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FOREWORD

The Eleventh Annual Meeting of the IAEA International Working Group
on Past Reactors was held in Bologna, Italy from 17-20 April 1978*

The Summary Report (Part I) contains the Minutes of the Meeting.

The Summary Report (Part II) contains the papers which review the
national programme in the field of LMPBRs and other presentations at the
Meeting.

The Summary Report (Part III) contains the discussions on the review
of the national programmes.
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LE DEVELOPPEMENT DES REACTEURS
A NEUTRONS RAPIDES EN FRANCE
DE MARS 1977 A MARS 1978

L. VAUTREY
Commissariat à l'énergie atomique,
CEN de Saclay,
Gif-sur-Yvette,
France

Différentes conférences au cours de l'année 1977,

puis le Symposium de Bologne (10-14 avril 1978 ont déjà été

l'occasion d'une large diffusion d'informations. Je me bornerai

donc ici à un rappel global et synoptique.

R A P S O D I E

J'indiquais il y a un an que Rapsodie était à l'arrêt pour

une période de maintenance importante. Après des travaux d'entretien

effectués a peu près chaque année au début de la vie de Rapsodie, la

périodicité de l'entretien a atteint 2 ans puis 2 ans 1/2.

La précédente période de maintenance avait occupé 2 mois

au début de 1974 et c'est en novembre 1976 que le réacteur a été

arrêté pour 6 mois jusqu'à mai 1977 pour une période de "Grands Travaux"

J'en rappelle sommairement les grandes lignes :

- rajeunissement du système de traitement de l'information :

1 calculateur pour les mesures vitales du coeur et 2 calculateurs

permettant à la fois la surveillance du coeur (en secours) et des

traitement scientifiques en différé.

- modification ou remplacement de certains matériels de contrôle

(sondes de niveau, détection de fuite, reprises en secours et

automatismes)

- refonte du circuit d'analyse et d'épuration du gaz de couverture

(actuellement hélium)

- inspection de l'intérieur de la cuve et des cellules des circuits

primaires, dont on a ainsi prouvé la facilité d'accès,

- et surtout mise en place d'un nouveau bouchon de contrôle au-dessus

du réacteur.

Le nouveau bouchon de contrôle offre un certain nombre de

caractéristiques nouvelles :

- il est équipé de thermocouples beaucoup plus robustes (type Phénix)

au nombre de 2 pour chaque position du coeur,

- il possède un canal expérimental couvrant 7 assemblages centraux au

lieu d'un seul, permettant sur ces assemblages des irradiations

instrumentée s

- il possède un collecteur de sodium qui permet de suivre l'évolution

d'une rupture de gaine (bouchon SRG).

C'est ainsi qu'on a récemment placé dans la couronne centrale

du coeur des assemblages combustibles instrumentés pour des mesures

directes sur le combustible en cours d'irradiation.

On a utilisé le bouchon central SRG (suivi des ruptures de gaine)

pour la localisation d'assemblages défectueux. Les appareils normaux dont

est équipé Rapsodie (chambre d'ionisation, chromatographe et spectrographe

sur le circuit de gaz, détection des neutrons différés sur chacun des

deux circuits de sodium) ne permettent pas toujours une localisation sûre

de l'assemblage fautif. Le bouchon srg permet, après avoir amené l'assemblage

suspect dans la zone centrale, d'effectuer un prélèvement de sodium à la

sortie de cet assemblage (ce sodium étant renvoyé dans un des circuits

secondaires) et de savoir ainsi avec certitude si l'assemblage en question

est émetteur de neutrons différés.

On a, d'autre part, expérimenté la hotte de reniflage, que

j'avais mentionnée il y a un an. Le principe consiste à placer les bouchons

tournants en situation de déchargement, et à sortir partiellement l'assem-
m
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blage suspect du sodium pour que l'élévation de température dans le combus-

tible provoque un relâchement des gaz de fission, si l'assemblage contient

une aiguille rompue. La détection des gaz de fission émis est alors un

signe indiscutable de défaut dans l'assemblage.

En résumé, le nouveau bouchon de contrôle a permis de rajeunir

le système de mesures de températures à la sortie des assemblages, de

donner accès à l'irradiation d'assemblages instrumentés dans les sept

positions centrales du coeur, et d'accroître notablement la gamme de moyens

qui permet d'identifier un assemblage contenant une rupture.

D'autres développements pourront permettre de profiter pleinement

des possibilités futures de ce dispositif.

Chaque campagne d'irradiation est fixée à 80 jours environ de

fonctionnement effectifs. Mais bien entendu, les nécessités expérimentales,

et l'apparition de ruptures de gaines qui font maintenant partie de la vie

normale de Rapsodie (outil d'irradiation pour les combustibles et les

matériaux de la filière) augmentent notablement la durée relie de chaque

campagne. C'est ainsi que la 36ème campagne a duré en fait 131 jours,avec un

facteur de charge de 69%.

Le chargement de Rapsodie comporte en permanence environ

70 assemblages expérimentaux, dont 40 environ dans le coeur, (soit plus

de la moitié des assemblages du coeur) dans le but de perfectionner les

connaissances sur la durée de vie du combustible et la recherche de taux

de combustion élevés.

La figure 1 montre que 26000 aiguilles au total ont été irradiées

dans Rapsodie, dont quelques dizaines atteignent 20% du taux de combustion

en atomes lourds, soit 170.000 MWj/t, et 120 dpa (déplacements par atome ).

Les Grands Travaux se sont terminés début mai 1977, avec deux

semaines de retard seulement sur le planning établi à l'origine. C'est dire

que d'une manière générale, le déroulement de ces opérations a été parfai-

tement satisfaisant.

On a ainsi mis en évidence la facilité avec laquelle une opération

comme celle du changement du bouchon de contrôle peut être faite dans

d'excellentes conditions, après 10 ans de fonctionnement du réacteur, quand

elle a été soigneusement étudiée et programmée. En particulier, il est

important de noter que les doses de rayonnement reçues par le personnel au

cours de l'ensemble des travaux ont été négligeables.

On pouvait craindre qu'un ensemble de travaux aussi vaste

rende le démarrage du réacteur particulièrement laborieux. Il n'en a rien été.

Et la remise en service s'est faite dans d'excellentes conditions le

11 mai 1977.

Depuis cette date, ont été effectuées la 46ème campagne

d'irradiation (du 11 mai au 19 septembre 1977), puis la 47ème campagne

(du 7 octobre 1977 au 6 février 1978). La 48ème campagne a débuté le

18 février 1978.

Le comportement général de l'installation est excellent.

Si on exclut les perturbations de fonctionnement dues au

programme expérimental, le taux de disponibilité est de 95% depuis le

redémarrage du réacteur en mai dernier.

Une pompe primaire a atteint 81000 heures de marche, soit plus

de 9 ans de fonctionnement continu depuis son installation.

Deux incidents peuvent être signalés, au cours des 12 mois

écoulés :

- le blocage en marche d'une pompe primaire (coincement du roulement

supérieur après mise en place d'un roulement neuf).

- la nécessité de changement d'un mécanisme de barre de contrôle par suite

d'une pénétration de sodium par un soufflet d'étanchéité qui s'était

rompu. Le mécanisme n'atteignait plus complètement la fin de sa course.

Ces incidents ont été sans conséquence notable sur la marche

du réacteur.



P H E N I X

Les douze mois écoulés ont été principalement consacrés à

résoudre les incidents consécutifs aux fuites dans les échangeurs

intermédiaires. (Ces incidents ont été déjà relatés dans plusieurs

conférences).

Rappelons brièvement la chronologie.

Après la première fuite, le 11 juillet 1976, on a arrêté le

circuit secondaire correspondant et dès le 20 juillet la centrale fonction-

nait à nouveau aux 2/3 de sa puissance. Une seconde fuite ayant rendu

indisponible un deuxième circuit secondaire, la centrale a été complètement

arrêtée le 5 octobre 1976.

Le 20 juin 1977, la centrale a été remise en service à titre

expérimental aux 2/3 de sa puissance : 2 circuits secondaires en fonction-

nement, avec un échangeur modifié (et équipé d'un grand nombre de thermo-

couples) et 3 échangeurs non encore modifiés ; les deux autres échangeurs

en cours de modification étaient remplacés par des bouchons. La centrale

a ensuite fonctionné 1500 heures pendant lesquelles on a pu avoir des

mesures précises confirmant l'analyse du comportement des échangeurs.

Le 31 août 1977, à la suite de l'aggravation des défauts sur un 3ème

échangeur (non réparé), on a arrêté la centrale pour modifier définitivement

tous les échangeurs.

de supporter les dilatations différentielles des viroles externe et interne

(cf. fig. 2).

Il est clair que ces incidents sur les échangeurs ont immobilisé

la centrale pendant un certain nombre de mois. Mais ils ont par ailleurs

apporté des enseignements très intéressants : on a ainsi vérifié par

expérience que notre concept intégré permet un démontage et un remontage

faciles des grands composants primaires (un échangeur intermédiaire a

environ 15 mètres de haut), que le lavage et la décontamination selon des

méthodes soigneusement mises au point antérieurement sont parfaitement

efficaces (après trois ans de fonctionnement, on a pu travailler sur les

échangeurs, comme on l'aurait fait sur des appareils neufs, car la

radioactivité résiduelle était voisine de zéro : partout inférieure à

10 mRem.)

Pendant l'arrêt, on a également fait une inspection de l'espace

entre la cuve de sécurité et la double enveloppe de la cuve principale, sans

aucune gêne due à la radioactivité.

Malgré ces incidents, le bilan d'exploitation de Phénix, après

trois années de fonctionnement, est très nettement positif.

Le tableau ci-dessous en donne le bilan global (de juillet 74 à juillet 77) :

Energie thermique produite 316.173 MWj

Energie électrique brute 3.310.560 MWh

Energie électrique nette (1) 3.082.054 MWh

Taux de disponibilité 54,55 %

Facteur de charge 50,35 %

La centrale a été remise en fonctionnement à 2/3 de la puissance

nominale du 4 décembre 1977 au 7 mars 1978, avec 4 échangeurs transformés.

Elle devrait très prochainement fonctionner à nouveau à pleine

puissance, avec ses 6 échangeurs et ses 3 circuits secondaires.

Il est inutile de revenir sur le détail des causes des incidents

des échangeurs qui ont été exposés à plusieurs reprises : il s'agit d'un

écart thermique supérieur aux prévisions entre la virole externe et la

virole interne du sodium secondaire. On y a porté remède en modifiant

radicalement la plaque supérieure de jonction des deux viroles : au lieu

Actuellement, la production de Phénix dépasse 4 milliards de kWh.

Malgré tous les arrêts dûs aux échangeurs intermédiaires, le taux de

disponibilité global en février 78 était de 51,55% et le facteur de

charge de 47,67%

(1) 3,3 milliards de kWh depuis la mise en marche.



SUPER PHENIX 1 (Centrale de Creys Malville)

Sur le plan technique, Super Phénix (3000 MWth, 1200 MWé),

est très directement dérivé de Phénix : l'expérience acquise pendant la

construction et la mise en service de Phénix a pu être pleinement utilisée.

Je rappelle brièvement quelques différences par rapport à Phénix :

- Les assemblages combustibles, de taille quelque peu augmentée,

comportent 271 aiguilles au lieu de 217. Ils sont conçus pour atteindre

des taux de combustion plus élevés (objectif 100.000 MWj/t). La température

maximale de la gaine des aiguilles a été légèrement abaissée (620°C au

lieu de 650°C).

- La conception du bloc réacteur a été simplifiée :

. la cuve principale est formée en partie supérieure par la dalle munie

d'un calorifuge métallique au contact du ciel d'argon surmontant le

sodium primaire assurant

. la cuve doublant la cuve principale est supprimée ;

. par contre, un dôme coiffe la dalle, assurant le confinement d'éventuelles

fuites de sodium actif ;

. la purification du sodium actif est intégrée à l'intérieur de la cuve

principale.

- La cadence de manutention des assemblages a été accrue,

l'arrêt de la centrale pour le rechargement de combustible devant s'effectuer

une fois par an seulement.

- La principale différence par rapport à Phénix se situe sans

doute au niveau des générateurs de vapeur. Au lieu des petits modules

utilisés à Phénix, Super Phénix est équipé de quatre générateurs de vapeur

à tubes hélicoïdaux de puissance unitaire 750 MW(th).

Etat d'avancement du projet

Le Rapport Préliminaire de Super Phénix a été présenté en 1974

par la NERSA'au Ministère de l'Industrie et de la Recherche. L'examen et la

discussion de ce document se sont poursuivis pendant plus de deux ans au

Service Centrale de Sûreté des Installations Nucléaires au sein du Ministère

de l'Industrie et de la Recherche et ont abouti en mai 1977 à la signature

du Décret d'autorisation de la création de la centrale.

Le contrat pour la réalisation de la chaudière nucléaire de

Creys Malville a été notifié par NERSA en avril 1977 à NOVATOME associé

à la NIRA.

A la fin 1977, le montant des contrats de sous-traitance passés

représente plus de 80% du total.

Certains problêmes rencontrés au niveau des échangeurs intermé-

diaires et du refroidissement de secours sont en voie de solution ; d'autres

problèmes sur le bloc pile sont en cours d'étude.

D'une manière générale, la plupart des problèmes qui se sont

présentés sont résolus ou en bonne voie de l'être.

Les approvisionnements ont été lancés courant 1977 pour les

principaux composants, et, malgré quelques retards,les fabrications en

usine sont en cours :

L'activité sur le chantier a commencé mi-1977 par la construction

de l'atelier d'assemblage des grands composants.Cet atelier recevra courant du

deuxième trimestre 1978 les premiers éléments venus d'usine qui permettront

d'entreprendre la fabrication de la dalle et des cuves.

Pour sa part, le Maître de l'ouvrage, NERSA, pousse activement

les travaux de génie civil (la paroi du bâtiment réacteur est actuellement

coulée jusqu'à la cote 10 à 12 m environ) (fig.?3 )

Après Creys Malville : Super Phénix 2

Les services d'EDF ont fixé un programme prévisionnel comprenant

l'engagement d'une paire de centrales en 1981-1982, tête d'une série

conduisant à 8000 à 10000 MWe installés en 1995 ; ce programme pourrait

conduire à 20000 MWe installés à la fin du siècle.

(1) NERSA : association de EDF 51%

ENEL 33%

SBK 16%

(France)

(Italie)

(essentiellement RWE : République
Fédérale d'Allemagne)



Les études de chaudière de ce palier suivant Super Phénix

ont commencé en 1975 par une série d'études préliminaires poursuivies en

1976-77 par des études d'extrapolation jusqu'à une puissance électrique

de 1800 MWe. Cette étude avait pour objet de définir la nature et l'ampleur

des problèmes technologiques pour l'avenir de la filière.

La puissance de référence de la chaudière Super Phénix 2 sera

fixée dans le courant de 1978 ; cette puissance sera supérieure à 1200 MWe

parce que les études préliminaires ont montré que l'extrapolation ne

conduisait pas à des butées technologiques, et qu'un effet de taille

améliorerait l'économie de la centrale ; cependant, afin de tirer le maximum

de profit des enseignements apportés par les études et la construction de

la chaudière Super Phénix 1, on sera vraisemblablement tenté de ne pas

s'éloigner largement de celle-ci.

Comme l'étape de Phénix à Super Phénix, le passage de Super

Phénix 1 à Super Phénix 2 se fera dans une grande continuité de la conception

générale du réacteur, ainsi que de celle des principaux composants. Les

principales évolutions envisagées visent, soit à réduire les coûts, soit à

une meilleure pénétration de la filière rapide.

Réduction des coûts : Les études préliminaires effectuées ont visé en

particulier à contenir le réacteur et les composants primaires dans une cuve

principale de diamètre aussi faible que possible. Voici quelques exemples

des solutions étudiées dans ce but :

- adjonction d'un bouchon tournant ou d'un bras supplémentaire au système

de transfert des assemblages, de manière à garder coaxiaux le coeur, la

cuve primaire, et le grand bouchon tournant.

- pour les pompes, utilisation d'une aspiration axiale et d'un refoulement

dans un diffuseur périphérique fixe permettant de diminuer le diamètre de la

partie démontable, et donc le diamètre d'encombrement du composant.

- pour les échangeurs intermédiaires, allongement du faisceau (pour réduire

le diamètre) et suppression de pièces annexes débordant du diamètre

principal

- etc..

Le but visé par ces études de géométrie d'ensemble

et de conception des composants est d'augmenter la puissance du réacteur

sans accroître le diamètre de la cuve principale, et sans changer la hauteur

du bloc-réacteur.

Dans le même esprit de réduction des coûts, on étudie des tracés

plus compacts pour les circuits secondaires.

Pour les générateurs de vapeur, l'emploi d'aciers ferritiques

à 2,25 et 9% Cr peut permettre des gains d'investissement. Le dessin à tubes

hélicoïdaux du générateur de vapeur de Creys Malville se prête bien à une

extrapolation de la puissance de l'appareil. Mais on étudie également la

solution à plusieurs modules.

Pénétration de la filière : Pour obtenir des taux de pénétration

on est conduit à rechercher d'une part un gain de régénération élevé,

d'autre part une faible masse de plutonium dans le cycle.

Dans cette optique, l'utilisation du concept de coeur hétérogène

parait prometteuse.

Dans un tel concept, on insère à l'intérieur même du coeur des

assemblages contenant en totalité ou en partie du matériau fertile. Cette

disposition permet :

- des gains de régénération élevés (de l'ordre de 0,3 au lieu de 0,2 actuelle-

ment)

- des taux de combustion d'environ 30% plus élevés sans augmenter les

dommages neutroniques sur les matériaux de gaine du combustible

- un meilleur aplatissement de la puissance

- une perte de réactivité plus faible au cours d'un cycle de fonctionnement.

Pour Super Phénix 2, on étudie la possibilité d'implanter un

coeur hétérogène, tout en poursuivant parallèlement l'étude d'un coeur

homogène.

Il est finalement clair que les centrales à neutrons rapides

qui suivront Creys Malville seront en parfaite continuité technologique

avec Super Phénix, et que leur puissance sera sans doute un peu supérieure

à celle de Creys Malville, mais restera dans la même gamme de valeur.



C'est vers 1981-1982 qu'Electricité de France pense engager une

paire de nouvelles centrales à neutrons rapides, constituant le début d'un

palier de 6 à 8 centrales identiques.

ESSAIS et RECHERCHE

Technologie

Les activités habituelles de R et D se sont évidemment

poursuivies dans tous les domaines tels que : calorifuge en gaz et sodium,

matériaux en frottement, aérosols de sodium, purification du sodium,

cavitation, fatigue-fluage des matériaux en sodium, détection des défauts

de refroidissement du coeur, etc..

Mais la majeure partie des activités concerne les essais des

composants de Super Phénix, essais d'appareils prototypes ou essais de

qualification de matériel de série. Par exemple :

- Pour le générateur de vapeur à tubes hélicoïdaux :

. Poursuite des essais sur la maquette de 45 MWth au centre

EDF des Renardières : essais de chocs thermiques, d'endurance

et de détection de fuite d'eau

. Essais de réaction sodium-eau : étude de petites fuites

(wastage) et des ruptures secondaires, étude de l'auto-

évolution (EDF)

. Etude de la corrosion des aciers pour générateurs de vapeur

par les produits de la réaction sodium-eau

. Etudes de détection d'hydrogène et d'inspection des tubes

par courants de Foucault.

- Pour les pompes mécaniques :

. Installation d'essai en sodium de la liaison pompe-sommier

de Super Phénix en cours de démarrage

. Essais complets des pompes en eau prévus ultérieurement

- Echangeurs intermédiaires :

Les incidents observés sur les echangeurs intermédiaires de

Phénix ont donné lieu à un important volume d'études et d'essais. Les

résultats ont été utilisés pour concevoir les echangeurs intermédiaires

de Super Phénix et pour améliorer les codes de calcul correspondants.

Le réacteur Phénix a été largement utilisé comme banc d'essai.

- Essais de chocs thermiques sur les assemblages et les vannes de

Super Phénix (circuit de 0 300).

- Essais du prototype du système de purification intégré.

- Grande maquette Gulliver : il s'agit des essais de calorifuge en argon

et des traversées de composants de Super Phénix. La cuve a un diamètre

de l'ordre de 6 m et comporte une traversée de grand composant de Super

Phénix à l'échelle 1.

- Essai de l'instrumentation prototype de Super Phénix : pré-série de

thermocouples coeur, VISUS (visualisation par ultra-sons), détecteur

acoustique.

- Un nouveau hall d'essais d'environ 45 m de hauteur où seront effectués

les essais des systèmes d'arrêt principal et complémentaire de Super

Phénix ainsi que l'essai des machines de manutention des assemblages est

terminé, le montage des installations d'essais est en cours.

Physique et technologie du coeur.

Il s'agit dans la plupart des cas d'études menées en commun

par le CEA et le CNEN italien.

Dans l'expérience critique MASURCA, on a en particulier achevé

l'étude neutronique du programme PRE-RACINE ; une expérience particulière

concernant la simulation d'assemblages combustibles à hétérogénéité axiale

a été réalisée (juin-juillet 77). L'étude du coeur propre du programme

Pré-Racine (Laplacien, indice de spectre, puissance, masse critique, gain

de régénération, vide sodium) s'est terminée en décembre 1977. Le chargement

des 370 kg de plutonium CNEN s'est effectué en décembre dans la zone

centrale de Masurca pour l'étude d'une zone à forte teneur en Pu 240.

Le programme d'étude de la propagation des neutrons dans les

protections s'est achevé sur Tapiro (CNEN) ; des études paramétriques sont

prévues pour 1978-79.



La version 4 du formulaire Carnaval est opérationnelle et est

utilisée pour les calculs neutroniques concernant Masurca, Rapsodie,

Phénix, Super Phénix et la filière.

Les codes permettant de suivre la gestion du cycle de combustible

ont été mis au point et validés sur les expériences concernant le combustible

irradié de Rapsodie et Phénix.

Les études d'un système de coeur de type hétérogène ont été

développées, et ont été rapportées en particulier à la Conférence de

Londres en novembre dernier.

Pour les centrales suivant Creys Malville, on continue à

étudier en parallèle un type de coeur homogène et un type de coeur hétérogène.

Combustible

Dans Rapsodie, la synthèse des résultats acquis sur l'élément

combustible de Fortissimo depuis sa divergence et sa montée en puissance

a permis de porter, en 1977, le taux de combustion nominal de 8,1 à

11 atomes%. A la fin de l'année, 51 assemblages nourriciers avaient atteint

ce taux de combustion et 16 assemblages, à titre expérimental, l'avaient

dépassé.

Rappelons que cet élément combustible était initialement prévu

pour 6 atomes %, et que, sans changement des spécifications de fabrication,

le taux de combustion a pratiquement doublé en 6 ans.

Considérant que, durant cette période, Fortissimo a permis de

qualifier d'une façon extrêmement satisfaisante, le comportement des

éléments combustibles gainés avec de l'acier 316, de nouveaux éléments

gainés en acier 316 Ti écroui, ont été introduits dans le coeur. Certains

atteignaient, à la fin de l'année, un taux de combustion voisin de 5 atomes%

et devraient atteindre 11 atomes % à la fin de l'année 1978.

Dans Phénix, des éléments combustibles atteignaient 70000 MWj/t

en début 1978, alors que le taux de combustion nominal était de 50000 MWj/t.

Les examens classiques effectués sur les combustibles, gaines

et tubes hexagonaux des assemblages combustibles n'ont pas révélé de

surprises. Progressivement, l'acier 316 écroui remplace maintenant l'acier

316 hypertrempé comme matériau de gaine. Les nouveaux éléments combustibles

atteignaient 50 dpa à la fin de l'année 1977. La figure 4 rappelle les

déformations observées sur les gaines de Phénix et la figure 5 montre le

gain apporté par l'acier écroui tout au moins dans la partie basse du

domaine des dpa.

Les études sur le gonflement ont permis de bâtir en 1977 un

formalisme, basé sur la perte de carbone de la solution solide, qui recoupe

bien les valeurs des déformations observées dans Rapsodie et Phénix.

De même, l'influence de la pression des gaz de fission sur le fluage

d'irradiation des gaines a pu être modélisée en faisant intervenir une

activation thermique de ce phénomène. Un travail de dépouillement important

a été réalisé pour comprend les effets d'interactions d'aiguilles à

l'intérieur des faisceaux et interactions des fils d'espacement avec les

aiguilles : un assemblage Phénix a été découpé transversalement à l'axe

longitudinal dans le but d'analyser la répartition des déplacements et

déformations à l'intérieur du faisceau d'aiguilles. Parallèlement, les

ovalisations de gaines ont fait l'objet d'études fines destinées à chiffrer

1'endommagement subi par l'acier dans ce type de déformation.

En ce qui concerne les tubes hexagonaux, la figure 6 rappelle

les variations de dimensions observées dans Phénix avec l'acier 316 écroui.

La figure 7 montre les gains que l'on peut espérer avec l'acier 316 écroui

stabilisé au titane.

Etudes sur les carbure

Quoique l'effort consacré à l'étude du combustible carbure

soit relativement modeste, des faits importants ont marqué l'année 1977 :

- Pas une seule rupture de gaine sur les aiguilles carbure à joint sodium

irradiées dans Rapsodie et une expérience en capsule a même atteint

le taux de combustion de 112.000 MWj/t.

- Un assemblage complet à 19 aiguilles à joint sodium est actuellement

dans Rapsodie et son fonctionnement est tout à fait satisfaisant. On

envisage par ailleurs d'entrer dans Phénix un dispositif à 7 aiguilles

dans le courant de 1978.

- Des ovalisations de gaine ont été observées sur des aiguilles à joint

sodium. L'analyse de ces déformations montre qu'il ne s'agit pas d'une

interaction mécanique entre le combustible et sa gaine. Ceci présage



de la possibilité d'atteindre de forts taux de combustion avec ce type

d'aiguille.

- Enfin, les études paramétriques effectuées dans le but d'atteindre des

temps de doublement faibles, ont montré que les carbures, même irradiés

à puissance linéaire assez faible (450 W/cm) n'étaient pas dépourvus

d'intérêt. Dans cette optique, et quoique le "joint sodium" reste la

référence du CEA en matière de combustibles "carbure", ces résultats ont

conduit à l'élaboration d'un programme modeste d'irradiation d'éléments

combustibles "carbure" à joint hélium. L'atteinte de forts taux de

combustion avec de type d'élément n'est toutefois pas assurée.

- les phénomènes bidimensionnels dans les faisceaux d'aiguilles peuvent

produire des ebullitions localisées dans les zones chaudes de l'assemblage

et avoir pour conséquence d'entraîner une rupture précoce des aiguilles.

Des codes de calcul tels que FLINT et NATREX, pour une

aiguille, et BACCHUS pour des grappes rendent compte de ces phénomènes.

Les résultats de ces études hors pile sont en très bon accord

avec les résultats du programme en pile Scarabée.

La vidange de l'assemblage au cours de l'accident d'arrêt des

pompes sans chute des barres est un processus lent (plusieurs secondes) .

Sûreté

Le réacteur Cabri, destiné à des expériences d'injection

rapide d'énergie dans une aiguille, sera prêt pour le premier essai

effectif à la mi-78. Ce retard est dû aux classiques ennuis de chantier

et à une déformation du caisson permettant la pénétration du faisceau de

l'hodoscope ; le caisson a été refait. On a mis à profit ce retard pour

modifier légèrement les éléments combustibles du coeur nourricier. Les

circuits sodium sont terminés et le coeur a atteint sa puissance nominale

continue. Les essais d'instrumentation et de l'hodoscope sont sur le point

de démarrer.

En ce qui concerne les études de vidange d'assemblage en cas

d'arrêt de pompes sans chute de barres, les études expérimentales hors pile

menées successivement sur des sections d'essais à 1 puis 7 et 19 aiguilles

chauffantes sur la boucle CFNa (Grenoble) ont montré :

- une absence de surchauffe significative, c'est-à-dire pas d'expulsion

violente du sodium au début de 1'ebullition

- selon les situations, la possibilité d'obtenir de la vapeur principalement

dans la partie supérieure de l'assemblage (la protection supérieure) et

non dans la partie active.

- une vidange du canal qui s'effectue au cours d'une instabilité hydro-

dynamique (redistribution de débit)

- la vidange Jîst lente (plusieurs secondes) car elle est contrôlée par la

capacité calorifique des structures et du combustible.

En ce qui concerne les études d'interaction de combustible

fondu et du sodium, les expériences Corect 1 et 2 (coulée de sodium sur

5 kg d'UO fondu) ont montré que, malgré des vaporisations importantes,

aucune ne conduit à des explosions de vapeur.

Les expériences concernant le comportement d'une bulle de

vapeur de sodium, sa condensation, et le transport corrélatif d'aérosols

radioactifs (expérience Excobulle) sont en cours (actuellement en eau).

Enfin, l'étude des feux de sodium se poursuit activement, en

particulier :

- feux contaminés en produits de fission

- mise au point de l'utilisation d'une poudre extinctrice particulièrement

efficace (poudre Marcalina)

- étude de filtres et préfiltres.

Une expérience à grande échelle sur les feux de sodium

(Esmeralda) est en projet.

L'ORGANISATION INDUSTRIELLE FRANÇAISE ET LES ACCORDS EUROPEENS

En France, la réalisation de la chaudière Super Phénix de la

centrale de Creys Malville, s'inscrit dans la perspective des projets

ultérieurs qu'EDF envisage d'engager dans cette filière.



Pour répondre à ces impératifs, le CEA et les principaux

fournisseurs français de composants nucléaires (Creusot-Loire, Neyrpic,

Alsthom Atlantique) ont créé en 1976-77 une filiale commune, la société

NOVATOME (1).

L'Allemagne Fédérale, la Belgique et la Hollande avaient conclu

depuis plusieurs années des accords entre organismes de recherche, sociétés

d'ingénierie et producteurs d'électricité visant, en particulier, à la

construction de la centrale SNR 300.

La France et l'Italie avaient elles aussi conclu des accords

de mise en commun de programme de recherche entre le Commissariat â

l'Energie Atomique (CEA) et le Comitato Nazionale per l'Energia Nucleare

(CNEN) ainsi que des accords de licence entre le CEA et la société NIRA.

Ces deux ensembles se sont rapprochés en 1977 et ont conclu des

accords dans les domaines suivants (figure 8) :

- mise en commun des connaissances et harmonisation des programmes de

recherche entre le CEA (déjà harmonisé avec le CNEN) et les organismes

effectuant un programme de recherche en Allemagne, Belgique et Hollande.

- création d'une société commune de droit français, la Société Européenne

pour la promotion des systèmes de réacteurs à neutrons rapides (SERENA)

dont les actionnaires sont :

- une société de système française SYFRA (60% CEA, 40% Novatome)

apportant les connaissances de France et d'Italie.

- une société de système allemande KVG (51% Interatom, 19% GfK,

15% Belgonucléaire, 15% Neratoom) apportant les connaissances

de RFA, Belgique, Hollande.

