mainly interesting in this 

is that it enables to keep the 

Figure 10-9 is shown 

ansformation is done. 
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Appendix 10:  Definitions [87] [88] 

 

 

1) Cross-section:  

 

A cross-section is specific to a particle, an isotope and a reaction. It also depends on the 

different parameters of the incident particle (here it is a neutron), in particular its energy. A 

cross-section can be defined by the probability of interaction between the nucleus and the 

particle in a given state for the considered reaction.  

The cross-section definition can be given otherwise: imagine a target and a particle. The 

interaction occurs when the particle trajectory carries the particle very close to the target: 

the distance between the centres of the target and the particle are smaller than the sum of 

both radius (particle and target). The area of the circle which radius equals the sum of the 

particle and target’s radius is called cross-section. It also explains why the cross-section unity 

is barn (1 barn=10-24 cm2). 

 

 
Figure 10-10 : A cross-section 

 

Here is an example of cross-section: the total fission cross-section of Pu239 according to the 

JEFF-3.1 library. 

 

PARTICLE 

TARGET 
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Figure 10-11 : Pu239 fission cross

 

2) Probability tables:  

 

To treat high energy reactions, probability tabl

sections: indeed, resonances are so numerous that it is impossible to describe them 

pointwise. 

To describe the definition of probability tables, three schemes will be used (see 

10-12). 

The first one shows the conventional picture of

function of the energy. The scale is reset to t

The second one corresponds to the probability density p(σ). p(σ)dσ is the probability that the 

cross-sections takes a value in the interval [σ, σ+dσ]

The last scheme is an approximation

 

Figure 10-12 : From microscopic cross

 

If an integral must be calculated in the energy group, it will be calculated this way: 

( )[ ]dEEfI ∫= σ . Calculating this integral is quite intricate as it needs a lot of calculation 

: Pu239 fission cross-section depending on the neutron incident energy

To treat high energy reactions, probability tables are more efficient than effective cross

sections: indeed, resonances are so numerous that it is impossible to describe them 

the definition of probability tables, three schemes will be used (see 

shows the conventional picture of the cross-section within

function of the energy. The scale is reset to the interval [0,1]. 

The second one corresponds to the probability density p(σ). p(σ)dσ is the probability that the 

sections takes a value in the interval [σ, σ+dσ] within the considered energy groups

approximation of the probability density by three Dirac distributions.

: From microscopic cross-section to probability tables.

If an integral must be calculated in the energy group, it will be calculated this way: 

. Calculating this integral is quite intricate as it needs a lot of calculation 

Resonance
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section depending on the neutron incident energy 

es are more efficient than effective cross-

sections: indeed, resonances are so numerous that it is impossible to describe them 

the definition of probability tables, three schemes will be used (see Figure 

within one energy group 

The second one corresponds to the probability density p(σ). p(σ)dσ is the probability that the 

within the considered energy groups. 

lity density by three Dirac distributions. 

 
section to probability tables. 

If an integral must be calculated in the energy group, it will be calculated this way: 

. Calculating this integral is quite intricate as it needs a lot of calculation 
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points (and a lot of values). So, to make the calculation easier, this Riemann integral is 

transformed into a Lebesgue one: ( )[ ] ( ) ( ) i
i

i pfdpfdEEfI ∑∫∫ ≈== σσσσσ )( . The values 

of probability table can be recognized. And the intricate integral is now a simple sum once �� 
and �� have been determined appropriately. 

 

In ECCO, every cross-section is described with probability tables. On the contrary, SIMMER 

cross-sections definitions are based on effective cross-sections as is shown in the first 

scheme. 

 

 

3) Dilution cross-section: 

 

The dilution cross-section σb is the ratio between the moderator macroscopic cross-section 

and the resonant isotope concentration N0:
0N
m

b

Σ
=σ . If the isotope is infinitely diluted, N0 is 

close to 0 and the dilution cross-section σb tends to infinity. 

 

 

4) Self-shielding:  

 

Evaluated nuclear data libraries contain cross-sections condensed in appropriate physical 

models; cross-sections are then changed in a pointwise form. Since in ECCO libraries they are 

in multi-group form, another processing is necessary. Pointwise cross-sections are 

condensed to give average values over a given energy range. To condense these pointwise 

cross-sections, a flux corresponding to an average cell is being used. This flux does take into 

account a structure due to the resonances but only for this average cell (see Figure 10-13). If 

an average infinitely diluted cross-section would be used then the reaction rate ( ϕΣ∝T ) is 

over-estimated as the flux at the reasonable energy and in its immediate neighbourhood is 

considerably smaller than at energies more distant from the resonance energy (see in Figure 

10-13 the range around � ≈ 6.7	
. This is the self-shielding phenomena. It is important to 

preserve the flux and the reaction rate, so the cross-section is modified: it is multiplied by a 

factor. The new cross-section is called self-shielded cross-section or effective cross-section, 

and the factor is the self-shielding factor.  

The self-shielding factor is defined by:
( )
( ) 1≤
∞

=
σ

σσ bf , with ( )bσσ  the mean cross-section 

(weighted on the flux) and ( )∞σ  the infinite dilution cross-section. When the dilution 

increases, the self-shielding factor is close to 1 and the cross-section is very close to the 

unshielded one. 
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Figure 10-13 : Self-shielding example (U238) 

 

 

5) Transport cross-section: 

 

Two values have a significant impact on the reactor multiplication factor: the ratio 

fission/absorption and the distance crossed by a neutron between two successive 

interactions with material. The last value is defined by the migration area. It depends on 

three aspects: 

- The elementary neutron free mean path between two collisions: directed by 

the macroscopic total cross-section. 

- The number of elementary distances covered by the neutron during migration: 

directed by the ratio macroscopic scattering cross-section/total cross-section. 

- The deviation angle Ψ when there is scattering, and especially its mean cosine 

value μ. What matters is that if μ is positive (what happens most of the time), 

neutrons go further than if the scattering was isotropic, so μ cannot be set to 0. 

 

When scattering is supposed to be isotropic, μ is equal to 0 and the migration area is not 

conserved. To correct that usually not valid assumption, the migration area formula coming 

from the mono-kinetic theory for an infinite homogeneous medium is taken: 
tra

M
ΣΣ

=
3

12 , 

where the transport cross-section is str Σ−Σ=Σ µ . So, to correct the migration area, the 

total cross-section is replaced by the transport cross-section. The neutrons mean free path is 

not preserved but it is more important to keep the value of the migration area. 
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6) Reactivity and k-effective: 

 

k-effective (k-eff) is the effective multiplication coefficient. It is defined by: 

2222 11 BMBM

k
k af

eff +
ΣΣ

=
+

= ∞ ν
 (with this definition, the (n,2n), (n,3n), etc. reactions are 

neglected). ∞k represents the ratio production/disappearance of neutrons when there is no 

leakage, that is to say in an infinite medium. 
221

1

BM+
is the probability that there is no 

neutron leakage. If the reactor is critical, the k-eff is equal to 1.  

The reactivity is the difference between k-eff and 1: 
eff

eff

k

k 1−
=ρ . It is usually given in pcm 

(=10-5). 

 

The reactivity can also be given in dollar ($). A dollar is the delayed neutron fraction (also 

called βeff) in pcm (in a fast reactor, 1$ is worth about 350pcm). It corresponds to the 

reactivity threshold before the reactor would become prompt critical. When exceeding that 

threshold, it would become difficult to control the reactor as the power would be increasing 

exponentially with a very short neutron prompt life time (~0.5μs).  
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Appendix 11: Specifications of the SIMMER calculations for SPX 

 

To give a more precise description of the studied cases, isotopic concentrations (obtained in 

SIMMER output) and temperatures for each cell and cases are given in the 6 tables below 

(from Table 10-8 to Table 10-13). For each case, the differences with the Case a are in red.  

 

Case a CORE RADIAL BLANKET UPPER BLANKET LOWER BLANKET 

         

Temperature (K) 3000 1500 1500 1500 

Volume (cm3) 10752100 10555751 3225630 3225630 

Density 

(at/barn.cm)         

O 1.05106986E+05 2.54739594E+05 8.55119466E+04 8.55119466E+04 

Mn 3.40109985E+03 3.13015778E+03 1.61761078E+03 1.61761078E+03 

Mo 5.10164977E+03 4.69523667E+03 2.42641617E+03 2.42641617E+03 

U235 2.27735765E+02 3.21694448E+02 1.36732695E+02 1.36732695E+02 

U238 4.35786258E+04 1.28378153E+05 4.02530429E+04 4.02530429E+04 

Pu239 6.40009060E+03 0 1.93648112E+03 1.93648112E+03 

Pu240 2.09643384E+03 0 6.34319855E+02 6.34319855E+02 

Pu241 4.67644064E+02 0 1.41495481E+02 1.41495481E+02 

Pu242 1.62451037E+02 0 4.91529550E+01 4.91529550E+01 

Am241 7.40812865E+01 0 2.24148409E+01 2.24148409E+01 

Pu238 4.10347562E+01 0 1.24159228E+01 1.24159228E+01 

Fe 1.12245930E+05 1.03304074E+05 5.33857383E+04 5.33857383E+04 

Cr 2.89045313E+04 2.66019075E+04 1.37474004E+04 1.37474004E+04 

Ni 2.04098107E+04 1.87839024E+04 9.70719219E+03 9.70719219E+03 

Table 10-8: Reference case regions isotopic compositions 

Case b CORE RADIAL BLANKET UPPER BLANKET LOWER BLANKET 

         

Temperature (K) 1500 1500 1500 1500 

Volume (cm3) 10752100 10555751 3225630 3225630 

Density 

(at/barn.cm)         

O 1.05106986E+05 2.54739594E+05 8.55119466E+04 8.55119466E+04 

Mn 3.40109985E+03 3.13015778E+03 1.61761078E+03 1.61761078E+03 

Mo 5.10164977E+03 4.69523667E+03 2.42641617E+03 2.42641617E+03 

U235 2.27735765E+02 3.21694448E+02 1.36732695E+02 1.36732695E+02 

U238 4.35786258E+04 1.28378153E+05 4.02530429E+04 4.02530429E+04 

Pu239 6.40009060E+03 0 1.93648112E+03 1.93648112E+03 

Pu240 2.09643384E+03 0 6.34319855E+02 6.34319855E+02 

Pu241 4.67644064E+02 0 1.41495481E+02 1.41495481E+02 

Pu242 1.62451037E+02 0 4.91529550E+01 4.91529550E+01 

Am241 7.40812865E+01 0 2.24148409E+01 2.24148409E+01 

Pu238 4.10347562E+01 0 1.24159228E+01 1.24159228E+01 

Fe 1.12245930E+05 1.03304074E+05 5.33857383E+04 5.33857383E+04 

Cr 2.89045313E+04 2.66019075E+04 1.37474004E+04 1.37474004E+04 

Ni 2.04098107E+04 1.87839024E+04 9.70719219E+03 9.70719219E+03 

Table 10-9: Case b regions isotopic compositions 
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Case c CORE RADIAL BLANKET UPPER BLANKET LOWER BLANKET 

         

Temperature (K) 3000 1500 1500 1500 

Volume (cm3) 10752100 10555751 3225630 3225630 

Density 

(at/barn.cm)         

O 1.18097734E+05 2.54739594E+05 7.90165141E+04 7.90165141E+04 

Mn 3.40109984E+03 3.13015778E+03 1.61761078E+03 1.61761078E+03 

Mo 5.10164976E+03 4.69523667E+03 2.42641617E+03 2.42641617E+03 

U235 2.55882876E+02 3.21694448E+02 1.26346568E+02 1.26346568E+02 

U238 4.89647472E+04 1.28378153E+05 3.71954477E+04 3.71954477E+04 

Pu239 7.19111290E+03 0 1.78938726E+03 1.78938726E+03 

Pu240 2.35554360E+03 0 5.86137327E+02 5.86137327E+02 

Pu241 5.25442758E+02 0 1.30747576E+02 1.30747576E+02 

Pu242 1.82529251E+02 0 4.54193281E+01 4.54193281E+01 

Am241 8.32373988E+01 0 2.07122240E+01 2.07122240E+01 

Pu238 4.61064668E+01 0 1.14728173E+01 1.14728173E+01 

Fe 1.12245930E+05 1.03304074E+05 5.33857383E+04 5.33857383E+04 

Cr 2.89045312E+04 2.66019075E+04 1.37474004E+04 1.37474004E+04 

Ni 2.04098106E+04 1.87839024E+04 9.70719219E+03 9.70719219E+03 

Table 10-10: Case c regions isotopic compositions 

 

Case d CORE RADIAL BLANKET UPPER BLANKET LOWER BLANKET 

         

Temperature (K) 3000 1500 1500 1500 

Volume (cm3) 10752100 10555751 3225630 3225630 

Density 

(at/barn.cm)         

O 1.05106986E+05 2.54739594E+05 8.55119466E+04 8.55119466E+04 

Mn 1.70054992E+03 3.13015778E+03 1.61761078E+03 1.61761078E+03 

Mo 2.55082488E+03 4.69523667E+03 2.42641617E+03 2.42641617E+03 

U235 2.27735765E+02 3.21694448E+02 1.36732695E+02 1.36732695E+02 

U238 4.35786258E+04 1.28378153E+05 4.02530429E+04 4.02530429E+04 

Pu239 6.40009060E+03 0 1.93648112E+03 1.93648112E+03 

Pu240 2.09643384E+03 0 6.34319855E+02 6.34319855E+02 

Pu241 4.67644064E+02 0 1.41495481E+02 1.41495481E+02 

Pu242 1.62451037E+02 0 4.91529550E+01 4.91529550E+01 

Am241 7.40812865E+01 0 2.24148409E+01 2.24148409E+01 

Pu238 4.10347562E+01 0 1.24159228E+01 1.24159228E+01 

Fe 5.61229649E+04 1.03304074E+05 5.33857383E+04 5.33857383E+04 

Cr 1.44522656E+04 2.66019075E+04 1.37474004E+04 1.37474004E+04 

Ni 1.02049053E+04 1.87839024E+04 9.70719219E+03 9.70719219E+03 

Table 10-11: Case d regions isotopic compositions 
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Case e CORE RADIAL BLANKET UPPER BLANKET LOWER BLANKET 

Temperature (K) 3000 1500 1500 1500 

Volume (cm3) 10752100 10555751 3225630 3225630 

Density   (at/barn.cm)       

O 1.05106986E+05 2.54739594E+05 5.37096343E+04 5.37096343E+04 

Mn 3.40109985E+03 3.13015778E+03 1.61761078E+03 1.61761078E+03 

Mo 5.10164977E+03 4.69523667E+03 2.42641617E+03 2.42641617E+03 

U235 2.27735765E+02 3.21694448E+02 8.58811354E+01 8.58811354E+01 

U238 4.35786258E+04 1.28378153E+05 2.52827389E+04 2.52827389E+04 

Pu239 6.40009060E+03 0 1.21629430E+03 1.21629430E+03 

Pu240 2.09643384E+03 0 3.98413191E+02 3.98413191E+02 

Pu241 4.67644064E+02 0 8.88726181E+01 8.88726181E+01 

Pu242 1.62451037E+02 0 3.08727300E+01 3.08727300E+01 

Am241 7.40812865E+01 0 1.40786516E+01 1.40786516E+01 

Pu238 4.10347562E+01 0 7.79838021E+00 7.79838021E+00 

Fe 1.12245930E+05 1.03304074E+05 5.33857383E+04 5.33857383E+04 

Cr 2.89045313E+04 2.66019075E+04 1.37474004E+04 1.37474004E+04 

Ni 2.04098107E+04 1.87839024E+04 9.70719219E+03 9.70719219E+03 

Table 10-12: Case e regions isotopic compositions 

 

 

Case f 
COMPACT 

CORE 

RADIAL 

BLANKET 

UPPER 

BLANKET 

LOWER 

BLANKET 
VOID 

Temp. (K)  3000 1500 1500 1500 1500 

Volume 

(cm3) 5376050 10555751 3225630 3225630 5376050 

Density   (at/barn.cm)         

O 1.05108107E+5 2.54740805E+5 8.55111588E+4 8.55111588E+4 0 

Mn 3.38926156E+3 3.13064052E+3 1.57663858E+3 1.57663858E+3 1.72292290E-1 

Mo 5.08389234E+3 4.69596078E+3 2.36495787E+3 2.36495787E+3 2.58438434E-1 

U235 2.27738194E+2 3.21695977E+2 1.36731436E+2 1.36731436E+2 0 

U238 4.35790907E+4 1.28378764E+5 4.02526721E+4 4.02526721E+4 0 

Pu239 6.40015888E+3 0 1.93646328E+3 1.93646328E+3 0 

Pu240 2.09645620E+3 0 6.34314012E+2 6.34314012E+2 0 

Pu241 4.67649053E+2 0 1.41494178E+2 1.41494178E+2 0 

Pu242 1.62452770E+2 0 4.91525022E+1 4.91525022E+1 0 

Am241 7.40820768E+1 0 2.24146344E+1 2.24146344E+1 0 

Pu238 4.10351940E+1 0 1.24158084E+1 1.24158084E+1 0 

Fe 1.11855233E+5 1.03320006E+5 5.20335396E+4 5.20335396E+4 5.68613363E+0 

Cr 2.88039226E+4 2.66060101E+4 1.33991947E+4 1.33991947E+4 1.46424042E+0 

Ni 2.03387698E+4 1.87867993E+4 9.46132028E+3 9.46132028E+3 1.03391643E+0 

Table 10-13: Case f regions isotopic composition 



Appendix 12 

 

 

207 

 

Appendix 12: Cross-sections and group scheme 

 

The 12-group library group scheme is depicted on the figures. The groups where there are 

differences are in light blue, and the new groups are in magenta. 
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Appendix 13: 16 energy group scheme 

 

 

 

Here is the 16 energy group scheme. 

 

 

 

 

 

 

Group Einf (MeV) Esup (MeV) 

1 6.065310e+00 1.964030e+01 

2 2.231300e+00 6.065310e+00 

3 1.353350e+00 2.231300e+00 

4 8.208500e-01 1.353350e+00 

5 4.978710e-01 8.208500e-01 

6 3.019740e-01 4.978710e-01 

7 1.110900e-01 3.019740e-01 

8 4.086770e-02 1.110900e-01 

9 1.503440e-02 4.086770e-02 

10 5.530840e-03 1.503440e-02 

11 3.354630e-03 5.530840e-03 

12 2.034680e-03 3.354630e-03 

13 1.234100e-03 2.034680e-03 

14 4.539990e-04 1.234100e-03 

15 1.486250e-04 4.539990e-04 

16 1.000000e-11 1.486250e-04 
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Appendix 14: Radial leakage and fuel slump-down 

 

STUDY N°1: Cores with finite and infinite radii 

 

In a first approximate approach, the reactivity insertion can be studied from the definition of 

the effective multiplication constant given by the mono-energetic diffusion theory: 

 

�� ≈ ���������� ���	 �� �������
���������� ���	 + �	��� 	 =  "Σ#

Σ$ +  DB' =  �∞

1 + M'B'  
 

with k∞ the infinite effective multiplication factor, M2 the migration area, B2 the geometric 

buckling and D the diffusion coefficient (* =  1 3Σ,-. ). 

 

For a cylindrical core, the geometric buckling is  /' =  01
23

'
+  045

6 3
'

, with H the height of 

the core, R its extrapolated radius and j0 the first zero of the Bessel function (j0=2.405). 

So, if the core radius tends to the infinite,  /' ≈ 01
23

'
 and:  

�� ≈  7Σ8 Σ9⁄
;< =>

?Σ@ΣABC>
=   7σ8 σ9⁄

;< =>
?σ@σABD>C>

 , with N the density of atoms (at/cm3). 

 

If the core is compacted, its height is divided by g, and consequently its density N is 

multiplied by g (E′ =  G
HI =  G

J ×2I =  G
J ×(2 M⁄ ) = G ×M

J ×2 = E ×  ), N’ beign the new density of 

the core. 

 

The product E′'O′' =  (E )' 02
M3

'
=  E'O' is constant, the slump-down of the core has no 

impact on k-eff, there is no reactivity insertion due to the core compaction if the number of 

atoms in the core remains constant.  

 

ERANOS (transport) and TRIPOLI calculations have been performed on a core with only one 

fuel zone enriched at 15.7% (its porosity is 0.96) and with volume fractions identical to 

SFRv2b. This core has no reflector, its radius is 236cm and its height 1m. Four calculations 

were performed: standard case and compacted case (compact fuel on 43.5cm), with a finite 

or infinite radius. The library used is JEF2.2. The difference in reactivity between ERANOS 

and TRIPOLI is only 66pcm, which is less than the error margin of this type of calculations. 