La SERENA est chargée de négocier, concéder et gérer les licences de cet

ensemble de connaissances.

(1) NOVATOME : Creusot-Loire 36%
CEA 34%
Neyrpic 15%
Alsthom Atlantique 15%

L'ensemble de ces accords rassemble donc les cinq pays de la

"CEE Continentale" pour des échanges complets au niveau de la recherche et

de l'ingénierie, en même temps que pour l'exploitation des connaissances

mises en commun pour transmission à des licenciés.
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REVIEW OF FAST REACTOR ACTIVITIES

W. HAUSSERMANN, J. ROYEN
OECD Nuclear Energy Agency,
Paris,
France

GAS-COOLED FAST REACTORS

Since 1971, when the Co-ordinating Group on Gas-Cooled .
Past Reactor Development was set up, the participating countries
have maintained an interest in keeping this option as a back-up
solution to the sodium-cooled fast reactor. Thus, the set-back
for the High Temperature Gas-Cooled Reactor system has not so
far substantially affected the gas-cooled fast reactor development
work, although the I-TEA development programme has, in fact, under-
gone some streamlining.

In the past, two different concepts were investigated,
one based on coated particle type fuel elements and the other on
pin type fuel elements. The coated particle studies have been
brought to an end and resources have been concentrated on the
further development of the pin concept.

The work carried out in recent years covered design
and safety investigations, heat transfer studies and irradiation
experiments in thermal reactors. The design and safety work has
brought out the principal features which enabled the development
programme requirements to be identified, and encouraging safety
discussions to...be ,held. The.. he,at ..transfer .work has shown that
the'' 'design--requirements can -be •'mef,-and; irradiation and
compatibility work has clarified the choice of materials and the
selection of coolant gas composition.

In October 1976, the Steering Committee for Nuclear 15
Energy prolonged the mandate of the Co-ordinating Group for two
years and at the same time agreed to the participation of the
Commission of the European Communities in the Group's future work.

During 1977 the United States have joined the Co-
ordinating Group on Gas-Cooled Fast Reactor Development, which
is now supported by ten countries and two international bodies
(Austria,"Belgium, the Federal Republic of Germany, France,
Japan, Sweden, Switzerland, the Netherlands, United Kingdom,
United States, CEC and G3RA).

The participation of the U.S. increased considerably
the wealth of Information available to the participating countries
in many areas of GCFR development. The total effort spent in the
past on GCFR relevant work is of a comparable magnitude in the
U.S. (37 million US-)) and in the remaining countries (43 million
US3 together). The work in the U.S. which groups government and
industry efforts, is oriented towards the project definition
phase of a demonstration plant.

The work during 1977 included research and
development on fuels and reactor materials, reactor core and
fuel element design as well as GCFR physics studies. In
addition, control systems development, safety studies and
environmental site studies are under way. The U.S. programme
is also supported by Helium Breeder Associates, a grouping of
interested"utilities.

On the European side, the most significant event was
the start-up of the first in-pile test in the helium loop in
the BR-2 reactor in liol with uranium oxide, vented fuel elements.
These tests continued into March 1978 and new tests with mixed
uranium-plutonium oxide fuel elements were started afterwards.
In addition, the work on heat transfer, corrosion phenomena,
tribological effects, physics calculation, core design and
safety analysis continued in the participating countries.

Increased international co-operation in the high
temperature reactor field including the GCFR was established
during 1977 between the U.S. and the Federal Republic of
Germany in a so-called umbrella agreement, which was also joined
by Switzerland and France. The terms of this agreement foresee
a closer co-operation between the four respective countries in
the HTR and GCFR field.

Concerning future work, the Co-ordinating Group
agreed during 1977 to continue the collaborative effort in the
near future and to prepare a GCFR status report which would
bring out the achievements of the Group and identify the
development work necessary to bring the GCFR option closer to >
realisation, taking, into, .accoun.t, the,changing-•internationa-1 5;

ooro
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PAST REACTOR SAFETY

At its November 1977 meeting, the NEA Committee on
the Safety, of Nuclear Installations (CSNI). decided, to convene
a meeting of senior experts to examine the rationale and the
objectives of the LMFBR safety R & D programme plans of the
OECD Member countries and of the Commission of the European
Communities; the meeting was also to advise CSNI on a desirable
programme of work in this area.

The meeting of senior experts on LMFBR safety R & D
was held on 6th April 1978. Therewas general agreement that
non-concerted LMFBR safety R & D in various countries could
lead to incomplete or non-reconcilable technical solutions
which in turn could lead to excessive licensing requirements
and unjustified cost increases. There was a clear need for a
rational international approach to LMFBR safety R & D. It was
agreed that CSNI could, in the context of such an approach,
provide an adequate mechanism for consensus development and
for consolidation of an international understanding on the
overall LI-IFBR rationale and strategy and on how certain problems
should be addressed, and for the co-ordination of useful expert
groups and specialist meetings.

The meeting of senior experts on LMFBR safety R & D
made the following recommendations to CSNI:

(i) CSNI should establish a Group of Senior Experts on
LMFBR Safety Research and Development.

(ii) The Group of Senior Experts would have the following
tasks:

- recommend to CSNI a rationale for discussing
strategies, targets, and priorities in LMFBR
safety R & D;

- recommend areas in which international status
of technology reports could be prepared;

- recommend areas in which specialised activities
(e.g. specialist meetings, groups of experts,
task forces, etc.) could contribute to the
investigation and resolution of specific problems.

It was suggested that participation in the Group of Senior
Experts should be limited to organisations sponsoring major
research in this field and the CEC.

The meeting of senior experts also recommended to NEA
to discontinue the infernal Group of Experts on Trends and
Options in LMFBR Safety R & D after the'creation of the proposed
new Groun.

A. NI?A,. Specialist Meeting. pn.Fuel and. Clad Mp;t ion-
Diagnostics' 'for 'Past Reactor "Safety" Test Fa'cilTties'wa's' held at
Los Alamos Scientific Laboratory from 5th to 7th December 1977;
the meeting was also sponsored by the U.S. Department of Energy
and the U.S. Nuclear Regulatory Commission. A very good
technical exchange took place at the meeting, and considerable
progress in mutual understanding among those working on different
techniques was highly visible. It was felt that it would be
appropriate to hold another NSA specialist meeting on fuel and
clad motion diagnostics for fast reactor safety test facilities
near the end of 1979.

Two meetings of the CSNI Group of Experts on the
Science of Fuel-Coolant Interactions and of Vapour Explosions
were held during 1977; another meeting will be held in
September 1978. The Group is making slow progress in overcoming
the more important uncertainties so as to prepare the v/ay for
agreement on firmer and more specific conclusions regarding
fundamental mechanisms. The fourth CSNI Specialist Meeting on
Sodium-Fuel Interactions will be held during 1979 (it is likely
that the subject matter of the meeting will be broadened to
include fuel-coolant interactions in water reactors). The first
issue of the CSNI FCI Newsletter (replacing the CSNI SFI Newsletter)
will be published during the summer of 1978.

CSNI has set up a Group of Experts on Nuclear
Aerosols in Reactor Safety with the following initial tasks:

- to prepare a state-of-the-art report on nuclear
aerosol safety (in fast reactors and in thermal
reactors);

- to list important unresolved questions and suggest
priorities for related research;

- to advise on the usefulness of a specialist
meeting on nuclear aerosols in reactor safety
to be held in one or two years time.

The report will be completed by 15th September 1978.

For completeness, mention should be made of NEA's
activities in the fields of reactor noise analysis (a CSNI
specialist meeting was held in 1977, another one is likely to
be held in 1979/1980), of rare events analysis, information
exchange (Volume III of the Nuclear Safety Research Index is
devoted to fast reactors), of antiseismic design, of steel
components, and of fuel cycle safety.
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STATUS OF
FAST BREEDER REACTOR DEVELOPMENT
IN THE FEDERAL REPUBLIC OF GERMANY,
BELGIUM AND THE NETHERLANDS

U. DAUNERT
Bundesministerium fiir Forschung und Technologie,
Bonn,
Federal Republic of Germany

G. KESSLER
Kernforschungszentrum Karlsruhe,
Karlsruhe,
Federal Republic of Germany

commissioning of SNR 300 after a fundamental debate. A decision on a demonstra-

tion!>breeder plant (SNR-2) is to be taken after sufficient SNR 300 operation

experience. Consequently the budget committee of the Deutscher Bundestag approved

an amount of 122 million DM destined for advanced fast breeder R+D being

temporarily blocked.

At the same time.a group of local intervenors at the Kalkar site of SNR 300

contested the execution of the first partial construction licence for the SNR 300

issued in 1973. In the course of this lawsuit in August 1977 the Upper Administra-

tion Court at Munster appealed to the Federal Constitutional Court for a ruling

on whether breeder licencing should be decided by elected parliament rather than

government authorities. The decision is expected at the earliest in about a year,

does not influence the ongoing construction of the SNR 300 directly, and leaves

some time for adaptation of the German Atomic Energy Law as a clear basis also

for licensing fast bretder reactors.

The opposition against nuclear power in general and specifically against the fast

breeder reactor was underlined by a large demonstration at the Kalkar site in

September 1977, attended by about 30,000 people.

17

1. INTRODUCTION

1.1 Political Situation in the Federal Republic of Germany During 1977

Problems of public acceptance of nuclear power affected the fast breeder deve-

lopment in the Federal Republic of Germany as well. The Deutscher Bundestag

requested a detailed report on the safety and economic aspects of breeder

reactors, which was submitted on September 1, 1977.and which was later on

approved by the Bundeskabinett as an official document of the German Government.

A summary is added to this report in the Appendix.

In October 1977 the Bundestag committee on research and technology passed a

resolution that R+D capacity for fast breeder construction, operation and

safety assessment be maintained, and that public funds for the promotion be made

available as far as necessary. In particular, the committee advocated to complete

construction of the SNR 300 prototype. The Bundestag is to decide on the

1.2 International Cooperation

1.2.1 France

The most outstanding event in the field of international fast breeder cooperation

was the signature of a set of agreements between France and the Federal Republic

of Germany on July 5, 1977 as a consequence of relevant memoranda, which had come

into force one year before and which had been described in the 1977 report.

These agreements open up the possibility for a joint fast breeder development

by the Federal Republic of Germany, together with Belgium and the Netherlands,

and France; the latter is linked, on the other part, to Italy by means of

licence contracts.

Figure 1 gives a survey of the various organizational connections between govern-

ments, vendors, and research centers. The know-how on nuclear steam supply systems

of LMFBRs is to be pooled. It includes fuel element development and design,

but does not include fabrication methods of fuel elements and sodium components

nor chemical reprocessing methods up to now.

o
o
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The system company SERENA (Societe Europeenne pour la Promotion des Systemes de

Reacteurs Rapides au Sodium) serves for j o in t commercialization of breeder tech-

nology i nc l . licences to th i rd parties. As soon as certain conditions are f u l -

f i l l e d , i t w i l l be shared at 51:49% by CEA and KVG. KVG, a DeBeNe know-how

evaluation company, is a j o in t subsidiary of INTERATOM (51%), KFK (19%), BELGO-

NUCLEAIRE (15%), and NERATOOM (15%).

The results of R+D work are being freely exchanged between France and Germany.

On the German side, the Entwicklungsgemeinschaft Schneller Brliter had already

been formed in May, 1977, in order to ensure close coordination of R+D programs.

The Belgian and Dutch partners are associated through a DeBeNe R+D Committee.

Together with the already existing contracts of European u t i l i t i e s , a network of

cooperation on each level ; nuclear research centres, manufacturers, u t i l i t i e s and

governments, was established, including nearly almost a l l the nember countries

of the EEC.

The f i r s t phase of Fission Product Loop experiments has been completed success- 18

fu l l y in a several years cooperation between KFK and Toshiba. The agreed pa r t i c i -

pation of Toshiba in the KNS sodium boil ing experiments of KFK is continuing.

1.2.4 United States

The agreement on cooperation in the f i e ld of reactor safety concluded between

the FRG and USAEC is being extended to include the safety of fast reactors. In pa-

ra l le l an agreement has been drafted between KFK and CEA on one side, and US-NRC/

on the other side/concerning exchange of test results to be obtained with the

pulsed reactors CABRI (Cadarache) and ACPR (SANDIA). Besides th is , also an

exchange between the CABRI and TREAT reactors shall be negotiated and imbedded

in the umbrella agreements which both the FRG and France have with US-DOE.

2. FAST TEST REACTOR KNK-II

The 50:50% cooperation between CEA and KFK in the CABRI Project continues. The M o s t Q f t h e a c t i v i t i e s o n t h e s i t e o f t h e C o m p a c t S o d i u m C o o l e d N ( J c l e a r R e a c t o r

reactor reached nominal power on February 10, 1978. Negotiations with US-NRC and K N K _ n ( s g e M g ( j r e ? ) . p t h e p e H o d u n d e r ^ . ^ ^ c o n c e n ) a d w i t h c o ™ i s s i o n i n g

US-DOE are underway to exchange CABRI test results against those of ACPR and TREAT, Q f t h e p ] a n t a n d w i t h f . n a l c o n s t r u c t i o n work_ R r s t c r i t i c a l i t y o f K N K . n was

respectively. This means that six organisations w i l l soon participate in the

CABRI Project: CEA, KFK, PNC, UKAEA, US-NRC and US-DOE.

1.2.2 United Kingdom

The cooperation with UKAEA on various topics is continuing. The first phase of

experiments with a large homogeneous plutonium critical in ZEBRA has been completed

("BIZET" agreement). The exchange of the German KNS experiments on sodium boiling

and the English code validation experiments is continuing ("KNS-COVA" agreement).

1.2.3 Japan

The agreement on cooperation between KFK and PNC has been extended unt i l May 25,

1978, while the text of an agreement between KFK/INTERATOM and CEA(on one side(

and PNC;on the other side ( is being negotiated.

reached on October 10, 1977. Since then, low-power tests have been performed,

especially to check physics data. '

2.1 Final Construction Work

Major efforts in spring and summer 1977 were devoted to the completion of the

core by the fuel manufacturers ALKEM, BELGONUCLEAIRE and RBU. At the Karlsruhe plant

site a fuel storage f a c i l i t y was erected. Major precautions were needed to protect

i t against sabotage, theft and earthquakes.

Most of the act iv i t ies in the mechanical engineering sector were concerned with

earthquake protection. Thus, the necessary duct supports for the emergency cooling

system were installed and the primary pipes were completed with earthquake attenu-

ators. Several sodium valves, both in the primary and the secondary systems, were

equipped with combined drivers which are normally operated e lect r ica l ly and,

under earthquake conditions, are run by means of compressed a i r . Additional earth-



quake protection systems were installed in the intermediate heat exchangers and

in the steam generators. Furthermore the support structure for the lid clamping

system was qualified so as to withstand severe conditions. The extent of the

work devoted to protect against the effects of earthquakes can be estimated

from the secondary system where 43 points had to be earthquake-protected by

means'of specially designed dampers.

2.2 Commissioning

2.2.1 Core Loading

Before the onset of core loading, 57 out of the 91 positions of the reactor

core (see Figure 3) had been occupied by the reflector elements, the rods of the

first and second shutdown systems, the materials test element, and the guiding

element needed to handle the hexagonal fuel elements. The blanket zone and the

seven PuC^/UOg elements of the test zone were loaded first. In the second step

the complete zone of unmoderated driver elements was charged. After the third

loading step with four driver elements first extrapolations showed a minimum

critical assembly of 20.6 fuel elements. This value remained unchanged even after

continued loading, so that the reactor was first operated in the critical regime

on October 10, 1977 with 21 fuel elements, which was in good agreement with the

prediction of 20 jH 1 fuel elements (see Figure 4).

After the operating core had been assembled,the two shutdown systems were

calibrated.

2.2.2 Assessment_of _Reacti vi |y__Coef f i cients

Sodium Dump Experiment (Total Void)

Starting from the operating level the sodium in the reactor tank was drained into

the dump tank stepwise down to the level of the lower blanket, the sodium level

being measured by means of a special probe. These dump tests were carried out with

the reactor being subcritical. At a core 2/3 drained it was possible to move the

shim bank all the way out', as a result of the loss of reactivity, without attaining

criticality. Further reductions of the sodium level were then determined by means

of subcritical multiplication measurements. The measured total void effect of

1535 +_ 60 t as a function of the sodium level confirmed the calculated values

(see Table 1).

Table 1: Comparisons Between Theory and Experiment 19

Critical number of fuel elements

Excess reactivity

Shutdown reactivities

1st shutdown system

2nd shutdown system

Temperature coefficient

Total sodium void reactivity

Experiment

2o

6.3 ±

7.1 ±

3.9 ±

-5.76 •

-9.7 +

.6

o.3 %

o.9 %

o.3 %

lo"5/K

o.4 %

Theoretical
prediction

2o ± 1

6.5 ± o.5 %

7.3 ± o.7 %

3.6 ± o.6 %

-5.11 • lo~5/K

-10 %

Isothermal Temperature Coefficient

Starting from a sodium temperature of 200 °C the coolant was heated in fixed

steps to 425 °C by raising the speed of the two primary pumps. Reactivity losses

were compensated by moving out the shim rod bank. The temperature coefficient

calculated as a mean of all measured values is 0.93 £/K, which is 11% above the

theoretical value, but still within the inaccuracy of prediction of + 20%.

All zero power tests were carried out according to schedule without any

difficulties and disturbancies in the systems.

2.3 Experimental Program

After the end of the commissioning period KNK-II will be used for irradiation

experiments, component tests and safety experiments. Some 50 individual experiments

are at present being prepared.

The physics experiments serve to develop novel means of monitoring the operating

conditions of fast reactors; f">r this purpose noise analysis techniques are

particularly suitable. For in-pile experiments, KNK-II is used as a test bed for

materials and fuel irradiations. During operation technology tests and measu-

rements will be carried out on sodium/water steam generators, and failure Drobabi-

lities of sodium components will be studied.



3. STATUS OF CONSTRUCTION OF SNR 300

Figure 5 shows the stage reached on si te at the end of 1977. Al l buildings are com-

pleted except for the outer reactor bui lding. In part icular the containment has

been finished and the corresponding heavy cranes have been insta l led. The

erection of the steel l in ing surrounding the reactor building and acting as a

secondary containment had to be interrupted because of the need to further check

the stress level result ing from recent recalculation of the complicated temperature-

induced deformation patterns of the outer containment after an assumed core

disruptive accident. The cooling tower is the only large c i v i l engineering ent i ty

s t i l l to be erected.

The part ia l license for the erection of the biological shield was granted in

December; 1977 after overcoming strong technical and po l i t i ca l d i f f i c u l t i e s . The

immediate progress on the s i te now depends upon the granting of the part ia l

license for almost a l l auxi l iary systems, the e lect r ica l power system and part of

the control system.

The fabrication of the components proceeds sa t is fac to r i l y : The reactor tank

internals are close to completion (see Figure 6) , including the shield tank. The

guard vessel is also completed.

The 12 straight tube steam generator bundles are close to completion and w i l l be

bu i l t in their casings within short. The internal bore weld method used has

led to good resul ts. The fabrication of the bundles of the six helical steam

generators was i n i t i a t e d . A f i r s t IHX was completed and is presently being bu i l t

in the Hengelo test f a c i l i t y where i t w i l l be subjected again to extensive opera-

tional test ing. Five of the nine casings of the other IHX are ready; one bundle has

been completely welded (see Figure 7) and the welding of the eight remaining

bundles is in progress.

The fabrication of the three primary Na-pumps proceeds according to schedule (see

Figure 8) . The secondary Na-pumps have been successfully tested under water.

The forerunner of the control rod actuators w i l l soon be tested and the assembly

of the actuators of the secondary shutdown rods is in progress. The fabrication of

the fuel handling and storage equipment proceeds in accordance with the overall

schedule. Al l emergency diesel generators have been tested and are being stored.

The turbo-generator set has pract ical ly been erected. The fabrication of the

components of the te r t ia ry c i r cu i t is underway.

Subassembly deformation calculation based upon recently obtained data on swelling 20

and in -p i le creep of the core structural materials have shown that contact

between adjacent subassemblies could occur before the 440 effective f u l l power days

fixed as l i fet ime for the f i r s t core. After extensive review i t was conside-

red advisable not to proceed at present to design changes for the f i r s t core.

Besides the slow progress in the above mentioned part ia l l icense, two further

part ia l licenses are being applied for and require large engineering e f fo r ts :

one includes essentially the guard vessel, the decay heat removal systems, the

diesel generator sets, the instrumentation and control systems and some components

of the fuel handling and storage systems. The other license includes the reactor

tank and the complete primary and secondary c i rcu i ts together with the core

catcher. Contained in this license is hence the treatment of the entire hypothe-

t i ca l core disruptive accident which is handled by the authorit ies almost as a

design basis accident.

The additional engineering and changes in the design requested by the licensing

authorities and the i r experts, as well as the ensuing delays have led to sub-

stant ial cost increases for the project. Compared to the 1,532 mi l l ion DM

earmarked for the project at i t s inception in 1972 and to the 2,276 mi l l ion DM

mentioned in last year's report, the completion is now expected to amount to

about 2,700 mi l l ion DM.

4. SNR CONCEPTUAL DESIGN PHASE

Work on the conceptual design of SNR-2 started in 1976 and was continued in 1977.

In cooperation, INTERATOM/BELGONUCLEAIRE, Kernforschungszentrum Karlsruhe, and

Europatsche Schnellbrliter-Kernkraftwerksgesenschaft f ixed important parameters

for the core design of SNR-2 early in 1977, especially the core geometry and

the linear rod power, with the Mk-II rod of SNR 300 as the basis. In this way

boundary conditions have been defined for the overall design of the plant and for

preparing nuclear safety analyses.

I t has been decided to star t studies on a heterogeneous division of core and blanket

zones, in addition to studies on the reference core with a homogeneous assembly.

Preliminary results of calculations of the mechanical energy released in Bethe-

Tait accidents w i l l be available for the homogeneous core about the end of 1978,

for the heterogeneous core by mid 1979.



For the reactor vessel, the SNR 300 principle of internal sodium inlet pipes

has been maintained. Additional work concerned mainly possibilites of reducing

the diameters of the vessel and the rotating plug, and the design of the core

support structure. The latter was modified in comparison to SNR 300, since

a gas-bubble separator is to be dispensed with. The core support plate is to

be of a welded design (sandwich-type).

The following concept has been chosen for the reference desion of the primary

heat transfer system: four primary loops are arranged in cylindrical hot steel

vessels close to the reactor; heat expansion of the pipes is taken care of by

a helical shape of the pipes around the primary pumps and IHXs. The routes

for the piping of the auxiliary sodium components in the primary "pot" have been

elaborated. Design work at the "roof" of the primary cell has started.

For the secondary system, the routes have been worked out for the piping

within the containment and outside, in the zone of the four steam generator

buildings arranged in star-shape around the containment. Heat expansion is to

be taken care of by compensators. For the steam generators, a choice has not yet

been made between a conventional lightweight construction and a bunker construc-

tion. It depends partly on whether a concept will be realized to decouple the IHXs

in case of a simultaneous rupture of several steam generator pipes.

The radiological studies on the containment concept will be completed in 1978.

A multi-shell containment structure is envisaged. The SNR 300 reventing concept

will probably be abandoned for the SNR-2.

General studies concerned

- optimization of the main coolant temperatures; possibly the reactor

outlet temperature will be reduced to about 500 °C,

- general plant safety,

- materials development: steel W.Nr. 1.4919 has been studied as an alter-

native to the austenitic reference reactor vessel material W.Nr. 1.4948,

and 12% Co steels as alternatives to the ferritic steam generator material

W.Nr. 1.6770.

Studies on various core designs including "unconventional concepts" have been

performed. The aim of these studies is threefold:

- higher flexibility and improvement of core performence,

- increased breeding potential of the oxide fuel systems, and

- enhanced inherent safety features.

The following layouts have been considered in some detail: 21

- a reference homogeneous design,

- a core with two rings of fertile material,

- a five-ring core,

- a "combined" design.

Cores No. 2 and 3 are real cylindrical cores which can be well represented by

a 2D (RZ) geometrical model. The "combined" design comprises a large central fer-

tile island, and many smaller islands rather well dispersed in order to obtain

a good radial power distribution.

Some results are listed below:

- the double-ring core exhibits the lowest sodium void reactivity but also

the highest critical mass. This core is characterized by a very weak neutron

coupling between the two fissile zones, which finally seems disadvantageous;

it may therefore be abandoned,

- the sodium void reactivity in the five-ring core is not very much improved

with respect to the homogeneous case; this core has no significant

advantage over the reference core,

- the combined core seems superior to the reference design for its safety as

well as for its long-term economy; it is retained as the presently favoured

heterogeneous design, and will be the basis for a comprehensive detailed

analysis.

The outcome of these studies-has influenced the choice of the heterogeneous

cores to be investigated in the joint UKAEA-KFK BIZET project.

5. RESULTS OF R+D PROGRAMS

5.1 Fuel Element Development: Results of Irradiation Experir,?nts

The irradiation experiments for the first core (Mk la) of the SNR 300 have been

finished. In particular, the RAPSODIE I experiment has successfully demonstrated

the SNR rod design up to a max. burnup of 100 000 MWd/t«. This experiment,

i.e. two subassemblies with fuel rods with cladding materials of different swelling

behavior (W.Nr. 1.4970 and W.Nr. 1.4988), covers not only the total range of swelling

phenomena to be expected in the SNR, but also the spectrum of fuel rod behavior



between free and constrained mechanical fuel expansion. The post-irradiation exa-

minations did not indicate any extraordinary chemical or mechanical clad damage.

The irradiat ion experiment in the PFR, with a nearly-original Mk I I subassembly,

has been postponed. All preparations i nc l . out-of-pi le tests and calibrations

have been completed; 17 fuel rods have been fabricated and qualif ied by BELGONUCLEAIR

for the monitor experiment which is to precede the actual i rradiat ion experiment.

The RAPSODIE I I i r radiat ion of a small Mk I I subassembly with helical wire

spacers (backup concept) has been going on smoothly. So far the following fluences

have been reached:

preceding monitor

actual subassembly

7.5 x 102Z n/cm2

6-3 x 1022 n/cm2.

At the time of the intermediate examination of the monitor experiment, late in
22 21978, the monitor w i l l have reached about 11x10 n/cm .

In a sodium-loop in the SILOE reactor at Grenoble a jo in t program of KFK Karlsruhe

and the French CEA to investigate the behavior of defective fuel Dins under steady-

state and power cycling operation is being conducted. Two experiments are f inished,

the th i rd experiment w i l l be started in mid-May 1978. The f i r s t experiment was

performed with a fresh test pin with an open s l i t at clad hot-spot location (spare

pin of RAPSODIE-irradiation experiments - so a l l pins of these SILOE experiments

are equal). In the second experiment a RAPSODIE pre-irradiated (90,000 MWd/kgM) pin

with the same machined open clad defect was tested, ^any results have been obtained

from in-p i le and post-irradiation measurements. The tests showed str iking

differences in the on-power and off-power chenical fuel/coolant interactions

leading to uranate/plutonate swell ing; there is some indication that the integral

pin swelling on-power due to uranate-plutanate formation is much less than

observed in post-mortem investigations.

5.2 Interaction Between Fuel and Clad

Tne results on the chemical interaction of fuel and clad have been evaluated.

Two kinds of clad corrosion have been found: matrix and grain attack. They are

strongly influenced by the temperature and stoichiometry (oxygen/metal rat io)

of the fue l .

Post-irradiation examinations on the RAPSODIE I experiment furnished additional 22

results on the mechanical fuel clad interaction: the cladding deformation of

the fuel rods is partly due to clad swelling, and partly due to plastic s t ra in .

The la t ter contribution can be attributed to cladding creep accelerated by void

formation, and to sol id fuel pressure. Locally, plastic clad deformations also

take place by volat i le f ission products accumulating at the top and bottom ends

of the fuel columns.

Power cycling experiments on small U02-Pu02 rods in FR-2 and BR-2 have indicated

that below 2% burnup no strong fuel/clad interaction is to be expected. Within

a linear rod power range of 300 to 450 W/cm, at partial load phases of 10 to

350 h and power ramp rates of 4 to 15 W/cm-min, insignif icant deformations of the

steel W.Nr. 1.4970 clad have shown that power differences up to 80 W/cm and

power ramp rates < 0,5 W/cm-min in general do not cause any plastic clad defor-

mation.

5.3 Development of Cladding Materials and Core Element Structural Materials

The irradiat ion in RAPSODIE of pressurized tubes (W.Nr. 1.4970 and W.Nr. 1.4981)

up to a neutron dose of about 60 dpa (NRT) has been terminated. An evaluation of

data up to 50 dpa showed that uncertainties s t i l l exist about the tempe-

rature and dose dependence of radiation-induced swelling and creep.

The mechanical behavior of original SNR 300 cladding tubes from a large-scale

series production turned out to be similar to that of prototypical tubes examined

previously. Irradiated materials tests indicated a duct i l i t y decrease for defor-

mation rates of 10 to 10 nrin . Besides a development program for optimizing

the steel W.Nr. 1.4970, studies of alternative cladding materials started.

Chemical modifications of a 15 15 CrNi steel were produced. A new simulation program

for irradiat ion of materials specimens in the Variable Energy Cyclotron VEC is

under preparation. Various modifications of steel W.Nr. 1.4970 and alternative

materials, e.g. Incoloy 800 and 12XRN72,were irradiated in pressurized capsules

in RAPSODIE. Insertion of specimens from the steel W.Nr. 1.4970 optimization pro-

gram and the alternative materials program in the second core of KNK-II is envi-

saged.



The RIPCEX-II i r radiat ion by SCK/CEN was started in RAPSODIE in October 1977

with the aim of determining the radiation induced creep of different dispersion-

strengthened f e r r i t i c steels between 400 and 500 °C. Out-of-pile long-term

creep experiments are running at 550 °C on the same pressurized alloy tubes in

order to determine the thermal creep deformation which should not exceed 1%

in 10,000 h. Most capsules have reached more than 6,000 h. The results indicate

that the f i l l i n g pressures of the RIPCEX capsules w i l l not lead to unacceptable

thermal creep deformation. All tests w i l l be continued up to 10,000 h.

Stress rupture tests have also been performed at 550 °C on the same capsules as

loaded in the RIPCEX experiment, for the safety evaluation of the irradiat ion

experiment, which is performed by CEA.