 

 

 ERANOS TRIPOLI 

Infinite radius 80 14 ± 14 

Finite radius 1730 1993 ± 14 

Table 10-14: Reactivity insertion in pcm during core slump-down with finite and infinite radius with 

both ERANOS and TRIPOLI 
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The neutron balances were calculated with ERANOS and TRIPOLI1 for each case (see from 

Table 10-14 to Table 10-21). Because of the different methods of the codes, the results are 

not exactly the same: with ERANOS the rates of production by fission, capture, fission, 

absorption and total leakage can be obtained; with TRIPOLI, the rates of production by 

fission, capture, fission, absorption, axial, radial and total leakage can be obtained.  

 

The first results concern the core with an infinite radius, so without radial leakage. The 

discrepancies TRIPOLI/ERANOS are inferior to 1.1%, what shows a good accordance between 

both balances.  

If the standard and compacted balances are compared, it can be seen that in the fuel zone 

(fuel zone that becomes compact fuel), terms of production, absorption and leakage are 

increased by a factor 2.4 (
;PP

QR.ST ×P.US = 2.4), what corresponds to the increase in fuel density. 

In void, all the terms become nearly null as there are no more interactions. Finally there is a 

zero variation of the terms of the balance, and the reactivity does not vary between the 

standard and the compacted cases. 

 

 
PRODUCTION 

BY FISSION 

ABSORPTIONS TOTAL 

(AXIAL) 

LEAKAGE  
CAPTURES FISSIONS ABSORPTIONS 

Fuel zone 

12 1.310E+20 4.471E+19 4.442E+19 8.913E+19 3.261E+19 

Fuel zone 

23 1.890E+20 6.489E+19 6.411E+19 1.290E+20 4.668E+19 

Total 3.200E+20 1.096E+20 1.085E+20 2.181E+20 7.929E+19 

Table 10-15: Neutron balance of ERANOS in the standard case of the core with an infinite radius 

 

 PRODUCTION 

BY FISSION 
ABSORPTIONS 

LEAKAGE 

 AXIAL RADIAL TOTAL 

Fuel zone 

1 

1.298E+20  ± 

1.4E+18 

8.913E+19 ± 

1.1E+18 

3.268E+19 

± 1.1E+18 
0 

3.268E+19 

± 1.1E+18 

Fuel zone 

2 

1.871E+20  ± 

1.7E+18 

1.289E+20 ± 

1.4E+18 

4.674E+19 

± 1.8E+18 
0 

4.674E+19 

± 1.8E+18 

Total 
3.168E+20 ± 

3.1E+18 

2.180E+20 ± 

2.5E+18 

7.943E+19 

± 2.9E+18 
0 

7.943E+19 

± 2.9E+18 

Table 10-16: Neutron balance of TRIPOLI in the standard case of the core with an infinite radius 

 

 

 

 

 

 

 

                                                      
1
 The neutron balances of TRIPOLI were normalized by comparison to the population of neutrons of ERANOS 

(leakage+absorptions in ERANOS=leakage+absorptions in TRIPOLI). 
2
 Fuel area in the lower part of the core, where fuel will be compacted when it is damaged. 

3
 Fuel area in the upper part of the core, where there will be only void once the core is damaged. 
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PRODUCTION 

BY FISSION 

ABSORPTIONS TOTAL 

(AXIAL) 

LEAKAGE  
CAPTURES FISSIONS ABSORPTIONS 

Fuel zone 

1 3.200E+20 1.095E+20 1.085E+20 2.181E+20 7.910E+19 

Void 

(zone 2) 8.774E-03 2.514E-03 2.958E-03 5.472E-03 2.689E-03 

Total 3.200E+20 1.095E+20 1.085E+20 2.181E+20 7.910E+19 

Table 10-17: Neutron balance of ERANOS in the compacted case with an infinite radius 

 

 PRODUCTION 

BY FISSION 
ABSORPTIONS 

LEAKAGE 

 AXIAL RADIAL TOTAL 

Fuel zone 

1 

3.168E+20 ± 

1.8E+18 

2.180E+20 ± 

1.7E+18 

7.943E+19 

± 3.1E+18 
0 

7.943E+19 

± 3.1E+18 

Void 

(zone 2) 0 0 0 
0 

0 

Total 
3.168E+20 ± 

1.8E+18 

2.180E+20 ± 

1.7E+18 

7.943E+19 

± 3.1E+18 
0 

7.943E+19 

± 3.1E+18 

Table 10-18: Neutron balance of TRIPOLI in the compacted case with an infinite radius 

 

 

The second results concern the core with a finite radius, where variations of radial leakage 

are not null. In this case, there is a maximum error of 1.5% between TRIPOLI and ERANOS 

balances. If the balances for the standard and compacted configurations are compared in 

the fuel zone, the factor 2.4 due to the increase in density is not found again. This is due to 

the fact that beyond the increase in density, another phenomenon enters in: the decrease in 

the radial leakage. 

This decrease in the radial leakage creates an increase of captures and fissions (they increase 

by a factor 2.5 between the standard and the compacted cases, while it was 2.4 when the 

radius was infinite). Indeed, when a neutron balance is established, the neutron can be 

captured or fissioned or escapes. So, for a given population of neutrons, the sum of the 

absorptions (captures + fissions) and of the leakage is constant. Consequently, there are 

fewer neutrons which escape, what means there will be more neutrons absorbed (and so 

more fissions and more captures). As a conclusion, decreasing the radial leakage during fuel 

slump-down in accordance with a reduction of the migration area, M2, in the equation 

discussed before, has as a consequence to increase the productions by fission and, thus to 

increase the k-effective. 

 

 
PRODUCTION 

BY FISSION 

ABSORPTIONS 
TOTAL 

LEAKAGE 
 

CAPTURES FISSIONS ABSORPTIONS 

Fuel zone 1 1.311E+20 4.394E+19 4.446E+19 8.840E+19 3.700E+19 

Fuel zone 2 1.892E+20 6.374E+19 6.413E+19 1.279E+20 5.299E+19 

Total 3.203E+20 1.077E+20 1.086E+20 2.163E+20 9.000E+19 

Table 10-19: Neutron balance of ERANOS in the standard case of the core with a finite radius 
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 PRODUCTION 

BY FISSION 
ABSORPTIONS 

LEAKAGE 

 AXIAL RADIAL TOTAL 

Fuel zone 1 
1.302E+20 ± 

1.5E+18 

8.861E+19 ± 

1.1E+18 

3.273E+19 

± 1.3E+18 

4.109E+18 

± 8.0E+16 

3.684E+19± 

2.1E+18 

Fuel zone 2 
1.877E+20 ± 

1.7E+18 

1.281E+20 ± 

1.3E+18 

4.679E+19 

± 1.8E+18 

5.925E+18 

± 3.9E+17 

5.271E+19± 

2.2E+18 

Total 
3.178E+20 ± 

3.2E+18 

2.167E+20 ± 

2.5E+18 

7.952E+19 

± 3.1E+18 

1.003E+19 

± 4.7E+17 

8.955E+19± 

3.6E+18 

Table 10-20: Neutron balance of TRIPOLI in the standard case of the core with a finite radius 

 

 

 
PRODUCTION 

BY FISSION 

ABSORPTIONS 
TOTAL 

LEAKAGE 
 

CAPTURES FISSIONS ABSORPTIONS 

Fuel zone 1 3.201E+20 1.089E+20 1.086E+20 2.175E+20 8.305E+19 

Void (zone 2) 7.407E-03 2.059E-03 2.496E-03 4.555E-03 2.413E-03 

Total 3.201E+20 1.089E+20 1.086E+20 2.175E+20 8.305E+19 

Table 10-21: Neutron balance of ERANOS in the compacted case of the core with a finite radius 

 

 

 PRODUCTION BY 

FISSION 
ABSORPTIONS 

LEAKAGE 

 AXIAL RADIAL TOTAL 

Fuel zone 1 

3.246E+20 ± 

1.8E+18 

2.229E+20 ± 

1.7E+18 

8.134E+19 

± 3.1E+18 

2.015E+18 

± 2.5E+17 

8.336E+19± 

3.3E+18 

Void (zone 2) 0 0 0 0 0 

Total 
3.246E+20 ± 

1.8E+18 

2.229E+20 ± 

1.7E+18 

8.134E+19 

± 3.1E+18 

2.015E+18 

± 2.5E+17 

8.336E+19± 

3.3E+18 

Table 10-22: Neutron balance of TRIPOLI in the compacted case of the core with a finite radius 

 

 

STUDY N°2: Variations of the radial leakage 

 

During the fuel compaction of a complete core, the variation of reactivity is mainly due to 

the radial leakage. The radial leakage depends on the height of the core. So, if the fissile 

zone is 1m-high, the leakage is smaller than if it is 0.5m for instance. During the core slump-

down, the fissile height varies and that creates reactivity variations. 

 

So as to better understand the influence of radial leakage on the core slump-down, three 

calculations were performed in case of core compaction: 

1) Collapsing of a core with an infinite radius and only one fuel zone (enriched at 16%). 

The radial leakage is null. 

2) Collapsing of a core with only one fuel zone (enriched at 16%) but with a finite radius 

(2.6m). The radial leakage is not null anymore. 

3) Collapsing of a core with two fuel zones having the same volume (2.6m of total 

radius), the second one being more enriched than the first one (they are respectively 

enriched at 15 and 17%). The radial leakage is more important than in case 2. 
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All these cores were voided in the nominal state, in this part the compaction of fuel mixed 

homogeneously to the structure was studied (respectively 42% and 20%, with 50% of void). 

The mixture fuel/structure is consequently compacted with a height of 62cm. 

The calculations were performed with the ERANOS code system in RZ transport. 

 

The reactivity insertions obtained for each case are: 

- Case 1: +50pcm. 

- Case 2: +928pcm. 

- Case 3: +2280pcm. 

 

The compaction of a core with an infinite radius does not create reactivity insertion as there 

are no leakage variations: the difference in reactivity is only 50pcm, which is less than the 

error margin of this type of calculations. 

 

However, taking into account a finite radius of the core, and consequently increasing the 

radial leakage, causes a reactivity insertion of 900pcm upon compaction. 

If the radial leakage is increased, by adding an outer fuel zone with higher enrichment for 

example, the insertion of reactivity increases again.  

 

There are two important points in this study: 

- The variation of fuel temperature between the nominal and the compacted cases 

are not taken into account. 

- The study is valid only if the total amount of homogenised material is conserved 

between nominal and compacted cases. 

So it is important to study the hypothesis where the mixture fuel/structure is not 

homogeneous, where there is stratification of structure above or below the molten fuel.  
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Appendix 15 : The vanadium material 

 

It seems that vanadium could be, when melted, a material miscible with fuel. This feature, if 

demonstrated, could be very interesting since it would limit the reactivity increase in case of 

core slump-down. However its equilibrium diagram is very intricate and not very well known 

and consequently no proof could be found that vanadium was actually miscible with fuel. It 

would take several years to have more precise information on this material, but this means 

also that new experiments are needed. Below are given the diagrams V-O and UO2-VO2. The 

diagram which would help in concluding on the miscibility of vanadium with fuel would be U-

Pu-V-O.  

 

 
Figure 10-14 : System V-O. Assessed phase diagram at 0.1 MPa.  

V = bcc V(O) ss; ′′′′αααα = bct ss; ββββ = bct ss; γγγγ = monoclinic ss; δδδδ = fcc ss; ′′′′δδδδ = bct ss; bct = body-centred 

tetragonal [89]. 
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Figure 10-15 : UO2-VO2 phase diagram [90] [91] 

 

Vanadium is an interesting material for the claddings, as it has very good thermal properties 

and is rather transparent to neutrons (better than steel). Studies were performed in the past 

on this material [92] but its main problem is that it oxidises a lot: the vanadium must be used 

as an alloy and might need a passivating layer for being used in the reactor. 



Appendix 16 

 

 

 

Appendix 16

 

To calculate the amount of fuel to eject from the core to avoid recriticality, ERANOS 

calculations have been performed in 1D transport with the library ERALIB1. Different cores 

were simulated, each of them being critical in nominal

1m. What changes between the different modelled cores is their enrichment and the fuel 

volume fraction. Two curves were plotted depending on the hypothesis of compaction that 

was chosen: stratification of structure above the

fuel/structure.  

 

This is the same sort of calculation than in 

transport in 7.1.2, 1D plane here. There is no need to give a radius for the core here, it is 

supposed to be infinite: there is no radial 

case of compaction. The compacted height is consequently over

critical. Indeed, concerning the core SFRv2b, the amount of fuel that has to be ejected is 52% 

in RZ while it is 32% in 1D in case of structure stratification.

 

Figure 10-16 : Critical height depending on the core enrichment (1D calculation) 

  

The 1D model is not correct when it is necessary to calculate the compacted height o

core because of the missing change of the radial neutron leakage.

16: Amount of fuel to eject to avoid recriticality

To calculate the amount of fuel to eject from the core to avoid recriticality, ERANOS 

calculations have been performed in 1D transport with the library ERALIB1. Different cores 

were simulated, each of them being critical in nominal state. They all have a fissile height of 

1m. What changes between the different modelled cores is their enrichment and the fuel 

volume fraction. Two curves were plotted depending on the hypothesis of compaction that 

was chosen: stratification of structure above the fuel or homogeneous mixture 

This is the same sort of calculation than in 7.1.2, the only difference being the modelling: RZ 

here. There is no need to give a radius for the core here, it is 

supposed to be infinite: there is no radial leakage and no decrease of the radial leakage in 

case of compaction. The compacted height is consequently over-estimated for the core to be 

critical. Indeed, concerning the core SFRv2b, the amount of fuel that has to be ejected is 52% 

in case of structure stratification. 

: Critical height depending on the core enrichment (1D calculation) 

The 1D model is not correct when it is necessary to calculate the compacted height o

core because of the missing change of the radial neutron leakage. 
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recriticality 

To calculate the amount of fuel to eject from the core to avoid recriticality, ERANOS 

calculations have been performed in 1D transport with the library ERALIB1. Different cores 

ey all have a fissile height of 

1m. What changes between the different modelled cores is their enrichment and the fuel 

volume fraction. Two curves were plotted depending on the hypothesis of compaction that 

fuel or homogeneous mixture 

, the only difference being the modelling: RZ 

here. There is no need to give a radius for the core here, it is 

and no decrease of the radial leakage in 

estimated for the core to be 

critical. Indeed, concerning the core SFRv2b, the amount of fuel that has to be ejected is 52% 

 
: Critical height depending on the core enrichment (1D calculation)  

The 1D model is not correct when it is necessary to calculate the compacted height of the 
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Appendix 17: Reactivity insertions obtained with an addition of 20% of absorbers for the fuel 

slump-down of the internal, external and total cores of EFR and SFRv0 

 

SFRv0 

 Nothing added CeO2 Eu2O3 

Zone Zone 1 Zone 2 Total Zone 1 Zone 2 Total Zone 1 Zone 2 Total 

Nb assemblies 208 216 424 208 216 424 208 216 424 

Volume (cm
3
) 7.64E+6 7.94E+6 1.56E+7 7.64E+6 7.94E+6 1.56E+7 7.64E+6 7.94E+6 1.56E+7 

Mass Pu (kg) 5277.3 6849.3 12129.7 5277.3 6849.3 12129.7 5277.3 6849.3 12129.7 

Δρ ($) 14.6 27.8 29.9 -0.4 10.0 11.7 -14.8 -16.7 -82.0 
          

 Gd2O3 HfO2    

Zone Zone 1 Zone 2 Total Zone 1 Zone 2 Total    

Nb assemblies 208 216 424 208 216 424    

Volume (cm
3
) 7.64E+6 7.94E+6 1.56E+7 7.64E+6 7.94E+6 1.56E+7    

Mass Pu (kg) 5277.3 6849.3 12129.7 5277.3 6849.3 12129.7    

Δρ ($) -10.9 -14.3 -25.5 -10.7 -14.1 -24.8    
          

 La2O3 Y2O3    

Zone Zone 1 Zone 2 Total Zone 1 Zone 2 Total    

Nb assemblies 208 216 424 208 216 424    

Volume (cm
3
) 7644136 7938141 15582277 7644136 7938141 15582277    

Mass Pu (kg) 5277.3 6849.3 12129.7 5277.3 6849.3 12129.7    

Δρ ($) -1.2 8.5 10.1 -0.6 9.6 11.4    

          

EFR 

 Nothing added CeO2 Eu2O3 

Zone Zone 1 Zone 2 Total Zone 1 Zone 2 Total Zone 1 Zone 2 Total 

Nb assemblies 208 179 387 208 179 387 208 179 387 

Volume (cm
3
) 6.36E+6 5.47E+6 1.18E+7 6.36E+6 5.47E+6 1.18E+7 6.36E+6 5.47E+6 1.18E+7 

Mass Pu (kg) 5010.9 5389.8 10404.8 5010.9 5389.8 10404.8 5010.9 5389.8 10404.8 

Δρ ($) 26.4 33.8 38.2 16.6 23.5 28.0 -24.1 -11.6 -50.0 
          

 Gd2O3 HfO2    

Zone Zone 1 Zone 2 Total Zone 1 Zone 2 Total    

Nb assemblies 208 179 387 208 179 387    

Volume (cm
3
) 6.36E+6 5.47E+6 1.18E+7 6.36E+6 5.47E+6 1.18E+7    

Mass Pu (kg) 5010.9 5389.8 10404.8 5010.9 5389.8 10404.8    

Δρ ($) -11.4 -0.8 -1.7 -11.1 -0.4 -1.3    
          

 La2O3 Y2O3    

Zone Zone 1 Zone 2 Total Zone 1 Zone 2 Total    

Nb assemblies 208 179 387 208 179 387    

Volume (cm
3
) 6.36E+6 5.47E+6 1.18E+7 6.36E+6 5.47E+6 1.18E+7    

Mass Pu (kg) 5010.9 5389.8 10404.8 5010.9 5389.8 10404.8    

Δρ ($) 15.6 22.5 26.9 16.4 23.3 27.8    
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Appendix 18 : Study of core slump-down in SPX with the SIMMER code [70] 

 

This study concerns Super-Phenix (SPX) and shows how studies were performed in the past 

on the secondary phase of the accident. The geometry was calculated for the core to be 

critical even after the primary phase. To do so, half of the claddings were ejected and the 

amount of fuel necessary to eject was calculated (the core is voided from sodium). Below are 

given the characteristics of the geometry of SPX corresponding to this calculation. 

 

Zone 1: Core 

This zone is filled with a homogeneous mixture consisting of 69.3% of fissile fuel (liquid), 50% 

of steel from the claddings and the space wires and 100% of steel from the hexcans, liquid as 

well. This temperature of this mixture is 3100K. Incondensable gas is added to maintain a 

uniform pressure at 0.1666MPa.  

 

Zone 2: Radial blankets 

This region contains the radial blanket completely voided from sodium and intact at a 

temperature of 1220K. Pressure is uniform thanks to the addition of an incondensable gas at 

0.1666MPa. 

 

Zone 3: Lower axial blankets 

This region represents the lower axial blanket completely voided from sodium and intact at a 

temperature of 1220K. Pressure is there also uniform thanks to the addition of an 

incondensable gas at 0.1666MPa. 

 

Zone 4: Upper axial blankets 

This region represents the upper axial blanket completely voided from sodium at 1220K. 

Fertile material is represented by particles with a radius of about 0.1m. This is the easiest 

solution to represent the fall of the upper axial cover, as in SIMMER solid structure cannot 

move in space. On the contrary particles are mobile as they belong to velocity fields. 

Pressure is uniform in the region thanks to the addition of incondensable gas at 0.1666MPa. 

 

Zone 5: Gas plenum 

This is a tank of incondensable gas at 1220K and 0.1666MPa. It permits that the upper axial 

blanket moves and maintains a constant pressure above it. 

 

 
Figure 10-17: Geometry used for the calculation of the slump-down of SPX 
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The secondary phase is then calculated with SIMMER and aims at having an order of 

magnitude for the power excursion. 

The calculation shows the different steps of the accident, the recriticality and the power 

excursion. The reactivity transient here can be split into three main steps: 

- A criticality phase, from the initial state to 80ms, where the gravity fall of the 

upper axial blanket and the following slump-down of the core make the reactivity 

increase until prompt-criticality. 

- A recriticality phase from 80ms to 90ms, where reactivity continues to increase 

because of the slump-down. Doppler effect becomes important. This is a highly 

energetic phase. 

- A dispersion phase, from 90ms to 200ms: the energy accumulated at the centre 

of the core creates a vapour bubble of fuel and steel. It stops the fall of the 

materials and disperses them.  

 

 
Figure 10-18: Reactivity (in pcm) and power (in W) variations during the transient 

 

What was important in such calculations is to see the energy released during the secondary 

phase of the accident so as to know whether the vessel is strong enough to resist. The way 

the energy is being released with time is also important as it might have a larger or smaller 

impact on the vessel. 
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Two geometries were compared: one with a pressure limit condition above the reflectors 

and corresponding to 7m of sodium, and another one with 7m of sodium and a pressure 

limit condition in the plenum gas.

The pressures in the sodium and in the molten pool are imposed so that

the core falls due to gravity. 

As there is no information on how the corium moves into the core, the exchanges of 

material are forbidden between the fissile zone and the lower part.

The geometries are described below:

 

Figure 10-19

 

Four calculations were performed to compare the geometries: with fertile blankets and with 

a high gas plenum and squirting effect, and for each configurati

compared. The reactivity variations are plotted below and the table giving the results is also 

below: 

 

 

 

19: Comparisons of two SIMMER geometries 

compared: one with a pressure limit condition above the reflectors 

and corresponding to 7m of sodium, and another one with 7m of sodium and a pressure 

limit condition in the plenum gas. 

The pressures in the sodium and in the molten pool are imposed so that

As there is no information on how the corium moves into the core, the exchanges of 

material are forbidden between the fissile zone and the lower part. 

The geometries are described below: 

19 : Geometries used for the SIMMER calculations

Four calculations were performed to compare the geometries: with fertile blankets and with 

a high gas plenum and squirting effect, and for each configuration the two geometries are 

compared. The reactivity variations are plotted below and the table giving the results is also 
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compared: one with a pressure limit condition above the reflectors 

and corresponding to 7m of sodium, and another one with 7m of sodium and a pressure 

The pressures in the sodium and in the molten pool are imposed so that the upper part of 

As there is no information on how the corium moves into the core, the exchanges of 

 
: Geometries used for the SIMMER calculations 

Four calculations were performed to compare the geometries: with fertile blankets and with 

on the two geometries are 

compared. The reactivity variations are plotted below and the table giving the results is also 
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Figure 10-20: Reactivity variations (in $) during fuel slump

 

Figure 10-21: Reactivity variations (in $) during fuel slump

effect” without and with sodium column

 

 

 

 

 

 

 

 

 

     
: Reactivity variations (in $) during fuel slump-down of the cases with fertile without 

and with sodium column 

: Reactivity variations (in $) during fuel slump-down of the cases “

effect” without and with sodium column 
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the cases with fertile without 

      
down of the cases “EC with squirting 
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 Axial blankets EC with squirting effect 

 

Without Na 

column 

With Na 

column 

Without Na 

column 

With Na 

column 

Ejection length (cm) 18.3 7.8 

Amount of fuel ejected 

(%) 9.3 12.9 

     

Time max power (s) 0.083 0.084 0.085 0.084 

P max (W) 7.83E+12 6.99E+12 7.46E+12 5.69E+12 

P max/P0 2175 1941 2072 1581 

Time max Rho (s) 0.082 0.081 0.078 0.081 

Rho max ($) 1.066 1.058 1.068 1.057 

Integrated power (J) 3.43E+10 3.33E+10 3.74E+10 3.60E+10 

      

T max fuel (K) 4500 4400 4400 4300 

T max steel (K) 3800 3800 3900 3800 

P max (bar) 19 18 17 15 

Table 10-23: Comparisons of the results with and without sodium column 

 

 

The results are very similar for the fertile case but not at all for the case “gas plenum with 

squirting effect”.  Indeed, the boundary conditions are set too close to the core and prevent 

the pressure from varying correctly. When the upper part is full of material, the effect is less 

important (as in the case of fertile, but in a medium such as gas plenum, the effect is very 

pronounced). 

Consequently, it seems better to use the model with the sodium column and with further 

boundary conditions. That is the model that is used in all the calculations. 
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Four representative examples of the transients calculated with SIMMER

in the main part of the text. However, 21 cases were calculated, and so, the 17 results which 

are not explained in the main text are detailed here. Each case is described, 

core (“with upper breeding blankets”, “with reflectors and without gas plenum”, “with 

reflectors and with gas plenum”, “with gas plenum and squirting effect”, “with gas plenum 

without squirting effect”, “with sodium plenum” and “with sodium pl

comparison of the results obtained for each hypothesis of calculation (“with all the ejected 

fuel in the upper part of the core”, “with half of the claddings ejected”, “with the ejected 

fuel half in the lower part and half in the upper pa

 

� With fertile blankets

- Fuel ejection above the fissile zone

 

 

Figure 10-22: Reactivity variation (in $) and scenario for case "fertile with fuel ejection above the 

 

 

 

Appendix 20: Analysis of the results 

 
Four representative examples of the transients calculated with SIMMER

in the main part of the text. However, 21 cases were calculated, and so, the 17 results which 

are not explained in the main text are detailed here. Each case is described, 

core (“with upper breeding blankets”, “with reflectors and without gas plenum”, “with 

reflectors and with gas plenum”, “with gas plenum and squirting effect”, “with gas plenum 

without squirting effect”, “with sodium plenum” and “with sodium plenum and B

comparison of the results obtained for each hypothesis of calculation (“with all the ejected 

fuel in the upper part of the core”, “with half of the claddings ejected”, “with the ejected 

fuel half in the lower part and half in the upper part”) is given.  

 

 
With fertile blankets 

Fuel ejection above the fissile zone 

  
: Reactivity variation (in $) and scenario for case "fertile with fuel ejection above the 

fissile zone" 
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Four representative examples of the transients calculated with SIMMER-III are given 

in the main part of the text. However, 21 cases were calculated, and so, the 17 results which 

are not explained in the main text are detailed here. Each case is described, and for each 

core (“with upper breeding blankets”, “with reflectors and without gas plenum”, “with 

reflectors and with gas plenum”, “with gas plenum and squirting effect”, “with gas plenum 

enum and B4C”), a 

comparison of the results obtained for each hypothesis of calculation (“with all the ejected 

fuel in the upper part of the core”, “with half of the claddings ejected”, “with the ejected 

 
: Reactivity variation (in $) and scenario for case "fertile with fuel ejection above the 
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 Figure 10-23: Fuel mass variations during the 

accident (in kg) for case "fertile with fuel 

ejection above the fissile zone" (the blue curve 

corresponds to the whole core, the red, green 

and light blue ones correspond to the fissile 

zone) 

The fuel slump-down leads to a reactivity peak, the amount of fuel and steel particles which 

fall in the pool show it (see Figure 10

insertion (at t=0.084 seconds, 1900 times the nominal power). At that m

temperature is 4000K, the steel temperature is 2800K and the pressure 4 bars. There is some 

fuel melting when getting close to the peak, and after that there are still fuel and steel falling 

in the pool from the upper part of the core. Beca

temperatures increase, the pressure increases (until 15 bars) and fuel and steel are ejected 

from the core (15 tons of fuel and 6 tons of steel at t=0.2 seconds). The core zone becomes 

empty.  

 

- Fuel and clad 

 

Figure 10-25: Reactivity variation (in $) and scenario for case "fertile with fuel and clad ejection 

 

: Fuel mass variations during the 

accident (in kg) for case "fertile with fuel 

ejection above the fissile zone" (the blue curve 

corresponds to the whole core, the red, green 

rrespond to the fissile 

 Figure 10-24: Steel mass variations in the fissile 

zone during the accident (in kg) for case "fertile 

with fuel ejection above the fissile zone"

down leads to a reactivity peak, the amount of fuel and steel particles which 

fall in the pool show it (see Figure 10-23 and Figure 10-24), and that induces a huge power 

insertion (at t=0.084 seconds, 1900 times the nominal power). At that m

temperature is 4000K, the steel temperature is 2800K and the pressure 4 bars. There is some 

fuel melting when getting close to the peak, and after that there are still fuel and steel falling 

in the pool from the upper part of the core. Because of the energy release, fuel and steel 

temperatures increase, the pressure increases (until 15 bars) and fuel and steel are ejected 

from the core (15 tons of fuel and 6 tons of steel at t=0.2 seconds). The core zone becomes 

Fuel and clad ejection above the fissile zone 

: Reactivity variation (in $) and scenario for case "fertile with fuel and clad ejection 

above the fissile zone" 
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: Steel mass variations in the fissile 

zone during the accident (in kg) for case "fertile 

with fuel ejection above the fissile zone" 

down leads to a reactivity peak, the amount of fuel and steel particles which 

24), and that induces a huge power 

insertion (at t=0.084 seconds, 1900 times the nominal power). At that moment, the fuel 

temperature is 4000K, the steel temperature is 2800K and the pressure 4 bars. There is some 

fuel melting when getting close to the peak, and after that there are still fuel and steel falling 

use of the energy release, fuel and steel 

temperatures increase, the pressure increases (until 15 bars) and fuel and steel are ejected 

from the core (15 tons of fuel and 6 tons of steel at t=0.2 seconds). The core zone becomes 

 
: Reactivity variation (in $) and scenario for case "fertile with fuel and clad ejection 
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 Figure 10-26: Fuel mass variations during the 

accident (in kg) for case "fertile with fuel and 

clad ejection above the fissile zone" (the blue 

curve corresponds to the whole core, the red, 

green and light blue ones correspond to the 

fissile zone) 

 Figure 10-27: Steel mass variations in the fissile 

zone during the accident (in kg) for case "fertile 

with fuel and clad ejection above the fissile 

zone" 

 

 

The scenario is the same than without cladding ejected. The power excursion is created by 

the fuel slump-down at t=0.085 seconds (7 tons of fuel and 4 tons of steel fall in the pool, 

see Figures above), with Pmax=1700P0 (Tfuel =4000K, Tsteel =2800K and p=3.8 bars), fuel and 

steel are then ejected (respectively 8 tons of fuel and 4 tons of steel), thus voiding the core 

zone.  That forms a bubble in the core, where Tfuel =4000K, Tsteel =3900K and p=16 bars. 

 

 

- Comparison of the models 

 

There is nearly no difference between the three cases: the time peaks, the maximum power 

excursion are the same. The maximum temperatures of steel and fuel are also similar (4400 

and 3900K respectively), as well as the maximum pressure (22 bars). The effect of the fuel 

slump-down is the same in each case, the amount of fuel in the molten pool has no impact 

on the scenario. Furthermore, the blankets fall but do not melt with the pool, the transient is 

too fast to allow the formation of a mixture, and the power excursion cannot be prevented.  
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� With reflectors and gas plenum

 

- Fuel ejection above the fissile zone

 

Figure 10-28: Reactivity variation (in $) and scenario for case "reflectors and gas plenum with fuel 

 

Figure 10-29: Fuel mass variations during the 

accident (in kg) for case "reflectors and gas 

plenum with fuel ejection above the fissile 

zone" (the blue curve corresponds to the whole 

core, the red, green and light blue ones 

correspond to the fissile zone)

 

Having steel reflectors above the fissile zone changes the scenario. Indeed, the fuel slump

down does not create directly a power excursion: at first, there is more fuel than steel that 

falls in the pool (see Figure 10

at t=0.1 seconds, more steel falls in the pool, decreasing the reactivity ramp. However it 

does not stop it as more fuel falls in the pool. The addition of this fuel increases the 

reactivity and there is a power excursion (t=0.157 seconds, P=

 

With reflectors and gas plenum 

Fuel ejection above the fissile zone 

 
: Reactivity variation (in $) and scenario for case "reflectors and gas plenum with fuel 

ejection above the fissile zone" 

 
: Fuel mass variations during the 

accident (in kg) for case "reflectors and gas 

plenum with fuel ejection above the fissile 

zone" (the blue curve corresponds to the whole 

core, the red, green and light blue ones 

o the fissile zone) 

Figure 10-30: Steel mass variations in the fissile 

zone during the accident (in kg) for case 

"reflectors and gas plenum with fuel ejection 

above the fissile zone"

 

reflectors above the fissile zone changes the scenario. Indeed, the fuel slump

down does not create directly a power excursion: at first, there is more fuel than steel that 

falls in the pool (see Figure 10-29 and Figure 10-30), and the reactivity increases

at t=0.1 seconds, more steel falls in the pool, decreasing the reactivity ramp. However it 

does not stop it as more fuel falls in the pool. The addition of this fuel increases the 

reactivity and there is a power excursion (t=0.157 seconds, P=600P0). 8 tons of fuel have 
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: Reactivity variation (in $) and scenario for case "reflectors and gas plenum with fuel 

 
: Steel mass variations in the fissile 

zone during the accident (in kg) for case 

"reflectors and gas plenum with fuel ejection 

above the fissile zone" 

reflectors above the fissile zone changes the scenario. Indeed, the fuel slump-

down does not create directly a power excursion: at first, there is more fuel than steel that 

30), and the reactivity increases slowly, then 

at t=0.1 seconds, more steel falls in the pool, decreasing the reactivity ramp. However it 

does not stop it as more fuel falls in the pool. The addition of this fuel increases the 

). 8 tons of fuel have 
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fallen at that moment. The fuel temperature is 3400K, the steel one is 2900K. The pressure is 

9 bars. The power peak is followed by a decrease of the reactivity due to the Doppler effect 

and also by the ejection of 8 tons of fue

core (Tfuel =3500K, Tsteel =3500K and p=5 bars). 

 

- Fuel and clad ejection above the fissile zone

 

Figure 10-31: Reactivity variation (in $) and 

and clad ejection above the fissile zone"

 

 Figure 10-32: Fuel mass variations during the 

accident (in kg) for case "reflectors and gas 

plenum with fuel and clad ejection above the 

fissile zone" (the blue curve corresponds to 

the whole core, the red, green and light blue 

ones correspond to the fissile zone)

 

The fuel slump-down does not lead to the reactivity peak because of the fall of part of the 

reflectors. The ejected fuel falls 

 

fallen at that moment. The fuel temperature is 3400K, the steel one is 2900K. The pressure is 

9 bars. The power peak is followed by a decrease of the reactivity due to the Doppler effect 

and also by the ejection of 8 tons of fuel and 4 tons of steel, thus creating a big void in the 

=3500K and p=5 bars).  

Fuel and clad ejection above the fissile zone 

: Reactivity variation (in $) and scenario for case "reflectors and gas plenum with fuel 

and clad ejection above the fissile zone" 

: Fuel mass variations during the 

accident (in kg) for case "reflectors and gas 

and clad ejection above the 

fissile zone" (the blue curve corresponds to 

the whole core, the red, green and light blue 

ones correspond to the fissile zone) 

 Figure 10-33: Steel mass variations in the fissil

zone during the accident (in kg) for case 

"reflectors and gas plenum with fuel and clad 

ejection above the fissile zone"

down does not lead to the reactivity peak because of the fall of part of the 

reflectors. The ejected fuel falls back into the pool, as well as the ejected steel (respectively 
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fallen at that moment. The fuel temperature is 3400K, the steel one is 2900K. The pressure is 

9 bars. The power peak is followed by a decrease of the reactivity due to the Doppler effect 

l and 4 tons of steel, thus creating a big void in the 

 
scenario for case "reflectors and gas plenum with fuel 

: Steel mass variations in the fissile 

zone during the accident (in kg) for case 

"reflectors and gas plenum with fuel and clad 

ejection above the fissile zone" 

down does not lead to the reactivity peak because of the fall of part of the 

the pool, as well as the ejected steel (respectively 
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9 tons and 12 tons fall in the pool, see Figure 10

there is more steel that falls in the pool than fuel, and the reactivity increases slowly. But 

fuel continues to fall in the pool, thus increasing the reactivity and finally there is the power 

excursion (t=0.171 seconds, 2300P

steel temperatures are respectively 3800K and 2900K, while the pressure is 8

increase of the temperatures makes the reactivity decrease, and at t=0.2 seconds, there is 

fuel and steel ejection (10 tons of fuel and 5 tons of steel are ejected); 

ejection (Tfuel =3900K, Tsteel =3700K and p=11 bars

 

 

- Comparison of the models

 

 

The transients are once again very similar. For every case, the reactivity ramps are the same: 

the fuel slump-down makes reactivity increase slowly, then part of the steel melts and falls 

into the pool and to finish, there is a power excursion of about 800P

The maximum pressures and temperatures are also similar. 

However, it must be noticed that the power excursion is stronger in the case with cladding 

being ejected and that no case can avoid it.

 

 

� With reflectors and without gas plenum

 

- Fuel ejection above the fissile zone

 

Figure 10-34: Reactivity variation (in $) and scenario for case "with reflectors and without gas 

plenum with fuel ejection 

 

 

9 tons and 12 tons fall in the pool, see Figure 10-32 and Figure 10-33). However, at first, 

there is more steel that falls in the pool than fuel, and the reactivity increases slowly. But 

nues to fall in the pool, thus increasing the reactivity and finally there is the power 

excursion (t=0.171 seconds, 2300P0). Most fuel as particles is then liquefied. The fuel and 

steel temperatures are respectively 3800K and 2900K, while the pressure is 8

increase of the temperatures makes the reactivity decrease, and at t=0.2 seconds, there is 

fuel and steel ejection (10 tons of fuel and 5 tons of steel are ejected); void

=3700K and p=11 bars) and the accident stops. 

Comparison of the models 

The transients are once again very similar. For every case, the reactivity ramps are the same: 

down makes reactivity increase slowly, then part of the steel melts and falls 

pool and to finish, there is a power excursion of about 800P0. 

The maximum pressures and temperatures are also similar.  

However, it must be noticed that the power excursion is stronger in the case with cladding 

being ejected and that no case can avoid it. 

With reflectors and without gas plenum 

Fuel ejection above the fissile zone 

: Reactivity variation (in $) and scenario for case "with reflectors and without gas 

plenum with fuel ejection above the fissile zone" 
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33). However, at first, 

there is more steel that falls in the pool than fuel, and the reactivity increases slowly. But 

nues to fall in the pool, thus increasing the reactivity and finally there is the power 

). Most fuel as particles is then liquefied. The fuel and 

steel temperatures are respectively 3800K and 2900K, while the pressure is 8 bars. Then the 

increase of the temperatures makes the reactivity decrease, and at t=0.2 seconds, there is 

void is created by the 

) and the accident stops.  

The transients are once again very similar. For every case, the reactivity ramps are the same: 

down makes reactivity increase slowly, then part of the steel melts and falls 

However, it must be noticed that the power excursion is stronger in the case with cladding 

 
: Reactivity variation (in $) and scenario for case "with reflectors and without gas 
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Figure 10-35: Fuel mass variations during the 

accident (in kg) for case "with reflectors and 

without gas plenum with fuel ejection above 

the fissile zone" (the blue curve corresponds to 

the whole core, the red, green and light blue 

ones correspond to the fissile zone) 

 
Figure 10-36 : Steel mass variations in the fissile 

zone during the accident (in kg) for case "with 

reflectors and without expansion chamber with 

fuel ejection above the fissile zone" 

The power excursion is created by the fuel slump-down. The reactivity insertion is slow as a 

very small amount of fuel falls as particles (at maximum 3 tons, at 0.13 seconds), while 10 

tons of steel as particles fall at that moment, see Figure 10-35 and Figure 10-36. The peak of 

power occurs at t=0.132 seconds and 1100P0. The characteristics at this point are: pressure, 

16 bars, fuel temperature, 3600K, and steel temperature, 2900K. After the power excursion, 

2 tons of fuel as particles melts. Then reactivity decreases as fuel and steel are ejected, and 

to finish a voided zone is created in the core. Its pressure is 7 bars, the fuel temperature is 

3600K and the steel temperature is 3500K. At t=0.3 seconds, there are 14 tons of fuel and 7 

tons of steel in the pool. 
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- Fuel and clad ejection above the fissile zone

 

Figure 10-37: Reactivity variation (in $) and scenario for case "with reflectors 

plenum with fuel and clad ejection above the fissile zone"

Figure 10-38: Fuel mass variations during the 

accident (in kg) for case "with reflectors and 

without gas plenum with fuel and clad 

above the fissile zone" (the blue curve 

corresponds to the whole core, the red, green 

and light blue ones correspond to the fissile 

zone) 

The fuel slump-down, even though only 2 tons of fuel as particles fall in the pool, leads 

quickly to the first power excursion 

and p=2.5 bars). After the power peak, more steel falls in the pool (13 tons at t=0.16 

seconds) and the temperature of fuel increase (Doppler effect), thus making the reactivity 

decrease. At t=0.16 seconds, fuel and steel are ejected and finally a powerful ejection (6 tons 

of fuel and 4 tons of steel) and vaporization (10 tons of fuel and 10 tons of steel) stop the 

accident. The pressure of the bubble is 10 bars, the fuel temperature is 3800K and the

one is 3700K. 