5.4 Absorber Development

5.5 Plant Structural Materials

5.5.1 Materials Data Tests

Air Tests

Long term creep rupture tests with welded and unwelded steels W.Nr. 1.4948

(= 304 SS) and W.Nr. 1.4919 (s 316 SS) at 500 °C to 800 °C are under way. Some

specimens have reached a test time of 75 000 h. The tests shall be extended

up to 200,000 h. For determination of creep curves and i t s different regimes

tests are made with reference heat for steel W.Nr. 1.4948 at 500 °C to 600 °C,

10,000 h and dif ferent stress levels for each temperature, nine other melts were

tested at 550 °C. A large scatter of results was found. Comparing the creep

behavior of steel W.Nr. 1.4948 with 304 SS no marked differences are found. The

interaction of creep and fatigue is of special interest for the design of

components. Periods of creep and of fatigue alternate at 550 °C. Tests

with welded jo ints and base material are made. The sum of fatigue and creep up

t i l l now shows a large scatter between 0.4 and 2.0.
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The absorber R+D work for the follow-on cores of SNR 300 is directed towards an

absorber optimization with respect to service-life and economy:

- data on absorber materials (boron carbide pellets) have been made avai-

lable for the SNR 300 Mk la specification and design substantiation,

- compatibility tests have been performed on the system EuBg/Na/steel, and

corrosion rates have been measured. These studies aim at the development

of absorber materials on the basis of europium,

- irradiation capsules have been fabricated for a PFR experiment on absorber

materials typical of Mk II. Under SNR-specific conditions B.C pellets from

various vendors and EuBg pellets are to be irradiated up to a B-10-burn-up

of 16xlO21 capt/cm3 in B 4 C

- with a view to developing a vented absorber rod, an absorber rod with an

immersed bubble cap was tested in stagnant sodium. This test included the

simulation of helium release from B^C under pressure conditions typical

of SNR. The post-test examination confirmed the capability of the venting

system under the test conditions.

Sodium Tests

Creep rupture of steel W.Ne. 1.4948 at 550 °C is studied under corroding conditions.

Up to now 30 specimens (70% base material, 30% welded joints) were tested with

a maximum of test time of 3000 h. Operating the cold trap at 120 °C there is no

difference in rupture time and total elongation between air and sodium tests.

However, at 135 °C to 160 °C both are reduced strongly. An earlier beginning

of the tertiary region is observed too. Welded specimens have shorter lifetimes

and smaller elongations than specimens made of base material. The purity of

sodium seems to be an ihportant parameter in testing the sodium effects on mechani-

cal properties. LCF-tests were made with pre-corroded hour glass specimens at 550 °C.

At strain ranges between 0.02 and 0.006 lifetime in sodium is higher than in air.

The wetting with low oxygen sodium avoids oxidation of the crack tip and increases

the time to failure under plastic strain controlled conditions. LCF-tests under

flowing sodium including hold time tests are in progress. A test program with

specimens containing defective weldings is in preparation.



5.5.2 Development of Computer Codes and Verification by Tests

Purpose of transverse beam model tests is the verification of computer codes

for inelastic analysis. Therefore the creep process is checked under complex

loading conditions like load cycling including hold periods and changing

temperatures. Results of several tests are compared with that gained by inelastic

calculations using a finite element model.

Biaxial creep and LCF experiments were made with steel W.Nr. 1.4948,studying the

influence of multiaxial status of stress at 550 °C.

A limited number of tests for determination of biaxial creep-fatigue interaction

will be carried out following the strain range partitioning procedure.

5.5.3 Fracture Mechanics

A computer program for calculat ing the elasto-plast ic strain d is t r ibut ion at the

t i p of a crack at constant crack length was completed. The program was checked by

testing with specimens.

To calculate crack growth in pipes and other components a computer program is

under development. Tensile tests with i r radiated CT specimens at 600 °C have

star ted. Preliminary results indicate that the i r radiated specimens f a i l ear l ie r

than the reference specimens. The construction of a new f a c i l i t y for test ing compo-

nents l i ke nozzles and bellows was continued. With this f a c i l i t y components can be

tested under sodium to study the crack growth behavior unt i l sodium leakages.

5.6 Fast Reactor Physics

5.6.1 Experiments in Fast Cr i t i ca l Assemblies

The most relevant results of the series of assemblies SNEAK 9 for SNR 300 have

been -compiled.

C r i t i c a l i t y was calculated for a l l assemblies with a ra t io calculated/experimental

c/E = 1.008 +_ 0.0025 after the usual corrections had been applied. For the breeding

ra t io a difference between calculated and experimental values of C/E = 0.02 was

found (averaged over the whole reactor).

The s i tuat ion for Na-void predictions appears to be not f u l l y sat isfactory for small

voids in Pu-zones with 20% Pu-240. The ra t io of calculated/experimental values

fallsbelow 0.7 in some cases. However, for assembly 9B (8% Pu-240 on ly) , the 24

rat io of calculated/experimental values varies only between 0.92 and 1.08.

Calculated/experimental values for natural boron control rods or rod banks are

found to l i e between 0.85 and 1.0. However, th is value drops to 0.71-0.75 for

enriched B^C. The l a t t e r ef fect is not f u l l y understood yet . Power d is t r ibut ions

in SNR-cores are calculated sa t i s fac to r i l y .

Assembly SNEAK-10, the so called "compact core" has now been f u l l y evaluated.

This compact core concept serves to study effects which are typical of large

cores. Up t i l l now various patterns of 16 control rods (two rings) have been

investigated.

I t was found that the "antishadowing e f fec t " , which amounted to 1.16, could be

calculated wi th in 2%. To obtain sat isfacotry agreement between experiment and ca l -

culat ion, 3d-diffusion theory ( in 6 groups) had to applied. This effect w i l l be

further investigated. Power shape measurements were not in a l l cases sat is factor i ly

represented by 3d-synthesis calculat ions. This applies in part icular to axial

f iss ion rates wi th in a Na-follower.

Subcr i t ica l i ty was determined in SNEAK 10 by the modified source mul t ip l icat ion

and source jerk method.

The assembly SNEAK 11 is presently being investigated. I t is taylored to

simulate certain reloads of the KNK-II reactor. The investigations concentrate

on c r i t i c a l i t y , power distr ibut ion.and control rod worths.

Presently, the j o i n t UKAEA-KFK large c r i t i c a l experiment "BIZET" is performed at

the ZEBRA f a c i l i t y in Winf r i th . Assemblies BZA and BZB,which are related to

conventional large breeder cores,have been investigated during the last year.

Assembly BZC, intended to investigate the main parameter of certain unconventional

core designs, w i l l fol low during this year.

A common large c r i t i c a l which w i l l be performed in collaboration between KFK and

CEA has been pr inc ipa l ly "agreed to be set-up in 1979.

5.6.2 Nuclear Data Measurement and Evaluation

The capture cross section of Pu-240 and Pu-242 as well as the capture and f iss ion

cross sections of Am-241 have been measured at the KFK van de Graaff accelerator.



The energy range covered extends from 10 keV to 250 keV for capture and to 1 MeV

for fission cross section data.

The capture and scattering cross sections for Fe, Ni, Cr were reevaluated

within the energy range from 0 to 300 keV for the KEDAK data file.

The KFK/INR group set data were complemented by further data from ENDF/B files.

This applies in particular to gamma-production and gamma-reaction cross sections.

5.6.3 Code Development

The integral transport theory code KAPER has been extended to cylindrical geometry.

An option to use anisotropic diffusion coefficients has been provided.

The three dimensional diffusion codes CITATION, D3D, D3E and HEXAGA III as well

as two-dimensional diffusion codes were compared with each other by means of a

benchmark problem with respect to accuracy, convergence and effectivity.

A three dimensional code DDT was developed to allow a good description of whole-

core bowing behaviour. Each single hexagonal element is described by a simpl'e

beam with six springs in horizontal planes where contact with other elements is

allowed. Each force is divided in x- and y-directions of the coordinate system.

The contact forces must be in equilibrium with the mechanical displacements in both

directions. Friction is not included in this ana lysis,which means that all forces

are assumed to act normal to contacting surfaces.Gaps between fuel assemblies may

open and close. The code can handle 30°, 60°, and 120° sectors of complete

reactor cores. The system boundaries must be symmetrical.

The code management systems used at KFK (KAPROS) and INTERATOM (IANUS)

have been further improved.

5.7 Fast Reactor Safety

5.7.1 General Remarks

As in the past, the main objective of R&D work in the field of safety is the

support of SNR 300 licensing. Besides, basic research is underway to reduce

unnecessary conservatism in future projects such as SNR-2.

Two areas continue to be of major importance in SNR 300 licensing: 25

- consequences of a whole core (disruptive) accident,

- consequences of a local cooling disturbance (single subassembly event).

The partial licenses covering these two areas are still under discussion. They

are now expected for the end of 1978 and mid of 1979, respectively.

Because of the urgent work for SNR 300, safety analyses for SNR-2 have been

somewhat postponed. A thorough analysis for a 2000 MWe core has been performed in

1976 and the results were published at the Chicago Conference. Meanwhile,the

net electrical power of the plant has been reduced to 1300 MWe. The new analyses

required will be performed in 1978. Investigations concerning heterogeneous

cores as well as homogeneous cores will be carried out in parallel.

5.7.2 Core Disruptive Accidents

Role of HCDA in SNR 300 Licensing Process

At present the LOF accident and the LOF driven TOP event are considered to play

the leading role in the licensing procedure. It has been realized that in the case

of SNR 300 no mechanistic possibilities exist to insert reactivity with high

ramp rates (higher than 0.1 2/sec). The only possibility to get reactivity into

the core incidentally seems to be the incorrect withdrawal of a group of ab-

sorber rods. This causes a ramp rate of a few cents per second. It is believed

that the probability of such an incident is far below the probability of a LOF-

incident.

The LOF event has been investigated for SNR 300 using KFK-codes as well as foreign

codes like SAS30. The investigations were performed for fresh and irradiated cores.

The influence of fission gases on the course of the accident was taken into

account. The most probable course of the accident leads to a very mild power

excursion. No mechanical loads of the primary system would occur at all; secondary

criticalities might happen and are being investigated at the present time.

Only by superimposing pessimistic assumptions a fairly energetic power excursion

can be "produced" leading to mechanical loads of the primary system which are far

below its design basis (370 Mwsec). The mechanical work is done by expanding

fuel- und fission products vapour.



Development of Methods

Development of the code systems has been brought to a preliminary end. At Karlsruhe

the code systems CAPRI/KADIS and HOPE/KADIS are operational.

In addition to these systems some codes like SAS3D and SIMMER I have been imple-

mented at KFK computers. The theoretical models seem to be sufficient to describe

the "normal course" of core disruptive accidents, i.e. fairly strong power

excursions leading to a direct disassembly.

A lack of computer codes and models still exists for the description of the so-

called transition phase. Further development of methods is needed in this area.

Material Movement Inside the Fuel Element

Safety analyses show that the course of core disruptive accidents may strongly

be influenced by the movements of materials (steel, fuel, mixture of both) inside

the fuel element. In order to support the development of methods in this field,

out-of-pile experiments are underway at KFK. In these experiments large pin bundles

will be melted using a thermite technique. Power excursions are simulated by a

simultaneous ignition of the thermite-filled pins. Up to now Al-Fe2O3 is used.

The feasibility of using uranium thermite is under investigation. The aim of this

program is to get information concerning

- the movement of multiphase mixtures as a function of space and time,

- formation of secondary blockages inside the fuel element,

- observation of pressure peaks possibly built up during the melt down.

The present status of this project is as follows:

Fabrication of pins filled with aluminium thermite and having geometrical dimen-

sions typical of fast breeder reactors is possible. Various burnup situations can

be simulated by changing the filling-gas pressure. The simultaneous ignition of

pin bundles is possible. To make the material movements visible an X-ray cinematograph

technique will be used. The technique has been proven feasible. The device has

been installed. First tests with single pins, 3-pin bundles and one test with a

7-pin bundle have been performed, for 1978 three 7-pin bundle tests are planned;

presently the fabrication of 37-pin bundles has been started.

Explosion Tests on Reactor Vessels and Pipings 26

It is required by the licensing authorities that the computer code used to

calculate the mechanical consequences of the SNR 300 vessel be verified

by explosion experiments. The following conditions must be fulfilled:

- the complex geometry of the SNR 200 vessel must be simulated,

- high strains (3-5%) in the vessel must be obtained. They are to

be in the same ranqe as those which are expected in a CDA.

Explosion tests have been performed in the past covering part of the above items,
namely

- tests on a 1/13 scale with rigid and weak vessels with and without
internal structures (Ispra),

- one test on a 1/6 scale in SNR 300 geometry with elastic deformations
(Balen, BN).

A further test on a 1/6 scale has been performed early in 1977 resulting in

plastic deformations of about O.52S which were in a rather good agreement with

the predicted value of 0.6%.

However, as licensing authorities insist to have at least one test with high

strains, an additional test on a 1/6 scale will be performed early in 1979, using

the old vessel and probably using a thinner internal shielding tank.

During the course of a disruptive accident not only the reactor vessel will be

loaded mechanically, but also the whole piping system of the primary circuit.

Although the pressure wave will be mitigated by the plastic deformations of

the reactor vessel, it would nevertheless affect the piping system and cause its

plastic deformations. It has to be ensured that these plastic deformations

do not cause a failure of the primary system.

The computer code ROPLAST has been developed at INTERATOM to calculate the plastic

deformations caused by uni-axial loading taking into account the coupling of

structure and hydrodynamics.In order to verify also this computer model by

suitable experiments, a tube filled with water (109 mm outer diameter, 0.5 mm

thickness, 2.24 m length) has been loaded by a pressure wave leading to strains

of about 4%. The pressure waves have been generated by a mixture of air, hydrogen

and oxygen.



The experimental results have been compared with the theoretically predicted

results. It turned out that it is possible to make sufficiently accurate predic-

tions of the plastic deformations in piping systems. The theory as well as the

experiments have been discussed with the licensing authorities and are accepted.

Therefore the code ROPLAST can be considered as verified.

Post Accident Heat Removal

In the SNR 300 there will be an external core catcher. The necessity for such a

system arose because difficulties were seen in proving with sufficient reliability

that the core debris can be kept inside the vessel. More recent investigations

show,however, a fairly high probability that the fuel can be cooled

safely inside the vessel.

R&D activities were performed to qualify liner materials for the cooled bottom of

the core catcher and insulation materials for the side walls.

Because of the high melting point, UOo and ThO~ are considered as possible

retention materials. Their thermoshock resistance and compatibility with Na

therefore have been investigated. U0 2 shows a better compatibility whith Na,

whereas ThOg shows a better thermoshock resistance. Both materials, however,

fulfill the licensing requirements. Therefore,a final choice between them has

not yet been made.

Bricks formed out of molten and cast AlpO, (Jargal H) are foreseen as insulation

material for the side walls of the vessels surrounding the core catcher. Tests

have been made on a .1/10 scale model using fullsize bricks. They showed

excellent results as far as Na compatibility at high temperatures, swelling,

thermoshock resistsance.and mechancial strength are concerned. Furthermore the

thermal conductivity is sufficiently low, if gaps between the bricks are avoided.

This requires a special design of the wall. The resulting average thermal

conductivity is in the range of about 10 W/mK.

It is our opinion now that in future plants like SNR-2 an external core catcher

should be avoided, and an internal cooling device should be provided instead.

As for the time being it is not certain whether this goal can be reached, basic

R&D-activities are underway, the results of which can be used for internal as well

as for external devices.

At KFK these activities concern the following main subjects: 27

- thermo- and fluid-dynamics of molten pools and particle beds,

- interaction and compatibility of the core debris with possible retention

materials,

- release and redistribution of fission products out of the molten fuel,

- material properties of molten fuel, molten steel and mixtures of both.

Aerosol Physics

The core debris in the external core catcher which is covered by sodium forms a

long-term aerosol source-inside the inner reactor containment. Three mechanism can

lead to aerosol production

- evaporation of Na,

- release of fuel,

- release of fission products.

Experimental programs have been performed at KFK and ECN in order to define

the magnitude of the above production rates. The tests have been performed on a

small scale up to now and will be extended to large scale. Some important results

are given below:

- the evaporation rate of Na was found to vary between 85 kg Na/m "h

at 900 °C and about 300 g Na/m2-h at 500 °C,

- the concentration of fuel in the aerosols samples is discussed in terms

of a decontamination factor which is the ratio of fuel concentration

in the pool to fuel concentration in the aerosol. Factors in the range

of 1000 to 5000 have been found,

- the Cs concentration of the aerosol particles is higher than the Cs concen-

tration in the pool. Ratios of up to two orders of magnitude have been

determined.

Investigations concerning the release o f iodine and strontium are underway.

Sodium Fire

A new facility for the investigation of Na fires went into operation in 1977. The

"main data are: volume 220 m , diameter 6 m, height 6 m, operational temperature

150 C, maximum pressure 3 bar. The amount of Na to be burnt in one experiment is

1000 kg. The experimental program will be started during this year.



5.7.3 Single Subassembly Event

Role of Single Subassembly Event in Licensing of SNR 300

Coolant disturbances in single subassemblies are no longer believed to be possible

initiators of a whole-core accident. If it is assumed that a sudden and complete

blockage of one subassembly can be excluded by design, the question remains whether

a local coolant disturbance, e.g. a blockage, can propagate. It can be demonstrated

that a rapid propagation inside the subassembly does not occur.

A slow failure propagation cannot be excluded comnletely. It might be caused

by pin failure with subsequent fuel swelling and fuel washout. However, this kind

of failure can be detected reliably by using DND-techniques.

Even if a propagation to the whole subassembly should occur there is strong

experimental evidence that the damage would be limited to such a small area of

the core that the capability of the shut-down systems would not be impaired.

As mentioned above this problem is under discussion with the licensing authori-

ties. A final conclusion between all parties involved will be reached by the end

of 1978.

An experimental program mainly dealing with the problems of local boiling and

local explosion tests is underway in order to confirm the statements above.

Sodium Boiling Experiments

Local boiling experiments have been performed at ECN and at KFK. At ECN a fully

heated 60 part of a SNR-fuel element equipped with a 70% blockage has been

investigated, whereas at KFK a full 169-pin bundle having a 49% central blockage

has been tested.

The aim of these experiments was to find out whether local boiling does occur

and - if it occurs - whether a rapid failure propagation would be initiated.

In order to find out the influence of fission gas on boiling phenomena, experi-

ments with and without gas injection have been performed.

Single phase tests have been performed as well as tests under boiling conditions.

Local boiling was initiated by three different methods:

- reduction of system pressure,

- reduction of coolant flow,

- increase of pin power.

The main results of these tests are the following: 28

- there is an annular distribution of the peak temperature and a strong

recirculation flow behind the blockage. This prevents sodium boiling behind

quite extended blockages,

- extrapolation of the test results co nominal SNR 300 conditions show that

the peak temperature behind a blockage of 49% would be 100 °C below the

saturation temperature. Even central blockages of 70% would not lead to

local boiling,

- if local boiling occurs, it is of a strong pulsating nature if sodium

velocities are higher than 1.5 msec. With this kind of boiling a large

amount of heat can still be removed from the area behind the blockage,

- there is a fairly large safety margin between onset of local boiling and

onset of dryout. Temperature differences of more than 350 C have been

observed.

The experiments will be continued with a 21% edge blockage .again using a 169-pin

bundle. At ECN a second test bundle with a 35% blockage will be tested. The

experiments will be performed in 1978.

Core Structure Tests

In close cooperation with the UKAEA experiments on a full scale SNR 300

core model have been performed in the past in order to study the consequences

of a local explosion on the core. Up to now only low-irradiation conditions

could be simulated. Work in 1976/77 concentrated on finding a highly embrittled

material.

During 1977 such a material has been identified. At the present time it is proposed

to use some kind of spheroidal graphite iron. Preliminary tests showed that the

material in principle fulfills the requirements. Problems still exist to cast

the material into the required geometrical form (hexcan-tubes) and with respect

to mechanical treatment of the tubes.

As soon as these difficulties will be solved, additional explosion experiments

will be planned for 1979.

5.7.4 Status of In-pile Investigations

In-pile investigations are underway both for whole core accident conditions and

for single subassembly events. They are, however, discussed separately.



Mol 7C

The Mol 7C program is a j o in t in-pi le program of KFK and SCK/CEN Mol. I t is

designed to investigate the fuel pin bundle behavior under off-normal local

cooling conditions. The experiments are performed in the BR-2 reactor at Mol. The

fuel bundle consists of 37 pins (30 fresh fuel pins and 7 dummy pins). A local

blockage consisting of small steel spheres is inserted in the region of

maximum power.

The f i r s t experiment was performed on May 9, 1977, the second experiment early in

March 1978. The course of these two experiments was quite similar. The preliminary

main results can be given as follows:

- a rapid fa i lure propagation on fuel pins outside the blockage did not
occur,

- the integral capability of cooling of the bundle was not endangered,

- the formation of a secondary blockage has been observed at the f i r s t

grid following the blockage,

- fuel pin fa i lure inside the blockage could be detected rel iably using

the DND-monitors.

At the present time post-irradiation examinations of the test bundles are underway.

The th i rd experiment with an active blockage consisting of U0- spheres w i l l be

performed late in 1978.

The feas ib i l i t y of experiments of this type with preirradiated pins is presently

investigated.

CABRI

The CABRI program is a joint program of CEA and KFK for the simulation of severe

accident conditions in the CABRI test reactor at Cadarache. Single pins under

flowing Na will be exposed to energetic power transients. Typical TOP*as well as

LOF conditions will be generated.

The energy deposition and the burn-up status of the test pins are the main

parameters of the program. The CABRI reactor went critical in 1977. Presently,

the first test is under preparation.

ACPR 29
In cooperation with the US-NRC three power burst experiments (PBE) using carbide

fuel have been performed in the Annular Core Pulse Reactor (ACPR) at Sandia

Laboratories in 1977. In this test series - called PBt-SG 1, 2, 3 - a single

test pin under stagnant Na has exposed to a severe power transient; different

values of energy deposition were obtained (1.5, 2.5 and 2 KJ/g UC).

In the test with the highest energy deposition rather high peak pressures in excess

of 1000 atmospheres were obtained. Nevertheless,overall thermal to mechanical

energy conversion efficiency remains low.

The results are still being analyzed. It is expected that these experiments are

not only valuable for carbide fuel but will contribute also to the understanding

of FCI phenomena with oxide fuel as they can be compared with similar experiments

performed in the past and using oxide pins.

5.8 Instrumentation Development

5.8.1 Failed Fuel Detection System for SNR 300

The delayed neutron detection system for SNR 300 is conceived as an integral

detection system. Sodium is taken from a ring piping system by electromagnetic

pumps which is located in the upper part of the reactor tank between the dip

plate and the inner shield tank. The ring piping system is divided into three

120 sections and receives the core sodium from two axial rows of small

entry nozzels. The whole system is designed such that transport times of 21

up to 37 sec between fuel assemblies and monitors are attained for 100% down

to 30% power and flow conditions.

The cover gas detection system consists of Ge-Li detectors within two bypass

circuits which continously take cover yas from the upper part of the rotating

plug system.

A localisation of failed fuel within the core is not directly possible with

the above described integral DND-system. Therefore a modified wet sipping method

must be applied in order to localize fuel assemblies with failed fuel rods after

the reactor will be shut down. This modified wet sipping method applies a special

device which will be tightly connected with the upper part of a fuel assembly



and allows to stop the sodium flow through this fuel assembly. The heating up of

the fuel assembly by its own decay heat will cause a release of noble gases from

failed fuel rods. The whole gases can be measured then by taking over the sodium

from the fuel assembly in the special device, and purging the sodium with argon.

It is expected that this procedure takes about 1/2 h per fuel assembly.

5.8.2 Core Surveillance Instrumentation

SNR 300 fuel assemblies will be equipped with four thermocouples for the detection

of abnormal cooling conditions within the subassembly. The processing of these

thermocouple signals will be performed most probably by a process computer system.

Discussions with licensing authorities on the possible interaction of this

computer system with the reactor safety system are still going on.

Therefore the long term behavior of thermocouples under in-pile conditions has

been analysed and summarized from irradiation experiments. Flow meters are no

longer considered for flow measurements at the outlet of each fuel element.

However; development of flowmeters for the accurate measurement of the core

sodium flow is being continued.

First thermocouple fluctuation and accoustic noise measurements have been per-

formed during the large sodium boiling experiments at Karlsruhe and Petten.

During these sodium boiling experiments large central blockages of 35 and 49%

of the free flow area were introduced within an out pile electrically heated

mock-up of an SNR 300 fuel assembly. The results are still analyzed but the

following preliminary conclusions can be drawn:

Temperature fluctuation analysis is a promising method for boiling detection,

but as the signals are very low, the background noise of a real reactor needs

to be investigated a:lso. As the frequency of the temperature fluctuation is

up to 30 Hz, a fast responding thermocouple is essential- Good results have been

obtained with Na/SS-TC's. Furthermore the influence of a flow mixer - if this

choice is requested for other reasons - needs to be considered.

Acoustic boiling signals are produced up to 100 KHz; the experiments indicated

good signal transmission in axial and radial direction. So the surveillance of

the whole core with a limited number of detectors seems possible. The strong

influence of not-dissolved gas on sound transmission is determined; with 1

to 2 /oo gas in sodium no practial sound transmission is possible.

A feasibility study for an inpile experiment with local sodium boiling in a 30

mock-up fuel assembly within the KNK-II reactor core was completed. The aim of

this experiment is to investigate the reactivity noise pattern caused by local

sodium boiling within a core fuel assembly. The correlation with acoustic signals

is intended. A theoretical assessment of these reactivity noise methods shows

that with typical sodium void coefficients the boiling can be detected for

most of the core elements (except those few fuel locations with zero coefficient

of course) within an analysing time of about 1 minute, which is sufficient short

for a control action in a practical case.

The development of acoustic detectors at KFK concentrated on the behaviour of

Lithium-Niobat sensors. Different methods for mounting and fixing of the sensor

crystal to the sensor-membrane were investigated including sandwich-arrangements

for higher sensitivity. The behaviour under high temperature (550°) and irradia-
21tion (7x10 nvt) of depleted Li-Niobat is as expected; there is some signal

degradation, but the potential for practical in-pile appliance is obvious.

Acoustic detectors applying magnetrorestrictive methods were tested under

sodium conditions for the measurement of accoustic noise caused by sodium/water

reactions in leaking steam generators. Experiments with steam water reactions

within the ASB-test facility at Bensberg showed a noise frequency band from

1 KHz to 400 KHz. Since the background noise of the plant remained below 50 KHz,

there appears to be a good chance for the detection of sodium/water reactions

within steam generators. The same accoustic detector has been subjected to long

term high temperature tests in the ASB-test facility at Bensberg and showed

good long-term performance. The same good functional performance was seen during

sodium boiling tests within the large electrically heated mock-up of the SNR 300

fuel assembly.

5.8.3 Plant Instrumentation

A hydrogen-monitor for leak detection in steam generators has been developped

on the basis of a Ni-membran system with ion gitter pumps. The lower detection

limit appears to be < 2x10" ppm. As only a part of H~0 leaking into sodium can

be detected, the calibration of these detectors under SNR 300 typical conditions

is necessary: A steam injection device for 200 - 800 gr/h of HpO has therefore



been developed and is presently being tested together with the hydrogen monitor

in the 50 MW steam generator test facility at Hengelo.

In parallel, quasi-continous plugging meters, hydrogen monitors and oxigen

monitors are being calibrated under predetermined test and inpurity conditions

in a special small loop. Experimental results show that about 80% of the hydrogen

and 50% of the oxygen are being detected if H20 is injected. It is presumed

that part of the hydrogen is being lost by diffusion into structural material.

5.9 Component Tests and Thermodynamics of Fuel Assemblies

5.9.1 Core Component Tests

Hydraulic measurements with absorber models of the first and secondary shut down

system lead to an optimization of absorber rod diameter and P/D ratio. Prototype

absorber rods of the first and secondary shut down systems have been tested under

excessive sodium conditions. Even large displacements between absorber assemblies

and their guide tubes did not lead to an increase of friction forces as long as

the inclination between absorber and guide tube axis remained below 0.6 .

An assembly consisting of 4 fuel and 3 radial blanket assemblies was tested

in the AKB-test rig at sodium temperatures up to 820 °C over 2100 h. The

pressure drop characteristics of the assembly remained constant over the whole

operating time. Oscillations and frequencies of the fuel rods within the bundles

could be measured and compared with precalculated eigenfrequencies.

5.9.2 Heavy Sodium Component Tests

Extensive tests with one helical ?steam generator including 3000 h of operation

at reference steam conditions. Heat transfer and dynamic characteristics were

tested in a wide load range. Tests have been completed.Activities to use inelastic

analysis for large components were intensified. R and D activities for develop-

ment and testing of new methods for in-service inspection were initiated.

5.9.3 Tests with the Reventing Blower for SNR 300

In the case of a severe reactor accident which the primary system cannot stand

the containment for SNR 300 was designed on a base that uncontrolled release of

radioactivity to the surroundings of reactor plant is not possible. The outer

containment has concrete walls with a steel liner on the outside. The gap between

concrete and steel liner will be underpressurized after a severe accident by

operating the reventing blower. For a certain time there will be no radioactive

release. When the permissible containment pressure is finally reached exventing

operation will start with controlled radioactive release to the surroundings by

passing a special filter system. The function of the reventing blower is important

for the containment concept. The aim of tests was therefore to prove the operating

of the blower under conditions of a postulated severe reactor accident. The

corrosion behavior and the operating with sodium fire aerosols (test time 150 h)

were tested. All tests were made with the original blower, inlet and outlet piping

and valves of SNR 300.

Results: No signs of corrosion were noticed. Deposits of sodium aerosols occurred

but were small in comparison with the flow cross-section of the components. There

was no damage of the rotary pistons and the housing of the blower.

5.9.4 Mixing Behavior of Upper Reactor Plenum of SNR 300

The upper plenum acts as mixing chamber for homogenization stream conditions

and sodium temperatures between outlet of fuel elements and outlet tubes of

the vessel. In the case of transient operation or accident conditions the plenum

minimize temperature gradients and the resulting stresses of the vessel structures.

Experiments were made with water as model fluid and with a vessel model 1:4.

The transient integral mixing behavior was studied. By test results and develop-

ment of theoretical models it is now possible to calculate all transient conditions

having no great changing of density for the upper plenum of SNR 300.

These are load steps, load changes and starting and stopping conditions. Results

of flow tests confirmed the delayed neutron monitor concept. Sodium samples will

be taken from the upper plenum in the region between dip plate and top edge of

the shield vessel. The sampling system consists of a number of small nozzles in

this area. Transporting times for different fuel element positions of the

core are between 6 and 1.8 sec for loads ranging from 30% to 100%.

5.9.5 In-Service Inspection

The German licensing authorities require regular in-service inspections for main

components of LMFBR reactors l ike vessel and internals, intermediate heat



exchangers and steam generators. Similar requirements exist as for light water

reactors. One of the used guidelines is Sextion XI "Rules for In-Service Inspection

of Nuclear Power Plant Components" of ASME Boiler and Pressure Vessel Code. Sec-

tion XI contains informations for inspection time intervals and gives guidelines

for handling different examination techniques and procedures for visual, surface

and non-destructive volumetric inspections. Rules for characterizing the flaws

at the surface and within the material are given (flaw standards). If the inspected

component has flaws not reaching a critical size the plant can go into operation

again. Is there any flaw.of critical size located fracture mechanic methods are

used for decision making if repair is necessary or not. Kind and extent of in-

service inspection for SNR 300 are discussed with the licensing authorities and

are not yet fixed. Inspection of vessel outside and inside are discussed. Dis-

charging the reactor vessel means a loss of availability. Draining the sodium

gives problems with decay heat. Several inspection methods are therefore now

considered for vessel and internals:

Visual inspection with TV cameras;
Under sodium ultrasonic viewing procedure/
Measurements of deformed structures by ultrasonic

Volumetric ultrasonic measurement under sodium.