 

 

Fuel and clad ejection above the fissile zone 

: Reactivity variation (in $) and scenario for case "with reflectors 

plenum with fuel and clad ejection above the fissile zone" 

 
: Fuel mass variations during the 

accident (in kg) for case "with reflectors and 

without gas plenum with fuel and clad ejection 

above the fissile zone" (the blue curve 

corresponds to the whole core, the red, green 

and light blue ones correspond to the fissile 

Figure 10-39: Steel mass variations in the fissile 

zone during the accident (in kg) for case "with 

reflectors and without gas plenum with fuel and 

clad ejection above the fissile zone"

 

down, even though only 2 tons of fuel as particles fall in the pool, leads 

quickly to the first power excursion (at t=0.101 seconds, P=900P0, Tfuel =3700K, 

and p=2.5 bars). After the power peak, more steel falls in the pool (13 tons at t=0.16 

seconds) and the temperature of fuel increase (Doppler effect), thus making the reactivity 

seconds, fuel and steel are ejected and finally a powerful ejection (6 tons 

of fuel and 4 tons of steel) and vaporization (10 tons of fuel and 10 tons of steel) stop the 

accident. The pressure of the bubble is 10 bars, the fuel temperature is 3800K and the

231 

 
: Reactivity variation (in $) and scenario for case "with reflectors and without gas 

 

 
: Steel mass variations in the fissile 

ing the accident (in kg) for case "with 

reflectors and without gas plenum with fuel and 

clad ejection above the fissile zone" 

down, even though only 2 tons of fuel as particles fall in the pool, leads 

=3700K, Tsteel =2800K 

and p=2.5 bars). After the power peak, more steel falls in the pool (13 tons at t=0.16 

seconds) and the temperature of fuel increase (Doppler effect), thus making the reactivity 

seconds, fuel and steel are ejected and finally a powerful ejection (6 tons 

of fuel and 4 tons of steel) and vaporization (10 tons of fuel and 10 tons of steel) stop the 

accident. The pressure of the bubble is 10 bars, the fuel temperature is 3800K and the steel 
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- Fuel ejection above and below the fissile zone

 

Figure 10-40: Reactivity variation (in $) and scenario for case "with reflectors and without gas 

plenum with fuel ejection above and 

 

Figure 10-41: Fuel mass variations during the 

accident (in kg) for case "with reflectors and 

without gas plenum with fuel ejection above 

and below the fissile zone" (the blue curve 

corresponds to the whole core, the red, green 

and light blue ones correspond to the fissile 

zone) 

 

 

 

 

 

 

Fuel ejection above and below the fissile zone 

: Reactivity variation (in $) and scenario for case "with reflectors and without gas 

plenum with fuel ejection above and below the fissile zone"

 
: Fuel mass variations during the 

accident (in kg) for case "with reflectors and 

without gas plenum with fuel ejection above 

and below the fissile zone" (the blue curve 

corresponds to the whole core, the red, green 

and light blue ones correspond to the fissile 

Figure 10-42: Steel mass variations in the fissile 

zone during the accident (in kg) for case "with 

reflectors and without gas plenum with fuel 

ejection above and below the fissile zone"
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: Reactivity variation (in $) and scenario for case "with reflectors and without gas 

below the fissile zone" 

 
: Steel mass variations in the fissile 

zone during the accident (in kg) for case "with 

s and without gas plenum with fuel 

ejection above and below the fissile zone" 
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The accident also begins with a reactivity insertion due to the fuel slump

slump-down is slower. The amount of fuel that falls in the pool is slightly 

previous case (5 tons versus 2 tons), and the amount of steel falling is equivalent. The power 

excursion happens at t=0.149 seconds, and is at a power of 603P

is 12 bars, the fuel and steel temperatures are 360

the fall of steel in the pool, while fuel is ejected: between t=0.149 seconds and t=0.3 

seconds, 2 tons of fuel (at T=3600K) are ejected and 2 tons of steel (at T=3500K) have fallen 

in the pool. A voided zone begin

accident ends. 

 

- Comparison of the models

 

 

For each case the scenario is the same: fuel slump

and steel and voiding of the fissile zone. However for the 

claddings ejected”, part of fuel and steel turns to vapour. The power excursion is about 

900P0, the maximum temperature and pressure are also of the same order of magnitude.

The only difference is that the reactivity ramp is

 

 

 

� With a high gas plenum and no squirting effect

- Fuel ejection above the fissile zone

 

Figure 10-43: Reactivity variation (in $) and scenario for case "with a 

squirting effect, with fuel ejection above the fissile zone"

 

 

The accident also begins with a reactivity insertion due to the fuel slump

down is slower. The amount of fuel that falls in the pool is slightly 

previous case (5 tons versus 2 tons), and the amount of steel falling is equivalent. The power 

excursion happens at t=0.149 seconds, and is at a power of 603P0. The pressure at the peak 

is 12 bars, the fuel and steel temperatures are 3600K and 2900K. The accident is followed by 

the fall of steel in the pool, while fuel is ejected: between t=0.149 seconds and t=0.3 

seconds, 2 tons of fuel (at T=3600K) are ejected and 2 tons of steel (at T=3500K) have fallen 

in the pool. A voided zone begins to be formed in the core, with p=6 bars. This is the way the 

Comparison of the models 

For each case the scenario is the same: fuel slump-down, power excursion, ejection of fuel 

and steel and voiding of the fissile zone. However for the case with “fuel and half of the 

claddings ejected”, part of fuel and steel turns to vapour. The power excursion is about 

, the maximum temperature and pressure are also of the same order of magnitude.

The only difference is that the reactivity ramp is bigger in the case with ejected cladding.

With a high gas plenum and no squirting effect 

Fuel ejection above the fissile zone 

: Reactivity variation (in $) and scenario for case "with a high gas plenum and no 

squirting effect, with fuel ejection above the fissile zone" 
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The accident also begins with a reactivity insertion due to the fuel slump-down but the fuel 

down is slower. The amount of fuel that falls in the pool is slightly higher than in the 

previous case (5 tons versus 2 tons), and the amount of steel falling is equivalent. The power 

. The pressure at the peak 

0K and 2900K. The accident is followed by 

the fall of steel in the pool, while fuel is ejected: between t=0.149 seconds and t=0.3 

seconds, 2 tons of fuel (at T=3600K) are ejected and 2 tons of steel (at T=3500K) have fallen 

s to be formed in the core, with p=6 bars. This is the way the 

down, power excursion, ejection of fuel 

case with “fuel and half of the 

claddings ejected”, part of fuel and steel turns to vapour. The power excursion is about 

, the maximum temperature and pressure are also of the same order of magnitude. 

bigger in the case with ejected cladding. 

 
high gas plenum and no 
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 Figure 10-44: Fuel mass variations during the 

accident (in kg) for case "with a high gas 

plenum and no squirting effect, with fuel 

ejection above the fissile zone" (the blue curve 

corresponds to the whole core, the red, green 

and light blue ones correspond to the fissile 

zone) 

 Figure 10-45: Steel mass variations in the fissile 

zone during the accident (in kg) for case "with a 

high gas plenum and no squirting effect, with fuel 

ejection above the fissile zone" 

 

In this case, the fuel slump-down leads directly to the power excursion, at t=0.136 seconds, 

and with an amplitude of P=600P0. 3 tons of fuel and 3 tons of steel fall in the pool inducing 

the power excursion. The temperatures are at that moment, 3500K for fuel and 2900K for 

steel. The pressure is 14 bars in the core. Then, fuel and steel continue to fall in the pool, but 

the amount of steel that falls in the pool is much greater than the one of the fuel. Moreover, 

the temperatures of fuel and steel increase, the Doppler effect is important and the 

reactivity decreases. At t=0.16 seconds, fuel is ejected, and at t=0.19 seconds, steel is also 

ejected.  That creates a voided area in the core, where the pressure is 5 bars. At t=0.3 

seconds, 10 tons of fuel and 8 tons of steel have been ejected. 
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- Fuel and clad ejection above the fissile zone

 

Figure 10-46: Reactivity variation (in $) and scenario for case "with a high gas plenum and no 

squirting effect, with fuel and clad ejection above the fissile zone"

 

 Figure 10-47: Fuel mass variations during 

the accident (in kg) for case "with a high gas 

plenum and no squirting effect, with fuel 

and clad ejection above the fissile zone" (the 

blue curve corresponds to the whole core, 

the red, green and light blue ones 

correspond to the fissile zone)

The fuel slump-down initially causes an increase in reactivity, then, from 0.1 seconds, the 

amount of steel that falls in the pool increases and the reactivity decreases a bit. Finally, the 

fuel slump-down continues and there is a power excursion of 1300P

(with Tfuel =3700K, Tsteel =2900K and p=8.7 bars). It does not prevent the fuel and steel from 

falling again (4 tons of steel fall from 0.15 seconds and 0.2 seconds, while only 1 tons of fuel 

fall). The temperature of fuel and steel 

the reactivity decrease. Fuel and steel are then ejected (20 and 10 tons respectively, see 

Figure 10-47 and Figure 10-48). The ejection creates a void in the core, which becomes larger 

and larger (in the core: p=9 bars, T

 

Fuel and clad ejection above the fissile zone 

 
: Reactivity variation (in $) and scenario for case "with a high gas plenum and no 

squirting effect, with fuel and clad ejection above the fissile zone"

ass variations during 

the accident (in kg) for case "with a high gas 

plenum and no squirting effect, with fuel 

and clad ejection above the fissile zone" (the 

blue curve corresponds to the whole core, 

the red, green and light blue ones 

sile zone) 

Figure 10-48: Steel mass variations in the fissile 

zone during the accident (in kg) for case "with a 

high gas plenum and no squirting effect, with fuel 

and clad ejection above the fissile zone"

 

down initially causes an increase in reactivity, then, from 0.1 seconds, the 

amount of steel that falls in the pool increases and the reactivity decreases a bit. Finally, the 

down continues and there is a power excursion of 1300P0 at t=0.157 seconds 

=2900K and p=8.7 bars). It does not prevent the fuel and steel from 

falling again (4 tons of steel fall from 0.15 seconds and 0.2 seconds, while only 1 tons of fuel 

fall). The temperature of fuel and steel increase, the Doppler effect is important, that makes 

the reactivity decrease. Fuel and steel are then ejected (20 and 10 tons respectively, see 

48). The ejection creates a void in the core, which becomes larger 

e core: p=9 bars, Tfuel =3800K, Tsteel =3600K).  
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: Reactivity variation (in $) and scenario for case "with a high gas plenum and no 

squirting effect, with fuel and clad ejection above the fissile zone" 

: Steel mass variations in the fissile 

zone during the accident (in kg) for case "with a 

high gas plenum and no squirting effect, with fuel 

and clad ejection above the fissile zone" 

down initially causes an increase in reactivity, then, from 0.1 seconds, the 

amount of steel that falls in the pool increases and the reactivity decreases a bit. Finally, the 

at t=0.157 seconds 

=2900K and p=8.7 bars). It does not prevent the fuel and steel from 

falling again (4 tons of steel fall from 0.15 seconds and 0.2 seconds, while only 1 tons of fuel 

increase, the Doppler effect is important, that makes 

the reactivity decrease. Fuel and steel are then ejected (20 and 10 tons respectively, see 

48). The ejection creates a void in the core, which becomes larger 
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- Comparison of the models

 

The scenarios are here again very similar. The main difference is that 

fuel ejected” in the upper part of the core, there is no fuel ejection before the power

excursion, which enables to delay the power excursion. 

Also, in the case “with clad ejected”, the fact that steel was ejected before the peak, makes 

the criticality more important and the power excursion is twice as much important than for 

the two other cases.  

 

However the maximum temperatures and pressures in the pool are of the same order of 

magnitude. 

 

 

 

� With a high gas plenum and with squirting effect

 

- Fuel ejection above the fissile zone

Figure 10-49: Reactivity variation (in $) and scenario for case "with a high gas plenum and with 

squirting effect, with fuel ejection above the fissile zone"

 

Comparison of the models 

The scenarios are here again very similar. The main difference is that in the case “with only 

fuel ejected” in the upper part of the core, there is no fuel ejection before the power

excursion, which enables to delay the power excursion.  

Also, in the case “with clad ejected”, the fact that steel was ejected before the peak, makes 

the criticality more important and the power excursion is twice as much important than for 

However the maximum temperatures and pressures in the pool are of the same order of 

With a high gas plenum and with squirting effect 

Fuel ejection above the fissile zone 

: Reactivity variation (in $) and scenario for case "with a high gas plenum and with 

squirting effect, with fuel ejection above the fissile zone" 
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n the case “with only 

fuel ejected” in the upper part of the core, there is no fuel ejection before the power 

Also, in the case “with clad ejected”, the fact that steel was ejected before the peak, makes 

the criticality more important and the power excursion is twice as much important than for 

However the maximum temperatures and pressures in the pool are of the same order of 

 

 
: Reactivity variation (in $) and scenario for case "with a high gas plenum and with 
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Figure 10-50: Fuel mass variations during the 

accident (in kg) for case "with a high gas 

plenum and with squirting effect, with fuel 

ejection above the fissile zone" (the blue curve 

corresponds to the whole core, the red, green 

and light blue ones correspond to the fissile 

zone) 

The fuel slump-down leads to

t=0.084 seconds, 1600P0). The fuel temperature is 3900K, the steel one is 2900K and the 

pressure 2.5 bars. The Doppler effect 

continue to fall in the pool until 0.12 seconds (see figures above). They are then ejected and 

a vapour bubble of mixed fuel and steel is formed (p=13 bars, T

4 tons of fuel and 2 tons of steel are vaporized at t=0.25 seconds while 26 tons 

tons of steel are ejected. 

 

- Fuel and clad ejection above the fissile zone

 

Figure 10-52: Reactivity variation (in $) and scenario for case "with a high gas plenum and with 

squirting effect, 

 

 
: Fuel mass variations during the 

n kg) for case "with a high gas 

plenum and with squirting effect, with fuel 

ejection above the fissile zone" (the blue curve 

corresponds to the whole core, the red, green 

and light blue ones correspond to the fissile 

Figure 10-51: Steel mass variations in the fissile 

zone during the accident (in kg) for case "with a 

high gas plenum and with squirting effect, with 

fuel ejection above the fissile zone"

 

leads to an increase of reactivity and causes a power excursion (at 

). The fuel temperature is 3900K, the steel one is 2900K and the 

pressure 2.5 bars. The Doppler effect gives rise to the reactivity decrease. Fuel and steel 

in the pool until 0.12 seconds (see figures above). They are then ejected and 

a vapour bubble of mixed fuel and steel is formed (p=13 bars, Tfuel =3900K and 

4 tons of fuel and 2 tons of steel are vaporized at t=0.25 seconds while 26 tons 

Fuel and clad ejection above the fissile zone 

: Reactivity variation (in $) and scenario for case "with a high gas plenum and with 

squirting effect, with fuel and clad ejection above the fissile zone"
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: Steel mass variations in the fissile 

zone during the accident (in kg) for case "with a 

high gas plenum and with squirting effect, with 

fuel ejection above the fissile zone" 

an increase of reactivity and causes a power excursion (at 

). The fuel temperature is 3900K, the steel one is 2900K and the 

the reactivity decrease. Fuel and steel 

in the pool until 0.12 seconds (see figures above). They are then ejected and 

=3900K and Tsteel =3800K). 

4 tons of fuel and 2 tons of steel are vaporized at t=0.25 seconds while 26 tons of fuel and 10 

 
: Reactivity variation (in $) and scenario for case "with a high gas plenum and with 

with fuel and clad ejection above the fissile zone" 
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 Figure 10-53: Fuel mass variations during the 

accident (in kg) for case "with a high gas plenum 

and with squirting effect, with fuel and clad 

ejection above the fissile zone" (the blue curve 

corresponds to the whole core, the red, green 

and light blue ones correspond to the fissile 

zone) 

Figure 10-54: Steel mass variations in the fissile 

zone during the accident (in kg) for case "with a 

high gas plenum and with squirting effect, with 

fuel and clad ejection above the fissile zone" 

 

In this case there are more reactivity variations than in the other cases. Indeed, at first, the 

fuel slump-down makes the reactivity increase. A part of the liquid fuel of the pool turns into 

particles but that does not impact the reactivity (see Figure 10-53 and Figure 10-54). 

However, at t=0.09 seconds, the reactivity increase is slowed down because more steel falls 

in the pool: it has an absorbing effect that delays the reactivity peak. However the slump-

down and the power excursion then takes place (at t=0.172 seconds, 3100P0 with p=6 bars, 

Tfuel =3900K and Tsteel =2900K). Afterwards, fuel is liquefied. The reactivity decreases because 

of material ejection (of 16 tons of fuel and 7 tons of steel) and void fills the core (p=16 bars, 

Tfuel =4000K and Tsteel =3800K). 
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- Fuel ejection above and below the fissile zone

 

Figure 10-55: Reactivity variation (in $) and scenario for case "with a high gas plenum and with 

squirting effect, with fuel ejection above and below the fissile zone"

 

 

 Figure 10-56: Fuel mass variations during the 

accident (in kg) for case "with a high gas 

plenum and with squirting effect, with fuel 

ejection above and below the fissile zone" (the 

blue curve corresponds to the whole core, the 

red, green and light blue ones correspond t

the fissile zone) 

 

 

 

 

 

Fuel ejection above and below the fissile zone 

: Reactivity variation (in $) and scenario for case "with a high gas plenum and with 

squirting effect, with fuel ejection above and below the fissile zone"

Fuel mass variations during the 

accident (in kg) for case "with a high gas 

plenum and with squirting effect, with fuel 

ejection above and below the fissile zone" (the 

blue curve corresponds to the whole core, the 

red, green and light blue ones correspond to 

 

Figure 10-57: Steel mass variations in the fissile 

zone during the accident (in kg) for case "with a 

high gas plenum and with squirting effect, with 

fuel ejection above and below the fis
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: Reactivity variation (in $) and scenario for case "with a high gas plenum and with 

squirting effect, with fuel ejection above and below the fissile zone" 

: Steel mass variations in the fissile 

zone during the accident (in kg) for case "with a 

high gas plenum and with squirting effect, with 

fuel ejection above and below the fissile zone" 
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The scenario here is less complex than the previous one: it begins with the fuel slump

leading to the power excursion (1055P

the steel temperature is 2800K, and the pressure is 2.5 bars. Then, fuel and steel continue to 

fall in the pool but the reactivity decreases because of the Doppler effect: the temperatures 

increase until 4000K for fuel and 3900K for steel. At t=0.13 seconds, the ejection of fuel 

begins, and at t=0.15 seconds, steel is also ejected. To finish, a voided area is formed in the 

former core zone (p=17 bars).

 

- Comparison of the models

 

There are two different scenarios: 

- The first one deals with the calculations with fuel ejection only: it is simply fuel 

slump-down, power excursion, fuel ejection and creation of a vapour bubble.

- The second one concerns the ejection of clad too: as there 

in the upper part, the steel melts more easily and falls in the pool. That delays the 

power excursion, and as the molten pool contains much less steel than the other 

cases, the power excursion is more significant.

 

 

 

� With sodium

- Fuel ejection above the fissile zone

 

Figure 10-58: Reactivity variation (in $) and scenario for case "with sodium plenum, with fuel 

 

 

The scenario here is less complex than the previous one: it begins with the fuel slump

leading to the power excursion (1055P0, at t=0.075 seconds). The fuel temperature is 3900K, 

the steel temperature is 2800K, and the pressure is 2.5 bars. Then, fuel and steel continue to 

fall in the pool but the reactivity decreases because of the Doppler effect: the temperatures 

l 4000K for fuel and 3900K for steel. At t=0.13 seconds, the ejection of fuel 

begins, and at t=0.15 seconds, steel is also ejected. To finish, a voided area is formed in the 

(p=17 bars). 

Comparison of the models 

There are two different scenarios:  

The first one deals with the calculations with fuel ejection only: it is simply fuel 

down, power excursion, fuel ejection and creation of a vapour bubble.

The second one concerns the ejection of clad too: as there is also relocation of steel 

in the upper part, the steel melts more easily and falls in the pool. That delays the 

power excursion, and as the molten pool contains much less steel than the other 

cases, the power excursion is more significant. 

With sodium plenum 

Fuel ejection above the fissile zone 

: Reactivity variation (in $) and scenario for case "with sodium plenum, with fuel 

ejection above the fissile zone" 
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The scenario here is less complex than the previous one: it begins with the fuel slump-down 

, at t=0.075 seconds). The fuel temperature is 3900K, 

the steel temperature is 2800K, and the pressure is 2.5 bars. Then, fuel and steel continue to 

fall in the pool but the reactivity decreases because of the Doppler effect: the temperatures 

l 4000K for fuel and 3900K for steel. At t=0.13 seconds, the ejection of fuel 

begins, and at t=0.15 seconds, steel is also ejected. To finish, a voided area is formed in the 

The first one deals with the calculations with fuel ejection only: it is simply fuel 

down, power excursion, fuel ejection and creation of a vapour bubble. 

is also relocation of steel 

in the upper part, the steel melts more easily and falls in the pool. That delays the 

power excursion, and as the molten pool contains much less steel than the other 

 
: Reactivity variation (in $) and scenario for case "with sodium plenum, with fuel 
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 Figure 10-59: Fuel mass variations during the 

accident (in kg) for case "with sodium plenum, 

with fuel ejection above the fissile zone" (the 

blue curve corresponds to the whole core, the 

red, green and light blue ones correspond to the 

fissile zone) 

The fuel slump-down causes a rise

power excursion occurs at t=0.174 seconds, 750P

respectively 3100 and 2900K, the pressure is 2.5 bars. To finish, 10 tons of fuel and 5 tons of 

steel are ejected from the pool and 

=3900K, Tsteel =3900K and p=18 bars).

 

 

- Fuel and clad ejection above the fissile zone

 

Figure 10-61: Reactivity variation (in $) 

 

 

: Fuel mass variations during the 

accident (in kg) for case "with sodium plenum, 

with fuel ejection above the fissile zone" (the 

blue curve corresponds to the whole core, the 

red, green and light blue ones correspond to the 

Figure 10-60: Steel mass variations in the fissile 

zone during the accident (in kg) for case "with 

sodium plenum, with fuel ejection above the 

fissile zone"

 

down causes a rise in reactivity which nevertheless occurs at a slow rate. The 

power excursion occurs at t=0.174 seconds, 750P0. The fuel and steel temperature are 

respectively 3100 and 2900K, the pressure is 2.5 bars. To finish, 10 tons of fuel and 5 tons of 

ted from the pool and void is created (at t=0.3 seconds, in the core, T

=3900K and p=18 bars). 

Fuel and clad ejection above the fissile zone 

: Reactivity variation (in $) and scenario for case "with sodium plenum, with fuel and 

clad ejection above the fissile zone" 

241 

 
: Steel mass variations in the fissile 

zone during the accident (in kg) for case "with 

sodium plenum, with fuel ejection above the 

fissile zone" 

in reactivity which nevertheless occurs at a slow rate. The 

. The fuel and steel temperature are 

respectively 3100 and 2900K, the pressure is 2.5 bars. To finish, 10 tons of fuel and 5 tons of 

is created (at t=0.3 seconds, in the core, Tfuel 

 
and scenario for case "with sodium plenum, with fuel and 
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 Figure 10-62: Fuel mass variations during the 

accident (in kg) for case "with sodium plenum, 

with fuel and clad ejection above the fissile 

zone" (the blue curve corresponds to the whole 

core, the red, green and light blue ones 

correspond to the fissile zone) 

Figure 10-63: Steel mass variations in the fissile 

zone during the accident (in kg) for case "with 

sodium plenum, with fuel and clad ejection 

above the fissile zone" 

 

Here there are a lot of variations in reactivity. The accident begins with the fuel slump-down 

and an increase in the reactivity. Then steel falls in the pool (the reactivity decreases) but 

quickly later, it is the ejected fuel that falls in the pool and melts. The reactivity increases 

and the power excursion occurs with 11000P0 at t=0.191 seconds, with fuel and steel 

temperature of 7700K and 3500K (p=2000 bars). Then a vapour bubble is formed with mixed 

fuel and steel vapour (p=300 bars, Tfuel =5600K and Tsteel =5400K). At t=0.25 seconds, 36 tons 

of fuel and 57 tons of steel are vaporized. 

This scenario is close to the case “high gas plenum with squirting effect”. That can be 

explained by the fact that the amounts of fuel and structure mixed in the plenum are similar 

to the ones in the medium “gas plenum with squirting effect” when it is filled with fuel. The 

upper media are approximately the same and the way the accident occurs is similar (even if 

the vaporization is much bigger in this case). 
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- Fuel ejection above and below the fissile zone

 

 

Figure 10-64: Reactivity variation (in $) and scenario for case "with sodium plenum, with fuel 

ejection above and below the fissile zone"

 

 

 Figure 10-65: Fuel mass variations during the 

accident (in kg) for case "with sodium plenum, 

with fuel ejection above and below the fissile 

zone" (the blue curve corresponds to the whole 

core, the red, green and light blue ones 

correspond to the fissile zone)

The reactivity first increases due to the fuel slump

(3194P0, t=0.166 seconds). The fuel and steel temperatures are 4100K and 3000K, pressure 

is 33 bars. 2/3 of fuel as particles melts at that moment (10 tons, see Figure 10

10-66). Then fuel is ejected from the core. At t=0.22 seconds, steel is also e

 

Fuel ejection above and below the fissile zone 

: Reactivity variation (in $) and scenario for case "with sodium plenum, with fuel 

ejection above and below the fissile zone" 

: Fuel mass variations during the 

accident (in kg) for case "with sodium plenum, 

with fuel ejection above and below the fissile 

corresponds to the whole 

core, the red, green and light blue ones 

correspond to the fissile zone) 

Figure 10-66: Steel mass variations in the fissile 

zone during the accident (in kg) for case "with 

sodium plenum, with fuel ejection above and 

below the fissile zone"

 

The reactivity first increases due to the fuel slump-down. This leads to the power excursion 

, t=0.166 seconds). The fuel and steel temperatures are 4100K and 3000K, pressure 

is 33 bars. 2/3 of fuel as particles melts at that moment (10 tons, see Figure 10

66). Then fuel is ejected from the core. At t=0.22 seconds, steel is also e
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: Reactivity variation (in $) and scenario for case "with sodium plenum, with fuel 

 
: Steel mass variations in the fissile 

zone during the accident (in kg) for case "with 

lenum, with fuel ejection above and 

below the fissile zone" 

down. This leads to the power excursion 

, t=0.166 seconds). The fuel and steel temperatures are 4100K and 3000K, pressure 

is 33 bars. 2/3 of fuel as particles melts at that moment (10 tons, see Figure 10-65 and Figure 

66). Then fuel is ejected from the core. At t=0.22 seconds, steel is also ejected from the 
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core. 1 ton of fuel and 6 tons of steel are also vaporized. At t=0.25 seconds, an important 

voided zone fills the core zone (p=8 bars).

 

This scenario is similar to the cases with a high gas plenum. That can be explained by the fact 

the area into which fuel is ejected is the gas plenum only, the sodium plenum does not need 

to be filled with ejected fuel. Both configurations are thus similar and give close results.

 

 

- Comparison of the models

 

With sodium plenum, the three different configurat

is due to the fact that the materials ejected are directly relocated at the place of sodium 

such that they form a new medium. There is nothing around the ejected materials to 

compensate their effect on the core.

Consequently the cases cannot be compared between each other but they can be compared 

with other configurations:  

- Cases with clad ejected: the scenario of the sodium plenum can be compared 

that one of the gas plenum with squirting effect and clad ejec

- Cases with fuel ejected above and below the fissile zone: the scenario of the sodium 

plenum can be compared to the cases with a high gas plenum.

 

 

 

� With sodium plenum and B

- Fuel ejection above the fissile zone

 

Figure 10-67: Reactivity variation (in $) and scenario for case "with sodium plenum and B

with fuel ejection above the fissile zone"

 

of fuel and 6 tons of steel are also vaporized. At t=0.25 seconds, an important 

voided zone fills the core zone (p=8 bars). 

This scenario is similar to the cases with a high gas plenum. That can be explained by the fact 

fuel is ejected is the gas plenum only, the sodium plenum does not need 

to be filled with ejected fuel. Both configurations are thus similar and give close results.

Comparison of the models 

With sodium plenum, the three different configurations exhibit very different scenario

is due to the fact that the materials ejected are directly relocated at the place of sodium 

such that they form a new medium. There is nothing around the ejected materials to 

compensate their effect on the core. 

Consequently the cases cannot be compared between each other but they can be compared 

Cases with clad ejected: the scenario of the sodium plenum can be compared 

the gas plenum with squirting effect and clad ejected.

Cases with fuel ejected above and below the fissile zone: the scenario of the sodium 

plenum can be compared to the cases with a high gas plenum. 

With sodium plenum and B4C above 

Fuel ejection above the fissile zone 

: Reactivity variation (in $) and scenario for case "with sodium plenum and B

with fuel ejection above the fissile zone" 
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of fuel and 6 tons of steel are also vaporized. At t=0.25 seconds, an important 

This scenario is similar to the cases with a high gas plenum. That can be explained by the fact 

fuel is ejected is the gas plenum only, the sodium plenum does not need 

to be filled with ejected fuel. Both configurations are thus similar and give close results. 

very different scenarios. That 

is due to the fact that the materials ejected are directly relocated at the place of sodium 

such that they form a new medium. There is nothing around the ejected materials to 

Consequently the cases cannot be compared between each other but they can be compared 

Cases with clad ejected: the scenario of the sodium plenum can be compared with 

ted. 

Cases with fuel ejected above and below the fissile zone: the scenario of the sodium 

 
: Reactivity variation (in $) and scenario for case "with sodium plenum and B4C above, 
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 Figure 10-68: Fuel mass variations during the 

accident (in kg) for case "with sodium plenum 

and B4C above, with fuel ejection above the 

fissile zone" (the blue curve corresponds to the 

whole core, the red, green and light blue ones 

correspond to the fissile zone) 

 
Figure 10-69: Steel mass variations in the fissile 

zone during the accident (in kg) for case "with 

sodium plenum and B4C above, with fuel 

ejection above the fissile zone" 

 

In this case there are two power peaks but only one power excursion. The fuel slump-down 

gives rise to the reactivity increase but prompt criticality is not achieved. There is a small fuel 

ejection and then some fuel particles from the relocated fuel falls and melts. That leads to 

the first power peak (12P0, at t=0.149 seconds), then a part of the reflectors with B4C fall and 

get closer to the pool, thus decreasing the reactivity. Then other fuel particles fall in the pool 

and there is a power excursion (1300PN, at t=0.237 seconds). The fuel and steel temperature 

are, respectively 3100K and 2900K, the pressure is 3.5 bars. These temperatures increase 

and the Doppler effect leads to the reactivity decrease. 10 tons of fuel and 6 tons of steel 

(values at t=0.4 seconds, see Figure 10-68 and Figure 10-69) are then ejected and the 

formation of voided zone in the core terminates the transient (at t=0.4 seconds, in the core, 

the characteristics are: Tfuel =3800K, Tsteel =3600K and p=10 bars). 
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- Fuel and clad ejection above the fissile zone

 

Figure 10-70: Reactivity variation (in $) and scenario for case "with sodium plenum and B

with fuel and clad ejection above the fissile zone"

 Figure 10-71: Fuel mass variations during the 

accident (in kg) for case "with sodium plenum 

and B4C above, with fuel and clad ejection 

above the fissile zone" (the blue curve 

corresponds to the whole core, the red, green 

and light blue ones correspond to the fissile 

zone) 

The fuel slump-down increases the reactivity and leads to a power excursion (t=0.149 

seconds, 500P0). The fuel and steel temperatures are 3100 and 2800K while pressure is 2 

bars. Finally a vapour bubble is formed (p=57 bars, T

fuel and 48 tons of steel are vaporized at t=0.45 seconds.

 

 

 

 

 

 

Fuel and clad ejection above the fissile zone 

: Reactivity variation (in $) and scenario for case "with sodium plenum and B

with fuel and clad ejection above the fissile zone" 

Fuel mass variations during the 

accident (in kg) for case "with sodium plenum 

C above, with fuel and clad ejection 

above the fissile zone" (the blue curve 

corresponds to the whole core, the red, green 

and light blue ones correspond to the fissile 

Figure 10-72: Steel mass variations in the fissile 

zone during the accident (in kg) for case "with 

sodium plenum and B4C above, with fuel and clad 

ejection above the fissile zone"

 

increases the reactivity and leads to a power excursion (t=0.149 

). The fuel and steel temperatures are 3100 and 2800K while pressure is 2 

bars. Finally a vapour bubble is formed (p=57 bars, Tfuel =4500K and Tsteel =4400K): 48 tons of 

and 48 tons of steel are vaporized at t=0.45 seconds. 
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: Reactivity variation (in $) and scenario for case "with sodium plenum and B4C above, 

: Steel mass variations in the fissile 

zone during the accident (in kg) for case "with 

C above, with fuel and clad 

ejection above the fissile zone" 

increases the reactivity and leads to a power excursion (t=0.149 

). The fuel and steel temperatures are 3100 and 2800K while pressure is 2 

=4400K): 48 tons of 
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- Comparison of the models 

 

As was mentioned in last part, with sodium plenum, the scenarios are very different 

depending on the case. The fact that there is no reflector or no other medium to limit the 

influence of the ejected fuel or mixture fuel/steel increases the impact of the ejected 

material on the core. However here the scenarios with sodium plenum and B4C begin like 

the ones without B4C, then the absorbing effect of B4C comes into action and changes the 

evolution of the scenario bringing about a delay of the occurrence of prompt criticality. 

Nevertheless the fall of B4C is too late to prevent the recriticality. It might be possible to take 

possibilities to have that fall coming earlier. Also another material miscible with molten fuel 

could be used (Eu2O3 for instance). 

 



Appendix 21  

 

 

248 

 

Appendix 21: Results of the SIMMER calculations 

 

 

 
Axial 

blankets 

Reflectors with 

Exp. Chamber 

Reflectors 

without Exp. 

Chamber 

Exp. Chamber 

with squirting 

effect 

Exp. Chamber 

without squirting 

effect 

Sodium 

plenum 

Sodium 

plenum+B4C 
 

Ejection length (cm) 18.3 8.6 18.3 7.8 21.7 8.13 

Amount of fuel ejected (%) 9.3 14.2 9.6 12.9 11.1 13.5 

        

Time max power (s) 0.084 0.157 0.132 0.084 0.136 0.174 0.149 

P max (W) 6.99E+12 2.15E+12 3.80E+12 5.69E+12 2.06E+12 2.70E+12 4.25E+10 

P max/P0 1941 597 1056 1581 572 750 12 

Time max Rho (s) 0.081 0.155 0.130 0.081 0.133 0.171 0.149 

Rho max ($) 1.058 1.024 1.04 1.057 1.034 1.043 0.912 

Integrated power (MJ) 33300 22100 24000 36000 21700 21600 28000 

         

         

Time max power (s)      0.188 0.237 

P max (W)      6.16E+11 4.60E+12 

P max/P0      171 1278 

Time max Rho (s)      0.186 0.234 

Rho max ($)      1.004 1.04 

         

T max fuel (K) 4400 3800 4000 4300 3800 3800 4200 

T max steel (K) 3800 3500 3500 3800 3400 3500 3700 

P max (bar) 18 11 9 15 21 13 17 

Table 10-24: SIMMER results for the cases with "only fuel ejected" 
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Axial 

blankets 

Reflectors with 

Exp. Chamber 

Reflectors 

without Exp. 

Chamber 

Exp. Chamber 

with squirting 

effect 

Exp. Chamber 

without squirting 

effect 

Sodium 

plenum 

Sodium 

plenum+B4C 
 

Ejection length (cm) 50.9 40.5 54.7 21.9 59.1 20.5 

Amount of fuel ejected (%) 15.9 20.8 16.4 22.7 17.3 23.4 

        

Time max power (s) 0.085 0.171 0.101 0.172 0.157 0.191 0.118 

P max (W) 6.20E+12 8.39E+12 3.09E+12 1.13E+13 4.54E+12 3.95E+13 3.83E+10 

P max/P0 1722 2331 858 3139 1261 10972 11 

Time max Rho (s) 0.083 0.169 0.097 0.170 0.154 0.187 0.114 

Rho max ($) 1.059 1.087 1.04 1.113 1.058 1.115 0.904 

Integrated power (MJ) 35000 32300 28000 37400 28600 115000 59600 

         

         

Time max power (s)       0.149 

P max (W)       1.95E+12 

P max/P0        

Time max Rho (s)       0.147 

Rho max ($)       1.027 

         

T max fuel (K) 4400 4500 4100 4700 4100 6000 5500 

T max steel (K) 3900 3800 3700 3800 3600 5000 4500 

P max (bar) 22 16 11 21 10 20 11 

Table 10-25: SIMMER results for the cases with "fuel and half of the claddings ejected" 
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Axial 

blankets 

Reflectors with 

Exp. Chamber 

Reflectors 

without Exp. 

Chamber 

Exp. Chamber 

with squirting 

effect 

Exp. Chamber 

without 

squirting effect 

Sodium 

plenum 

Sodium 

plenum+B4C 
 

Ejection length (cm) 2*11.87 21.18+7.06 2*11.37 21.38+7.12 2*11.866 12.37+4.12 

Amount of fuel ejected (%) 12.5 23.3 12.5 23.5 12.5 13.6 

        

Time max power (s) 0.091 0.205 0.149 0.074 0.147 0.166 0.184 

P max (W) 5.84E+12 2.4E+12 2.17E+12 3.8E+12 2.9E+12 1.15E+13 6.6E+12 

P max/P0 1622 6667 603 1055 805 3194 1833 

Time max Rho (s) 0.089 0.203 0.146 0.072 0.141 0.164 0.182 

Rho max ($) 1.058 1.166 1.033 1.042 1.031 1.096 1.064 

Integrated power (MJ) 29900 24700 23000 43000 31300 28400 798 

         

         

Time max power (s)       0.194 

P max (W)       1.47E+13 

P max/P0       4083 

Time max Rho (s)       0.193 

Rho max ($)       1.103 

         

T max fuel (K) 4300 4500 3700 4200 4300 4400 4800 

T max steel (K) 3800 4000 3500 3600 3700 3600 3500 

P max (bar) 14 23 13 13 12 25 20 

Table 10-26: SIMMER results for the cases with "fuel ejected above and below the core” 
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Appendix 22: The model DETENT of calculation of the mechanical energy release in SIMMER [71] 

 

 

During the secondary phase of the accident, the pressures and temperatures increase, 

leading to the melting and sometimes vaporization of the materials. The pressure can 

increase from about 20 bars to 100 bars in the molten pool: this will compress the sodium 

and then the gas plenum, and to finish it can lift the cover of the vessel.  

This is the energy of volumic expansion which creates a work of the forces of pressure. So, 

the expansion can be estimated by the pressures in the pool: pressures of the fission gases 

and of the vapours. 

 

SIMMER has a model of expansion which evaluates the kinetics of development of a bubble 

of corium (multi-fluid: molten fuel, liquid steel, fission products) from the core to the upper 

structure of the reactor.  

The calculation of the forces of pressure is only based on the hydraulics aspects of the 

expansion. It takes into account: 

- The presence of structures in the vessel, modelled above the core region. 

- The thermal interactions between corium and sodium, around the interface of the 

bubble of corium and the free surface of sodium. 

 

This model is difficult to put in place and necessitates the realization of a calculation of a 

complete reactor case until the extension and generalization of the degradation to the 

whole core. 
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This treatment affects physical quantities of the Equations Of State (EOS) of steel on the 

melting zone (solidus-liquidus). The objective is to reproduce the steel melting/freezing 

observed in the SCARABEE BE+ experiments, such as the steel candle b

steel pullout by vapour entrainment and its solidification in the upper part of the pins 

bundle, the steel plug formation in the lower part of the pins bundle and its mobility toward 

the lower axial blanket. The values of liquidus are

ones and a new intermediary pasty state is created where fuel is partly melted.

  

 This treatment follows the code approach concerning the linear interpolation of the 

physical parameters (internal energy, density)

for the internal energy (internal energy depending on the temperature for steel). It is the 

actual energy equation with clad thermal break

controlled by the user value 

solidusliquidus eeCMELTe +−= )(*

 

Figure 10-73: Actual energy equation with clad thermal break

 

So, a new “state” is added, the “pasty state”, where steel can candle. It is important to 

notice that this treatment allows the 

the previous SIMMER approach. Consequently this fluid can be considere

mixture of liquid phase and particle phase. 

The user sets the energy and consequently the temperature when this new “state” appears.  

The variations of energy depending on temperature are given in the figure below. On the 

graph, the “pasty state” is represented. 

 

: Detailed description of the steel candling model

This treatment affects physical quantities of the Equations Of State (EOS) of steel on the 

liquidus). The objective is to reproduce the steel melting/freezing 

observed in the SCARABEE BE+ experiments, such as the steel candle behaviour on clad, the 

steel pullout by vapour entrainment and its solidification in the upper part of the pins 

bundle, the steel plug formation in the lower part of the pins bundle and its mobility toward 

the lower axial blanket. The values of liquidus are changed so as to be closer to the solidus 

ones and a new intermediary pasty state is created where fuel is partly melted.

This treatment follows the code approach concerning the linear interpolation of the 

physical parameters (internal energy, density). The curve below represents this treatment 

for the internal energy (internal energy depending on the temperature for steel). It is the 

actual energy equation with clad thermal break-up. In the code the clad thermal break

 CMELT which defines on the melting zone the point (e*, T*): 

soliduse+
. 

: Actual energy equation with clad thermal break-up for SUS316 steel

So, a new “state” is added, the “pasty state”, where steel can candle. It is important to 

notice that this treatment allows the modelling of steel in a pasty zone as a fluid 

the previous SIMMER approach. Consequently this fluid can be considere

mixture of liquid phase and particle phase.  