Problems using ultrasonic procedures for austenitic steels are known and there

are made great activities to solve these ones on a worldwide base. Using ultra-

sonics under sodium involves the problem of using sodium as coupling medium.

All inspection work use remotely controlled equipments standing high temperature -

and radiation damage. There are R and D activities in the following fields to

cover the existing problem areas

Development of sensors for ultrasonics and devices for

under sodium viewing procedures. Development of non-destructive

volumetric method by using ultrasonics.

Interpretation of flaws within components detected by methods which has to be

developed is coupled with fracture mechanic aspects. Therefore R and D activities

in the fracture mechanic field are on the way.

5.9.6 Tests with Seals for the Rotating Shield Plug System of SNR 300

The inflatable seals of the three rotating plugs are sealing the radioactive

argon cover gas blanket of the vessel against the containment atmosphere (see

Figure 9). The space between the double arranged seals is pressurized with argon 32

and is continuously controlled. Aim of testing and developing sealing materials

is to get a high performance time under operating conditions. Shutdown time for

changing seals must be a minimum. Diffusion, elasticity and rubbling characteri-

stics were tested with different parameters like temperature, radiation and time

for Silicon and Viton. The sealing concept for the plug system was fixed with

the test results. The seals have a sufficient life time.

5.9.7 Out-of-pile Thermohydraulic Experiments on Core Components

Out-of-pile thermohydraulic experiments have been performed to support the design

of advanced fuel elements for the 1st reload of the SNR 300 reactor (Mk-II core

with 7.6 mm fuel pin diameter and 8.8 mm pin pitch); The following parameters have

been investigated:

- Influence of the spacer grid shape and dimensions on the pressure drop

coefficient of a triangular coolant subchannel;

- Measurement of the pressure field in a bundle with spiral wires and

influence of filling wires obstructing the peripheral coolant subchannels,

Temperature measurements in test bundles with spiral wires evidenced a relatively

large overcooling of the peripheral coolant subchannels. It could, however, be shwon,

that the transverse temperature profile measured at the end of the heated length

is flattened by the introduction of straight filling wires at the periphery of

the bundle.

The temperature form factor defined as the ratio of the maximum subchannel coolant

temperature rise to the mixed mean coolant temperature rise at the element outlet

could be improved by 7% through the presence of such filling wires in 127 pin

bundles (see Figure 10).

5.9.8 Fluid Dynamics and Thermodynamics of Rod Bundles

In characteristic subchannels of a 19-rod bundle model of the SNR 300 fuel

element local velocity distributions were measured in turbulent water flow. The

velocity distribution was measured three-dimensionally for hydraulically

developed flow conditions of the bundle in the absence of spacers and for cases

with axial displacements of spark eroded spacer grids (pin bowing).



In a similar 19-rod bundle model of the SNR 300 fuel element the local temperatu-

re distributions in the claddings of the characteristic rods (duct wall zone) as

well as the subchannel middle temperatures at the end of the heated zone were

measured in a turbulent sodium flow. A special measurement technique was

developed and tested for the cladding wall temperature measurement.

From these experiments the following conclusions can be drawn:

- the velocity gradients between the subchannels determine the momentum

exchange causing an equalization of temperatures. In the irregularly

cooled duct wall zone these gradients are particularly large whereas they

can be neglected in the center of the bundle. Therefore, the experimental

and calculational efforts for the velocity and mass flow distributions

should be concentrated on the bundle peripheral zone (i.e., the two outer

rod rows),

- a comparison of experimental with computational results yields low (< 3%)

but characteristic local deviations for the velocity distribution inside

the subchannels,

- the average velocities for each subchannel determined by experiment and

computation are practically identical.

5.9.9 Computer Codes for Single Phase Thermohydraulics 33

Grid Influences on the Velocity Distribution

The global recalculation using the ARTIS-code yields qualitatively similar mass

redistributions but clear quantitative deviations from experimental results.

Further improvements of computer codes is therefore needed.

Computations of local velocities using the VELASCO-code for bundles with grid

spacers yields good results for the purpose of estimation within the range

> 10 5^ downstream and > 2 D. upstream (provided that the subchannel bulk velocities

changed by the grid spacer are corrected).

In a zone up to 10 Dh downstream and 2 Du upstream of the spacer, the velocities

are subject to great local variations so that (fitted) calculations based

exclusively on experiments and using global codes are capable of recalculating

the mass flow redistribution.

The computer code "VITESSE" which is based on the finite element method and

allows for the calculation of isothermal and fully developed turbulent velocity

fields in a fuel element geometry was further developped.

In its present version the code has been used to calculate with satisfying

results, velocity distributions in a 19 pin bundle for situations which have

been experimentally investigated upon at KFK.

The development of the subchannel code "BOBL" which deals with the closely

coupled flow and temperature fields with pin bowing was continued. Part of the

development which included the incorporation of a blockage option has encountered

convergency problems. A closer look into the real nature of this problem is ongoing.
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Introduction

fast breeder reactors differ from the conventional types of reactors in that,

instead of using thermal (slowed-down) neutrons to produce nuclear fissions,

they use the "fast" neutrons, slowed down as little as possible, which result from

the fission of uranium-235 or plutonium-239. The fission of Pu by fast neutrons give:

rise to a particularly large number of output neutrons, sufficient for converting

the non-fissile U-238 into fissile Pu-239 ("breeding") as well as for maintaining

the fission chain reaction. Fast breeder reactors can in fact produce more

fissile material than they consume, thus making a larger fraction of the nuclear

energy content of uranium available for energy generation than is possible in

thermal reactors.

As compared with the light water reactors at present in commercial use, fast bree-

der reactors can make about 60 times better use of the uranium available. When we

allow for the greater thermodynamic efficiency of breeder power stations the

advantage factor can be as much as 72. This applies when the breeding rate (ratio

of fissile material consumed to that produced) is sufficiently greater than one

to offset the process losses in the fuel cycle. A breeding rate of about 1.05 is

sufficient for this purpose. The more the breeding rate exceeds that value, the

more rapidly fuel for further breeder reactors can be accumulated.

The more efficient use of uranium in fast breeder reactors is very important for 34

several reasons. World reserves of uranium, if it is used only in light water

reactors, are about the same as world reserves of oil, so that while nuclear

energy based on light water reactors would be an important source of energy it

would be so only for a limited time if energy consumption continued to increase.

Breeder reactors can increase these reserves to such an extent that any con-

ceivable energy demand can be met for centuries so far as energy resources are

concerned. Another point is that the high degree of use of uranium in breeder

reactors means that their operation can be almost entirely independent of uranium

prices and imports. Uranium deposits in the Federal Republic of Germany, which

are uneconomical for use'in light water reactors, would then be commercially

viable, and in fact their energy content would be of the same order as that of

German reserves of hard coal or of the Libyan oil fields. A third point is that

for very long periods breeders can run exclusively on the depleted uranium

(natural uranium with a greatly reduced content of the fissile U-235) which has

arisen as a waste product of uranium enrichment for light water reactors.

In their energy potential breeder reactors are comparable only with nuclear

fusion or solar energy. But fusion, to judge by the present state of research,

will not play a part in energy strategies for a long time to come, and solar

power for electricity generation is not expected to have any great importance in

Central Europe, though solar power may have an important future in the production

of low-temperature heat. For electricity generation in particular the breeder

reactor is therefore an energy option unequalled even approximately by any

comparably highly developed technology.

For all industrialised countries, particularly those like the Federal Republic of

Germany with a relatively narrow raw-material basis, the fast breeder is there-

fore an attractive technology. Consequently fast breeder development has long

been a central item financially in the energy research programs of all the

large industrial countries of the world. It is the aim of such programs; on the

basis of a technology which has long been known in principle - the first reactor

which actually produced electricity was the Experimental Breeder Reactor EBR-I

in the U.S., 1951 - to build up the knowledge and experience necessary for

large-scale mastery of the technology by progressive enlargement and improvement

of installations. Experience has been gained in the planning, building and

operation of the following installations:



Experimental

Reactors

Power Reactors

Installation

EBR-I / EBR-II
DFR

RAPSOOIE (adv.)

BR-5 / BOR 60

KNK-I / KNK-II

JOYO

FFTF

BN 350

Phenix

PFR

BN 600

SNR 300

Super Phenix

CRBR

Monju

Country

USA

UK
France

USSR

FRG

Japan

USA

USSR

France

UK

USSR

FRG

France

USA

Japan

Power (Mwe)

0.2 / 20

15

(40 th)

(5 th) - 20

20

(100 th)

(400 th)

350 eq.+

233

254

600

295

1200

350

300

Startup

1951 / 1965

1962

1967

1960 / 1969

1973 / 1977

1977

1979

19/3

1974

1974

1979

1982

1982

1984

1985

+150 MWe + 120,000 m3/day seawater desalination

The U.S. Government as part of its policy of non-proliferation of nuclear

weapons has indefinitely postponed the commercial exploitation of breeder

technology and has declared itself against the building of the Clinch River

demonstration plant. Despite this it stresses the existence of a "vigorous

breeder research and development program" already costing more than 450 million

3 per year which is more than the total public expenditure on nuclear energy

in the Federal Republic of Germany. And there are also breeder programs,

notably in France and the U.S.S.R., from which it can be expected that breeder

reactors will in any case be built in neighbouring countries to ours.

The fact that all these countries, by deciding on liquid sodium as the coolant

for breeder reactors, have adopted broadly similar reactor concepts is important

not only as confirming the correctness of this decision but also as a good

basis for international collaboration. This is a major reason why the Federal

Government's efforts to promote close international collaboration on breeder

development have been very successful.

While we have had to be content with only a marginal Belgian involvement in the 35

building of the KNK reactor, almost 100% of the building costs being carried by

the Federal Republic alone, our share of the building costs of the SNR 300 proto-

type reactor are already reduced to 65% by the involvement of Belgium and the

Netherlands. Our 16% share in the French Super Phenix has ensured the option of a

foreign share of almost 50% in a German demonstration reactor (SNR-2). The

increasing involvement of electricity undertakings in fast breeder development and

the collaboration of Belgium and the Netherlands should reduce the contribution

of German public funds to rather less than 10%.

As with any new technology the advantages of fast breeders have to be compared

with the risks. Breeders differ essentially from other types of reactor in the

fact that they run on fast neutrons and in their enhanced use of plutonium as

fuel.

This means that for a i'ast breeder there are possible malfunctions, and ways these

can develop, which are not found with other types of reactor. Comparisons of

particular aspects of the fast breeder with particular aspects of other types

of reactor lead to false assessments .of all the types compared. The deciding

factor is the safety of the system as a whole.

The safe operation of a reactor requires a design and construction which

exclude the possibility of unacceptable quantitites of radioactive substances

being released into the environment either in normal operation or in abnormal

incidents.

The uncontrolled release of radioactive substances is prevented by what amount

to four safety barriers; the fuel cans, containing the fuel itself and the fission

products, mostly radioactive; the reactor vessel and primary circuit; and the

inner and outer containments.

Since at normal pressure and the high operating temperatures involved sodium

is liquid and has excellent thermodynamic properties, the cooling system does

not have to be under high pressure to achieve a high efficiency factor. The pressure

distribution has to ensure only the circulation of the coolant. Cracks in

the primary circuit lead to small explosion-like releases of sodium; in the worst

case the sodium flows out and can be caught in suitable tanks.

Suitable design of the reactor ensures that even in the event of a large leak the

core is always cooled by sodium (the "vat" concept: the core is at a lower level



than all other parts of the primary circuit). The excellent cooling properties of

sodium enable it to take up even the high power densities in a fast-reactor core,

and enslure emergency cooling even in extreme malfunctions. The emergency cooling

systems do not have to be fast-acting.

These incontestable advantages of sodium, which increase the level of safety,

are offset by certain safety disadvantages which have to be compensated by special

technical measures. Sodium burns in air and reacts violently with water to form

hydrogen. As an additional safety measure the parts of the system which carry

radioactive primary sodium are kept in an inert-gas atmosphere. Also the

radioactive primary sodium is separated from the turbine steam circuit by a non-

radioactive secondary sodium circuit, so that should there be any leaks in the

steam generator only the non-radioactive sodium can react with the water. As a

result of these measures the above-mentioned chemical properties of sodium cannot

lead to any nuclear risk.

A further aspect of safety is the behaviour of the reactor core and its regulation

by control and shutdown systems. Fast breeder cores are designed to have a

negative total power coefficient or temperature coefficient when running at power.

That is, a rise in temperature produces a decrease in the multiplication factor

of the nuclear chain reaction, thus reducing the power generated. This power or

temperature behaviour is an inherent safety property.

Since the timewise behaviour of a fast breeder core, i.e. its inertia, is

comparable to that of thermal reactors, the requirements on control-rod and

safety-rod speeds are also comparable.

A special aspect is what is called the Bethe-Tait power excursion. On hypothe-

tical assumptions this can cause the fuel to melt; if the fuel then flowed

together into a mass there could be an uncontrolled chain reaction and therefore

an uncontrolled release of power. But his power excursion is limited by what is

called the Doppler effect (self-stabilisation of power at higher level) and by

evaporation of the fuel.

The system is capable of controlling the maximum energies released. Even a hypothe-

tical incident of this type therefore cannot have the effect of an atomic bomb.

Even in such an incident the radiation burden to the environment remains below

the permitted limit.

As a concluding point on safety it may be noted that experimental and prototype

fast breeder reactors are operating or were operating for many years in the U.S.,

France, the U.K. and the U.S.S.R. While there were a number of incidents in the

operation of these reactors, no one came to any harm. Analysis of these incidents

has led to system improvements in many cases. The practical experience gained

from incidents over many years makes it certain that fast breeders can be operated

safely.

The plutonium used in fast breeders is produced by neutron irradiation of uranium

(U-238). It is therefore produced in all types of reactor containing U-238, for

example in light water reactors.

Plutonium (Pu-239) is dangerous in that as a long-lived alpha-emitter (half-life

24,500 years) it is radiotoxic. Its chemical toxicity is comparable to that of the

other heavy metals, e.g. mercury. Since alpha-radiation is easily screened,

alpha-emitters are dangerous mainly by way of uptake into the body; the harm done

then depends on the way the plutonium enters the body. If it enters through the

gastro-intestinal tract the lethal dose is more than one gram and the latency

time for the cancer which it causes is 15 to 45 years. The lethal dose is

considerably lower if the plutonium is inhaled in the form of aerosols.

Without wishing to make light of the dangerous nature of plutonium it must be

pointed out that there are many substances whose toxicity is comparable or higher.

Some of these highly toxic substances are processed on a large scale in industry

without the public paying any permanent attention to the possible danger to the

environment. Expert opinion holds that safe handling of plutonium is ensured by

the high safety standard of nuclear technology, by a specially developed

plutonium handling technique and by the special supervisory measures adopted.

Because of the long half-life of plutonium the safest way of disposing of it is

to recycle it to reactors in which it is "burnt up", releasing energy. This is

largely possible even in light water reactors. But the heavy Pu isotopes which

remain after repeated use of the plutonium can hardly be got rid of by anything

but a breeder reactor.

The recycling of plutonium in light water reactors or breeders presupposes the

completion of the fuel cycle by reprocessing. The introduction of fast breeders

means only a gradual change in this closed cycle. The breeder fits so neatly



into the light water reactor fuel cycle precisely because it uses essentially

the same materials (uranium and plutonium) and essentially the same reprocessing

technology. And in addition to the ecological aspect of disposing of radiotoxic

material there is also the economic aspect of a gigantic energy potential.

The recycling of plutonium to nuclear reactors for energy generation reduces an

ecological risk, since fast breeders can be operated to produce either more or less

fuel (plutonium) than they consume and thus help to adapt the supply of plutonium

to the demand. With the fast breeder we can thus create a nuclear energy economy

which in its steady state (zero growth of electricity generation) keeps the quan-

tity of plutonium in circulation constant.

In the Federal Government's fuel disposal concept the LWR fuel cycle is already

so constituted as to make uncontrolled access to plutonium practically impossible.

This involves the spatial integration of reprocessing and fuel-element fabrication

and suitable management and organisation of the production and transport processes.

Outside the centre of the fuel cycle only a uranium-plutonium (oxide) mixture

is used.which because of its low fissile-material content is unsuitable for

making bombs. For this purpose the plutonium would first have to be separated from

the uranium. While the chemical processes involved are documented as to principle

and accessible to almost anybody, the technical effort required is large. The

conduct of the process and the dangers of the material require practical know-how

which cannot be obtained from the literature. The risk of bombs being made by

terrorist groups is therefore low. There is also the point that the plutonium

produced by power reactors contains higher isotopes (Pu-240, Pu-241, Pu-242) which

make it less suitable for weapon production. While it is possible to make

explosive devices from this material, the detonation technique required is

complicated and only to be mastered by highly developed nuclear weapons

technology, so that there is no possibility of terrorists building a bomb in this

way.

Even if it were not used to make explosives, plutonium would be a dangerous

material in the hands of terrorists because of its toxicity. The problems of hand-

ling it and the fact that its effects are very belated would be offset by the

great fear the public tend to have of it. But against the risk of terrorists

acquiring dangerous quantities of it we have to set the ability and determination

of the State to guard this material by organisational and technical measures

from unauthorised access.

On the other hand, for States whi wish to develop plutonium bombs there are many 37

possible ways of procuring the necessary plutonium, since all reactors run on

uranium produce plutonium. Neither power reactors nor economically viable repro-

cessing plants are needed for this purpose. Already about fifty countries are

technically in a position to build plutonium bombs. Proliferation is a problem

which calls for a political solution in the first place. Development of the fast

breeder in the Federal Republic would not increase the danger of proliferation.

Despite this the Federal Republic of Germany intends to take an active part in the

International Nuclear Fuel Cycle Evaluation (INFCE) programme proposed by the

U.S., in which an international group of experts is to examine alternative fuel

cycles.

Work on the development of fast breeder reactors has been proceeding in the

Federal Republic of Germany for more than 15 years. Public funds totalling just

under 3 billion DM have been spent on this R&D work, which is done at the Karlsruhe

Nuclear Research Centre and by the firms of INTERATOM at Bensberg and ALKEM at

Hanau. Under the program "Energy Research and Energy Technologies 1977-80"

about 370 million DM per year will be applied to breeder development. The overwhelmin

part of this expenditure will go to the building of the SNR 300 prototype power

station and the accompanying R&D work. Because this project is at present taking up

relatively large funds - not least on account of delays in construction and conse-

quent cost increases - the more far-reaching basic research has been made to cover

as wide a field as possible. It is mainly concentrated on the design of a first

scale-up of SNR 300 - to 1200 MWe - which we call SNR-2. This will serve to digest

and exploit the experience gained from the current project SNR 300, from

breeder-related safety research and from international cooperation. It therefore

provides not only for a successor project to SNR 300 but for the further develop-

ment of breeder technology as a whole. The various topics of the work have been

collected into the official project "SNR-2 R&D Program in Support of Planning",

so that after the startup of SNR 300 there will be enough concrete information

to permit a decision on a successor project. The actual planning costs for SNR-2

will be met by the electricity industry. The fact that further R&D work is being done

does not mean that any decision of the if, when and how of commercial exploitation

of breeders in the Federal Republic has been taken. As with most new technologies,

marketing is a problem which will certainly not solve itself. This applies

particularly to technologies in which major advantages to the general economy



cannot yet be quickly turned into advantages to any particular business. Without

Government support for demonstration projects, if only on a rapidly decreasing

scale, and without someone to cover the financial risk there will be no successor

projects to SNR 300. The same applies to the SNR-2 project, on which it will

not be possible to take a decision until after SNR 300 has been successfully

commissioned, i.e. until 1982/83 at the earliest. At that stage the experience

gained in building and operating SNR 300 will make it easier than it is today

to reach a responsible decision on the further use of breeder technology, having

duly assessed its potential and its risks.

The expenditure on work going beyond the SNR 300 project, hence essentially on the

SNR-2 R&D program in support of planning, will be about

80 million DM per year spent with the Karlsruhe Nuclear Research Centre, and

20 million DM per year spent with industry (INTERATOM and ALKEM).

As regards the funds for the industrial work, which is supported under Section

3005, Heading 893 10, Item II.c of the Explanatory Notes % the Budget Committee

of the Bundestag passed the following resolution at its meeting of May 26, 1977:

"The Budget Committee expects a report from the Federal Minister of Research

and Technology by September 1, 1977 for its proposed meeting after the

summer recess on the further development of the fast breeder reactor. The

Committee assumes that, pending its decision on the basis of this report, no

new approvals will be granted for further support within the 122.5 million

DM which have not yet been formally committed."

If this resolution were not revoked

- the corresponding work at the Karlsruhe Nuclear Research Centre would

become largely pointless,

- the SNR 300 project would become questionable, since useful exploitation

of the knowledge gained from it would no longer be possible, and

- there would no longer be a basis for international collaboration on breeder

development.

It also has to be borne in mind that completion of the SNR 300 building project

will require about the same expenditure of public funds as abandoning the project

in its present state. On the assumption that about two years work remain, the 38

annual charge on the Ministry's budget would drastically increase and the

financial limit of Heading 893 10 would be greatly exceeded.

While it is true that further industrial work on breeder development is only a

small item in the finances of the complete breeder R&D program , it is an important

integral part of the program and without it the program would lose its

future dimension. Its approval does not involve any commitment to the building of a

demonstration breeder (SNR-2). That decision, which will not arise before 1982/83

at the earliest, cannot be taken positively without further funding from the

Federal Budget, which will in any case require the approval of the Bundestag.

This report now proceeds to answer in detail the questions raised by the Bundestag

Committee on Research and Technology. For this purpose the questions and answers

have been divided into six groups.

Attention is also drawn to the following documents ':

- Report of the Federal Minister of Research and Technology to the Budget

Committee of the Bundestag, January 18, 1976, "Development of Advanced Types

of Reactor"

- Report of the Federal Minister of Research and Technology to the Budget Committee

of the Bundestag, March 16, 1977, "Cost and Financing of the Development of

Advanced Types of Reactor"

- Memorandum of Evidence (Argumentensamm!ung) by the Federal Minister of Research

and Technology to the Bundestag Committee on Research and Technology, April 26,

1977, "Arguments for and against the Development and Marketing of the Fast

Breeder Reactor in the Federal Republic of Germany".

'Lit.tr. of the German term Erlauterungen; presumably notes on the relevant
Estimates. - Tr. 1)all in German; t i t les given in translation
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REVIEW OF FAST REACTOR ACTIVITIES*

W.BALZ
Commission of the European Communities,
Brussels,
Belgium

1. Introduction

The Commission of the European Communities continued its

activities on the Lines described in earlier presentations :

a) activities aimed at preparing for commercialization of fast breeder

reactors which are essentially performed in the frame of the Fast

Reactor Coordinating Committee (FRCC);

b) the execution of an own research programme in the Joint Research

Center U . R . C . ) .

CO

en
c

•4->
O

2. Preparation of the commercialization of fast breeder reactors

During summer of last year the Commission submitted a paper

to the Council of Ministers outlining the arguments which call for a

continuation of the LMFBR development. The paper concluded that against

a background of continuing and accelerating deterioration of the hydro-

carbon supply the potential contribution of nuclear fission power must

be taken into account. Furthermore it pointed out that if the European

Community is to avoid further dependancies on external energy suppliers,

a reliable and acceptable breeder option, as well as the necessary infra-

structure and recycle capability, is essential. It therefore recommended

that existing development programmes aimed at realizing the fast breeder

option in a timely manner not be allowed to lose momentum. The Commission

* Performed by the General Directorate for Research, Science and Education
(D6 XII) and the Joint Research Center (J.R.C.)

en i



also detected a number of problem areas for which a strengthening of

Community actions is particularly indicated. To these areas belong reactor

safety, codes and standards, and the fuel cycle.

The paper which has been well received by the European Parliament

is still under discussion by the Council of Ministers.

The fast Reactor Coordinating Committee (FRCO discussed the

Commission's paper and recommended to study in more detail the effect of

different fuel cycle parameters on the introduction schemes for fast

reactors. This study will be performed in collaboration between the

Commission and UNIPEDE (1).

The two working groups of the FRCC in the field of safety and

codes and standards continued their work according to their mandates :

The Safety Working Group (SWG) concentrated its effort mainly

to the elaboration of preliminary safety criteria and guide-lines. Good

progress has been made in defining criteria and guide-lines for primary

reactivity accidents.

The SWG also reviewed still outstanding problems in the safety

area in order to define its long term programme. One area to which the group

attributed prime importance is the post accident heat removal. The ongoing

activities in the programme of the Community countries will be discussed with

the aim to check if all topics are adequately covered or if additional effort

seems necessary.

From the Whole Core Accident Code (WAC) subgroup it has to be

reported that the comparative calculations for a LOF accident were concluded.

The results have been published (EUR 5946). Similar calculations for a TOP

accident are nearly terminated. It should be mentioned that American experts

from NRC (2) and DOE (3) joined the comparative exercise.

(1) UNIPEDE = Union Internationale des Producteurs et Oistributeurs d'Energie

Electrique

(2) NRC = United States Nuclear Regulatory Commission

(3) DOE = United States Department of Energy

The development of a European Accident Code (EAC) is another

main activity of the WAC group. A first code version has been assembled by

the Joint Reserach Centre at Ispra using modules from different research

centres in a modular system. Other modules are being developed and will be

added later.

The Containment subgroup (CONT) of the SWG continued its dis-

cussions of the code validation programme performed at Ispra. The group

followed also very closely the code comparison exercise APRICOT and nominated

a European reviewer who will take part in the analysis of the results produced

by the different participants.

The Codes and Standards Working Group (CSWG) terminated

the evaluation of convergency and divergency between codes and

standards applied to fast reactors in the member states and sub-

mitted a proposal for its future work to the FRCC. The future

activities will mainly be aimed to eliminate existing divergencies in

order to facilitate the collaboration between Community countries in

the field of fast reactor construction. Presently the Commission is

examining possibilities to support these activities by a Community

action.

3. R + D activities
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The general orientation of the LMFBR R + D activities was

outlined at the last meeting, therefore in the following only the main

achievements obtained during 1977 are briefly outlined.

For completeness it should be mentioned that LMFBR safety

research is concentrated at thelspra Establishment (Italy) and reserach

on Pu bearing fuels at the European Institute for Transuranium Elements

at Karlsruhe (Fed. Rep. of Germany).

3.1. LMFBR_Safety__R_+_D

£orea£cident cocjes

As has been said in chapter 2, a first version of the

European Accident Code which describes a hypothetical core disruptive



accident of a fast reactor is now operational in the multichannel and

modular form. The first results obtained with this version have been

presented to the MAC expert group.

.LMFBR. .siibassembl^

A computation method has been developed allowing the evalua-

tion of the transient thermohydrauUc conditions in subassemblies :

extensive parameter studies on boiling inception incoherency effects, in

subassemblies and rod bundles subjected to flow transients have been

carried out. The code has been applied to the analysis and precalcul-

ations of loss-of-flow transients in 7- and 37- rod bundles at GfK,

Karlsruhe, FRG. A transient boiling module is under development.

An extensive analysis has been made of existing data on
flow- and heat transfer aspects associated with the presence of

blockages inside rod bundles.

Sodium boiling experiments to determine the boiling

characteristics in tubular and annular geometry have been terminated.

Steady state flow pattern and pressure drop characteristic measure-

ments were performed and a correlation for a friction mutiplier has

been set up.

Further experiments have been performed in various test

facilities employing quantities of melts (aluminium, stainless steel

and UO2) up to approximately 4 kg which were brought in contact with

water and sodium.

A design study for a test section in which rapid pre-mixing

°f UO2 melt and sodium coolant under technical conditions can be obtained

is in progress.

£ost_a£cj_de_n£ .£.eat_remoya_l

Research on thermophysical properties of core melts has made

substantial progress (e.g. viscosity, thermal diffusity, melting point).

Test installations and new temperature measuring techniques were prepared.

The long term compatibility between sacrificial layer materials and sodium

is investigated.

Code development is underway to calculate stream lines and

temperature distributions in molten pools of different geometries.
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Oyrtamic_ .loading arid_ £.esponse

A new version of the code Seurbnuk (2D-£ulerian) developed

jointly with UKAEA, UK, has been submitted to a series of tests in order to

check its performances.

The development of the 20 finite element code Eurdyn-1M (Eultr-

Lagrange) continued with special emphasis on the fluid-structure coupling

and automatic motion of mesh nodes. Comparison between the most recent

experimental and theoretical results concerning flexible walls was carried

out.

Reference has already been made to the participation of the

J.R.C.-Ispra to the CONT-subgroup of the SWG.

The stress-strain/stain rate relationships of different

stainless steel materials (AISI 316L virgin material, AISI 316H

virgin welded + heat treated) were determined.

Concerning constructive laws of subassembly internals,

monodimensional compression tests of a series of simulated fuel

element pins at different diameter were completed. Regarding bidi-

mensional tests, a testing device was constructed.

Fracture mechanic studies were continued : Accumulation

of damage and initiation of cracks in stainless steel (AISI 316) tubes

submitted to thermal shocks in sodium were studied. Stability studies

of through-cracks in stainless steel tubes were terminated.

Creep experiments have been performed on stainless steel

specimens (AISI 304 and AISI 310) at different stress levels and

durations up to 600° C.
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The reserach work on swelling of advanced fuels has reached

a stage where a coherent description of the restructuring and swelLing

behaviour of mixed carbonitrides over the full range of C/(C + N)-ratios

becomes possible. The evolution of the fuel structure was studied in out-

of-pile and 1n-pHe experiments.

Work on equation of state of nuclear materials is gaining in

depth : Vapour pressure of uranium oxides, uranium-plutonium oxides and

uranium carbides were studied up to temperatures of almost 5000 K.

Spectral emissivity of uranium carbides at melting point was determined.

Advanced techniques for the evaluation of the equation of state of nuclear

fuel materials beyond 5000 K, toward the critical temperatures of the fuel

materials have been developed.

A model aiming at the description of the chain of events wtiich

leads to a corrosion failure of stainless steel cladding of oxide fuels,

has been further developed and has been checked by comparison with experi-

mental evidence from simulation and irradiation tests. Encouraging progress

was made with an apparatus for measuring the oxygen potential in irradiated

fuels.

СОСТОЯНИЕ РАБОТ ПО БЫСТРЫМ РЕАКТОРАМ
В СССР НА АПРЕЛЬ 1978 ГОДА

Н.В.КРАСНОЯРОВ, Е.И.ИНЮТИН
Физико-энергетический институт,
Обнинск,
СССР

АННОТАЦИЯ

Дан обзор состояния работ по быстрым реакторам в СССР
на апрель 1978 г., включая: расчетно-экспериментальные и
прикладные исследования, результаты работы реакторов БР-10,
БОР-60 и БН-350, состояние с сооружением реактора БН-600, а
таете работы по реакторам большей мощности.
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The cumulative fission yields were determined, and the

neutron capture reaction rates of certain fission products, including

those with an anticipated high cross section, were measured with

high precision.