The user sets the energy and consequently the temperature when this new “state” appears.  

The variations of energy depending on temperature are given in the figure below. On the 

y state” is represented.  
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model 

This treatment affects physical quantities of the Equations Of State (EOS) of steel on the 

liquidus). The objective is to reproduce the steel melting/freezing 

ehaviour on clad, the 

steel pullout by vapour entrainment and its solidification in the upper part of the pins 

bundle, the steel plug formation in the lower part of the pins bundle and its mobility toward 

changed so as to be closer to the solidus 

ones and a new intermediary pasty state is created where fuel is partly melted. 

This treatment follows the code approach concerning the linear interpolation of the 

. The curve below represents this treatment 

for the internal energy (internal energy depending on the temperature for steel). It is the 

up. In the code the clad thermal break-up is 

CMELT which defines on the melting zone the point (e*, T*): 

 
up for SUS316 steel 

So, a new “state” is added, the “pasty state”, where steel can candle. It is important to 

of steel in a pasty zone as a fluid contrary to 

the previous SIMMER approach. Consequently this fluid can be considered as an intimate 

The user sets the energy and consequently the temperature when this new “state” appears.  

The variations of energy depending on temperature are given in the figure below. On the 
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Figure 10-74: Steel energy equation with “pasty phase” model for SUS316 steel

 

The steel EOS are functions that depend on characteristics of the liquidus: energy, 

temperature, volume density. The previous values are stored in the EOS as a reference point:

  

 

���
������	�
	���
� � ��������	�
	���
� � ��������	�
	���
� � ����

� 
The new temperature of liquidus is associated to the value ‘CPASTY’ that 

the input file. It characterizes the thermal energy of the past

�0 � ������ � 1                 ����
	�   ����	�
	�!�"                 ����	�
	�!�" � ������ # ����
 

The liquid steel energy at the temperature of liquidus is deduced from the following 

equation: 

 ����	�
	� � ���� $ %&'(%&'(
The melting enthalpy becomes:

 )�	��! � ����	�
	� $ �
 

 

 

: Steel energy equation with “pasty phase” model for SUS316 steel

The steel EOS are functions that depend on characteristics of the liquidus: energy, 

ume density. The previous values are stored in the EOS as a reference point:

�
The new temperature of liquidus is associated to the value ‘CPASTY’ that 

the input file. It characterizes the thermal energy of the paste between [Tsolidus                                                                                                      
��� *  �1 $ ������� ����
	�

� 
The liquid steel energy at the temperature of liquidus is deduced from the following 

&'(+%,-./-0/1
&'(+%12,-0/1 ����
	� 

The melting enthalpy becomes: ����
	� � �345�6���� $ ����
	�7 
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: Steel energy equation with “pasty phase” model for SUS316 steel 

The steel EOS are functions that depend on characteristics of the liquidus: energy, 

ume density. The previous values are stored in the EOS as a reference point:

The new temperature of liquidus is associated to the value ‘CPASTY’ that can be changed in 

solidus; Tliquidus]. 

The liquid steel energy at the temperature of liquidus is deduced from the following 
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Consequently, when the steel energy corresponds to the new liquidus temperature, the 

melting enthalpy is reduced according to the proportion of the solid phase contained at the 

lower energy value of the pasty zone ����	�
	�!�" . 

Remark: When the temperature of the paste evolves between 8����	�
	� 
!�" ;  ����:, the melting 

enthalpy evolves according to the equivalent proportion of the liquid phase at Tref. 

As is considered a linear interpolation between Tsolidus and Tref, this modelling allows to 

conserve the mass and energy for the liquid and solid phases with a treatment equivalent to 

the EOS approach defined initially in the SIMMER code when T=Tref and hfusion=eref-esolidus. 

Concerning the extension of the steel EOS, some numerical difficulties were observed to 

extend the steel vapour phase in the pasty zone. At this time the complexity of this problem 

was not solved, and the solution to get around it was to treat the liquid state at a reference 

temperature, in accordance with the recommendation included in the Simplified Analytics 

Equations Of State SIMMER model (SAEOS). This treatment is included in the source code. 

The user can access the reference temperature in the input file to choose a value in 

accordance with the problem he wants to solve. 

 

 The viscosity law of the liquid steel initially defined between 
old

liquidusT
and Tcritical was extended 

between the old and new liquidus values to simulate the pasty zone in the liquid phase.  

 ���� ≥ ����  <  = = 2.93. 10+B�CD EFGHB
% I 

 At this point, the user can define his own viscosity parameters A and B by activating a 

code option. 

Another part of this model concerns the management of the structure freezing, 

phenomenon amplified by the steel EOS modifications and the introduction of the pasty 

zone. According to a specific criterion, included in the SIMMER code, which allows to stop 

the mass transfer on the free mesh interfaces when the mesh contains a high volume 

fraction of structure (ALPSID variable of the data file, default value: 0.9) to avoid numerical 

problems of overfilling, a complementary criterion is introduced. The latter concerns the 

same treatment when the mesh contains a high quantity of structure (less than ALPSID), but 

also a significant quantity of steel paste which can potentially freeze rapidly. The new 

criterion concerns the new variable GELLIM of the input file. For instance, in a TIB 

calculation, this criterion impacts directly the steel plug formation in the lower part of the 

fissile column and its mobility toward the lower axial blanket. The new treatment is directly 

linked to the limit volume fraction ALPSID, and allows to consider higher values in a standard 

calculation (examples: GELLIM=0.95 and ALPSID=0.98).  

Remark: These parameters depend on the mesh size contained in a calculation and the user 

must adjust them correctly, to ensure that no numerical problems will be introduced. 

 

Concerning the candle behaviour of the model, it is directly deduced from the SIMMER 

channel flow regime map (see Figure 10-75). The clad thermal break-up generally appears 

after the cladding dry-out and sodium bubble boiling phase. In the flow regime map, it 

corresponds to an effective void fraction in the sodium channel higher than the dispersed 

limit ( Dα ), when the most significant liquid phase is the liquid steel. 
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Figure 

 

In these cases, three situations are calculated by the code under the flooding limit Ev:

- Ev=0: the liquid steel is considered around the pin structure in an annular flow 

regime and can flow 

- 0<Ev<Eu: the upward gas flow impacts the film motion, and the steel paste 

around the pins is treated by an annular dispersed flow regime. Remark: in the 

code, the flooding limits are controlled by the data parameters JBEGIN (default 

value: 1.2) and JSTOP (defau

Nb: 

JK = LM1 $ LN # OPMQQQ
With 

RSH+RT effective volume of gasOPMQQQQUO gas speedVM  gas densityVW liquid densityXY hydraulic diameter

 

 

- Ev=Eu: in this case, the entrainment is ve

steel annular flow and to split it in droplets in the sodium channel and to 

transport the steel droplet in the upward direction; this behaviour can be the 

origin of the upper steel plug formation in a pin bundle.

 

Figure 10-75 : Regime flow map [61] 

In these cases, three situations are calculated by the code under the flooding limit Ev:

Ev=0: the liquid steel is considered around the pin structure in an annular flow 

regime and can flow downward the pins bundle (candle behaviour).

Eu: the upward gas flow impacts the film motion, and the steel paste 

around the pins is treated by an annular dispersed flow regime. Remark: in the 

code, the flooding limits are controlled by the data parameters JBEGIN (default 

value: 1.2) and JSTOP (default value: 0.4) compared to the dimensionless

OPMQQUO # Z VM[XY|VW $ VM| 
effective volume of gas 

gas speed 

gas density 

liquid density 

hydraulic diameter 

 

Ev=Eu: in this case, the entrainment is very important  and sufficient to 

steel annular flow and to split it in droplets in the sodium channel and to 

transport the steel droplet in the upward direction; this behaviour can be the 

origin of the upper steel plug formation in a pin bundle. 
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In these cases, three situations are calculated by the code under the flooding limit Ev: 

Ev=0: the liquid steel is considered around the pin structure in an annular flow 

downward the pins bundle (candle behaviour). 

Eu: the upward gas flow impacts the film motion, and the steel paste 

around the pins is treated by an annular dispersed flow regime. Remark: in the 

code, the flooding limits are controlled by the data parameters JBEGIN (default 

dimensionless number 

ry important  and sufficient to stop the 

steel annular flow and to split it in droplets in the sodium channel and to 

transport the steel droplet in the upward direction; this behaviour can be the 
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General remark: this candling model does not impact the logic of the code freezing model 

associated to the structure freezing and bulk freezing. In the code this treatment depends 

directly on the interfacial areas and the heat transfer between the liquid steel phase and the 

structure components (can wall and pin) and on the other hand with the other fluid 

components. The only impact deals with the extension of the liquid phase to the pasty zone 

which can simulate the liquid paste droplets with an internal energy lower than the liquidus 

energy. Under this physical condition, the liquid paste phase adequacy remains with all the 

regimes of the channel flow regime map. The validation of the new candle model is not done 

actually and is planned this year with the BPI9 experiments and later with SCARABEE BE+ 

and PVA experiments. However the evaluation of the model for the Phenix reactor in case of 

ITB shows that the steel behaviour observed in SCARABEE is well reproduced (progressive 

clad melting, plug formation, plug mobility, etc.) with a minimization of the steel/sodium 

interaction conformable to the experiment. 
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Appendix 24: Times of the events of the SAS4A/SIMMER and SIMMER calculations 

 

   

 

SAS/SIMMER SIMMER 

Time (s) Relative time (s) Description Time (s) Relative time (s) Description 

18.074 => 

19.518 
0 => 1.444 

Beginning of the boiling in some channels: 14, 

18, 1, 25, 12, 7, 2, 19, 8, 20, 26, 22, 21, 13, 6, 27, 

3, 15, 4 (Group 1). 

121.4 0 Boiling in ring 13 

123.53 2.13 Boiling in ring 4 and 5 

123.55 2.15 Boiling in ring 3 and 6 

123.6 2.2 Boiling in ring 1, voiding of ring 13. 

123.63 2.23 Boiling in ring 7. 

19.61 => 

19.83 
1.536 =>1.756 

Beginning of dry-out in the channels where the 

boiling began (14, 1, 12, 25, 2, 7, 19, 8, 26). 

Other channels continue to go to boiling: 28, 10, 

30, 9. 

123.65 2.25 Dry-out of rings 3, 4, 5, 6. 

123.7 2.3 Dry-out of rings 1, 2, 7. 

19.84 => 

19.9 
1.766 => 1.826 Fuel melting in the channels of group 1. 123.735 2.335 Cavity creation in ring 11. 

19.85 => 

19.90 
1.776 => 1.826 

Dry-out continues (20, 21, 22, 6, 13, 27). Other 

channels continue to go to boiling: 29, 23 . 

123.741 2.341 Cavity creation in rings 1, 2, 3, 4. 

123.744 => 

123.754 
2.344 => 2.354 

Cavity creation in rings 5, 6, 7, 8, 9, 

10. 

19.88 => 

19.94 
1.779 => 1.83 Fuel melting in the channels 9, 10, 28, 29, 30. 123.765 2.365 Clad breaks in ring 11, fuel melting. 

19.932 1.858 
First fuel breakup in channel 18. It is 

immediately followed by fuel melting. 
123.768 2.368 

Clad breaking and fuel melting in rings 

1, 2, 3. 

19.932 => 

19.953 
1.858 => 1.879 

Propagation of clad and fuel breakup to all the 

channels of the Group 1 (except channel 4).  
123.773 2.373 Clad melting in rings 1, 2, 3. 
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19.963 1.889 Boiling in channels 16 and 17. 

19.97 1.896 
Fuel melting in the channels 17, clad melting in 

channels 1, 2, 7 and 25. 

19.987 1.913 
Propagation of clad and fuel breakup to 

channels 3 and 15.  

19.99 => 

20.01 
1.916 => 1.936 Dry-out in channels 4, 28, 10. 

20.016 1.942 
Propagation of clad and fuel breakup to channel 

28.  

20.02 1.946 Boiling in channel 24, voiding in channel 9. 

20.03 => 

20.04 
1.956 => 1.966 Fuel melting in the channels 16, 23 and 24. 

20.04 => 

20.05 
1.966 => 1.976 fuel breakup in channels 10 and 4. 

20.05 => 

20.06 
1.976 => 1.986 

Boiling in channel 5, dry-out in channels 29 and 

30. 

20.06 1.986 Clad melting in channels 3, 12, 14, 19. 

123.775 2.375 
Clad breaking and fuel melting in rings 

4, 5, 6, 7. 

20.06 => 

20.1 
1.986 => 2.026 Boiling in channel 11, dry-out in channel 17. 

20.1 2.026 Clad melting in channels 13, 15, 20. 

20.12 2.046 fuel breakup in channel 9. 

20.14 2.066 Clad melting in channels 28, 18, 20, 21, 19. 123.775 2.375 Clad melting in ring 11. 

20.15 2.076 Dry-out in channel 16. 
123.776 => 

123.777 
2.376 => 2.377 

Clad breaking and fuel melting in rings 

8, 9, 10, and formation of cavity in 

ring 12. Clad melting in rings 4 and 5. 

20.17 2.096 fuel breakup in channel 29. 
123.778 => 

123.78 
2.378 => 2.38 Clad melting in rings 6, 7. 

20.19 2.116 Clad melting in channel 22. 123.781 => 

123.783 
2.381 => 2.384 Clad melting in rings 8, 9, 10. 

20.2 2.126 fuel breakup in channel 30. 
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20.21 2.136 Clad melting in channel 10. 

20.219 2.145 fuel breakup in channel 23. 

20.23 2.156 Clad melting in channel 26. 

20.24 2.166 Dry-out in channel 24. 

20.26 2.186 Clad melting in channels 4 and 8. 

20.3 2.226 Dry-out in channel 5. 

20.31 2.236 Clad melting in channel 11. 
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Appendix 25 : Options used for the calculation of the ULOF after the SAS calculation 

 

 

 

The standard options are used except for a few ones which enable to achieve a more 

accurate result of the calculation [75]: 

- The channel flow model is used regardless of the existence of the structure 

components (IFAOPT(2) = 1,). 

- The Vaporization/Condensation (V/C) calculation is skipped if the V/C model 

cannot converge in the mesh (HMTOPT(8) = 1,). 

- Both the thermal and wall cracking criteria are applied to can wall failure 

(HMTOPT(64) = 1,). The criteria correspond to the input data DWFAL (can wall 

cracking thickness, default value: 2mm) and TWFAL (can wall cracking 

temperature, default value: 1541K) in NAMELIST &XSTR. The data are set to their 

default value. 

- The fuel pellet breaks up when cladding is lost and when there is no pin structure 

in the lower cell (HMTOPT(66) = 3,). 

- Inter-cell heat transfer is applied to liquid, vapour, cladding and can wall 

(HMTOPT(71) = 1, 2, 1, 1,). 

- The vapour temperature is adjusted to the temperature of real liquid component 

which has the maximum volume fraction if the vapour temperature falls below 

the minimum temperature specified by input variable TGMIN in NAMELIST &XEOS 

(EOSOPT(10) = 1,) 

 

The candling model has been used the calculation, with the following parameters: 

- CPASTYS = 0.25, 

- TLSCTE = 2000.0, 

- GELLIM = 0.8,  
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Appendix 26:  Scenario of the secondary phase of the accident with SIMMER

 

The scenario is described below and the corresponding graphs are also given. A zoom on the 

fissile region is done to better see the materials movements. 

At the beginning of the transition phase, the core is mostly melt, but half of fuel is still 

present as particles. The upper part of the pellets has not melted yet. 

 

 

 

 

The pressure at the beginning of the calculation is of about 15bars in the pool. The 

temperature of fuel as particles is about 3000K, the liquid fuel is in average at 3060K, and 

the liquid steel is at about 3040K. The evolution of the temperatures and pressure in the 

core are plotted in Figure 10-76.

 

 

Scenario of the secondary phase of the accident with SIMMER

calculation 

The scenario is described below and the corresponding graphs are also given. A zoom on the 

fissile region is done to better see the materials movements.  

At the beginning of the transition phase, the core is mostly melt, but half of fuel is still 

s particles. The upper part of the pellets has not melted yet.  

The pressure at the beginning of the calculation is of about 15bars in the pool. The 

temperature of fuel as particles is about 3000K, the liquid fuel is in average at 3060K, and 

id steel is at about 3040K. The evolution of the temperatures and pressure in the 

76. 
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Scenario of the secondary phase of the accident with SIMMER-III after the SAS 

The scenario is described below and the corresponding graphs are also given. A zoom on the 

At the beginning of the transition phase, the core is mostly melt, but half of fuel is still 

 

The pressure at the beginning of the calculation is of about 15bars in the pool. The 

temperature of fuel as particles is about 3000K, the liquid fuel is in average at 3060K, and 

id steel is at about 3040K. The evolution of the temperatures and pressure in the 
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Figure 10-76: Liquid fuel and steel temperatures (in K) and pressure (in Pa) variations d

 

 

Figure 10-77: Mass variations of fuel in the 

fissile zone (in tons)

  

 

 

: Liquid fuel and steel temperatures (in K) and pressure (in Pa) variations d

accident 

: Mass variations of fuel in the 

fissile zone (in tons) 

 

Figure 10-78: Mass variations of steel in the 

fissile zone (in 
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: Liquid fuel and steel temperatures (in K) and pressure (in Pa) variations during the 

 

: Mass variations of steel in the 

fissile zone (in tons) 
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During the first second of the SIMMER calculation, the top of the pins, which are still intact, 

turn into liquid, and so do the particles of fuel (see Figure 10

ejected from the fissile zone in 1 second (see Figure 10

increase in the reactivity, as can be seen 

of reactivity but it decreases before reaching 1$. From 21.33 seconds, fuel begins to attack 

the lower part of the core (see rings 1, 3 and 4). 0.1 second later, the phenomenon 

continues in other rings. When looking at the total fuel mass evolution, it can be seen that 

the amount of fuel in the fissile zone decreases quickly. 

 

 

During the first second of the SIMMER calculation, the top of the pins, which are still intact, 

turn into liquid, and so do the particles of fuel (see Figure 10-77). Moreover, 1 ton of steel is 

ejected from the fissile zone in 1 second (see Figure 10-78). All these phenomena lead to an 

increase in the reactivity, as can be seen in Figure 7-32. At t=21.46 seconds, there is a peak 

reases before reaching 1$. From 21.33 seconds, fuel begins to attack 

the lower part of the core (see rings 1, 3 and 4). 0.1 second later, the phenomenon 

continues in other rings. When looking at the total fuel mass evolution, it can be seen that 

of fuel in the fissile zone decreases quickly.  
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During the first second of the SIMMER calculation, the top of the pins, which are still intact, 

77). Moreover, 1 ton of steel is 

All these phenomena lead to an 

. At t=21.46 seconds, there is a peak 

reases before reaching 1$. From 21.33 seconds, fuel begins to attack 

the lower part of the core (see rings 1, 3 and 4). 0.1 second later, the phenomenon 

continues in other rings. When looking at the total fuel mass evolution, it can be seen that 
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Afterwards, the reactivity continues to decrease, as the liquid fuel and steel continue to be 

ejected, mostly into the lower part of the core. It can be 

fuel at the end of the SAS calculation would have formed a crust and 

being ejected further. 

 

 

 

 

 

This fuel ejection, added to the Doppler 

effect (the fuel temperature increases by 

700K in 0.1 second), makes the reactivity 

decrease. The maximum of reactivity is 

0.88$ at t= 21.46 seconds.

Afterwards, the reactivity continues to decrease, as the liquid fuel and steel continue to be 

the lower part of the core. It can be imagined that maybe the relocated 

fuel at the end of the SAS calculation would have formed a crust and prevent the fuel from 
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This fuel ejection, added to the Doppler 

effect (the fuel temperature increases by 

700K in 0.1 second), makes the reactivity 

decrease. The maximum of reactivity is 

0.88$ at t= 21.46 seconds. 

Afterwards, the reactivity continues to decrease, as the liquid fuel and steel continue to be 

that maybe the relocated 

prevent the fuel from 
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Moreover, at t=22.33 seconds, it can be 

noticed that the total amount of fuel in the 

core decreases. That is not due to the 

vaporization of fuel, but to the fact that 

fuel goes out of the calculatio

end of the simulation, 53 tons of fuel and 

16 tons of steel (more than the half) have 

been ejected from the fissile zone, while 18 

tons of fuel and 6 tons of steel have left the 

simulation zone. 
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Moreover, at t=22.33 seconds, it can be 

noticed that the total amount of fuel in the 

core decreases. That is not due to the 

vaporization of fuel, but to the fact that 

fuel goes out of the calculation zone. At the 

end of the simulation, 53 tons of fuel and 

16 tons of steel (more than the half) have 

been ejected from the fissile zone, while 18 

tons of fuel and 6 tons of steel have left the 
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Here is a view of the core at 

the end of the SIMMER 

calculation. 

The core is almost completely 

voided as the fuel and steel 

have been ejected out of it. Its 

pressure is in average 3.7bars.

 

 

 

 

 

Here is a view of the core at 

the SIMMER 

completely 

voided as the fuel and steel 

of it. Its 

pressure is in average 3.7bars. 
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Appendix 27 : Calculation of the stationary state with SIMMER-III 

 

 

The temperatures were given in the core as initial conditions, but as the sodium is not in 

motion at first, by the time it takes to get into motion, there are changes in the 

temperatures (mostly in sodium temperature) which affect the reactivity and the power. At 

the end of the transient, the reactivity is null but the power stabilizes at any value, and not 

necessarily the wanted one, 3600MWth. To obtain the correct value of power at the end of 

the transient, the fuel temperature in nominal was adjusted: the goal is to have a Doppler 

effect that counter-acts the sodium expansion in order to stabilize at the desired power. It is 

important to highlight that it seems strange to have a transient calculation where the 

reactivity does not stabilize at 0pcm. The code was written to perform calculations with 

great reactivity variations and no for transient calculations where the reactivity can stabilize 

easily. The code is here used beyond its usual use and standard options. 

 

The calculation of the stationary state with SIMMER-III was performed using the default 

parameters of the code, except for the following options: 

- The non-equilibrium Vaporization/Condensation model is switched off 

(HMTOPT(32) = 1,) 

- Inter-cell heat transfer is applied to liquid, vapour, cladding and can wall 

(HMTOPT(71) = 1, 2, 1, 1,). 

 

A few parameters of the input file were also changed: 

- The SPIN model was used. 

- The candling model has been used for the calculation, with the following 

parameters (it has no effect here, but must be used with the correct values for 

the following of the calculation): 

� CPASTYS = 0.25, 

� TLSCTE = 2000.0, 

� GELLIM = 0.8,  

 

 

Below are given the graphs of the reactivity and power variations during the transient (see 

Figure 10-79): the reactivity stabilizes at -0.07pcm and the power at 3570MWth. The error 

on the power is less than 0.08%, that is very accurate and the accidents can be calculated 

from this state of the core.  
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Figure 10-79: Variations of reactivity (in pcm) and power (in W) of the core during the transient 

 

The temperatures and pressures in the core are also very important (see Figure 10-80). The 

sodium at the outlet of the core must be at 823K. In the model it is on average 824K. 

Actually, it goes from 816K for the 13th ring to 825K for the 1st ring. On the figure describing 

sodium temperature, the arrows represent the sodium velocity. As far as pressures are 

concerned, the pressure loss at the bottom and top of the subassemblies are easily 

identified. 

 

  
Figure 10-80: Distribution of the sodium temperature (in K) and pressure (in Pa) in the core 
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The mass flow rates of the subassemblies could also be compared to the ones calculated 

with the code SUPTHYL1 (see table below): 

 

 SUPTHYL SIMMER 

 
Mass flow 

rate (kg/s) 

Average 

heating (K) 

Mass flow 

rate (kg/s) 

Average 

heating (K) 

Zone 1 41.92 160 45.74 156 

Zone 2 37.87 110 35.96 148 

Table 10-27: Comparison of the mass flow rates and average warming calculated by the codes 

SUPTHYL and SIMMER 

 

The first zone corresponds to the inner core and a part of the outer core. The second zone 

corresponds to the remaining 20 subassemblies at the periphery of the outer core. In the 

first zone, the flow rate calculated by SIMMER is slightly higher than the one calculated by 

SUPTHYL (while the average heating is very close): that is due to the fact that in SIMMER 

there are no control rods, the subassemblies are really close to each other and there is more 

heat to be extracted. In the second zone, the mass flow rate is smaller in SIMMER but the 

average heating is higher. This can be attributed to the fact that there are no control rods 

and a closer positioning of the subassemblies explains the differences of flow rates. 

 

It is also interesting to have a look at the radial and axial average temperatures of sodium, 

interior fuel pin node, exterior fuel pin node and cladding (see Figure 10-81 and Figure 

10-82). The cladding and sodium have nearly the same temperatures, whether axial or 

radial. Cladding temperature is slightly more important and that is due to the very good 

sodium and steel exchange coefficients. 

As for the fuel, there is a big difference between the interior and exterior nodes 

temperatures. Radially, the temperature at the interior fuel node is almost constant at 

1960K and it decreases to 1500K at the periphery of the core. The temperature of the 

exterior node is about 1000K lower (but at the periphery the difference is only 500K). Using 

only two nodes to describe the fuel pin temperature leads to large temperature differences 

in the pin. 

                                                      
1
 The code SUPTHYL aims at optimising the flow rate per subassembly for the whole core. 
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Figure 10-81: Radial temperature (in K) distribution in the core for sodium, fuel and cladding 

 

Axially, the same trend is observed. The temperature at the interior fuel node goes up to 

2000K in the middle of the core while it is about 1000K for the exterior fuel node. Moreover, 

there is a big difference in temperature between the centre of the core and the top of it for 

the interior fuel node, while it is rather constant in the exterior fuel node. Here again, the 

simple mesh used to describe the pin shows that it leads to high gradients in temperature.  

 
Figure 10-82: Axial temperature distribution (in K) in the core for sodium, fuel and cladding 

 

The steady-state core has been obtained, now the Unprotected Loss Of Flow can be 

calculated.
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Appendix 28: Options of the calculation for the ULOF calculated with SIMMER only 

 

The calculation was performed using the default parameters of the code, except for the 

following options (like for the SAS restart with SIMMER): 

- The channel flow model is used regardless of the existence of the structure 

components (IFAOPT(2) = 1,). 

- The Vaporization/Condensation (V/C) calculation is skipped if the V/C model 

cannot converge in the mesh (HMTOPT(8) = 1,). 

- The non-equilibrium V/C model is switched on again (HMTOPT(32) = 0,). 

- Both the thermal and wall cracking criteria are applied to can wall failure 

(HMTOPT(64) = 1,). The criteria correspond to the input data DWFAL (can wall 

cracking thickness, default value: 2mm) and TWFAL (can wall cracking 

temperature, default value: 1541K) in NAMELIST &XSTR. The data are set to their 

default value. 

- The fuel pellet breaks up when cladding is lost and when there is no pin structure 

in the lower cell (HMTOPT(66) = 3,). 

- Inter-cell heat transfer is applied to liquid, vapour, cladding and can wall 

(HMTOPT(71) = 1, 2, 1, 1,). 

- The vapour temperature is adjusted to the temperature of real liquid component 

which has the maximum volume fraction if the vapour temperature falls below 

the minimum temperature specified by input variable TGMIN in NAMELIST &XEOS 

(EOSOPT(10) = 1,) 

 

A few parameters of the input file were also changed: 

- The parameters of the gas entrainment model were improved because the 

influence of this effect was too strong at first: the cladding was ejected as soon as 

it melted. This behaviour comes from the 1D representation which amplifies the 

axial fluid motion in case of corium/sodium interaction. So, for the calculation, 

the model is activated for a dimensionless vapour velocity of JBEGIN = 6 to JSTOP 

= 4 (in NAMELIST &XIFA). 

- The fuel pin melt fraction for breakup (FMELT in NAMELIST &XSTR) is decreased 

from 0.5 to 0.4 to compensate the lack of temperature gradient in the pin. 

- The cladding melt fraction for thermal breakup CMELT (in NAMELIST &XSTR) is set 

to 0.11 (default value: 0.0). 

- The heat transfer coefficients between liquid steel and the hexcan and liquid steel 

and the pin are multiplied by 0.1 (HRSMUL(9) =0.1, and HRSMUL(10)=0.1, in 

NAMELIST &XHTC). That was done to prevent the hexcan from melting too soon 

because a too pronounced interaction between the cladding and the hexcan. This 

too intensive interaction is due to the 1D representation of the subassembly in 

SIMMER: it over-estimates the effect of the surface of interaction between the 

cladding and the hexcan. Indeed, instead of having only the pins of 9th ring of pins 

that interact with the hexcan, it is as if all the pins interacted with it. 

Let us consider 271pins in the subassembly: 

The exchange surface of 271pins with a radius r is 2]^ × 271  (1D case), while the exchange 

surface of the outer ring of the pins is 2]^ × √271 (real case). There is a factor of 

√271 = 0.06 between both surfaces: this value was approximated by 0.1 that is why the 
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heat transfer coefficients were multiplied by 0.1. 

- The SPIN model was used. 

- The candling model has been used for the calculation, with the following 

parameters: 

� CPASTYS = 0.25, 

� TLSCTE = 2000.0, 

� GELLIM = 0.8,  
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Appendix 29: Scenario of the ULOF calculated with SIMMER

 

The loss of flow begins at t=100 seconds, so that corresponds to the time 0 second

compare to the SAS4A results. The times of the events are all given in 

variations of pressure, temperatures and masses, as wel

materials are plotted below. The graphs will be commented during the presentation of the 

scenario. 

 

Figure 10-83: Evolution of the reactivity ($) and of the pressure (Pa) in 

 

 

Scenario of the ULOF calculated with SIMMER-III only

The loss of flow begins at t=100 seconds, so that corresponds to the time 0 second

compare to the SAS4A results. The times of the events are all given in Appendix 

variations of pressure, temperatures and masses, as well as the configurations of the 

materials are plotted below. The graphs will be commented during the presentation of the 

 
: Evolution of the reactivity ($) and of the pressure (Pa) in the 5th ring and in the middle 

of the core during the ULOF 
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III only 

The loss of flow begins at t=100 seconds, so that corresponds to the time 0 seconds to 

Appendix 24 and the 

l as the configurations of the 

materials are plotted below. The graphs will be commented during the presentation of the 

ring and in the middle 
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Figure 10-84: Evolution of the temperatures of the materials (in K) during the accident in the 

central subassembly and in the middle of the fissile zone 

 

 

  
Figure 10-85: Variation of the fuel mass (kg) in the fissile zone (left figure) and in the whole core 

(right figure) 
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Figure 10-86: Variation of the steel mass (kg) in the fissile zone (left figure) and in the whole core 

 

 

 

 

 

 
of the steel mass (kg) in the fissile zone (left figure) and in the whole core 

(right figure) 
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of the steel mass (kg) in the fissile zone (left figure) and in the whole core 
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The voiding begins at t=122 seconds in the 

13th ring, which corresponds to the outer 

ring (see axial meshes 27-31). 

 

 

 

 

 

It is followed at t=123.55 seconds by the 

rings 4 and 5, and quickly after (at t=123.6 

seconds) by the rings 3 and 6.  
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0.1 seconds later, the voiding has 

propagated to the rings 1 to 7, plus the 13th. 

That leads to the reactivity peak (408pcm). 

At the same moment, the temperatures and 

the pressure in the core increase drastically. 

The pressure rises from 2 bars to 140 bars 

but this value decreases quickly to 70 bars 

(see Figure 10-83). The temperatures of fuel 

and steel reach their liquidus values, and 

the materials are about to melt (see Figure 

10-84). The major part of fuel pellets turn 

into particles (~30 tons, see Figure 10-85) 

and liquid fuel (~30 tons). The same 

phenomenon occurs for the claddings which 

progressively turn into liquid steel (see 

Figure 10-86). 
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A cavity begins to be created at the ring 11.  

 

 

 

 

At t=123.74 seconds, there are cavities in 

the rings 1 to 5, and in the ring 11.  
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The cavities propagate to the first eleven 

rings and become larger at t=123.748 

seconds.  
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The melting of fuel then begins in the rings 

11 at t=123.765 seconds, and then in the 

rings 1 to 4 at t=123.77 seconds.  
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At t=123.78 seconds, the melting of fuel has propagated to the whole core except the 

outermost radial ring 13. At that moment, there is the first power excursion (1237 times P0). 

At that point, the liquid fuel temperature is 3500K, the liquid steel temperature is 3100K and 

the pressure 100bar. 

 



Appendix 29  

 

 

 282

 
 

Then at t=123.84 seconds, some fuel flows in the lower part in the rings 2 and 3, and also 8 

to 11. However the flow of molten fuel is much bigger in ring 3.  

At t=124.17 seconds, 2.48 tons of particles fuel and 0.4 tons of particle steel have been 

ejected from the core . 
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Indeed, at t=124.7 seconds, the lower 

reflectors of the ring 3 are damaged and 

begin to melt. The core begins to void 

because of fuel and steel ejection and the 

pressure increases again considerably until 

400bars. 

 

 
 

 

 

Because of the power deposited in the 

materials during the power excursion, the 

temperature of fuel has increased as well as 

the pressure in the core. During nearly 2 

seconds, the pressure in the core has been 

at 400bars and at t=126.8 seconds, the 

vaporization of fuel and steel begins. The 

pressure decreases to 10bars once the 

vaporization has begun. Fuel and steel 

ejection also continue.  

 

 

At t=126.8 seconds, fuel and steel begin to vaporize. At t=130 seconds, 6 tons of steel and 

17.8 tons of fuel had become vapour. 

The accident ends as the core is filled with a big bubble of mixed fuel and steel vapour. 
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Appendix 30: Comparisons of the Power/Flow rate in SAS4A and SIMMER 

 

In this appendix are given the average flow rates and power per unit volume for one 

subassembly of the channels in SAS4A (Table 10-28) and in the rings in SIMMER (Table 

10-29). The results show that in SAS the Power/Flow rate ratios are more important than in 

SIMMER. This can explain why the boiling begins earlier in SAS. 

 

SAS 

Channel 
Flow rate 

(kg/s) 

Power 

(MW) 

P/Q 

(MW.s/kg) 

1 38.08 8.90 0.2337 

2 36.82 8.70 0.2363 

3 34.98 8.08 0.2310 

4 31.65 7.10 0.2243 

5 26.23 4.78 0.1822 

6 36.82 8.50 0.2309 

7 38.08 8.89 0.2335 

8 34.98 8.39 0.2399 

9 31.65 6.92 0.2186 

10 34.98 7.58 0.2167 

11 26.23 4.60 0.1754 

12 36.82 8.73 0.2371 

13 38.08 8.68 0.2279 

14 36.82 8.78 0.2385 

15 34.98 8.07 0.2307 

16 26.23 5.41 0.2063 

17 31.65 5.77 0.1823 

18 38.08 8.93 0.2345 

19 36.82 8.67 0.2355 

20 34.98 8.35 0.2387 

21 36.82 8.56 0.2325 

22 34.98 8.32 0.2379 

23 31.65 6.46 0.2041 

24 26.23 4.99 0.1902 

25 38.08 8.91 0.2340 

26 36.82 8.60 0.2336 

27 36.82 8.49 0.2306 

28 34.98 7.96 0.2276 

29 31.65 6.65 0.2101 

30 26.23 6.29 0.2398 

Table 10-28: Power/Flow rate ratios in the channels of SAS4A 
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SIMMER 

Ring 
Flow rate 

(kg/s) 

Power 

(MW) 

P/Q 

(MW.s/kg) 

1 45.09 8.70 0.1930 

2 45.17 8.62 0.1907 

3 45.45 8.77 0.1929 

4 45.45 8.84 0.1946 

5 45.45 8.88 0.1955 

6 45.45 8.84 0.1944 

7 45.44 8.89 0.1956 

8 45.44 8.81 0.1939 

9 45.43 8.71 0.1916 

10 45.47 7.91 0.1741 

11 49.91 7.69 0.1540 

12 42.96 6.94 0.1615 

13 27.47 5.88 0.2140 

Table 10-29: Power/Flow rate ratios of the rings of SIMMER 
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Appendix 31: Neutron balance for the TIB 

 

At each calculated step of the TIB, for 1, 7 and 19 collapsed subassemblies of the cores 

SFRv2b and SFRv0, the core neutron balance was calculated with the ERANOS code system. 

The results are given below: 

 

 

SFRv2b 

 
PRODUCTION 

BY FISSION 
CAPTURE FISSION LEAKAGE 

Standard 3.094E+20 1.929E+20 1.056E+20 7.402E+18 

Sodium voiding 3.094E+20 1.929E+20 1.056E+20 7.394E+18 

Structure removal 3.094E+20 1.929E+20 1.056E+20 7.381E+18 

Fuel Fuel Slump-down 3.094E+20 1.929E+20 1.056E+20 7.377E+18 

Structure repositioning 3.094E+20 1.929E+20 1.056E+20 7.389E+18 

Table 10-30: Neutron balance for SFRv2b and 1 damaged subassembly 

 

 
PRODUCTION 

BY FISSION 
CAPTURE FISSION LEAKAGE 

Standard 3.094E+20 1.929E+20 1.056E+20 7.402E+18 

Sodium voiding 3.094E+20 1.929E+20 1.056E+20 7.377E+18 

Structure removal 3.096E+20 1.932E+20 1.057E+20 7.076E+18 

Fuel Fuel Slump-down 3.099E+20 1.930E+20 1.058E+20 7.154E+18 

Structure repositioning 3.102E+20 1.931E+20 1.059E+20 6.918E+18 

Table 10-31: Neutron balance for SFRv2b and 7 damaged subassemblies 

 

 
PRODUCTION 

BY FISSION 
CAPTURE FISSION LEAKAGE 

Standard 3.094E+20 1.929E+20 1.056E+20 7.402E+18 

Sodium voiding 3.095E+20 1.929E+20 1.056E+20 7.336E+18 

Structure removal 3.106E+20 1.931E+20 1.060E+20 6.833E+18 

Fuel Fuel Slump-down 3.166E+20 1.929E+20 1.080E+20 5.013E+18 

Structure repositioning 3.217E+20 1.920E+20 1.097E+20 4.186E+18 

Table 10-32: Neutron balance for SFRv2b and 19 damaged subassemblies 
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SFRv0 

1 subassembly 
PRODUCTION 

BY FISSION 
CAPTURE FISSION LEAKAGE 

Standard 3.131E+20 1.946E+20 1.069E+20 4.459E+18 

Sodium voiding 3.131E+20 1.946E+20 1.069E+20 4.459E+18 

Structure removal 3.131E+20 1.946E+20 1.069E+20 4.456E+18 

Fuel Fuel Slump-down 3.131E+20 1.946E+20 1.069E+20 4.456E+18 

Structure repositioning 3.131E+20 1.946E+20 1.069E+20 4.461E+18 

Table 10-33: Neutron balance for SFRv0 and 1 damaged subassembly 

 

 
PRODUCTION 

BY FISSION 
CAPTURE FISSION LEAKAGE 

Standard 3.088E+20 1.919E+20 1.054E+20 4.398E+18 

Sodium voiding 3.088E+20 1.919E+20 1.055E+20 4.396E+18 

Structure removal 3.090E+20 1.919E+20 1.055E+20 4.376E+18 

Fuel Fuel Slump-down 3.090E+20 1.919E+20 1.055E+20 4.383E+18 

Structure repositioning 3.089E+20 1.919E+20 1.055E+20 4.385E+18 

Table 10-34: Neutron balance for SFRv0 and 7 damaged subassemblies 

 

 
PRODUCTION 

BY FISSION 
CAPTURE FISSION LEAKAGE 

Standard 3.088E+20 1.919E+20 1.054E+20 4.398E+18 

Sodium voiding 3.089E+20 1.919E+20 1.055E+20 4.391E+18 

Structure removal 3.096E+20 1.917E+20 1.057E+20 4.313E+18 

Fuel Fuel Slump-down 3.099E+20 1.917E+20 1.058E+20 4.292E+18 

Structure repositioning 3.102E+20 1.917E+20 1.059E+20 4.184E+18 

Table 10-35: Neutron balance for SFRv0 and 19 damaged subassemblies 
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Appendix 32: Variations of the rates of leakage, absorption, and production by fission 

calculated by TRIPOLI 

 

The results obtained with TRIPOLI are given below, for the average SFRv2b core and 

the real one with two enrichments, for each zone and each number of damaged 

subassemblies. The k-eff of TRIPOLI is the k-eff of the estimator KCOLL. The calculated one 

was obtained deduced from the rates of fission, absorption and leakage from the results of 

TRIPOLI. There is a constant difference of about 200pcm between both k-eff, that is due to 

the fact the productions by reaction (n,xn) was not taken into account. The errors on the 

reaction rate are given in the tables, on the k-eff (KCOLL), they are 7pcm. 

The total leakage is obtained from the axial and radial leakages. However it can be 

noticed that although the main leakage is axial, the variations of the axial leakage are 

negligible compared to the variations of the radial leakage. Hence, the variations of the total 

leakage can be considered to be mainly those of the radial leakage. 

 

It is important to know the expression of the reactivity (here of the k-effective) to 

understand the results:  

b��� ≈ �^defghidj ^kh� Kl minnidj
�Knd^Dhidj ^kh� + 5�kbk[� 

 

The sum of the rate of leakage and rate of absorption is constant, but each of these rates 

can vary, and the variation of reactivity is finally due to the variation of the fission rate. 