Investigation of the formation of actinides has resulted in

the definition of correlations which are rather insensitive to the fuel

and reactor type. In addition, the radiation hazard of fuels containing

higher plutonium Isotopes have been assessed.

ВВЕДЕНИЕ.

Основной особенностью прошедшего, так же как и предыдущего,
года, мы считаем устойчивую безаварийную работу реактора БН-350
на тепловой мощности 650 Ш т .

На реакторе БР-10 достигнуто выгорание плутониевого топли-
ва, равное ~1Х%, Продолжаются работы по сооружению реактора
БН-600. Ведутся разработки по усовершенствованию быстрых реакто-
ров. В смежных областях науки и техники для быстрых реакторов
разрабатываются з^совершенствованное топливо, оборудование, при-
боры, методы контроля и управления процессами, методы и средст-
ва расчета реакторов и защиты.
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Реактор EP-IQ в 1977 г. работал на уровнях до 5 МВт (тепл.)
с коэффициентом работы на мощности 63$.

В этом году было превышено проектное значение выгорания плу-
тония в тепловыделяющих сборках (10,9$ при проектной величине 10%).

В активной зоне и никелевом отражателе продолжается облуче-
ние экспериментальных тепловыделяющих сборок и образцов реактор-
ных материалов: конструкционных, делящихся и поглощающих.

Из активной зоны выгружены и исследованы 4 плутониевые сбор-
ки с выгоранием 10,6%. Все твэлы этих сборок сохранили герметич-
ность.

При работе реактора на мощности проводится постоянный конт-
роль за герметичностью твэлов по запаздывающим нейтронам и по ак-
тивности газообразных продуктов деления. В начале октября, по
достижении выгорания плутония 10,7$, зарегистрировано появление
1-2 дефектных твэлов.

С 26 октября по 15 декабря реактор был остановлен для пла-
ново-предупредительного ремонта, частичной перегрузки активной
зоны, и для отбора проб натрия из I контура.

Ведутся расчеты и конструктивные проработки по замене корпу-
са реактора, активной зоны и модернизации некоторого оборудования.

Стали известны результаты опытов по проверке термического
способа вскрытия облученных окисных урановых твэлов реактора БР-5.

БОР-60.

Основным технологическим режимом работы реактора в 1977 г.
был режим АЭС. Одна петля второго контура работала на модульный
ПГ конструкции ЧССР, а вторая петля - на воздушный теплообменник.

Коэффициент использования реактора в 1977 г. составил 0,59.
На начало 1978 г. в реакторе БОР-60 облучено 277 тепловыде-

ляющих сборок. 228 сборок достигли выгорания свыше 8% т.я., а
155 сборок - более 10$ т.я.

Продолжают испытываться экспериментальные сборки с топливны-
ми и конструкционными материалами.

В 1977 г. закончены детальные исследования материалов прямо- 46
точного змеевикового парогенератора конструкции советских специа-
листов. На прошлом заседании МРГБР сообщалось, что этот парогене-
ратор успешно проработал I8I50 часов. Результаты исследований поз-
воляют сделать вывод, что ресурс испытанного ПГ был далеко не ис-
черпан .

Проводится испытание модульного парогенератора чехословацкого
производства. На I.0I.78 г. ПГ проработал 19950 часов.

В 1977 г. один из центробежных натриевых насосов П контура
заменен на электромагнитный насос.

БН-350.

В 1977 г. продолжалась эксплуатация реактора на мощности
650 Шт(теши). Реактор работает устойчиво, безаварийно, отличает-
ся хорошей управляемостью. Коэффициент использования, средний за
два безаварийных года, равен 0,88. Реактор вырабатывает до 125 ;.Вт
(эл) и до 70000 т дистиллата в сутки. На реакторе достигнуто в от-
дельных сборках выгорание топлива до 5,5%.

За проведшие два года аварийных ситуаций с парогенераторами
не было. Один из парогенераторов отработал со дня своего пуска
36000 часов на мощности без единой аварии.

БН-600.

Вывод реактора БН-600 в критическое состояние предполагается

в 1979 г.

К настоящему времени окончены монтаж и испытания корпуса и
страховочного кожуха реактора, закончены работы по теплоизоляции
корпуса реактора, установлены тепловые экраны внутри реактора,
смонтированы трубопроводы низкого давления, вытяжная и приточная
вентиляции, завершены основные строительные работы. Ведется мон-
таж опор под теплообменники, парогенераторы и циркуляционные на-
сосы, монтируется верхняя неподвижная защита реактора, идет мон-
таж электрообогрева трубопроводов, прокладываются кабельные линии,
ведутся строительно-монтажные работы на вспомогательных сооружениях.



Реакторы большей мощности.

Продолжается проектирование реактора БН-1600. Основное вни-
мание уделяется варианту с вертикальным расположением корпуса
реактора. Одновременно рассматриваются возможности варианта с
горизонтальным размещением корпуса реактора. Ведется работа по
улучшенному варианту реактора БН-600.

Лабораторные исследования.

Результаты интегральных экспериментов на быстрых критсборках
использованы для исправления 26-групповой системы констант. Неко-
торые результаты опубликованы в трудах конференции по нейтронной
физике, проходившей в 1977 г. в Киеве.

Начаты экспериментальные исследования вариантов реактора боль-
шой мощности (типа БН-1600) с объемом активной зоны около 6000 л.

В области радиационного материаловедения проводились работы
по исследованию радиационной пористости и ползучести_конструкцион-
ных сталей для быстрых реакторов при флюенсах до 10 н/см . Изу-
чалось влияние состава сталей, термомеханической обработки и режи-
мов облучения на зарождение и рост вакансионных пор.

Исследовались аналитические особенности распада пересыщенных
растворов вакансий и междуузельных атомов в металле при постоян-
ной генерации точечных дешектов в объеме.

Теоретически изучалось поведение радиационных пор, дислока-
ций и свободной от пор зоны по границам зерен в облученных быст-
рыми нейтронами аустенитных нержавеющих сталей и молибдена. Реша-
лась задача, описывающая одновременную эволюцию названных выше
характеристик микроструктуры поврежденного металла в условиях
длительного изотермического отжига.

Исследовались влияние режима работы реакторов, температурных
градиентов и взаимодействия материалов с теплоносителем на разви-
тие ьакансионной пористости и сопутствующих ей явлений. Показано,
что переменный режим работы реактооа оказывает существенное влия-

ш:е на распухание отелей. Облучение сталей в начальный период ра- 47
поты реактора при пониженных температурах приводит к интенсивному
пазьлт:ш дислокационных петель, которые, являясь стоками для то-
чечных дефегтов, способствуют подавлению распухания, особенно эф-
фективно - при температурах 360-400°С.

Проводилась методическая отработка и получены результаты по
внутриреакторной ползучести сталей в разных температурных условиях
при различных скоростях деформации.

По технологии натрия продолжалось изучение физико-химических
процессов поведения примесей в циркулирующем натрии; разработка
средств очистки теплоносителя от примесей и контроля за их содер-
жанием; исследовались процессы, сопровождающие малые течи воды в
натрий для разных материалов и разных конструкций парогенераторов;
исследовалась кинетика взаимодействия углеродосодержащих газов с
натрием.

Экспериментально установлены зависимости скоростей развития
течей от температуры натрия и величины начальной течи для сталей
IX2M, XI8HI0T и Х20Н40Б.

Исследования по контролю за содержанием примесей велись по
тем же направлениям, о которых докладывалось на прошлом заседании
ЫРГБР. Для определения кислорода в натрии исследовалась работа элек-
тролитических ячеек с твердым электролитом. Достигнута продолжи-
тельность работы ячеек до 6000 часов.

Проводилось совершенствование индикатора водорода в натрии с
диффузионной мембраной в комплекте с магниторазрядным насосом.
Улучшена стабильность работы (повторяемость результатов).

В результате расчетно-экспериментальных исследований проблем
коррозии конструкционных материалов в натриевом теплоносителе по-
лучено обобщенное уравнение скорости коррозии хромо-никелевых ста-
лей в натрий в зависимости от состава сталей, температуры и ско-
рости теплоносителя, содержания кислорода в натрии, продолжитель-
ности испытаний. Уточнены константы науглероживания аустенитных
хромо-никелевых сталей и константы обезуглероживания перлитных
сталей в среде жидкого натрия. Получены дополнительные эксперимен-



тальные результаты по коррозионной стойкости низколегированных

перлитных и хромоникелевых аустенитных сталей в продуктах реакции

натрия с водой.

Велись работы по уточнению отдельных вопросов расчета тепло-
обмена и гидродинамики применительно к прямоточным парогенерато-
рамГс естественной циркуляцией. Подготовлена методика расчета теп-
лообмена в докризисной области при весовых скоростях воды меньше
1000 кг/м сек, которая позволяет оценить и возможный вынос влаги
из испарителя.

Измерялись гидравлические сопротивления в круглых трубах при
движении двухфазного потока высокого давления. Использовался метод
определения касательных напряжений на стенке. Получены данные по
касательным напряжениям при давлениях до 70 ат. и весовых скорос-
тях от 500 до 1000 кг/м сек.

На различных моделях парогенерирующих каналов с естественной
циркуляцией исследовались границы наступления неустойчивых режимов
с целью разработки более точной методики их расчета.

Применительно к активным зонам и воспроизводящим экранам
быстрых реакторов проведены исследования межканального перемеши-
вания теплоносителя.. Изучались эффективный коэффициент межканаль-
ного обмена и его составляющие - за счет конвекции (эуфект прово-
лочной навивки), турбулентной дяуфузии и теплопроводности тепло-
носителя. Расширен интервал изменения определяющих параметров
обобщенных формул для локальных и средних коэффициентов перемеши-
вания и их составляющих: конвективной, турбулентной и молекуляр-
ной. Согласно этим формулам поперечные перетечки массы через за-
зоры между стержнями изменяются по синусоидальному закону, ин-
тенсивность обмена возрастает с уменьшением ^ага навивки, с уве-
личением числа Рейнольдса и с увеличением тага стержней.

В результате рассмотрения теоретических вопросов межкэналь-
ного взаимодействия получена связь между коэффициентом взаимодей-
ствия, обусловленным тепловым обменом, а также - эффективной теп-
лопроводностью решетки твэлов, что позволяет свести систему урав-
нений баланса тепла к одному уравнению конвективного обмена.

Проанализирован коэффициент неподобия переноса тепла и массы, по- 48
лучено аналитическое решение задачи о температурном поле при на-
личии тепловыделения в одном стержне в сборке; решение по принципу
суперпозиции распространено на любое количество гвэлов.

Применительно к проблеме переменного энерговыделения в ядер-
ных реакторах исследованы температурные поля на начальном тепловом
участке пучков стержней, обтекаемых турбулентным потоком жидкоме-
таллического теплоносителя при одновременном протекании процессов
тепловой и гидродинамической стабилизации. Получено эмпирическое
соотношение для расчета длин таких начальных тепловых участков по
коэффициентам теплоотдачи и неравномерностям температуры.

МЕЖДУНАРОДНОЕ СОТРУДНИЧЕСТВО ПО БЫСТРЫМ РЕАКТОРАМ.

Мы информируем МРГБР, что на конференции по международной
оценке ядерного топливного цикла (октябрь 1977 г., Вашингтон,США)
Советский Союз согласился войти в число сопредседателей рабочей
группы ïi 5 "Быстрые реакторы" совместно с Бельгией и Италией.
И как сопредседатель готовит отчет по первому разделу "Программы
работы" рабочей группы № 5.

Имеет место соответствующее сотрудничество в рамках Совета
Экономической Взаимопомощи и по двухсторонним соглашениям. В прош-
лом году произошел обмен проектной документацией советского реак-
тора БН-350 и французского реактора "венике".

Отдавая должное полезной работе Международной рабочей группы
по быстрым реакторам МАГАТЭ, советский журнал "Атомная энергия"
отметил 10-летие рабочей группы статьей о деятельности МРГБР.
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A REVIEW OF FAST REACTOR PROGRESS
IN JAPAN

K. TOMABECHI
Power Reactor and

Nuclear Fuel Development Corporation,
Tokyo,
Japan

The fast reactor development project in Japan is

continuing at a slightly increased scale of effort in

budget, an increase of approximately 4 billion Yen as

compared with that of the last fiscal year, which ended

last March. The total budget for LMFBR development for

1978 fiscal year is approximately 24 billion Yen, excluding

wages of personnel of the Power Reactor and Nuclear Fuel

Development Corporation, PNC. The number of the technical

people engaging in the fast reactor development in the PNC

is approximately 500, excluding those working for

Plutonium fuel fabrication.

In August 1977, major industries engaging in LMFBR

development, i.e. Fuji, Hitachi, Mitsubishi and Toshiba,

have set up an office where design work can be jointly

conducted. It was set up in the hope that works will be

conducted more effectively than in the past where such

works used to be carried out in various offices of in-

dividual companies. Since then, design work for the

prototype breeder reactor "MONJU" has been conducted

jointly by those industries at the office.

Highlights and topics of the fast reactor development

activities in the past year are summarized below.

The experimental fast reactor "JOYO", the first mile

stone in LMFBR development in Japan, is a small reactor of

100 MWt, aiming at acquisition of technological experiences

necessary for constructing a prototype reactor, and also

utilization as an irradiation facility for fuels and

materials for LMFBR after completion. Namely, the aims of

construction of the reactor are to obtain an insight of

various engineering characteristics and feasibility of

fast breeder power stations by domestic technology in the

future, and also to cultivate the relevant technology to

LMFBR.

Although "JOYO" was designed aiming at a target power

of 100 MWt, 50 MWt was adopted as a power of the first

phase of operation, considering that the reactor was the

first sodium cooled fast reactor to be built in the

country. Construction permit for the reactor was issued

in February 1970, followed immediately by construction

work at the site of the O-arai Engineering Center, OEC, of

PNC.

Installation of all the components of the reactor was

completed in the end of 19 74 and sodium was charged into

the reactor in the beginning of 19 75. Then non-nuclear

functional tests were made until the last spring. The

tests included functional tests of cooling systems, fuel

handling systems and reactor safety and protection systems.

The first criticality experiment was carried out last

spring and criticality was achieved by 64 fuel subassemblies,

which was within the predicted uncertainty range of 61 ± 5,

based on the results of nuclear mockup experiments of "JOYO"

core in the Fast Critical Assembly, FCA, in the Japan

O
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Atomic Energy Research Institute, JAERI. Analysis

indicated that the minimum critical mass at 205 °C of

sodium temperature corresponded to 6 3.2 subassemblies.

Then, by constructing the initial core of 70 subas-

semblies various performance tests at low power were

conducted and the results of the tests were in general

satisfactory, being in good agreement with predicted

values.

Reactivity worth of a control rod and temperature

coefficient of reactivity in a low temperature range of

170 °C - 250 °C were 2.1 - 2.2 % Ak/k and - 3.8 x 10"5

Ak/k/°C respectively against the predicted values of 2.0 %

Ak/k and - 3.7 x 10~5 Ak/k/°C. The results of measurements

on power distribution in the core and flow distribution to

individual subassemblies were also satisfactory, being in

good agreement with the predicted values.

The measured value of 8/S. by noise analysis was 1.74 x

10^ sec"-'- as compared with 1.77 x 10^ sec"-*- of calculated

value. Local sodium void coefficients in various parts of

the core were measured by using a specially fabricated

subassembly for this purpose. Agreement of the measured

value with the predicted values were not as good as in the

other experiments. The details of the sodium void

coefficients have been reported in the IAEA International

Symposium on design, construction and operating experience

of demonstration LMFBRs in Bologna.

Those tests at low power were completed in November

1977. Since then, inspection and maintenance work on

various systems and components of the reactor have been

carried out, preparing for power increase to be started in

April 19 78. During the shut down period, an experiment

was made in order to estimate accuracy of future leak rate

measurement of the containment vessel of this reactor,

with conditions of sodium being circulated in cooling

systems.
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The containment vessel was pressurized up to 0.675

kg/cm^, a half of the design pressure, and normal procedures

for leak rate measurement were applied. The measured value

of apparent leak rate was approximately 0.2 %/day which

corresponded to 0.5 %/day at the design condition of the

containment vessel. Thus, it was learned from the ex-

periment that an error of approximately 0.5 %/day of

apparent leakage at design conditions would always

associate with the results of measurements to be made on

the reactor in the future.

Tests for power increase will start in April 1978 and

50 MWt, the maximum power of the first phase of operation,

will be achieved in the middle of this year. It is planned

to increase reactor power later to 75 MWt after successful

operation at 50 MWt for about half a year, without any

mechanical modification to the reactor.

It is also planned that since sufficient technical

data of the present core will be accumulated by 19 80 by

operating the reactor at 75 MWt, the reactor core will be

modified to a core of 100 MWt suitable for irradiation

purposes, by modifying design of fuel pins to thinner pins

and replacing blanket with reflectors. Licensing appli-

cation for power increase up to 100 MWt from the presently

approved 50 MWt was made in September 19 77 and safety

review by the regulatory authority is currently under way.

"JOYO" has presently a facility to store spent fuels

of 200 subassemblies. However, following a guide of



regulatory authority that every reactor should always have

a storage capacity of fuels of one full core available for

emergency use, a new storage facility of spent fuels is

being built. The new facility will have a storage capacity

of 600 subassemblies and be completed in 1979.

Prototype Fast Breeder Reactor "MONJU"

"MONJU" is a power plant of 714 MWt, 300 MWe, fueled

with mixed oxide of uranium and plutonium. The core

consists of two zones of different plutonium enrichment.

Heat generated in the core is transfered by three identical

sodium loops to once-through steam generators of helical

coil type, in which steam of 4 83 °C at 12 7 kg/cm2 is

produced. Each loop has an evaporator and a superheater.

Both primary and secondary pumps are located in cold

legs. In order to keep sodium level always above a

specified level in the reactor vessel even at a sodium

leakage incident, all the components of the primary sodium

system are connected by elevated piping and the reactor

vessel, heat exchangers and pumps are located in guard

vessels.

The reactor has 19 control rods; 13 regulating - safety

rods, and 6 back up rods. A fuel subassembly has 169 fuel

pin bundle inserted in a hexagonal wrapper tube. Refueling

is carried out using fuel handling machines placed on a

single rotating shield plug. Spent fuels are discharged

from reactor to a storage facility during shut down period

for refueling, without cooling for many months in the

reactor vessel.

A site located in Tshuruga Peninsula where several

LWRs are already in operation has been proposed for

constructing "MONJU" and various geological, marine, and

meteorological survey works have been conducted since 1976.

Most of those preliminary surveying works have been

completed and the results so far obtained indicate that

the proposed site seems suitable for construction of the

reactor.
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Therefore, effort is being made to compile the results

as documents to be submitted to the concerned authorities

in order to obtain agreement for initiating various

procedures of constructing the reactor. The licensing

documents to be filed for construction permit of the

federal government has already been prepared.

The proposed site is on a.rather hilly seashore.

Therefore, construction will take a longer time compared

with that at other usual site. It is expected to take

about 6 years from commencement of construction work to the

first criticality. If every thing goes smoothly, including

those of licensing procedures, construction work is ex-

pected to begin next year, aiming at criticality in 1985.

R and D Works

Intensive R and D works for development of LMFBR have

been carried out in the past year. Only highlights and

some topics of those will be reported below.

Using the Fast Critical Assembly, FCA, an experiment

using simulated fission products is being carried out in

order to estimate degree of influence of fission products

on various nuclear characteristics such as sodium void

coefficient, reaction rate of various nuclides, and etc.

A basic experiment has been made in order to understand

characteristics of sodium vapour which may enter into a



small annular gap, deposit on wall surface and fill the gap

by solidified sodium eventually. The results so far

obtained indicates that quantity of sodium existing in a

unit volume of cover gas is several times larger than

that calculated by vapour pressure of sodium using sodium

temperature. In fact, most of the sodium existing in cover

gas takes a form of mist rather than vapour and an average

diameter of the particles of the sodium mist has been

measured as a few urn.

Relative quantity of sodium in a unit volume of cover

gas has been measured by a method using LASER. The ex-

periment indicates that sodium quantity in cover gas

decreases as cover gas pressure increases. It has also

shown that sodium quantity in argon is several times larger

than that in helium under the same experimental conditions.

In order to investigate various characteristics of

fuel cladding materials in sodium, such as degree of mass

transfer, corrosion and etc., specimens which had been

immerged in sodium of 350 °C - 600 °C for more than 10,000

hours are being examined. Creep characteristics of cladding

materials are also being tested at 600 °C - 700 °C for up

to 8500 hours.

Similar experiments are being made also for SUS 304,

SUS 316, SUS 321 and Cr-Mo steels. In particular, ex-

periments on Cr-Mo steel were carried out by simulating the

conditions of the secondary sodium system of "JOYO", where

about half of the wall surface contacting sodium is of

stainless steel and the rest Cr-Mo steel. The results of

the experiments indicate that degree of decarburization of

specimens of Cr-Mo steel in sodium is less in such a bi-

metalic system than that in a mono-metalic system of

stainless steel, although behaviours of metalic elements of

specimens are similar in both systems.

After 16,000 hours of operation, a prototype sodium

pump for the primary circuit of "JOYO" was dismantled from

a sodium loop for thorough inspection. The results of the

inspection were satisfactory, although minor corrosion was

observed on surface of bearing and impeller of the pump.

A prototype sodium pump for the secondary circuit of "JOYO"

has been operated already for more than 20,000 hours and

it is planned to continue the endurance test for another

10,000 hours.

A prototype sodium pump for the primary circuit of

"MONJU" was installed in a sodium loop in OEC in June 1977.

Although the pump was originally designed for a flow rate

of 90 mVmin., a special impeller for a low flow rate of

21 m3/min. was used because of limitation in flow rate of

the sodium loop used. Soon after start up of the pump, it

failed and hydrostatic bearing of the pump was damaged.

By investigation, it was revealed that the failure was

caused by a significant distortion of pump casing due to

differential thermal expansion of the casing, which was

caused by a large temperature difference due to non-uniform

natural convection of cover gas in the annular gap between

inner and outer casings of the pump. By installing baffle

plates against the natural convection in the gap, the

temperature difference was greatly reduced to a few degree

of centigrade. The pump has been operated satisfactory for

various tests since last February.

A prototype of fuel handling machine for "MONJU" is

being tested using a sodium loop. A failure of mechanical

seal of shaft has been experienced and effort is being made

for improving the seal. Possibility of storing the machine

without washing gripper by alcohol is being investigated.

A better designed gripper for sodium drainage has been

fabricated and its performance without sodium removal will

be tested in the near future.
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Using a scale down model of reactor vessel for "MONJU",

thermal shock tests on an exit nozzle are being made. It

was found that significant mixing of sodium took place in

upper part of the vessel before entering the exit nozzle,

even without an inner shroud of the reactor vessel. An

experiment is being made in order to investigate mixing

and flow pattern of sodium in high pressure plenum of

reactor vessel of "MONJU", simulating sodium flow by water

in a half scale down model of the vessel. Prototype

machine of back up control rod drive mechanism for "MONJU"

was tested with sodium more than 2000 times of scramming.

Failures of bellows of the machine were experienced in the tests.

Experiments are being made for investigating behaviours

-of sodium piping under various conditions of severe stress,

by bending elbows of 12 inch piping. In one of the ex-

periments, response of such an elbow to cyclic bendings, up

to approximately 2000.times, at 600 °C is being investigated

by keeping severe, stress for 1000 seconds at each time of

bending. Creep buckling characteristics of an elbow is also

being tested at 600 °C.

Concerning steam generator development, a 50 MW steam

generator is being tested at the 50 MW steam generator test

facility. The evaporator and superheater have been operated

already for 6,800 and 2,200 hours, respectively. Nothing of

serious troubles to interrupt the test, such as sodium leakage

from tube, have been experienced and the steam generator is

under endurance test at the present time.

A 1 MW steam generator is being used for investigating

instability phenomena in steam generator of helical coil

type. The results so far obtained indicate that performance

of such a steam generator tends to become unstable as sodium

flow rate becomes larger compared with water flow rate, as

sodium temperature increases, and as steam pressure decreases.

The results of small leak experiments from 10 g/sec to 53

10"1 g/sec using tubes of stainless steel and Cr-Mo steel at

various sodium temperature and spacings of tubes were

reported at an ANS meeting in 19 76. Experiments on small

leak below 10"1 g/sec have been carried out in order to

investigate self wastage of tubes of stainless steel and

Cr-Mo steel. An experiment of leakage down to 10 g/sec

has been made. However, one difficulty in such experiment

is how to make a small hole in a tube.

Three experiments simulating large sodium leakage in a

steam generator of "MONJU" have been conducted since the

previous experiments were briefly reported at the last

annual group meeting of this working group. Outlines of

those experiments are given below. It should be noted that

no appreciable wastage on neighbouring tubes and therefore

no secondary tube rapture has been observed in the ex-

periments so far conducted.

Water pressure (kg/cm^)

Water temperature (°C)

Injection point

Injection duration

Injection rate (kg/sec)

Injected quantity (kg)

Sodium temperature (°C)

Run 4

154

306

0.5 m below
Na surface

10

11.6 - 7.6

84

380

Run 5

153

280

near bottom

9.7

20 - 14

150

359

Run 6

153

305

near bottom

9.5

9.5

90
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An experiment of sodium boiling in 37 pin bundle, 19

pins of which are heater pins, is under way. Boiling was

caused by blocking approximately 1/4 of the coolant

channels. Stable boiling was observed. A similar experi-

ment is also being made for investigating temperature

profile of pins in down stream of sodium in partially

blocked 37 pin bundle. If one extraporates the results



obtained from an experiment having blocked a half of the

coolant channels to a typical reactor conditions of 200

w/cm2 and 6 m/sec of sodium flow rate, the maximum

temperature rise to be observed in down stream may be less

than approximately 250 °C. A larger temperature rise may

be observed in a grid, if the bundle is of a grid type.

An ultrasonic sodium flow meter is being developed.

Results of experiment using a device having wave guide

bars to transmit ultrasonic signal into and from sodium

piping indicate good linearity of measuring sodium flow

rate with errors of only 2 - 3 %. A flow meter using a

device to transmit ultrasonic signal directly to piping

without wave guide bars is also being developed.

It is planned to build a facility for conducting ex-

periments for fuel sodium interaction. Construction of

building will begin soon and the first experiment is

planned to be conducted in 19 79. With the facility, ex-

periments using 19 UO2 pin bundle can be carried out. In

the experiments, UO2 fuel in the pins are heated electrically

and a few kg of molten UO_ are produced for investigating

fuel sodium interaction.
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STATUS OF U.S. LMFBR PROGRAMME

J. YEVICK
US Department of Energy,
Washington, D.C.,
United States of America

Introduction

In April 1977, the President of the U.S.A. deferred commercial reprocessing
and further demonstration of the plutonium breeder. At the same time he
emphasized completion of the job immediately before the United States;
continued commercial application and validation of the LWR to meet
expanding U.S. energy needs.

These deferments were based on two premises: (1) time is needed to
establish a program for non-proliferating fuel cycles, and (2) there is a
lessened sense of urgency for the U.S. to establish a commercial breeder
in the near future.

Time is needed to examine technical and institutional policies and their
implementation to minimize proliferation of nuclear fuels which could be
adapted to weapons proliferation. Breeder and reprocessing programs have
to be reviewed.

The U.S. is seeking an international consensus on: (1) proliferation,
and (2) form and management of fission energy for civilian applications.
INFCE is the outgrowth of this need for consensus.

Deferral of breeder commerciality by the U.S. is based on a review of
both uranium resources and its demand. In 1976 assumptions were for 600
IAJR gigawatts by year 2000 requiring breeder deployment in 1990's assuming
a favorable decision on breeder problems in 1986. The breeder program
was geared to these numbers.

Present numbers indicate 330 to 380 gigawatts of LWRs in 2000 requiring a
commitment of somewhat more than 2 million metric tonnes U3O8. Current
U.S. estimates of U3O8 resources are about 4 million metric tonnes up to
$50/lb. U308.

There is therefore a lesser urgency to develop the breeder in the U.S. O
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00 •



Status of U.S. LMFBR Program

A strong, well funded base technology effort remains and will continue
until institutional and technical solutions can be found to minimize or
eliminate the proliferation risk. An LMFBR option will be maintained.

The FFTF will be coming on line in 1980, providing:

o A powerful tool in breeder fuel and materials development; and

° A baseline from which to scale up heat transport systems and components.

Sodium system hardware development and testing will continue to have high
priority in the U.S. This area is on the critical path to a viable LMFBR
option. The proliferation issue is coupled largely to choice of fuel and
fuel cycle, and is essentially independent of heat transport systems and
balance of plant. For these reasons, the development and testing of
sodium systems in the U.S. will be pursued with vigor. The U.S. expertise
in design and manufacture of sodium systems will be preserved and even
enhanced. The testing capability at the Liquid Metal Engineering Center
is among the most advanced and flexible in the world.

In essence, the discussions being held in the United States between the
Executive Department and Congress with input from the industrial sector,
the public sector, and the utilities have not been concluded. Two or more
solutions are possible. One is that the Clinch River Reactor Breeder
Plant will be completed. If so, its operation would be at the earliest
1986. The CRBRP Project has 5,300 people employed and commitments to
between $300 and $400 million for components. There has been no stoppage
of work.

The second possible solution is that the CRBRP would be terminated and
the conceptual evaluation of a 650 to 900 MWe plant started, employing
most of the professional people now working on the CRBRP.

DOE is proposing to initiate a design effort to evaluate various heat
transport, reactor design and fuel cycle alternatives for plants in the
650-900 MWe size. In carrying out this design effort, results from the
Nonproliferation Alternate System Assessments Program (NASAP) would be
used to the maximum possible extent. The studies would be consistent
with U.S. participation in the International Nuclear Fuel Cycle Evaluation
(INFCE). The design effort would draw heavily upon the experience gained
in the CRBR Project and utilize experienced professionals from that
project. In addition, the base technology program would be augmented to
permit testing of certain key CRBRP prototype components such as the
steam generator and pump.

More specifically, the Department of Energy is proposing to carry out a
30-month study to include conceptual planning, conceptual system studies
and design definition of a plant in the 650-900 MWe size. In this design
effort the pool, loop, and hybrid reactor concepts would be evaluated
both on the basis of ongoing U.S. work and utilizing foreign technology
where available.

Candidate systems would be evaluated on the basis of technology status,
safety and safeguardability, and potential economic and reliability
factors. Studies on the fuel cycle systems would include all aspects of
fuel resources, fuel utilization, proliferation resistance, and waste
management. Variants of both the uranium-plutonium fuel cycle and the,
uranium-thorium fuel cycles would be investigated including such aspects
as coprocessing, spiking, preirradiation to serve as a deterrent for
diversion, and facility colocation.