 

For the average core, the variations of the total leakage when the damaged zone is in the 

outer zone are very small (see Figure 10-88). Consequently the variations of the rates of 

absorption and of fission are very small too (see (a) and (b) of Figure 10-87). The fissions 

barely increase which explains why the reactivity does not change a lot. This is due to the 

radial leakage which is small when the core is intact: when the accident occurs, the variation 

of leakage is small. 

 

On the contrary, when the core with two enriched zones is considered, the reactivity 

insertion in the outer core is much more important than in the inner core, and at R=110cm, 

the TIB induces an increase in the reactivity. The Figure 10-91 shows that there is a big 

change in the radial leakage. This highlights the importance of the radial leakage during TIB. 

This, together with a bigger enrichment in the second zone increases a lot the fission rate at 

the core periphery (see Figure 10-90 (b)). 
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FOR THE AVERAGE SFRv2b CORE 

 0 1 7 19 

Productions by fission 151.0 ± 4.5E-2 151.0 ± 4.0E-2 151.9 ± 4.5E-2 156.3 ± 5.1E-2 

Absorptions 124.5 ± 3.9E-2 124.5 ± 3.5E-2 124.7 ± 3.8E-2 125.7 ± 4.3E-2 

Axial leakage 11.8 ± 5.6E-2 11.9 ± 5.0E-2 12.0 ± 5.4E-2 11.9 ± 5.7E-2 

Radial leakage 2.1 ± 1.5E-2 2.1 ± 1.5E-2 1.8 ± 1.4E-2 0.9 ± 1.0E-2 

Total leakage 14.0 ± 7.1E-2 14.0 ± 6.5E-2 13.8 ± 6.8E-2 12.8 ± 6.7E-2 

Leakage+Absorptions 138.5 ± 1.1E-1 138.5 ± 1.0E-1 138.5 ± 1.1E-1 138.5 ± 1.1E-1 

k-eff (KCOLL) 1.09215 1.09200 1.09897 1.13048 

k-eff (calculation) 1.09019 1.09022 1.09693 1.12813 

Table 10-36: Results for the average core and in R=0cm 

 

 0 1 7 19 

Productions by fission 151.0 ± 4.6E-2 150.9 ± 4.0E-2 151.8 ± 4.6E-2 156.3 ± 4.7E-2 

Absorptions 124.5 ± 4.0E-2 124.5 ± 3.4E-2 124.6 ± 3.9E-2 125.6 ± 4.0E-2 

Axial leakage 11.8 ± 5.6E-2 11.9 ± 5.0E-2 12.0 ± 5.5E-2 11.9 ± 5.6E-2 

Radial leakage 2.1 ± 1.5E-2 2.2 ± 1.5E-2 1.9 ± 1.4E-2 1.0 ± 1.0E-2 

Total leakage 14.0 ± 7.1E-2 14.0 ± 6.5E-2 13.8 ± 6.9E-2 12.9 ± 6.6E-2 

Leakage+Absorptions 138.5 ± 1.1E-1 138.5 ± 1.0E-1 138.5 ± 1.1E-1 138.5 ± 1.1E-1 

k-eff (KCOLL) 1.09215 1.09200 1.09841 1.13045 

k-eff (calculation) 1.09018 1.09002 1.09647 1.12810 

Table 10-37: Results for the average core and in R=60cm 

 

 0 1 7 19 

Productions by fission 151.0 ± 4.7E-2 150.9 ± 3.9E-2 151.6 ± 4.8E-2 156.1 ± 6.1E-2 

Absorptions 124.5 ± 4.1E-2 124.5 ± 3.4E-2 124.5 ± 4.0E-2 125.2 ± 4.9E-2 

Axial leakage 11.8 ± 5.6E-2 11.9 ± 5.0E-2 12.0 ± 5.5E-2 11.9 ± 6.2E-2 

Radial leakage 2.1 ± 1.5E-2 2.2 ± 1.5E-2 2.0 ± 1.5E-2 1.4 ± 1.2E-2 

Total leakage 14.0 ± 7.1E-2 14.0 ± 6.5E-2 14.0 ± 7.0E-2 13.4 ± 7.4E-2 

Leakage+Absorptions 138.5 ± 1.1E-1 138.5 ± 1.0E-1 138.5 ± 1.1E-1 138.5 ± 1.2E-1 

k-eff (KCOLL) 1.09214 1.09185 1.09684 1.12935 

k-eff (calculation) 1.09019 1.09003 1.09492 1.12698 

Table 10-38 : Results for the average core and in R=110cm 

 

 0 1 7 9.4 

Productions by fission 151.0 ± 4.2E-2 151.0 ± 4.0E-2 151.0 ± 4.5E-2 151.2 ± 5.1E-2 

Absorptions 124.5 ± 3.6E-2 124.5 ± 3.4E-2 124.3 ± 3.8E-2 124.2 ± 4.3E-2 

Axial leakage 11.8 ± 5.1E-2 11.8 ± 5.0E-2 11.9 ± 5.3E-2 11.9 ± 5.6E-2 

Radial leakage 2.1 ± 1.5E-2 2.1 ± 1.5E-2 2.3 ± 1.6E-2 2.4 ± 1.7E-2 

Total leakage 14.0 ± 6.7E-2 14.0 ± 6.5E-2 14.1 ± 6.9E-2 14.3 ± 7.3E-2 

Leakage+Absorptions 138.5 ± 1.0E-1 138.5 ± 1.0E-1 138.5 ± 1.1E-1 138.5 ± 1.2E-1 

k-eff (KCOLL) 1.09216 1.09199 1.09267 1.09382 

k-eff (calculation) 1.09019 1.09015 1.09078 1.09168 

Table 10-39: Results for the average core and in R=200cm 
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 (a)   

Figure 10-87: Variation of the rate of absorption (a) and fission (b) depending on the 

the number of damaged subassemblies

 

 

 

 

Figure 10-88: Variation of the total leakage depending on the zone and the number of damaged 

 

(b) 

: Variation of the rate of absorption (a) and fission (b) depending on the 

the number of damaged subassemblies 

: Variation of the total leakage depending on the zone and the number of damaged 

subassemblies 
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: Variation of the rate of absorption (a) and fission (b) depending on the zone and on 

 
: Variation of the total leakage depending on the zone and the number of damaged 
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 (a)   

Figure 10-89: Variation of the radial (a) and axial (b) leakage depending on the zone and the 

 

 

 

 

FOR THE SFRv2b CORE WITH TWO ENRICHMENTS

 

 

 

Productions by fission 146.2 ± 4.6E

Absorptions 122.5 ± 4.0E

Axial leakage 12.0 ± 5.6E

Radial leakage 4.1 ± 2.1E

Total leakage 16.0 ± 7.7E

Leakage+Absorptions 138.5 ± 1.2E

k-eff (KCOLL) 1.05748

k-eff (calculation) 1.05556

Table 10-40: Results for the core with two enrichments and in R=0cm

 

 

Productions by fission 146.2 ± 4.7E

Absorptions 122.5 ± 4.1E

Axial leakage 12.0 ± 5.6E

Radial leakage 4.0 ± 2.1E

Total leakage 16.0 ± 7.7E

Leakage+Absorptions 138.5 ± 1.2E

k-eff (KCOLL) 1.05749

k-eff (calculation) 1.05556

Table 10-41: Results for the core with two 

 

(b) 

: Variation of the radial (a) and axial (b) leakage depending on the zone and the 

number of damaged subassemblies 

FOR THE SFRv2b CORE WITH TWO ENRICHMENTS 

0 1 7 

146.2 ± 4.6E-2 146.2 ± 4.2E-2 146.7 ± 5.1E-2

122.5 ± 4.0E-2 122.4 ± 3.6E-2 122.9 ± 4.3E-2

12.0 ± 5.6E-2 12.0 ± 5.2E-2 12.1 ± 5.8E-2 

4.1 ± 2.1E-2 4.0 ± 2.1E-2 3.5 ± 2.0E-2 

16.0 ± 7.7E-2 16.0 ± 7.2E-2 15.6 ± 7.8E-2 

138.5 ± 1.2E-1 138.5 ± 1.1E-1 138.5 ± 1.2E-1

1.05748 1.05750 1.06144 

1.05556 1.05564 1.05958 

: Results for the core with two enrichments and in R=0cm

0 1 7 

146.2 ± 4.7E-2 146.2 ± 4.2E-2 146.8 ± 4.8E-2 

122.5 ± 4.1E-2 122.4 ± 3.6E-2 122.8 ± 4.1E-2 

12.0 ± 5.6E-2 12.0 ± 5.1E-2 12.1 ± 5.6E-2 

4.0 ± 2.1E-2 4.0 ± 2.1E-2 3.6 ± 2.0E-2 

16.0 ± 7.7E-2 16.0 ± 7.2E-2 15.6 ± 7.6E-2 

138.5 ± 1.2E-1 138.5 ± 1.1E-1 138.5 ± 1.2E-1 

1.05749 1.05741 1.06183 

1.05556 1.05563 1.05995 

: Results for the core with two enrichments and in R=60cm
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: Variation of the radial (a) and axial (b) leakage depending on the zone and the 

19 

2 151.4 ± 5.6E-2 

2 125.1 ± 4.7E-2 

 12.1 ± 6.1E-2 

1.3 ± 1.3E-2 

 13.4 ± 7.4E-2 

1 138.5 ± 1.2E-1 

1.09552 

1.09306 

: Results for the core with two enrichments and in R=0cm 

19 

 151.5 ± 5.3E-2 

 124.9 ± 4.5E-2 

12.1 ± 5.9E-2 

1.6 ± 1.4E-2 

13.7 ± 7.3E-2 

 138.5 ± 1.2E-1 

1.09588 

1.09358 

enrichments and in R=60cm 
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Productions by fission 146.2 ± 4.9E

Absorptions 122.5 ± 4.2E

Axial leakage 12.0 ± 5.7E

Radial leakage 4.1 ± 2.1E

Total leakage 16.0 ± 7.8E

Leakage+Absorptions 138.5 ± 1.2E

k-eff (KCOLL) 1.05749

k-eff (calculation) 1.05556

Table 10-42: Results for the core with two enrichments and in R=110cm

 

 

Productions by fission 146.2 ± 4.6E

Absorptions 122.5 ± 3.9E

Axial leakage 12.0 ± 5.4E

Radial leakage 4.0 ± 2.1E

Total leakage 16.0 ± 7.5E

Leakage+Absorptions 138.5 ± 1.1E

k-eff (KCOLL) 1.05749

k-eff (calculation) 1.05556

Table 10-43: Results for the core with two enrichments and in R=200cm

 

 

(a) 
Figure 10-90: Variation of the rate of absorption (a) and fission (b) depending on the 

the number of damaged subassemblies

 
 

0 1 7 

146.2 ± 4.9E-2 146.2 ± 4.4E-2 146.9 ± 5.1E-2 

122.5 ± 4.2E-2 122.4 ± 3.8E-2 122.7 ± 4.3E-2 

12.0 ± 5.7E-2 12.0 ± 5.2E-2 12.1 ± 5.8E-2 

4.1 ± 2.1E-2 4.0 ± 2.1E-2 3.7 ± 2.0E-2 

16.0 ± 7.8E-2 16.0 ± 7.3E-2 15.8 ± 7.8E-2 

138.5 ± 1.2E-1 138.5 ± 1.1E-1 138.5 ± 1.2E-1 

1.05749 1.05745 1.06282 

1.05556 1.05560 1.06090 

: Results for the core with two enrichments and in R=110cm

0 1 7 

146.2 ± 4.6E-2 146.2 ± 4.4E-2 149.9 ± 8.0E-2 

122.5 ± 3.9E-2 122.4 ± 3.8E-2 121.2 ± 6.4E-2 

12.0 ± 5.4E-2 12.0 ± 5.2E-2 12.0 ± 7.1E-2 

4.0 ± 2.1E-2 4.1 ± 2.1E-2 5.2 ± 2.5E-2 

16.0 ± 7.5E-2 16.0 ± 7.3E-2 17.3 ± 9.6E-2 

138.5 ± 1.1E-1 138.5 ± 1.1E-1 138.5 ± 1.6E-1 

1.05749 1.05743 1.08465 

1.05556 1.05562 1.08222 

: Results for the core with two enrichments and in R=200cm

(b) 

: Variation of the rate of absorption (a) and fission (b) depending on the 

the number of damaged subassemblies 
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19 

 151.8 ± 6.7E-2 

 124.3 ± 5.5E-2 

12.1 ± 6.6E-2 

2.2 ± 1.6E-2 

14.3 ± 8.2E-2 

 138.5 ± 1.4E-1 

1.09843 

1.09576 

: Results for the core with two enrichments and in R=110cm 

9.4 

 152.5 ± 1.1E-1 

 121.1 ± 9.0E-2 

11.9 ± 8.8E-2 

5.5 ± 2.8E-2 

17.4 ± 1.2E-1 

 138.5 ± 2.1E-1 

1.10367 

1.10065 

: Results for the core with two enrichments and in R=200cm 

 
 

: Variation of the rate of absorption (a) and fission (b) depending on the zone and on 
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Figure 10-91: Variation of the total leakage depending on the zone and the number of damaged 

 

 (a)   

Figure 10-92: Variation of the radial (a) and axial (b) leakage depending on the zone and the 

 

 

: Variation of the total leakage depending on the zone and the number of damaged 

subassemblies 

(b) 

: Variation of the radial (a) and axial (b) leakage depending on the zone and the 

number of damaged subassemblies 
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: Variation of the total leakage depending on the zone and the number of damaged 

 
 

: Variation of the radial (a) and axial (b) leakage depending on the zone and the 
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Appendix 33: Values of the reactivity insertions (pcm) for the TIB of cores EFR-like, SFRv1 and 

SFRv2b 

 
For each studied core (EFR-like, SFRv1 and SFRv2b), the collapsed zone is indicated on the schemes of 

the cores, in inner and outer cores. The collapsed zone corresponds on each graph to the maximum 

number of damaged subassemblies. 

The tables indicate the reactivity insertions created by the damaged subassemblies at BOL and EOC 

with and without fission products (FP). 

Finally, a graph represents the different reactivity insertions depending on the number of damaged 

subassemblies for each core. 

 

 

 

EFR 

 
Figure 10-93 : Collapsed zones of EFR-like core 

 

  
BOL 

EOC 

  With FP Without FP 

Inner core 

0 0 0 0 

1 -8 -15 -35 

7 148 1505 667 

16 1464 5819 3470 

     

Outer core 

1 -3 -5 -16 

7 7568 7024 5025 

15 12229 12667 10243 

Table 10-44: Reactivity insertions (pcm) for the TIB of EFR-like core 
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Figure 10-94: Comparisons of the reactivity insertions BOL/EOC for the EFR

  

 

 

 

Figure 

 

 

 

 

 

 

 

 

 

 

Comparisons of the reactivity insertions BOL/EOC for the EFR

SFRv1 

 

Figure 10-95 : Collapsed zones of SFRv1 
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Comparisons of the reactivity insertions BOL/EOC for the EFR-like core 
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Inner 

core 

0

1

7

16

  

Outer 

core 

1

7

17

Table 10-45: Reactivity insertions (pcm) for the TIB of SFRv1

 

Figure 10-96: Comparisons of the reactivity insertions BOL/EOC for the SFRv1

-----------------------------------------------------------------------------------------------------------------

 

 

 

 

 

 

 

 

 

 

 

 
BOL 

EOC 

 With FP Without FP

0 0 0 0 

1 1 -22 -34 

7 35 659 279 

16 178 3314 1651 

    

1 4 -21 -31 

7 4085 3348 1603 

17 8625 8493 5914 

: Reactivity insertions (pcm) for the TIB of SFRv1

: Comparisons of the reactivity insertions BOL/EOC for the SFRv1

 

 

-----------------------------------------------------------------------------------------------------------------
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Without FP 

: Reactivity insertions (pcm) for the TIB of SFRv1 

 
: Comparisons of the reactivity insertions BOL/EOC for the SFRv1 

----------------------------------------------------------------------------------------------------------------- 
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SFRv2b 

 

 
Figure 10-97 : Collapsed zones of SFRv2b 

 

 

 

  
BOL 

EOC 

  With FP Without FP 

Inner core 

0 0 0 0 

1 -10 -17 -30 

7 68 1255 454 

14 425 4415 2239 

     

Outer 

core 

1 -21 -4 -10 

7 2832 3961 2520 

15 6743 8534 6607 

Table 10-46: Reactivity insertions (pcm) for the TIB of SFRv2b 
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Figure 10-98: Comparisons of the reactivity insertions BOL/EOC for the SFRv2b: Comparisons of the reactivity insertions BOL/EOC for the SFRv2b
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: Comparisons of the reactivity insertions BOL/EOC for the SFRv2b 
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Appendix 34 : Options used for the calculation of the TIB for the SFRv2b core 

 
The calculation was performed using the default parameters of the code, except for the 

following options (like for the SAS restart with SIMMER) : 

- The channel flow model is used regardless of the existence of the structure 

components (IFAOPT(2) = 1,). 

- The Vaporization/Condensation (V/C) calculation is skipped if the V/C model cannot 

converge in the mesh (HMTOPT(8) = 1,). 

- The non-equilibrium V/C model is switched on again (HMTOPT(32) = 0,). 

- Both the thermal and wall cracking criteria are applied to can wall failure 

(HMTOPT(64) = 1,). The criteria correspond to the input data DWFAL (can wall 

cracking thickness, default value: 2mm) and TWFAL (can wall cracking temperature, 

default value: 1541K) in NAMELIST &XSTR. The data are set to their default value. 

- The fuel pellet breaks up when cladding is lost and when there is no pin structure in 

the lower cell (HMTOPT(66) = 3,). 

- Inter-cell heat transfer is applied to liquid, vapour, cladding and can wall 

(HMTOPT(71) = 1, 2, 1, 1,). 

- The vapour temperature is adjusted to the temperature of real liquid component 

which has the maximum volume fraction if the vapour temperature falls below the 

minimum temperature specified by input variable TGMIN in NAMELIST &XEOS 

(EOSOPT(10) = 1,) 

 

A few parameters of the input file were also changed: 

- The parameters of the gas entrainment model were improved because the influence 

of this effect was too important at first: the cladding was ejected as soon as it 

melted. This behaviour comes from the 1D representation which amplifies the axial 

fluid motion in case of corium/sodium interaction. So, for the calculation, the model 

is activated for a dimensionless vapour velocity of JBEGIN = 10000 to JSTOP = 9000 

(in NAMELIST &XIFA). 

- The fuel pin melt fraction for breakup (FMELT in NAMELIST &XSTR) is decreased from 

0.5 to 0.01 to compensate the lack of temperature gradient in the pin. 

- The cladding melt fraction for thermal breakup CMELT (in NAMELIST &XSTR) is set to 

0.11 (default value: 0.0). 

- The heat transfer coefficients between liquid steel and the hexcan and liquid steel 

and the pin are multiplied by 0.1 (HRSMUL(9) =0.1, and HRSMUL(10)=0.1, in 

NAMELIST &XHTC). That was done to prevent the hexcan from melting too soon 

because a too important interaction between the cladding and the hexcan. This too 

great interaction is due to the 1D representation of the subassembly in SIMMER: it 

over-estimates the surface of interaction between the cladding and the hexcan. 

Indeed, instead of having only the pins of 9th ring of pins that interact with the 

hexcan, it is as if all the pins interacted with it:  

Let us consider 271pins in the subassembly. 

The exchange surface of 271pins with a radius r is 2]^ × 271  (1D case), while the 

exchange surface of the outer ring of the pins is 2]^ × √271 (real case). There is a 

factor of 1 √271⁄ = 0.06 between both surfaces: this value was approximated by 0.1 

that is why the heat transfer coefficients were multiplied by 0.1. 
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- The SPIN model was used. 

 

The candling model has been used for the calculation, with the following parameters: 

- CPASTYS = 0.25, 

- TLSCTE = 2000.0, 

- GELLIM = 0.8,  
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1.6 second later, the boiling begins in the 

subassembly, at the mid-plane of the core. 

Then, at t=102.7 seconds, the subassembly is 

voided. 

 

 

 

The cladding melts at t=105.85 seconds, it 

is then moved to the upper part of the core 

where it creates a blockage (at t=106.25 

seconds). This upper blockage is due to an 

overestimated influence of gas 

entrainment. 
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A lower blockage is also created at t=106.55 

seconds.  

 

 



Appendix 35 

 

 

 305

 

The cladding then circulates in the subassembly, and at t=112 seconds, the hexcan breaks 

up. At that moment, the fuel is still intact.  
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7 seconds later, at t=119 seconds, the 

hexcan is completely broken and the fuel is 

still not yet melted. 

 

 