In carrying out this effort, it would be necessary to draw heavily upon
CRBR experience including utilization of many of the CRBR professional
staff. As stated many, if not most of the professionals on CRBR, could
be used for this effort and the completion of Clinch River systems design.
The CRBR Project has been underway for about six years. CRBR design
experience is extensive and would be of value in the 650-900 MWe
conceptual plant design. Component development efforts utilizing CRBR
prototypes could make a major contribution to the LMFBR base technology
program. Key components such as steam generators, control rod drive
mechanisms, and pumps, would be completed and tested--again utilizing
some of the professionals who have been working on the CRBR.

In summary this alternative effort would call for:

1. Completion of the FFTF, criticality in 1979, and operation in 1980.

2. Completion of CRBRP design.

3. Development and test of advanced components.

4. Utilization of CRBRP components and personnel to the maximum extent.

5. Evaluation and development of fuel cycles most resistant to
proliferation.

6. Continuation of technology development of materials, safety, physics,
high temperature analysis and test sodium technology.

7. Conceptual evaluation of a plant in the range of 650-900 MWe to be
completed in 1981.

The present status of component and fuel development and test is as
follows:

Steam Generators

1. CRBRP steam generator test to start early 1980 - to be completed in
1982.

2. The BSW helical unit test to start 1983.

3. The Westinghouse straight double-walled tube unit test to start 1984.
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Pumps

1. Inducer test to start 1979.

2. CRBRP test to start 1980.

3. Large pump test to start 1983.

Reference Fuel

Verification to be completed in 1982.

Advanced Fuel

Selection in 1985.

Facilities

1. Fuel storage at FFTF.

2. 70 MWt steam generator to be completed at LMEC 1978.

3. FMEF design work started.

4. HPFL design work started.

5. TTF at LMEC in operation.

6. Upgrading of TREAT to be completed in next several years.

The efforts described would serve as a focal point for the expanded base
program, but more importantly, it would assure a viable breeder option
which could meet the requirement stated by President Carter: "I believe
that a strong research and development program for the breeder reactor
is essential to maintaining diversity of energy supply options for this
country ...."

To summarize, from the U.S. domestic viewpoint, there appears to be time
to develop a better product and to examine proliferation considerations
more deliberately.

A REVIEW
OF THE U.K. FAST REACTOR PROGRAMME:
MARCH 1978

R.D. SMITH
United Kingdom Atomic Energy Authority,
Risley,
United Kingdom

1. BACKGROUND T O T H E 1978 REVIEW

The main events during 1977 concerning the nuclear power programme were the public inquiry
into the proposal to buiid a new Thermal Oxide Reprocessing Plant (THORP) at VVindscale and the
government decision on the choice of nuclear reactors for the next stage of the thermal reactor pro-
gramme. Both these events, though not directly concerned with fast reactor development have significant
implications for the UK fast reactor programme. Indeed, during the course of the Windscale inquiry it
was made clear that there was to be an inquiry on fast reactors that would consider all the issues con-
sequent upon the introduction of fast reactors as major contributors to the UK power supplies. Fast
reactor matters were therefore not discussed extensively at Windscale - nevertheless some of the con-
clusions concerning the various facets of the use of plutonium for power generation were considered and
the conclusions are of importance to fast reactor development.

The decision to build two further AGR power stations and in addition to develop the option of
adopting the Pressurised Water Reactor (PWR) System in the early 198O's impacts on the fast reactor
programme mainly as a result of competition for resources. The Secretary of State for Energy has stated
that the next decision to be made is that on the fast breeder reactor. In the meantime the development
programme :s continuing at a rate of over £60M per year on the fast breeder development programme
including the operation of the Prototype Fast Reactor (PFR) at Dounreay.

The Nuclear Power Company (NPC) responsible for the design and construction of nuclear reactors
in the UK has continued work on the engineering design of the 1300 MW(E) fast reactor now called the
Commerciai Demonstration Fast Reactor (CDFR). A restrained core design has now been developed to
replace the free-standing design of the type used for the PFR and the engineering design of the plant is
continually being revised and improved.

The Central Electricity Generating Board (CEGB) continue to play an active part in the develop-
ment programme. They have made their own studies of uranium demand and the system penetration
characteristics of the fast reactor under varying assumptions for future system growth. These underline the
need for achieving short plutonium tumround time in the fuel cycle, particularly where fast reactors are
supported solely by plutonium produced in an adjoint thermal reactor programme, if ore demand is to be
minimised. CEGB continue to support the operation of the PFR at Dounreay by secondment of suitably
experienced staff. In addition scientific staff have been seconded to assist in reprocessing activity in the UK
and in sodium boiling experiments at KfK Karlsruhe. Secondment to the SNR-300 project continues.
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The Nuclear Installations Inspectorate (Nil) have continued their independent assessment of fast
reactor safety, devoting much effort to Whole Core Accidents (WCA). The work has included studies of
the explosion yield of postulated accidents and the consequences for the population of extreme examples
of such accidents.

The behaviour in normal operation of a prestressed containment is being investigated and the
Inspectorate has participated in the APRICOT international comparative exercise on the analysis of struc-
tural response to WCA pressure loads.

The USA government policies with regard to the development of the fast reactor have had some
impact on the UK fast reactor programme. In particular the UK is participating in the International
Nuclear Fuel Cycle Evaluation (INFCE) programme, including possible alternative fuel cycles for fast
reactors, and is devoting some effort to this work, even though it is thought unlikely that any practicable
major changes in the fast reactor fuel cycle are likely to result.

2. T H E DOUNREAY FAST REACTOR (DFR)

DFR was closed down as scheduled on 23 March I 977 after seventeen yeais of successful operation
as a development and test facility.

During the last run before closure a series of coolant boiling experiments was carried out in which
specially contained experimental rigs containing fast reactor type ruel pins at various levels of burn-up
were operated with gradually reduced coolant flow with repeated periods of local coolant boiling. One
rig was in tact subjected to 12 runs and a total of nearly 24 hours above boiling temperatures. Detailed
analysis of the results of the experiments is still being made but in general it appears that the following
broad conclusions can be drawn:

(1) Fast reactor fuel is extremely durable.

(2) Boiling behind a blockage develops axially rather than radially and therefore has little effect on
the bulk flow through the sub-assembly.

(3) In cases where pin failure occurs it is innocuous and would be easily detected well within the
time scale required by safety considerations.

(4) In general, theoretical predictions of the outset of boiling are substantiated.

Since the closure of DFR, work has continued on the decontamination of certain items of plant, the
recovery of certain components for examination and the disposal of some NaK.

The reactor will be partially decommissioned, and the outer containment sphere retained, possibly
as an industrial exhibition hall.

3. PROTOTYPE FAST REACTOR (PFR)

The last review was made just after the reactor had reached its full thermal power of 600 MW with
an electrical output of 200 MW. The reactor itself has operated between scheduled refuelling shutdowns
at 97% availability during the past year and for 78% of the time since it was taken critical in 1974.
Electrical output has been limited for a variety of reasons, mainly due to the operation of the steam plant
outside its design conditions, particularly the feed-hearing arrangements which lowered the cycle efficiency.
The station was shut down at the beginning of March 1977 for refuelling and maintenance. During the
shutdown, apart from refuelling itself, a number of experiments was loaded. These included two arrays
of fast-response thermocouples to measure sodium temperature in the region above the core, a carbon
meter, coolant monitoring specimens and some shielding experiments. In addition the lengths of sub-
assemblies were checked to confirm that no unexpected growth had occurred. A leak in Evaporator No. 3,
which had been first suspected during the full power run, was located and the tube plugged. As a pre-

caution a detailed survey of all the welds in the tube plate was carried out. The reactor was restarted in
May on Circuits 1 and 2, and Circuit 3 was recommissioned in July. Subsequently the reactor has
operated very reliably.

Operation at reduced power levels has been required while thermal hydraulics were studied in the
primary circuit using special thermocouple probes loaded during die shutdown. Reduced power operation
in the last quarter of the year was due to minor mechanical problems with some conventional plant items.
A further leak in Evaporator No. 3 was detected, located and plugged in less than two weeks.

Equipment to provide a larger steam dump capacity has been installed. This will increase opera-
tional flexibility and should prevent tripping of the reactor as a consequence of turbine trips during start-
up or shutdown sequences. Operation on all three circuits was resumed during December; then in
January 1978 there was a severe storm which disconnected Dounreay completely from the grid of the
North of Scotland Hydro-electric Board (NSHEB). This is the first time since the stair of construction
that this has occurred. The loss of grid connection tripped both reactor and turbine. The diese! alterna-
tors and guaranteed power supply systems all operated correctly and the decay heat was rejected through
the thermal syphon loops. The station was restarted early in February 1978 and operated at high power
until the planned refuelling and maintenance shutdown in March. The length of this shutdown will
depend on the time taken to re-blade the end rows of the LP turbine. Erosion shields had been removed
in 1973 and wear has been exacerbated by the prolonged operation under non-standard steam conditions.

During this year steam generator performance has been much improved, the only leaks occurring on
Evaporator No. 3 which haH been severely contaminated with sodium during early operations. Measure-
ments of the temperatures in the hot sodium pool and above-core structures, with development work and
rig tests, confirm that sustained full power operation will be possible with the core-loading arranged
during the present shutdown.

Good proeress has been made with commissioning of the irradiated-fuel caves, including the com-
plete sodium filling of the equipment tanks and the filter testing. Many of the moves of irradiated fuel and
components between the in-reactor store and caves have been completed for the next reioad.

4. COMMERCIAL DEMONSTRATION FAST REACTOR (CDFR)

4.1 Core design and parameters

A review of the different designs of heterogeneous cores is being prepared. It is not certain that
a worthwhile improvement in safety will be achieved by the adoption of such a core but the UK designers
are considering in some detail the engineering effects of the various alternatives. The main factors to be
influenced are the overall size of the core and the disposition of absorber rods and nucleonic inst-uments.

As work continues on the restrained core, a definitive design has been produced and analysed. The
conclusion is that this design of restrained core is satisfactory. Design of the diagrid and carriers has
resulted in an alternative scheme featuring hydraulic hold-down for the carriers distinct from the earlier
mechanical hold-down system. Fabrication problems of both diagrid and carriers will be examined to
anticipate manufacturing methods.

Further studies of the implication of adopting a saturated steam cycle have confirmed that there is a
small cost penalty, using present design concepts, by adoption of a saturated steam cycle. This penalty
could be significantly increased if lower cost boilers, for a superheat system, are eventually shown to be
acceptable. It is generally considered that structures for the superheat design will eventually be shown to
be satisfactory. Also it is by no means clear that any other country will adopt a saturated cycle, and it is
highly undesirable that the UK should be out of line with world trends in fast reactor development. It has
therefore been concluded that no further work should be undertaken on a saturated cycle design at
present.
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At a recent review of reactor parameters it was shown that a significant increase in the number of
reactor trips which could be tolerated by the high temperature structures would be obtained by reducing
the core temperature rise, although at some economic penalty. It was concluded that this potential was
sufficiently attractive to justify a short study of the implication on reactor engineering design and system
economics to decide whether a reduction in temperature rise is justifiable. This study is to be completed
shortly.

4.2 Safety features of the design

Work is continuing on design of the insulation of the primary containment vault for both normal
operation and extreme accident conditions in which the primary tank is breached. The proposed design
uses ceramic insulation bricks attached to the inside surface of the containment liner, faced internally with
a flexible skin which minimises heat losses during normal operation. Preliminary experiments with the
ceramic blocks have shown them to be impervious to sodium over a significant period of time.

The hold-down tie bolts of the rotating shield have long been recognised as a limiting feature in the
strength of the primary containment. In an attempt to improve the strength of the hold-down system a
preliminary design of a buttress system between the shield and the reactor roof, in addition to the hold-
down bolts, has been prepared. This appears to be mechanically feasible and dynamic calculations to
assess its effectiveness should be available in about two months. Such a design inhibits insertion of
instruments into the sub-assembly outlet nozzles and may therefore reduce the accuracy of core outlet
temperature measurements.

Continuing progress is being made in design of a damage-tolerant core support structure. Monitor-
ing and inspection have a role to play in ensuring the integrity of this and other important reactor struc-
tures and design effort has now been deployed on this topic. A system is being prepared to allow inspec-
tion of the external surface of the reactor vessel.

An appraisal of various shutdown systems has been made. These include liquid absorber in the
form of lithium-6 and tantalum balls injected into the core from either above or below. It has been con-
cluded that the design based on tantalum balls is probably feasible and meets the requirement for diversity
but is likely to be less reliable and will require considerably more development than the reference design.
It may also be more suitable for use as a tertiary rather :han an alternative shutdown system. These
designs are being evaluated to prepare a strategy for discussion with the relevant saferv bodies.

4.3 Plant design

In an attempt to overcome the problems of controlling the thermal gradient in the top strake of the
primary vessel an alternative design is being investigated in which the vessel is supported by straps from
the roof with the sodium contained in an extension above the straps to within a short distance of the roof
but not attached to it. The straps and vessel extension would be connected to each other by means of a
Y-forging similar to that used for attachment of the core support structure to the vessel. A potential prob-
lem with this proposal is the vaporisation of sodium and its subsequent condensation within the reactor
vault. Means will have to be pro' .dcd for monitoring the sodium deposited and removing it.

Design of the fuel transfer cell is proceeding and making satisfactory progress. The current concept
uses a steel cell carrying a rotating plug in its roof for rotation of the fuel buckets between the reactor and
fuel store ramps, the cell being shielded by concrete. A particular aspect of this design currently receiving
detailed inspection is the valves which close the ports between the cell and the reactor vessel and fuel store.
Leakage rates for these valves have been specified which should enable a relatively simple system to be
used. Designs of alternative NaK loops for cooling the fuel store have been investigated and it is con-
sidered that adoption of three loops, each of about 75% peak capacity, will be adequate to meet the
reliability requirements. The study has begun of the engineering problems associated with the transport

of fuel between the reactor and a remotely sited reprocessing plant and is to include the design of storage
and handling facilities at the reprocessing plant. A preliminary design of dry fuel storage cell has been
prepared.

Work on sodium cooling of fuel during transfer from the reactor to fuel storage pond continues to
uphold the merits of this form of cooling compared with argon. It should allow fuel of higher rating to be
transferred so eliminating the in-reacior fuel store. Problems asodated with thermal gradients and
thermal shock are being evaluated. The initial indications are that this will not lead to any insurmountable
problems but that it may be prudent to lower the reactor refuelling temperature from 3J0°C to 300°C
to limit temperature differences between reactor sodium and cooling sodium. A proposal to study experi-
mentally coolant flow distributions in a simple water model has been prepared. A design of fuel store
cooling system using cooling pipes embodied in the concrete wall of the fuel store is being studied. Initial
indications are that this will be adequate as an ultimate cooling system to control temperatures in the
fuel store to acceptable limits and when used in connection with coolers immersed in the store sodium
wiil provide an overall system of adequate redundancy and diversity.

A design investigation of a multi-flask system for transfer of active reactor components between the
reactor and decontamination facilities using an overhead crane system is showing promise. This design
enables any interaction between the fuel handling and active handling systems to be avoided thus leading
to a reduction in the diameter of the secondary containment building.

The design of a proposed bellows to give the secondary circuits the necessary flexibility to reduce
thermal stresses in the pipes to an acceptable level has been completed. This indicates that a bellows
should be acceptable with respect to thermal and mechanical stresses and development proposals have
now been formulated. Work on examining the effects on the secondary circuit of proposed revisions to
the reactor layout is proceeding.
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5. ENGINEERING DEVELOPMENT

5.1 Large sodium rigs

Commissioning of the High Temperature Sodium Loop (HTSL) and the Sodium Components Test
Rig (SCTR) is in progress. These ngs represent the first phase of a CDFR Rig Construction Programme.

5.1.' High temperature sodium loop

The rig consists of a simple pumped loop with storage and clean-up facilities for 14 tonnes of
sodium. It will operate isothermally at anv temperature within the range 3 50-3 70° C. A sub-loop with an
EM high temperature pump and electric induction heater will also allow the generation of thermal
gradients within the limits 600-400°C at a maximum rate of 2J°C/second.

Other important parameters include a maximum flow rate of 90 litres/second (1200 gal/min) and
maximum pressure head across the test section at full flow of 8-3 bars (120 lb/in:). This is sufficient to
provide a flow of 10% in excess of normal full flow for any of the designs of fuel element sub-assembly
currently being considered. A 20-100% variation in flow can be achieved by alteration of pump speed.
The circuit has been designed to minimise inherent cavitation and gas entrainment in order to facilitate
experiments where these parameters are being studied.

5.1.2 Sodium components test rig

The SCTR was designed to endorse the mechanical design of reactor components ir. medium essen-
tially reproducing conditions which are known to affect wear rates, mechanical stability and sodium
vapour behaviour. It was not the intention to reproduce the dynamic conditions caused by flowing



sodium at high velocity since these effects can be more conveniently studied in water rigs. The rig para-
meters are: sodium capacity ~ 28 tonnes; sodium temperature variable up to a maximum of 65O°C;
sodium impurity level controlled by cold trapping to minimum impurity levels corresponding to a satura-
tion temperature of 120°C.

Seven test sections, basically vertical cylinders of various sizes, will be provided and the arrange-
ment of the clean-up system will allow the temperature and impurity condition in each to be monitored
and controlled independently. Safety features will be provided to allow test pieces to be removed and
replaced without disturbing conditions in other test vessels. The test vessels are made up of four vessels
approximately 0-6 m diameter and 3-8 m length for constituent component tests, which are already
installed, and three long vessels which will be tailored to the development requirements of the CDFR
Primary Control and Shutoff Rod, Secondary Shutdown System and Fuelling Machine respectively and
will be provided later. Until the reactor reference design is finally decided the larger vessels have been
assigned notional dimensions, the longest being 23 m long and 1-07 m wide.

S.l.J Rig buildings

The rigs are housed in a new building comprising an experimental hall, workshop area and an office/
control room complex. Its roof is at three levels being 36 m over the SCTR long test vessels, 24 m over
the HTSL area and 1(M m over the Test Section Assembly area. The workshop flopr area is approxi-
mately 640 mJ.

HTSL has been run as a water loop to establish the cavitation characteristics of the mechanical
pump, and has now been emptied and dried. The rig has been trace heated, lagged and is in the final
stages of inspection prior to handover. The first ten-tonne load of sodium has been treated to remove
calcium before transfer to the dump tank. Sodium commissioning is planned to start in March 1978 and
the first experiments will be to establish the pump cavitation characteristics in sodium.

SCTR is undergoing dry commissioning checks and handover is imminent. The second delivery of
sodium will be charged (after treatment) into this rig during April 1978 ready for sodium commissioning.

5.1 Coolant circuit hydraulics and vibration

5.2.1 Hydraulic models of circuits

The overall objective of this work is to advise CDFR designers on hydraulics and vibration problems
encountered during the design of the sodium coolant circuits. Hydraulics models of components are
built and operated as required.

Work has continued on a 1/lJ-scale Perspex model of the hot outlet header pool which was modi-
fied to approximate to the reacto' design current in early 1977. Measurements have been made of the wall
static pressure variations to give an indication of the driving pressure gradients which could control leakage
flowrates behind thermal insuktion. Free surface disturbance which could lead to gas entrainment
depends on deflector baffle height, the surface becoming more quiescent at the higher baffle level examined. A
specification has been prepared to modify the model in line with latest designs.

Experiments have continued to investigate the fluctuating forces exerted on pipes which are unob-
structed or incorporate orifice piates or abrupt contractions. For clear pipes the lateral forces are small and
have no characteristic peak in their frequency spectrum. For pipes containing orifices much larger lateral
forces result (typically 4 kN peak/peak for a 0-J m diameter pipe at 5 m/second flow velocity) having a
well developed frequency peak corresponding to a Strouhal number of 0-01 based on vena cqntracta
velocity. For an abrupt contraction the forces are much reduced compared with the orifice case, but show
the same characteristic Strouhal number of 0-01.

The oscillating fluid forces acting on a small scale model of a bellows unit for joining the pump to
the HP pipework have been measured in a water loop. Spectral analysis of the force components indicate
a low frequenc" broad band random excitation with an amplitude of the order of a few pounds peak to
peak at re.icior «cale.

It has been proposed that endorsement of the flow induced vibration behaviour of the CDFR'above-
core structure should be carried out on a small scale water model (1/5- to 1/3-scale). The structure
is essentially a matrix of tubes in mixed parallel and cross flow conditions. Between a water model and
the reactor the Reynolds numbers vary considerably and to show the validity of the proposed water
model it must be demonstrated that this change will not significantly affect the flow forces. Therefore
two models have been specified and designed in which representative short sections of tube can be examined
under the correct flow conditions over the appropriate Reynolds number range for variations in flow
induced force, amplitude and frequency. One of these 'basic' models, at 1/3-scale, has been constructed
and a full scale model is at present being assembled.

5.2.2 Above-core structure

Streams of sodium, discharging from adjacent sub-assemblies at different temperatures give rise to a
phenomenon called thermal striping. If these streams are unsteady, this will lead to fluctuating tempera-
tures in the above-core region and will result in some form of thermal cycling of any structures in the flow-
path.

Out-of-pile work on air and water models has been carried out to gain an understanding of the
nature of these temperature fluctuations. A limited number of temperature readings has been obtained
from PFR instrumentation, to produce typical time/temperature traces which are being analysed.

5.23 Primary tank acoustic vibration

A simple 0-12 scale model of a CDFR tank and primary circuit has been built for preliminary
measurements of acoustic vibration. When excited by a 1 watt acoustic source simulating reactor pumps,
vibration stresses of 13 MPa (1900 lb/in2) r.m.s. were measured on high pressure ducts and somewhat
lower stresses on other principal components. These are unlikely to cause damage but some stress enhancement
is possible in CDFR due to coupling effects which are separately studied in small scale laboratory rigs.
In duct tests, coupling and consequent stresses are found to be directly proportional to the degree of geo-
metrical distortion in the duct, for example its ovality. Theoretical analysis has been developed to explain
the coupling and predict its magnitude with some success.

5.3 Instrumentation

5.3.1 Under-sodium viewing

Work is in hand on the development of ultrasonic instruments to provide an under-sodium viewing
capability for fast reactors.

The characteristics of a sodium immersible transducer are being determined. The transducer is a
5 MHz lead zirconium titanate disc bonded to its containment with lead. The performance of a transducer
depends critically on effective werring and gas bubble removal from its surface after immersion. Whilst
the initial wetting of nickel-faced transducers appears to be slow, it has been shown that when a down-
ward facing transducer is re-immersed in sodium there are no problems provided the sodium is maintained
in a clean condition. Acceptable levels of cleanliness need to be determined. A new glove-box sodium
facility has been commissioned and is being used to investigate the initial wetting of transducers. Mean-
while the transducer in the horizontal scanning facility continues to be used for under-sodium imaging
experiments. These have included the use of digital storage equipment to enable data to be processed
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retrospectively by computer. In this way images of a spherical target have been obtained. The transducer
itself has been used for over 10 months at temperatures up to and above 300°C.

5.3.2 Sub-assembly instrumentation

Work continues on the development of a 1 mm diameter double-walled co-axial thermocouple, in
which the Chromel and Alumel conductors arc butt-welded together, sheathed, swaged down and then
bent into a hairpin form with the junction at the tip of the hairpin. This type of construction gives a
relatively robust thermocouple with a response time of ~ 50 ms.

A 60 sample batch of these thermocouples has survived over 5 x 10* 400-600-400"C fast tempera-
ture cycles without any failures; a similar batch has survived 1 JO hours in flowing sodium at 600°C with-
out any failures.

Prototypes of a complete sub-assembly instrumentation thermocouple cluster have also been pro-
duced. The hot junctions of 6 co-axial thermocouples are enclosed in a 30 mm x 8 mm diameter shroud
tube and then the 12 cable legs boxed up helically around a 3 mm core cable to produce a robust, flexible
multi-strand assembly 5 mm wide and up to 23 m long. Thermal response tests on the full assembly and
guide tube insertion tests, in sodium, are planned as the next stage in this development.

A test section for performance measurements on prototype sub-assembly Instrument Packages has
been constructed and is presently being fined to the Mechanical Pump Test Rig. It simulates in sodium
the outlet conditions of a cluster of transients (30°C in < 100 ms) and flow transients (3 m/second2) for
periods up to 3 seconds), either separately or together to simulate SPERT precursor conditions. The
performance of the Instrument Package can be measured under normal conditions and also when it is dis-
placed vertically or horizontally from its normal position.

5.5 Steam generators

A programme of steam generator development work has continued during the past year at AEE
Winfrith. The analysis of the results from the 0-5 m radius bend U-tube in the High Pressure Rig were
completed. This work showed that low quality bend dryout could be satisfactorily predicted by a theo-
retically based model. Subsequently, tests have been carried out on a 10 mm radius U-tube in the same
rig to investigate the effect of varying bend radius. Analysis of the results is proceeding. Detailed analysis
is also being undertaken of the data obtained from these test sections for post dryout heat transfer and
temperature fluctuations at dryout. The former is important as it has a strong influence on the degree of
inequality required in the legs of the U-tube to avoid boiling in the bend and the latter is important as it
couid lead to evaporator tube fatigue failure. The location of dryout in the riser also has a strong influence
on the inequality in the U-tube legs and a new dryout correlation has been produced specifically for CDFR
conditions. As bend dryout is so important a glass test section has been produced for the low pressure
Freon demonstration rig which is allowing visual examination of the two phase flow patterns in the bend
of a U-tube.

A series of tests is being carried out on the Freon rig to compare electrical and fluid heating of an
evaporator tube in the context of the onset of dryout, post dryout heat transfer and temperature fluctua-
tions at dryout. The first set of tests with an axially uniform heat flux profile generated by electrical heat-
ing has been completed and the second test section, which is heated by counter current hot water, is
currently being commissioned.

5.6 Sodium/water reactions

The first phase of the programme on the gas/water modelling rig has been completed successfully
and written up but the second phase has been delayed by failure of the main Perspex pressure vessel.
Experimental work will restart shortly.
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3.4 Components

5.4.1 HALIP Pumps

Work is proceeding on the development of the Helical Annular Linear Induction EM Pump
(HALIP). This type of pump comprises a 3- or 6- Stan helical coil of mineral insulated cable wound on a
ferritic former having salient poles, and inserted into a fcrritic tube which forms a sodium annulus with
longitudinal baffles to encourage axial flow of the sodium. This type of pump can be used fully immersed
in the primary sodium circuit at temperatures up to 600°C, and has the advantage that the windings can
be withdrawn and replaced without disturbing the pump duct and connecting pipework.

Initial in-sodium testing on 32 mm diameter core pumps has demonstrated dearly that the more
easily wound six-start form is much more efficient than the equivalent three-start (star-connected) form of
3-phase windings, at the expense of twice the number of cable tails. A six-start 51 mm diameter model
showed the expected increase in efficiency over the smaller form. Increasing the sodium annulus width of
this size from 1 -2 to 1-7 mm demonstrated that the loss in electrical efficiency was more than offset by the
decrease in hydraulic losses. With this wider gap, and with an excitation of 200 A at 250 Hz, the best
efficiency was 4% at 0-9 litres/second at 3 3 KPa. Higher efficiencies at lower frequencies are expected
with the larger pumps; sizes up to 300 mm core diameter are proposed.

A cavitarion test has also been performed on the 51 mm diameter HALIP pump where the rig
cover-gas pressure was reduced below atmospheric, thus reducing the sodium pressure at the pump inlet.
At a given flowrate. the pump cavitated only at a pressure below which the flow duct geometry would
give rise to cavitarion without the pump energised. In other words, the electromagnetic nature of the
pump does not cause cavitation, only the hydraulic dun which forms the pump annulus.

6. MATERIALS DEVELOPMENT

6.1 Introduction

The main objective of the materials development programme is to provide the designers and opera-
tors of CDFR with sufficient data to permit their plant to function with high reliability and availability
over a thirty year life. The behaviour of materials in the longer term in fast reactor environments therefore
forms an important part of the programme.

Most of the work is on Type 316 austenitic steel for the primary circuit and 9Cr I Mo ferritic steel
for the boiler tubes. It is comforting that, based on accumulating experience from short term tests, good
quality sodium does not in general appear to have a deleterious effect on structural steels, but it is impor-
tant :o confirm this over an extended time. Increasing attention is being given to the properties of 316
weld metal, whose fracture toughness and low temperature ductility are markedly inferior to those of the
wrought material. Adequate inspection of austenitic weld metal is a major objective but its achievement
presents serious technical difficulties. Corrosion studies in a sodium environment have continued and the
Large Mass Transfer Loop at Rislcy Nuclear Laboratories has now completed about 18 months successful
operation. Waterside studies have concentrated on ferritic steel, including its susceptibility to stress
corrosion cracking both in caustic environments and in pure water. In the field of absorber materials, the
irradiation programme in DFR has been completed and the various rigs are now being subjected to a
detailed examination. Tribological testing has continued on a range of counterface materials, with increas-
ing attention being paid to the properties of aluminised nickel alloys.



6.2 Compatibility of materials with sodium

Analysis of the corrosion data from samples in the Large iMass Transfer Loop, which simulates the
PFR primary circuit, reveals that the apparent activation energy for the corrosion process changes with
time. During the first six months of operation, a plot of the corrosion losses as a function of metal
temperature for the various specimens in the 3 m test length indicated that the activation energy was of
the order of 75 kj. Two subsequent plots performed after 2 and 4 months (making total periods of
exposure of 8 and 12 months) have now shown the activation energy to be 150 kj. This means that,
although corrosion rates at the maximum temperature (63O°C) at oxygen levels in the range 5-9 ppm are
in line with previous UKAEA forecasts, the corrosion rates of the lower temperature upstream specimens
are much lower than would have been predicted from small loop data. The composition of the particles
deposited in the Intermediate Heat Exchanger (IHX) section is also chaneine with time, the initial manga-
nese-nickel deposit changing to an iron-rich material (see 7.1.1).

In the light of recent work to establish the corrosion behaviour of a range of ferritic steels in sodium
systems it is probable that the design equation for these materials may have to be modified to accommo-
date the effects of sodium velocity and oxygen level. Major differences in this equation compared with the
corresponding one for stainless steels are diat the oxygen dependency is to the power 2 and the velocity or
Reynolds number dependency is to the power 0-7 over the Reynolds number range 104 to I -5 x 105.

Studies of the sodium compatibility of braze alloys are nearly complete. Tests at 350° and 500°C
have shown that Nicrobraz 135 is compatible with environments containing mixtures of Na/NaOH/
NajO/NaH for periods extending to 5000 hours. Similar tests with the braze in shear for up 'o 2500
hours in sodium-caustic mixtures have also shown evidence of good compatibility between the bn>?» and
the environment.

Corrosion conditions relevant to boiler leak site growth have been further investigated using the
AERE spinning disc equipment. Corrosion of 9Cr IMo steel discs rotating at 2 rpm in Na saturated with
NajO, NaOH or NaH and in NaOH saturated with Na,0, Na or NaH at 35O-65O°C has been shown not
to be associated with transgranular or intergranular attack. Corrosion rates of welded 2|Cr IMo Nb
tubing were the same as those of 9Cr IMo discs in both Na and NaOH melts at 477° and 550°C. There
was no preferential attack of weld metal or of the heat affected zone and no evidence of transgranular or
intcrgranular attack. Pitting occurred extensively on a 9Cr IMo disc and slightly for the welded 2^Cr IMo
tube at 477° in the NaOH phase and slightly in one of three 9Cr IMo specimens at 550°C in the sodium
phase. The appearance of the materials after exposure to the melts was bright metallic with some staining.

At CEGB Berkeley Nuclear Laboratories emphasis is being given to effects of sodium chemistry on
the level of minor alloying constituents (e.g. carbon, boron) in 316 steel. The influence of compositional
variations with respect to these and other elements on the long term ageing mechanisms in 316 steel has
been examined; marked differences are observed in the rate of sigmatisation and in the morphologies of
sigma-phase and carbide precipitates. The micro-structure of 9Cr IMo steel similarly was strongly
influenced by the chemistry of the sodium environment and compositional variations; mild carburization
or mtriding stabilised the steel micro-structure resulting in retention of creep strength. The selection of
pre-heat treatment and compositional specification has been assessed with a view to further optimisation
of these benefits.

Small scale pumped sodium loops simulating the primary and secondary (9Cr lMo/316) circuits
of PFR have operated for 2-0 x IO4 hours and 1 -2 x 10* hours respectively. Preliminary indications are
that in the primary circuit some decarburisation will occur only in the high heat flux regions (fuel clad),
whilst in the secondary circuit carbon transport should be unimportant.

Also at Berkeley the role of sodium oxygen potential in mass transport processes involving the
ferritic steels 2 -̂Cr, 9 Cr IMo, 12Cr IMo, IMo V, has been examined; formation of sodium chromite

influenced both the corrosion mechanism and carbon transport behaviour; the importance of this work
with respect to steel pre-treatment and tribology was highlighted.

CEGB's Central Electrical Research Laboratories (CERL) at Leatherhead have done mechanistic
studies of sodium corrosion and examined the behaviour of pure metals and binary alloys exposed to
sodium in facilities at Risley, as a means of understanding the more complex corrosion behaviour of steels
in sodium. For iron/chromium alloys the corrosion rate under fixed conditions (65O°C; oxygen 25 ppm)
increases with chromium concentration up to approximately 10% chromium, after which it fails very
rapidly by an order of magnitude and subsequently remains low. The sharp decrease in corrosion rate is
associated with the appearance of a film of sodium chromite that is adherent even in high velocity sodium.
At high chromium concentrations both processes contribute and irregular surface loss is observed because
of the different rates of the two.

6.3 Waterside corrosion

6.J.I Stress corrosion of boiler steels

In good quality water (Conductivity < 2|iSj3cm"' and having oxygen < 0-05 ppm) U-ber.d specimens
made from stabilised and unstabilised material joined by a hard weld have now survived about 18 months
exposure at 35O°C without cracking. Nevertheless, it is now evident that test conditions can combine
unfavourably with some metallurgical feature to cause intergranular cracking in this type of environment
in a matter of weeks.

In a 30% solution of caustic soda refluxing at 120°C. U-bends containing a weld have been found
to fail intergranularly in times ranging from 4 days for hard specimens (400-420 VPN) to about 17 days
for softened material free of any temper embrirtlement; soft material heat treated so as to encourage
temper embrittlement is intermediate in behaviour. At 200°C in pressurised 10% caustic, cracking of U-
bends occurs much more rapidly and the spectrum of behaviour associated with heat treatment variables
is narrower (from within the 7 hour cycle required for these tests to about 4 days). At 500°C hard welds
have survived for about 7 days without cracking in 0-01 and 0-1% caustic soda and 21 days in a 1%
solution (these being the maximum test durations). Tests in 10% solution at 300°C performed at CERL
on behalf of the UKAEA in pressurised facilities in which the specimens were held at a non-cracking
potential during heating to and cooling from the test temperature indicate that hard welds require some
10 days at test temperature for cracking to occur.

Work is now in progress on the stress corrosion behaviour of 9Cr IMo steel. The principal objec-
tive will be to determine the significance of microstructural features in relation to crack susceptibility in
caustic environments. An initial series of tests has been performed in 10% caustic soda at 200°C using U-
bend specimens quenched from 1050°C, and also specimens subsequently aged for 1, 5, 10 or 30 minutes
at 700°C. These ageing times give conditions from fairly hard and heavily sensitised, to soft and fully
recovered. The as-quenched specimen (420 VPN) failed within 4 days, and the remaining specimens
within 12 days. However, a further specimen tested in the normalised and tempered condition was
uncracked after 12 days, despite the severity of this test as judged from experience with 2-J-Cr IMo steel.
Evidently therefore, some difference in behaviour is possible between soft, unsensitised materials and the
N and T sample and the structural characteristics of the specimens arc being examined in more detail to
identify possible reasons for the different behaviour.

Fracture mechanics specimens of 9Cr IMo, Alloy 800 and Type 316 stainless steel have been
exposed to water containing 1 % NaCl and 7 ppm O2. The stress intensity during the test was 11 MN/mi.
After 11 days, no crack extension could be discerned on the 9Cr 1 Mo specimens. However, both the
Alloy 800 and 316 specimens showed considerable cracking. This work provides a clear example of the
greater resistance of the ferritic steel to transgranular cracking conditions; the lack of any distinction
between the behaviour of Alloy 800 and Type 316 stainless steel in this particular environment is also
notable.
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6.3.2 Corrosion behaviour in the absence of beat flux

At AERE. corrosion studies have continued using capsules to study the effect of a variety of adverse
environments and tests have been carried out on the effect of sulphate ions in neutral, acid and alkaline
environments. It appears that in well oxygenated conditions, the presence of sulphate may be less damag-
ing than chloride. In similar tests to assess the chances of caustic attack on 9Cr boiler tubing during decon-
tamination situations, the effect of solution contaminants on alloy performance is being covered. It has
been found that while low levels of PO 4

a and SiO 3
s enhance passivation in dilute caustic solutions,

SiOj™ has a detrimental effect in more concentrated solutions.

6.3.3 Corrosion behaviour in the presence of heat flux

Post corrosion examination of 9Cr IMo tube exposed for 3000 hours to PFR type evaporator con-
ditions in the Harwell Mild Steel Loop has been completed. Platelets of a — Fe,O3 have been observed in
the heat flux zone. These probably result from the high average oxygen level in the loop water during
this test (~ 30 ppb). The oxide layer is 40% thicker in this zone than in isothermal zones. However, the
metal loss in the heat flux zone appears to be slightly less than that in other regions. Approximately 70%
of the hydrogen produced by waterside corrosion diffused to the sodium side. A 9Cr IMo tube containing
60 spark eroded defects has been tested for 5000 hours at high heat flux in the Harwell Mild Steel Loop
under alkaline fault conditions with 10 ppm NaOH in the loop water. Defect behaviour was found to
depend on location and depth/diameter ratio.

The effect of iron impurities from the feed train on salt deposition behaviour in evaporators has
been investigated in the Miniature Boiling Water Loop at AERE by injecting "Fe as Fe(OH)2 equivalent
to a concentration of about 1 ppm in the test section. Experiments in which " N a d , "NaOH or Na"Cl
were dosed into the test section after the iron had been deposited showed little general change in profile
from those observed before the "Fe injection.

6.4 Mechanical properties

6.4.1 Sodium tests

Some progress has been made at RNL on studies of the behaviour of austenitic steel in a dynamic
sodium environment. Tensile specimens of Type 316 stainless steel at 62 5°C and 9Cr IMo steel at 525°C
have now been pre-exposed to sodium for three months; first withdrawal of specimens will be made after
six month's exposure. A sodium loop linked to a servo-hydraulic fatigue machine has operated well and
five tests have been completed satisfactorily on Type 316 stainless steel at 625°C. Four continuous cycling
fatigue tests have been completed; these results show that high purity sodium improves the endurance at
strain range levels below 1 %. A test has also been completed at 0-9% strain range in which a 30 minute
hold time was introduced into each cycle; sodium was found to increase the endurance slightly relative to
air. Meanwhile, construction of the new sodium/mechanical properties laboratory at Risley continues and
commissioning of the rigs is expected to begin during the Summer of 1978.

In a complementary programme the CEGB is studying the effect of liquid sodium on the creep and
rupture characteristics of Alloy 800 using capsule specimens. This work is experimentally close to comple-
tion. The work has shown distinct effects of liquid sodium on the creep properties of Alloy 800 with the
liquid sodium reducing the rupture duration by influencing the cracking behaviour. A similar programme
on 9Cr IMo has begun. Preliminary results suggest that 9Cr IMo will not be susceptible to the same
mode of cracking in the sodium environment as Alloy 800 and that any effect of sodium will be small.
Creep tests in static sodium to date have shown no tertiary creep embrittlement of Type 316 steel and that
9Cr IMo steel is relatively insensitive to changes in sodium carbon activity. High temperature fatigue
studies in contaminated sodiums show that crack growth rates are similar to those measured at high

temperature in air. Modelling studies, both experimental and theoretical, show impurities are unable to
diffuse down static or infrequently cycled cracks.

6.4.2 Air tests

Creep and rupture tests in air are continuing on Tvpe 316 stainless steel and its weld metal at 625".
575 and SSO°C and on 9Cr IMo steel at 52J and 475°C. The main concern at present is the variable
ductility of Type 316 stainless steel which can range from 4% to 100%. The creep rupture behaviour of
the Harwell batch of Type 316 steel has been examined at temperatures from 525 to 900°C Creep
behaviour has been interpreted as dislocation creep dependent on the dislocation and transgranular carbide
densities. The transgranular carbide density is controlled by the plastic strain while carbide is still in
solution. At low temperatures a strain ageing process leads to greatly reduced creep rates. Rupture
ductility variations of a very wide ranee were observed and correlated with precipitate morphologies,
natures and distributions. The distribution of gram boundary panicles, in particular the ratio of spacing to
size, was found to be more important than the nature of the phases present, e.g. carbide or intermetallic.

CEGB have examined a number of creep rupture specimens from a UKAEA :est programme on
weldments of 316 steel. Very large variations in rupture strengths and ductilities at temperatures between
575°C and 625°C were related to regional variations in pre-5-ferrite volume fraction and morphology.
This was a consequence of the similarity between the weld bead size and the test specimen diameter (5 mm).
Larger specimens (12 mm diameter) are to be tested in an attempt to reduce the scatter in stress rupture
values.

Short-term creep, tensile and impact tests are being carried out on Type 316 weld metals with
various 6-ferrite contents and differences in trace element content. In addition the influence of phase
transformations, during stress relaxation and creep, on these properties is being obtained. Similar tests
have been completed on heat affected zone structures of low alloy ferritics, 9Cr IMo, 12CrMo. and Type
316 steels. The toughness of Tvpe 316 weld metal determined at 20-5OO°C has been found by RNL to be
significantly inferior to that of wrought material and little affected by stress relief at temperatures of up to
85O°C

CEGB examinations of the creep/rupture behaviours of 9Cr IMo steel in various metallurgical
states have confirmed that the creep ductility remains tolerant to fabrication and service factors which in
other materials would give rise to embrittlement. Work is continuing on the influence of lower tempering
temperatures for 9Cr IMo, and on two variants, 9Cr 2Mo and 9CrMoV,Nb (EM 12), with an emphasis on
improved creep strengths.

At AERE a study has been made of the effect of tempering on the microstructure and mechanical
properties of ?Cr IMo steel. In particular the effect of microstructure on the creep, tensile and impact
properties is under investigation. In common with other workers,' AERE staff have not observed any
intergranular cavitation or wedge type cracking in this material and the rupture samples exhibited exten-
sive grain deformation. Stress relaxation tests on the first pedigree cast of 9Cr IMo steel confirm that it
relaxes readily at temperatures of 500°C and above. Thus at 500°C the stress relaxed from an initial value
of 235N/mm2 to 45N/mm2 in 2500 hours.

Creep/fatigue tests on Type 316 stainless steel and its weld metal at 625°C and on 9Cr IMo steel
at 525°C have shown that the effect of hold time on endurance is small for hold times of up to two hours.
A trial test is being performed with a 50 hour hold time, and if this proves successful, further tests with
long hold times will be performed in an attempt to reduce the uncertainties in extrapolation to service
hold times of for example. 500-1000 hours. It is becoming increasingly evident that the creep/fatigue
behaviour is very structure sensitive and consideration is being given to ageing prior to testing to simulate
the microstructure which may be relevant to components after long term operation. CEGB studies involv-
ing the determination of mechanical properties of service exposed 316 steel components has shown ageing
can produce early crack initiation in creep fatigue and tensile tests.
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Two aspects of fatigue crack growth have been studied recently. Load controlled fatigue crack
growth tests have been performed on compound tension specimens (CTS) of Type 316 steel at 625°C.
Temperature has been found to have only a small effect on the growth rate, and the introduction of a hold
time of up to three hours in each cycle increased the growth rate by less than a factor of three. The princi-
pal effect of creep/fatieue cycling is to cause earlier fracture of the specimen resulting from a deterioration
in the toughness of the material. In addition, fatigue crack propagation tests are being made on Type 316
weldments at SS0°C and 38O°C; the rates are similar to those observed on wrought material. Tests are
also being performed at 55O°C on large constrained butt welded specimens; results to date have shown
that growth rates in such structures can be conservatively predicted from small specimen tests.

High strain fatigue tests carried out on Type 316 steel at 62 J°C produced creep crack growth rates
which were lower in vacuo than in air. The introduction of dwell times at constant strain increased the
crack growth rates, whilst pre-ageing the material at 700°C produced a slight decrease in crack growth
rate. Tests to determine a threshold stress intensity AK0 for crack propagation at 62J°C have shown that
air lowers AK, provided there is a compressive cycle to break up the oxide in the crack. A tension only
cycle permits oxide blocking which raises the threshold value. For this reason testing in vaaio will be
adopted as a matter of course so that data may be applied to CDFR crack growth assessments.

Tests have begun in thermal shock in the range 625-3OO°C. A preliminary calculation shows that
the peak thermal strain occurs after 0-55 seconds during a water quench and tests have been done on free
and constrained specimens.

In creep/fatigue tests on 9Cr lMo a remarkable result is that dwells of + hour have no accelerating
effect on crack growth rates in contrast with other steels at >50°C. This can be traced to the absence of
cavitation during creep of 9Cr lMo. An experiment to determine the effect of a carburized/uncarburized
transition layer on crack growth is now in progress.

A CEGB study of creep crack growth in Alloy 800 has been completed. This showed a marked
effect of aee hardening on cracking susceptibility and demonstrated that the form and distribution of y'
precipitates was important in determining properties. It is intended to extend this work to a tube bursting
programme.

6.5 Absorber materials

The irradiation programme in DFR in which samples of boron carbide, tantalum and europia
(both monodinic and stabilised) were irradiated has been completed. Two rigs containing enriched
(90% 10B) samples of boron carbide have yet to be examined in detail, """he first of these rigs (47573)
extends earlier data to higher burn-up (5% total boron) and has shown a.i increase in clad strain due to
pellet clad interaction of about the expected magnitude. The second rig (479/4) contained pellets with
varying initial pellet clad gaps to study the effect of the gap on pellet swelling rates. Measurements of the
clad dimensions show that no interaction has occurred after one reactor cycle. Both rigs are being trans-
ferred to Culcheth for examination. A second rig containing monoclinic and cubic europia at tempera-
tures of 65O"C also completed irradiation and is to be examined at Windscale. Measurements of thermal
diffusivity on monodinic and cubic europia from an earlier rig showed no significant changes. This is an
important result since the two europias are initially poor thermal conductors, whereas boron carbide,
initially a good conductor, is rapidly changed to a poor conductor.

An apparatus has been developed to study the release of tritium from irradiated boron carbide and
the initial programme to test the compatibility of this absorber material with potential fuel cladding alloys
and sodium has been completed. The first boron carbide rod scheduled for detailed post irradiation
inspection has been unloaded from PFR and is now stored in the caves-

6.6 Tribology

Rubbing tests in crossed cylinders geometry over the temperature range 400-600°C have shown
poor weir behaviour in sodium of ferritic steels generally, with sleeve spedfic wear rates of the order of
^ " ' / N ' and specific wear rates for 9Cr IMo at least as high as with other ferritic steels.'
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A wide range of materials has been examined as pins in crossed cylinder geometry as possible grid-
plate counterface materials. Although significant improvement was found at 400°C in the 9Cr lMo
sleeve wear rates, pickup from the sleeve occurs at SO0°C and above, resulting in sleeve wear rates com-
parable to those found with 9Cr lMo/9Cr IMo pairs.

Very similar behaviour has been found in fretting tests in sodium over this range of temperature in
the pure rubbing, impact-slide and oblique impact modes. The specimen geometry has been non-
conforming, with a hemisphere of 9Cr IMo fretting against a flat counterface with pickup of 9Cr IMo at
the higher temperatures. Specific wear rates, of the order of 10"umVNm, have been found to be essen-
tially independent of mode under the conditions used. This is contrary to earlier work elsewhere in other
environments but in line with previous results at the National Centre of Tribology (NCT) in sodium with
stainless steel pairs and at room temperature in air with mild steel couples.

A conspicuous exception to this tendency to pickup at the higher temperatures both in rubbing and
in fretting has been found with aluminised counterfaces. such as aluminised Inconel 718. Particularly at
the higher temperatures, where the tendency to pickup is otherwise greatest, wear scars have been
smoother, friction coefficients lower and 9Cr IMo wear rates reduced by up to about three orders of
magnitude. It is believed that this improvement is probably due to the formation of sodium aluminate by
reaction of the aluminium of the outer layer of aluminide with the oxygen containing sodium, parallel
tests in helium not showing any such marked triboloeical benefit.

6.7 Fabrication and inspection

Significant reductions (i.e. to 7$ N/mm2) in residual surface stress have now been measured on
fully restrained welds after exposure at 75O°C for one hour. Unfortunately measurement of the stress
distribution through the joint thickness is very difficult. Since a clear indication of the effect of internal
stress on tolerable defect size is lacking, there appears to be little incentive for further work on the effect
of heat treatment on surface stress relaxation, at least until experimental techniques are established for
defining through thickness stress distribution and analytical techniques are available for using such data.

As an alternative to fusion welding, explosive welding of 2|Cr IMo and 9Cr IMo tubing to 2-J-Cr
IMo tube plates has been studied. Parameters have been established for welding tubes to the upper
region of the tube plate to give weld lengths of 12-14 mm. Thermal shock and pressure cycling tests are
currently being programmed.

As pan of the CEGB programme of work connected with fast reactor design the probable incidence
of weld repairs has been used to predict the optimum heat exchanger size and feasibility studies have been
carried out on weld procedures as a back-up to the brazing of thermal sleeves.

Some preliminary studies have been made of grain orientation in thick section austenitic welds and,
in particular, those made using Narrow Gap techniques to provide information on likely response to ulr j -
sonic examination.

Creep and thermal cyding experiments on thick section transition joints with Type 316 weld metal
are continuing. These include the testing to about 20,000 hours of a sound joint and the thermal cycling
of a similar joint containing cracks which has been removed from service. A survey has been carried out
of CEGB experience with small diameter transition joints in conventional plant; this complements a
similar survey carried out by the CEGB Midlands Region SSD on thick section transition joints in main
steam and reheat lines in conventional plant.



The main inspection problem connected with the CDFR primary circuit is the one of inspecting
welds in austenitic stainless steel. Encouraging results have been obtained from sensitivity tests on double
refraction angle longitudinal wave probes applied to single-V butt welds in 50 mm thick Type 316 stain-
less steel piate while it has been found that high frequency shear waves can penetrate an electron beam
weld in similar material. The latter work implies that conventional high resolution ultrasonic techniques
can be applied to electron beam welds in stainless steel but further work is required to demonstrate the
reliability of defect detection.

A programme has begun on the potential of the ultrasonic diffraction inspection technique. Bun
welds made to recommended fabrication procedures are being examined by conventional radiography and
ultrasonics before inspection by ultrasonic diffraction techniques. A Digital Processing Oscilloscope has
been obtained and scanning frames are being interfaced to it to facilitate data acquisition, and the potential
value of various computerised displays will be assessed for the presentation of low signal-noise ratio ultra-
sonic signals.

A prototype ultrasonic probe for measuring the wall thickness of straight sections of ferritic boiler
tube has recently been tested. The present device performs a linear scan along the tube but it is being
further developed so as to provide circumferential coverage. A very satisfactory feature of the trials was
that sodium contamination on the outside of the tubes did not interfere with the wall thickness measure-

7. CHEMICAL ENGINEERING/SODIUM TECHNOLOGY

7.1 Circuit mass and activity transfer

7.1.1 Mass transfer

The Larse Mass Transfer Loop at Risley has now completed over 10,000 hours' operation at a
maximum metal temperature of 63O°C, a AT of 200°C, oxygen levels in the range 5-10 ppm and sodium
velocities/Reynolds numbers consistent with PFR design at the core and IHX regions. Successive runs
have confirmed that a cross over between corrosion (weight loss) and deposition (weight gain) occurs
towards the low temperature end of the heated zone which simulates the PFR core. The IHX tube has
shown weight gains throughout this period, with no apparent dependence upon temperature. The
deposits in this rube and at the lower end of the heated zone consist of finely-divided material having a
particle size 1 -2 microns. It is not clear whether these panicles have grown in-situ or have been trans-
ported from corrosion regions. Particles retrieved from the lower end of the IHX tube after 6 months
were nch in manganese and nickel, but after 12 months were predominantly iron. Similar iron-rich
material has been found at the upper (high temperature) end of the IHX tube throughout: these iron-rich
panicles contain 5% chromium, 25% nickel and about 2% manganese. Similar polyhedra type particles.
in terms of size and composition, are now being observed in the lower temperature parts ot the BCD
(burst cartridge detection) test section. Experimental studies are continuing.

Topographical changes caused by removal of material from the heated zone and the presence of
particles to a depth of 2 microns in the IHX tube have not affected the operating characteristics of the
Mass Transfer Loop. Tests in other Risley loops have shown that typical paniculate deposits can be
partially removed from surfaces into sodium at Reynolds numbers > 4-6 x 10* but removal is incomplete
even at Reynolds number 1-25 x 103.

At CEGB Berkeley Nuclear Laboratories, sodium enhancement of stainless steel nitriding has been
confirmed, and basic kinetic studies have shown that this effect is more pronounced in the vapour phase
than in the liquid sodium environment. Temperature cycling also, was shown to cause transient
increases in nitriding rates, thus highlighting potential deleterious effects at moving liquid sodium/cover
gas interfaces, in coolant circuits containing nitrogen impurity.

7.1.2 Corrosion and fission product activity transfer

The first of a series of active runs has been completed on the Harwell Active Mass Transfer Loop.
The release and distribution of activation products from an irradiated Type 316 stainless steel source was
followed for a 3-month period. The most striking observation was of preferential deposition of 54Mn
activity on a pure nickel specimen located upstream of the source in the hot isothermal region: up to
25% of the "Mn released to the circuit accumulated here. The distribution of this and other activities
elsewhere in the loop followed expected patterns; thus "Mn deposited preferentially at the cool down-
stream end of a section simulating an IHX tube, MCo deposited preferentially at the hot upstream and
-"'Fe deposited uniformly along the tube. No evidence emerged from this run to support isotopic
exchange as an important factor in "Fe distribution. A number of pipe lengths were removed from the
loop for decontamination studies. A second active run, without nickel specimens, is now in progress.

The analysis of corrosion product activity transfer at CEGB Berkeley Laboratories has continued
during the year. An expression for individual corrosion product deposition has been extended to include
moving boundary cases corresponding to bulk release or deposition. Attention is now being given to
the identification, from experimental data, of appropriate transfer coefficients and (for manganese
activity) diffusion data: also measurements of manganese solubility in sodium are being undenaken at
Harwell. Some parts of these models arc being used to assess activity release, transport and deposition
in PFR and CDFR circuits and these estimates form a basis for the discussion and definition of decon-
tamination requirements. As an aid to these assessments a start has been made on organising mass and
activity release and distribution calculations on a basis that will be consistent with physics and thermal
hydraulics codes and data used elsewhere in the Fast Reactor Project.

One area of uncenainty highlighted by these assessments is activity deposition on primary pumps.
Experimental work in active loops has not so far covered any of the conditions likely to be encountered
as sodium passes through successive regions within the pumps. A programme of parametric tests is to be
undertaken using a small active loop at Risley which is to incorporate a rotating cylinder held within a
sodium-filled annulus of variable geometry. Data will also be sought from PFR.

It has been concluded that caesium is the main fission product of concern and some small-scale
work is planned. Attention is being given to the way caesium concentrates at interfaces and hence to the
possibility that its concentration there may be high enough to cause caesium to diffuse into steels: there
is some evidence for this phenomenon. At CEGB Berkeley Laboratories a small pumped non-isothermal
loop has been commissioned for caesium work and distribution studies are now in progress. Preliminary
results indicate reversible caesium adsorption at Type 316 stainless steel surfaces: partition to the steel
from the sodium is observed to increase with decreasing temperature and the temperature coefficient for
the process has been measured.

7.2 Sodium removal and decontamination

Installation at Dounreay of the ethanol process for sodium removal is now complete and com-
missioning trials are about to commence. It is expected that the commissioning will be followed by the
cleaning or PFR reheater No. 3. Application of the alcohol process is limited to components uncontaminated
with radioactive deposits. Extension of the existing Dounreay water cleaning facilities is being considered
to allow a controlled water vapour/inert gas removal of sodium from primary circuit components. As
part of the UK programme on sodium removal, a feasibility study of the vacuum distillation process for
cleaning large components is under way. A design exercise is planned to identify key development
requirements. In parallel the effects on sodium removal of gross contamination of the residual sodium by
air inleakage are being investigated in the laboratory.

Preliminary sorting trials of decontaminant fluids have been earned out at Harwell using stain-
less steel pipe specimens from the Active Mass Transfer Loop. The decontamination procedure comprised
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2 mcthanol washes, a reagent wash (separate tests at -5°C and SO°C) and a final water wash. Monitoring
ibi *"Co and "Mn, by gamma-counting, determined the decontamination factor (DP) achieved both
overall and after each wash, and analyses for iron, nickel and chromium in the reagent solutions deter-
mined the amount of base metal removed. Decontamination is more effective at the higher temperature
and with the more agressive acid reagents. The experimental results indicated that MCo is more readily
removed than 54Mn and removal of cobalt is no: expected to present any difficulties. Removal of MMn
presents more of a problem because of diffusion into the stainless steel substrate. Of the decontaminan:
fluids tested the most effective were citric acid (20%), NaOH/KMnO< (18%/2%), ammonium citrate
(10%). acetic acid (90%) and glycollic acid (20%). It must be noted however, that the specimens only
had a low level of deposited radioactive contamination: higher levels may modify results. The test
programme will continue as specimens from sodium test loops and reactor circuits become available
and will be extended to include both fission and active corrosion product deposits.

7.3 Sodium impurity instrumentation

5.S.I Plugging meter

The Automatic Plugging Meter has long been recognised by operators as a robust instrument:
developed versions are installed and operating on PFR primary and secondary circuits. Trouble
experienced as a conseauence of argon entrainment in the sodium stream has been adequately alleviated
by filtering the noise from flow signals, following developments at Risley Laboratories. Although
results from PFR primary and secondary circuits have been analysed and interpreted in terms of the
multiple impurities present, it is not intended to develop these instruments to identify and measure
individual impurity elements in reactor circuits: for this purpose separate development of specific
hydrogen and oxygen meters is in progress. A new plugging meter developed at CEGB Berkeley
Nuciear Laboratories has been on test during the year and results are being analysed. In this context,
oxygen and hydrogen electrochemical meters have been used in conjunction with controlled impurity
additions to elucidate the behaviour of plugging meters in the presence of oxygen and hydrogen.

7.3.2 Oxygen merer

Development continues against specifications for CDFR primary and secondary circuit operating
limits and for steam/water leak detection in the secondary circuit. The electrochemical oxygen cell
using a thoria/yttria electrolyte and air/platinum or metal/metal oxide internal electrode has been under
development, both at AERE Harwell and at CEGB Berkeley Nuclear Laboratories. At Harwell an inde-
pendent ceramic production route has been successfully developed and attention is now being given to
means for miniaturizing the cell and attaching the ceramic to a metal support tube. The Mk 1 cell
(200 mm x 12 •$ mm diameter), having been tested for periods up to 8.000 hours, is now regarded as
obsolete: 6 mm tube (a diameter common to Zircoa and Wesringhouse variants) is now standard.
Comparative performance and lifetime tests are in progress in the Oxygen Meter Test Rig (OMTR), for
which purpose a number of commercial instruments have been purchased and installed. Operating time
on this rig now exceeds 5 months at temperatures in the range 300-4O0°C. At Berkeley galvanic ceil
oxygen meters have been constructed and evaluated using lir-reference electrodes and electrolyte
material from several different sources. These cells have been shown to respond theoretically over a
wide range of temperatures and oxygen concentrations. An engineered version has operated success-
fully in a pumped sodium loop for 6 months so far. Operating experience is accumulating with 2 range
of oxygen meters installed in "user loops" and this experience is to be extended by installing preferred
examples engineered to reactor standards in test loops linked to PFR secondary circuits.

7.3.2 Hydrogen meter

Hydrogen detection and measurement on PFR relies at present on diffusion through nickel
membranes followed by a katharometer finish. The increased sensitivity offered by a diffusion/ion
pump finish combination available commercially and by the galvanic hydrogen meter developed at
CEGB Berkeley Nuclear Laboratories has encouraged us to plan tests of these instruments on the PFR
loop mentioned above. The Berkeley Hydrogen meter has been demonstrated to perform theoretically
over the temperature range 300-J00°C and over the hydrogen range 0-03-10 ppm. An engineered
meter has operated successfully in a pumped sodium loop for 6 months so far. Investigations are under
way of the concept of demountable modules which have the dual function of supporting hydrogen (and/
or oxygen) meters and controlling the sodium environment (temperarure/flow) at the instrument.
Looking to CDFR the need for production development to meet reactor engineering standards is
recognised: user loops (ex-reactor) and the PFR loop will be used for this purpose as test vehicles.

7.3A Carbon meter

Work on carbon meters has continued on the basis that a need for a reactor in-line sodium
instrument may emerge from studies of carbon transport effects. Such studies are in progress but to date
there is no formal demonstration that such a need exists. Current development work has reached the
point at which instruments developed independently at AERE Harwell (carbon diffusion) and CEGB
Berkeley Nuclear Laboratories (electrochemical cell) are now installed in the PFR primary circuit and
are operable. Future work on both instruments is aimed at versions capable of operating at lower
temperatures (present limit 500°Q thus obviating the need for separate heating of side streams feeding
the meters and consequential doubts about the meaning of the signal. Attention is also being given to
methods for on-line calibration of the Harwell meter. Assessment of the need for on-line carbon
activity measurement in CDFR continues: this work considers both carbon in materials of construction
and adventitious additions, e.g. from lubricants. The laboratory/loop work upon which these assess-
ments rely in part makes use of carbon meters (of both types) as research tools. Considerable operating
experience is therefore accumulating, e.g. from Risley loops dedicated to interstitial transport studies.
This experience will be reflected in the design of instruments and demountable modules (supporting
carbon meters and controlling the sodium environment) to be installed on the PFR secondary circuit
loop.

7.4 Sodium technology

7.4.1 Tritium

The steady state model of simultaneous hydrogen and tritium transport in CDFR developed at
Risley has been extensively compared with a similar model developed at CEGB Berkeley N'uciear
Laboratories. Given common assumptions about operating conditions and geometry, the same pattern
of tritium distribution and release is predicted by both models. Within the range of normal operation
parameters tritium release to the atmosphere remains less than 9 Ci/day. A joint study with Berkeley
considered circumstances which could lead to an unacceptable high tritium release. In operation this
would occur only if there were very low hydrogen ingress rates to CDFR secondary circuits or if the
hydrogen permeabilities of IHX and steam generator materials were very much higher than seem
plausible. At shutdown there is a mechanism for potential release of some of the equilibrium tritium
inventory if hydrogen ingress falls in step with power reduction.

To quantify this effect data will be obtained on the operational sequence of events and tempera-
ture distributions on the waterside of PFR before, during and after trips from power to correlate with
tritium distribution data. So far it has been shown that release to atmosphere from PFR waterside
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plant has been very low, of the order of tens of millicuries per day during a 2-month period at about
40?o of full power. Trips during this period do net appear to have had a marked impact on the pattern
of release. In order to obtain information on tritium distribution the primary circuit Harwell carbon
meter sweep gas has been diverted to a tritium counter.

7.4.2 Caesium trapping

During the course of DFR decommissioning the opportunity is being taken to explore methods
of removing fission product caesium from the NaK coolant. For this purpose 100 kg quantities of
contaminated NaK have been passed through traps containing Reticulated Vitreous Carbon (RVC).
Experience to date indicates that caesium is absorbed on RVC and most can subsequently be removed in
a moist inert gas flow. It is not yet clear whether, under the conditions of these trials, RVC has reached
a saturation condition or whether it has (more probably) come to equilibrium with the very dilute
solutions which have so far been used.

7.4.3 Carbon in sodium

Capsule experiments at CEGB Berkeley Nuclear Laboratories with sodium/mineral oil mixtures
have shown that most carbon remains in sodium and very little « 5 % ) appears in the gas phase as
methane. The chemistry of oils and carbon in hot sodium is continuing to receive attention both at
Berkeley Laboratories and in the UKAEA. At Berkeley the monomer-to-dimer ratio in soluble carbon
species is being measured in autoclaves fitted with galvanic carbon meters. A small pumped loop for the
study of sodium/oil interactions is at the procurement stage. In the UKAEA consideration is being given
to work which will charaaerise deposits on heat transfer surfaces in terms of their origin and their
effect on performance. In assessing the surveillance role of carbon meters some thought is being given to
the measurement of chemical carbon activity at different temperatures in the same pumped system.

7.4.4 Control of impurities in sodium

Major impurities (hydride and oxide) are removed from sodium circuits by cold trapping.
Development aims are to increase the volumetric efficiency of cold traps (currently about 10%) and to
endorse a process for regeneration of cold traps in-situ: these will reduce and perhaps eliminate the
need for frequent basket changes. Consideration of the trapping process in relation to the volumetric
efficiency of the unit as a whole has highlighted the need for uniform sodium flow and temperature
distribution in passing through the economiser into the trapping region. Water analogue tests are
proposed to demonstrate whether current designs are deficient in these respects and to point the way to
improvements. Subsequent endorsement in a pilot-scale sodium loop is planned.

A scheme for a feasibility test for in-situ regeneration of a cold trap has been drafted: it relies on
dissolution of the impurity burden in hot clean sodium. In its optimum form the process will be multi-
batch, with intermediate batch dumping of impurities. Alternative processes, particularly for removal
of hydride from secondary sodium circuits or cold traps, have been assessed. A simple diffusion device
could remove hydrogen directly from the hot end of a secondary circuit: for example, a niobium
membrane of area less than 10 m2 would suffice to remove the hydrogen ingress to a single circuit. A
process engineering assessment of the most promising membrane materials is to be undertaken. Removal
of hydride from a drained cold trap by heating, pumping and recombining hydrogen (and tritium) with
oxygen over a catalyst bed has also been assessed.

7.4.5 Sodium processing

based on that employed for PFR. Some relevant data will be acquired from the SO tonnes of sodium to be
processed (in S x 10 t batches) for the large test rigs at Risley. Experience with the first batch indicates
that approximately 2-5 rimes the stoichiometric amount of sodium oxide is" required to react
completely with the calcium impurity at 3J0°C. The process equipment will be used for continuing
work in this area.

7.4.6 Liquid metal disposal

Tests using DFR coolant indicate that burning of an atomised spray of NaK is an easy, controllable
and safe method for its disposal and it is hoped to dispose of all the non-radioactive coolant in this
manner. If current tests for the removal of radioactive caesium from the primary coolant prove success-
ful, the burning technique may also be used for disposal of this NaK in preference to reaction with
aqueous caustic.

7.5 Sodium leaks and fires

A critical review of the problems arising from sodium leaks and fires in the context of CDFR,
including identification of R&D requirements and revision of development proposals, is nearing com-
pletion. A ke;. area is the validation of model computer codes for predicting the environmental conditions
produced by a major spillage fire and the behaviour and morphology of the combustion products released
as aerosols. Data is required on both topics to assist designers in optimising the reactor secondary con-
tainment structure and atmospheric clean-up plants to control aerosol emissions to the general public.
Attention has also been given to the provision of leak detection systems having greater speed of response
and sensitivity, and to fire estinguishant and suppression systems. Consideration has been given to
possible interactions between spilled sodium and structural concretes and the effectiveness of protective
steel liners.

At CEGB Berkeley Nuclear Laboratories a review of world data on burning rates has been
completed for sodium burning in vapour droplet, spray and pool form. Improved correlations have been
developed for the burning of vapour jets, and fine sprays, and the effect of forced convection on pool
burning rates. A computer code is being developed to describe the burning of vapour jets and vapour jets
containing entrained sodium droplets. Enough progress has been made to allow a prediction of the temperature
of laminar sodium vapour jets. Recent experimental work related to sodium pool fires has comprised
chemical analysis of surface reaction products, investigation of the effects of calcium and potassium
impurities on the burning rates, and examination of the effectiveness of Graphex CK23 as an extinguish-
ant.

At the AEE Winfrith Laboratories work has begun on the characterisation of the nature and
behaviour of sodium combustion aerosols. Preliminary work in a small (1 m') test chamber has led to
design and construction of a larger (3-5 m3) facility which will include capability for in-situ analysis
and measurement of bulk aerosol temperature profiles and container boundary effects using an infra-red
camera. Particle size determinations will be obtained using an impactor which is currently being
fabricated to an American design. Work is also planned at Winfrith to study the kinetics of conversion
of sodium to its oxide, hydroxide and carbonate under a range of atmospheric conditions, but with
humidity as the key parameter of interest. At Risley and Dounreay an assessment (with some associated
experimental work) is being carried out of the efficacy of a range of sodium fire extinguishant powders
based on sodium carbonate, sodium chloride or graphite.

7.6 Sodium vapour aerosol and hear, transfer studies
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Because of the larger sodium quantities and delivery rates required for CDFR, further information
on control parameters for processing sodium to reaaor grade quality is required if the treatment is to be

Work has continued on water analogue studies to assess heat and mass transfer within annuli and
cylindrical cavities. Modelling of heat and sodium mass transfer based upon these studies has been



extended to the case of a cover gas volume bounded by a cooled root with a 2-temperature sodium pool.
Experiments are in hand to confirm the theoretical model for heat and mass transfer berween a single
temperanarc cooled roof and sodium pool in an argon environment and to obtain thermal emissivity data
for use in radiative heat transfer calculations.

The first pan of the water analogue studies on vertical cylindrical geometries attached to the cover
gas space has been completed. Both heat transfer alone ("dry" studies) and combined heat and water
mass transfer ("wet" studies) were carried out on 710 mm and 145 mm diameter rube rigs of variable
length, with walls maintained under isothermal cooled conditions. The result of this work generally agrees
with the trends predicted by the model for both wet and dry conditions. Dry heat fluxes at the tube
walls were, however, greater than predicted and it is thought that flow interactions due to eddies passing
from the hot box (not allowed for in the original model) are the cause of this difference. A simple
empirical modification of the model involving the hot box and tube inlet temperatures restored the good
agreement berween the experimental and predicted heat fluxes. However, in the wet condition, the
deposition of water on the tube walls was over-predicted: the results suggest that this is due to con-
densation and "rain-back" within the vapour space.

Construction of a water analogue annulus rig (720 mm diameter x 3500 mm height and annular
gaps of 10, 30, and 50 mm) and a flat plate analogue rig (6 m long x 2-5 m high) is nearly complete.
Studies on the annulus rig will examine flow behaviour and deposition on the walls and the effect of
change in the size of the annular gap. Effort in the flat plate rig will aim to show that its behaviour
approximates to that of the annulus rig. If this is confirmed it will permit the study of other annuiar
gap sizes and of eccentricity in annuli to be undertaken more readily (on this flat plate rig).

Studies have begun upon a small-scale (450 mm diameter) water analogue rig with a cooled roof
and a central hot pool surrounded by a cooler annular pool to simulate the 2-temperature primary pool
arrangement of the CDFR. The objective of the work is to test the singie-temperature pool/cooled roof
theoretical model for heat and mass transfer against the 2-temperature pool case and, if necessary, to
modify the mode!.

The design of a 600 mm diameter sodium rig to study heat and mass transfer berween a hot sodium
pool and a cooled roof is in hand. The primary aim of the experimental programme is to endorse the
theoretical model for such heat and mass transfer but facilities are also to be provided to establish
whether aerosols exist in the gas space and, if required, to examine the parameters which may influence
their generation and lifetime.

The design of a small-scale sodium rig to provide basic emissivity data for sodium pools and metal
surfaces under conditions typical of CDFR is well developed. The rig will operate berween 200°C and
65O°C with varying levels of impurities in helium or argon blanket cover gases and in sodium. Provision
is also made to locate vertical and horizontal specimens in the cover gas which can also be heated or
cooled; static or agitated sodium pool surfaces will be tested.

CEGB Marchwood Engineering Laboratories continue their study of sodium deposition in helium
and argon cover gas above a hot pool of sodium, with cover gas heights and surface area/volume ratios
and temperatures representative of those in fast reactors. The total sodium deposition rates from argon
are close to the calculated open pool evaporation rates. The total deposition rates from helium, however,
are much lower than from argon and, in general, deposition from helium. Sodium loadings in helium
measured using a filtration ^technique were not significantly different from the vapour pressure corres-
ponding to the sodium pool temperature. Similar measurements are planned for argon and flame
photometry is being irivestigat£<Fas an alternative method for measuring gas loadings. The use of droplet
collection on fine fibres foll6w^d",by examination in a scanning electron microscope is also being
studied experimentally to estimate aerosol size distribution.

7.7 Cover gas system

Work to determine the charcoal adsorption bed capacity for krypton in argon at lower tempera-
tures than are currently available has been completed down to about — 150°C. The expected non-linear
relationship of capacity against temperature has been confirmed and is attributed to increasingly
competitive co-adsorption of the argon carrier gas as the temperature drops. Further studies will
determine the capacity at lower temperatures and examine the effect of different grades of material
on charcoal capacity. Measurement of the capacity of charcoal beds for xenon in argon is in hand and it
is intended to follow this up by examining the co-adsorption behaviour of xenon, krypton and argon.

An examination of the use of cryogenic distillation for clean-up plant design has shown that a
compact plant for the purification of the CDFR cover gas by this technique could be provided.

7.8 Water circuits

Attention has been given to the quality of treated water supplied by the aluminium floe blanket
water treatment plant to the Dounreay site and the effect of this upon the various ion-exchange resin
plants within the PFR water coolant power circuit. In particular, during 1977 the onset of loss of ion-
exenange plant performance was associated with unacceptably high levels of organic fouling on the anion
resins, and investigation of this problem is under way. Also in progress is a study of the circumstances
under which non-ionised chloride containing impurities from the ion-exchange resins can be released
into the PFR power circuit to be thermally degraded subsequently to ionisable chloride. These points
highlight two aspects of steam/water circuit operation which are generally applicable to any modern
highly-rated power circuit irrespective of whether the station uses fossil-fired or nuclear steam-raising
units.

Some work has begun to identify the nature of the organics in the treatment plant water, the possible
mechanisms by which it can pass through ion-exchange resins and ultimately the possible degradation
products and their effect within the PFR water circuits. So far. a high content of carboxyl and phenolic
hydroxyl groups have been identified on the organic material. These groups are known to promote
formation of stable, neutral heavy metal/organic complexes which can pass unchanged through ion-
exchange resins. Formation of the neutral complex with iron may also be enhanced by lowering of the
pH in the water treatment piant: changes of this nature could occur during perturbation in dosing or
mixing of the reagents into the inlet water supply to the plant.

Attention is being focussed on the processes available for the chemical cleaning of the ferritic
evaporator tube bundles used on PFR and planned for the CDFR. The advantages and disadvantages of
adopting a higher-temperature process than those currently in use (i.e. higher than ~90°C) are being
assessed prior to implementation of development work.
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8. FAST REACTOR FUEL

8.1 Introduction

This is the first reporting year in which the major UK irradiation programmes have been mounted
in PFR following the planned shutdown of DFR in the Spring of 1977 after many years of very valuable
operation. The peak burn-up in PFR is approaching 4-0% at the time of writing and the first discharge
of irradiated fuel has been made to the PFR reactor caves. Information continues to accrue from the fuel
and cladding experiments irradiated in DFR and now in the post-irradiation examination programmes.
The NPC designers have recently made a formal recommendation that a restrained core style should be
adopted for CDFR. It is expected that the recommendation will be accepted and particular areas high-
lighted for development study. No events have occurred during the year which have caused any
significant change in direction of design or development policy.



8.2 DFR fuelled irradiations

At reactor shutdown, the peak burn-up achieved in DFR oxide pin irradiations was 2\-S%: one
of the two pins involved was intact. As reported last year, the highest sub-assembly burn-up reached was
14-4% maximum, in the Mk lib sub-assembly. This had 77 pins of 5-84mm (0-230 in.) outer diameter,
M316, FV548 and PE16 cladding, and included some carbide pins. The fuel smear density was 73%.
This transpired to be an extremely useful experiment because of the number of cladding and fuel
variables included and because it was dismantled and rebuilt a number of times for intermediate
detailed examination and measuration. The final set of pins included a spectrum of burn-ups, since
some pins were removed at intermediate stages for destructive examination. At the final examination,
one pin was found to be leaking. It is of interest to experimenters to record that some carburising was
found in some of the pins dunne; initial manufaaure, which pccasioned careful consideration of whether
to mount the irradiation in the first place: nil desperandum! This sub-assembly has been central in
establishing voidage swelling correlations for the three cladding materials involved over a range of
temperatures and neutron fluences.

The other sub-assembly which it is appropriate to note is the 60 pin Mk Vila oxide sub-assembly
which had the high peak linear rating of ca. 600 VV/cm. This was taken to S'6% peak burn-up and showed
failure in 55 of the pins. These failures did not in any way inhibit the normal operation and discharge
of the sub-assembly. It is not clear why this sub-assembly behaved out of pattern compared with pins
taken to a comparable burn-up and including some at a higher linear rating. No clear reason for the
failures has been isolated, but internal corrosion is marked and unusual. It is hoped that further examina-
tion of other DFR irradiated material will cast some more light on this event.

8.3 PFR fuel

The core fuel in PFR has been in the reactor sodium for some 4 years and, as noted in the intro-
duction, has aggregated close on 4-0'~c maximum burn-up of heavy atoms. Xo untoward observations ot
any description have been made. Some small modifications to the driver fuel design have been put in
hand which are in the direction of making the fuel more similar to the detail of CDFR designs and cheaper
to manufacture. For example, the eggbox grids in the early PFR design are being progressively eliminated
in favour of honeycomb grids, and the reduced plenum diameter is being replaced by a full diameter clad
section.

The bulk of the efforx specifically directed to PFR fuel and other core components is currently
deployed on predicting the distortion of the components due to voidage swelling and irradiation creep,
on deciding an appropriate schedule of rotation to deal with bowing, and of discharge to deal with
wrapper dilation. It will be appreciated that this exercise must take into account the possible scatter in
materials properties which may exist in the reactor components.

So far, a number of sub-assemblies have been rotated in a perfectly straightforward manner,
mainly to establish the routine for such a procedure but also as a matter of prudence with a small number
of solution annealed stainless steel wrappers inserted for purely experimental purposes. It should be
noted that although PFR is nominally described as having a 'free-standing' core, in practice significant
interference is being allowed to develop between the core components.

8.4 CDFR design

Since the last report, when the 325-pin sub-assembly of J-84 mm (0-230 in.) outer diameter pins
ca. 450 W/cm linear rating was the Reference Design, a further design has been given the status of an
Alternative Design. This is of a 265- (or 271-) pin sub-assembly using the same 142 mm across-flats
wrapper, but with a pin peak linear rating of 550 VV/cm: this preserves the same mass rating in W/g
of fuel. Endorsement experiments in a wire-wrapped version are already in store at Dounreay and
gridded sub-assemblies are in manufacture by BNFL Windscale. The decision between the two designs

will turn largely on irradiation experience and may indeed lead to the selection of intermediate design
parameters. The 325-pin design will be maintained as a fully available option for immediate imple-
mentation in CDFR.

The merits of the passively Restrained Core style when balanced against the higher inter-sub-
assembly loading are generally considered to be sufficiently great that this style should supersede the
earlier Freestanding Style schemed out for CDFR. The supporting experimental development pro-
grammes have been firmed down and the salient items are

(i) Studies of the displacements in wrappers subject to loading at the pad and support points.

(ii) Studies of the compaction process (as a function of power raising) at the lower (above
core) support plane.

(iii) Studies of the charging and discharging of actual sub-assemblies from a multi-sub-assembly
build.

(iv) A restrained bow experiment in PFR.

These experimental studies are being complemented by continuing evolution of the multi-sub-
assembly interference codes SABOW and CRAMP. At present, progress is being made on adapting the
codes to deal with the situation when sub-assemblies interfere (due to dilation) at a position other than at
a pad. This situation is of interest both in PFR and CDFR, since in both reactors, the present state is
that sub-assemblies must be discharged either when the inter-sub-assembly gap has closed, or when a
predetermined amount of interference has (or may have) occurred.

Experimental work carried out in water endurance loops during the year has confirmed that the
spacing and detail of the grid layout proposed for the CDFR 325-pin design should be adequate from
considerations of pin fretting at grid locations.

Current desigr studies are including the examination of varying core inlet and outlet temperatures
in the context of both fuel performance and overall reactor attractiveness.

8.5 Generic topics

(a) Cladding

The policy with regard to pin cladding and wrapper materials is unchanged in that a desirable
goal is seen as a single low swelling austenitic steel to be used throughout the sub-assembly,
if possible to be superseded in due course by a ferritic steel in the case of wrappers and perhaps
grids. At present the Reference position for both PFR and CDFR uses cold-worked
Type 316 steel for pin cladding and N'imonic PE16 for wrappers. Tne earliest change in
this combination is likely to be the use of silicon and titanium additions in the 316 steel
for pin cladding, although FV 548 is a possible alternative.

The direction in which progress is desirable is the development of wrapper material of
controllable irradiation creep strength. The restrained core concept uses irradiation creep
to limit the loads arising from sub-assembly bowing, but on the other hand, dilation is an
adverse manifestation of creep. No early major advances are envisaged in this direction and,
for the present, design solutions must be employed.

(b) Fuel

Considerable effort has been deployed over the years on the technical implications of
plutonium security and of the desirabiliry of low doubling times and high uranium utilisa-
tion. Gel precipitated fuel fits well into a high security route for plutonium, but it is
recognised that there may be performance penalties attaching to a two component vibro
fuel column arising from the relatively poor thermal conductivity and lower packed density of



such fuel bodies. Consideration is being given to the fabrication of pellets from gel feed
and to the use of pellet smear densities up to 90%: the present Reference Smear density is
80% for both PFR and CDFR.

8.6 Conclusions

Both from UK sources and from the available world information, fast reactor fuel continues to
evolve along satisfactory lines. It is clear that areas for development and economic gain exist and merit
both specific investigations of precise design concepts and the generic acquisition on cladding fuel
materials. In the latter context, the potential attractions of carbide fuels are noted. The two clear targets
for developers are:

(i) Fuel designs which fit harmoniously into a secure and economic fuel fabrication, reprocess-
ing and waste material disposal cycle.

(ii) Fuel concepts which will be economically attractive and offer electric energy independence
on a timescale of 2000 AD.

9. FUEL CYCLE

During the year work has continued to complete the construction and commissioning of the
PFR Fuel Reprocessing Plant at Dounreay which is scheduled to begin active operation later this year.
The development programme required to confirm the PFR Fuel Reprocessing Flowsheet and to extend
the technology to support the design of a larger plant fo.- reprocessing CDFR-type fuel is in hand.

As part of this development programme, a collaborative experiment has been carried out on the
dissolution of experimental fuel manufactured by KfK and irradiated in DFR. This work included
separation of insoluble material from the solution and characterisation of these insolubles by chemical,
physical and metallurgical techniques. In parallel with reprocessing technology development for PFR
and CDFR fuels, design and development work is being carried out on radioactive waste reduction,
treatment and packaging to minimise the amount of radioactivity which will be released to the environ-
ment.

Design studies of transport flasks for both irradiated and non-irradiated fuel sub-assemblies have
been undertaken during 1977 and are still continuing. These flasks are designed for rail transport and
weigh about 100 tonnes each. In addition to the normal considerations of shielding and integrity despite
impact or fire, attention has been paid in the design to ensure that the flasks will be proof against
attack by terrorists.

A study has also been made of the possibility of further hindering any terrorist activity by spiking
or pre-irradiating new fuel. Although this could be done if desired, it seems unlikely that this added
protection will be necessary or desirable since the physical protection provided by the very heavy flasks
will be more than adequate.

10. SAFETY

10.1 General

There has been little change in the overall position on the safety of fast reactors in the UK. The
development programme is continuing on the same lines as before and work has started on marshalling
evidence to be presented at the expected public inquiry into the use of fast reaaors in the UK power
system. A start has also been made on a detailed risk assessment for a large fast reactor power station —
this is a very large task which is expected to take some years to complete.

Work has continued on the study of heterogeneous cores and their properties. Although some
designs appear to have real advantages including a possible improvement in safety in comparison with

plain cylindrical cores they introduce a great deal of complexity into all aspects of core design including
both thermal and neutron properties. In consequence so far as the CDFR is concerned the position
is unchanged from iast year, i.e. the core is a plain cylindrical core, but theoretical and experimental work
(in ZEBRA) on heterogeneous cores is still being continued.

10.2 Public discussions

Safety and other environmental considerations connected with the proposed introduction of fast
reactors into the UK power programme have continued to attract much public attention during the
year. In addition the public inquiry into the proposed building of the Thermal Oxide Reprocessing Plant
(THORP) at Windscale inevitably raised issues connected with fast reactors. Discussion on the fast reactor
aspects was however minimised as a result of an undertaking to hold a later inquiry, devoted solely to the
fast reactor programme. Some of the safety issues involved in the fasr reactor programme were publically
discussed at a rwo-day debate organised by the Royal Institution in October. On this occasion the safety
of the reactor itself seemed to be generally accepted, but much attention was devoted to the dangers of
possible terrorist activity and the suggested nsk of the proliferation of nuclear weapons as a result of the
use of piutonium in fast reactors. It is expected that public interest in these aspects as well as the safety of
the reactor will continue at a high level during the coming year.

10.3 Hypothetical whole core disruptive accident

Development of the whole-core accident core FRAX has continued. Although no major new
modules have been introduced several important modifications have been made in the process of
producing a satisfactory new production version of the code (FRAX-2).

The requirement for the code to allow any voiding mechanism to succeed any other in the same
channel, after coolant has returned to the channel, has been accommodated (e.g. voiding by fission gas
release from failed pins followed by coolant re-entry and subsequent FCI). Other modifications to the
can and fuel failure criteria being used in the code, including an allowance for the effect of fuel vapour
pressure on clad strain, have been made, and the fuel and clad expansion formulation has been improved.

A deterministic treatment of fuel/coolant heat transfer during fuel/coolant interactions, based
upon the Cho/Wright formulation, has been proposed for FRAX and programmed into a special version of
the code. It is intended that this will replace the simple parametric treatment formulated for the EXPEL
code and currently incorporated in the FCI module in FRAX-2.

A generalised form of the pin temperature equations has been produced and programmed into a
test version, of FRAX. Calculations have demonstrated a decreased sensitivity of temperatures to the
number of radial nodes in the pin. A final decision on implementation of this formulation within FRAX
will be made when further assessment studies have been completed.

A completely revised set of material property data has been incorporated as standard default
values in the data preparation module.

A copy of the US disassembly code VEN'US-2 has been obtained from the United States' Depart-
ment of Energy and has been satisfactorily implemented on the ICL 4-72 computer. It is being
incorporated into FRAX as an alternative to the disassembly module EXTRA.

An early objective is now to use the latest code version, FRAX-2, to assess the response of the
current reference CDFR design to Loss of Flow (LOF) amd Postulated Overpower (TOP) incidents and
to conduct a sensitivity study. A programme of work has been defined and the investigation is currently
in progress.

The FRAX code has continued to be used in the comparative accident calculations being made in
the EEC countries. A final report on the loss-of-flow exercise has been prepared and will be published
shortly. The conclusion was that, within the somewhat restricted scope of the exercise, the codes used
gave consistent results and the differences found could be qualitatively explained by modelling variations.
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An over-power (reactivity ramp) transient is also being calculated and results are currently being closely
compared. The main differences in the results appear to stem from the use of different fuel-coolant
interaction models. During the year the United States' Nuclear Regulatory Commission (NRC) has
joined in these comparative studies.

Some comparative calculations made on a typical 1200 MW(E) reactor for an over-power incident
showed that a reactor having a notional 271-fat-pin (6>74 mm o.d.) fuel design did not exhibit signifi-
cantly different characteristics from those of the reference 32J-pin design.

A new computer code SARPIN has been developed to analyse the effects of the motion of fuel
within intact elastic fuel pins. Results show that, for a range of elastic constants and ramp rates, the
energy release in a transient is substantially reduced compared with accidents in which the strength of
the clad is neglected. The model is capable of being extended to include more complicated effects,
i.e. friction, plastic clad and breakage of clad.

The Significant Structures Theory (SST) for the equation of state has been used in the SAROBE
module, in the Bethe-Tait code SARCYL, to analyse the effects of changes of equation of state on
excursion yield. The comparison was made with the existing data assuming Corresponding States
theory. The results showed that the thermal energy release and excursion yield differed at most by
20 and 40% respectively, depending on the input reactivity ramp rate and Doppler constant.

Studies of equation of state data for materials of relevance to hypothetical core disruptive accidents
have continued at Harwell and the Safety and Reliability Directorate (SRD) at Risley. In SRD, the
development of models of the liquid state of UO2 has progressed along two different lines:

(i) The Mean Spherical Approximation (MSA) which is a model of the liquid state based on the
interparticle interactions and the resultant liquid atomic (ionic) molecular structure. The
SST has already been developed to the point of producing thermodynamic information on
UO2 and it is expected that the MSA will be very shortly in a similar position.

(ii) It has been found likely that thermal excitation of the electrons in UO2 contributes in a
major way to the thermodynamics and heat transfer of the solid state. Work is currently
under way to analyse the electronic contribution to similar properties in the liquid state.
It appears that this work could be of considerable significance in predicting:

(a) the course of the initiating phase of a fast reactor accident:

(b) MFCI initiation;
(c) the excursion yield on disassembly.

At Harwell, work on the equation of state for core materials centres on the SST of liquids which
emphasises the similarity between the solid and liquid states. Recently the programme has been mainiy
concerned with the propenies of urania and urania-plutonia solutions but limited studies have also been
carried out on uranium carbide, caesium and stainless steel.

There now exists a set of thermodynamic data for urania up to its melting point which has been
recommended by a group of experts under the auspices of the IAEA. These recommended data have been
used to extrapolate the properties of urania up to and beyond the critical region. These data are available
in tables. The influence of dissociation, association and ionisation of the UO2 gaseous molecule on the
thermodynamic quantities for the system is being assessed. In addition to the properties of urania. those
for the urania-plutonia solutions are also being considered in a similar manner.

The process of gas generation in irradiated fuel during transient heating is being studied using the
VIPER pulsed reactor at Aldermaston. Small specimens of fast reactor fuel are heated to high tempera-
tures within a few milliseconds and the pressures generated by the released gases are recorded. Substantial
pressures have been generated in all experiments. When the fuel is melted, the pressure rises rapidly and
exceeds 50% of its maximum value within the first few milliseconds. Subsequent analysis of the released
gas shows that the gas is mainly carbon monoxide and hydrogen; the fission product gases are only a

small proportion. Much of this gas is thought to come from spurious sources and steps are being taken
to eliminate such gas from the experiments. The possibility remains that a contribution, possibly
equal to that of the fission product gas, may be produced from the non-metal impurities in the irradiated
fuel that will contribute tofuel dispersion and accident termination.

10.4 Core structure effects in whole core accidents

One hypothetical accident postulated for CDFR is that a fuel/coolant interaction occurring in a
single sub-assembly might generate pressures sufficiently high to burst the wrapper. The resulting
disturbance of surrounding sub-assemblies could lead to reactivity effects which would cause the
incident to escalate. An investigation was carried out into the reactivity consequences of coherent sub-
assembly movement for various positions of the incident sub-assembly and different degrees of
attenuation of motion with distance from the incident sub-assembly. It was concluded that for a
reasonable degree of radial attenuation and return damping, about 5 cm displacement (average along the
sub-assembly length) of adjacent sub-assemblies was required to add IS reactivity; whether the incident
originated in the radial breeder where reactivity is added on the initial inward movement of the core away
from the incident sub-assembly or at the core centre where reactivity is added on the elastic return swing
of displaced sub-assemblies. In practice other effects, e.g. incoherency of motion and the stabilising
effects of control rod guide tubes, should give a further benefit.

10.5 Excursion confinement

The excursion COde VAlidation (COVA) experiments have continued and 80% of the test pro-
gramme has been completed. Some delay was experienced because several tests indicated incomplete
detonation of the low density explosive charge which was traced to the ingress of moisture into the
submerged charge prior to firing. This has been rectified and the repeat tests are almost complete.

Examination of the results of COVA and scale model tests and calculations have indicated that the
weakest part of the primary containment is likely to be the hold-down arrangement on the rotating
plug. A series of experiments has been planned to investigate various roof plug protection concepts.

Emphasis in analysing the COVA experiments has shifted from the wave propagation code
ASTARTE to the fluid flow code SEURBNUK. This latter code, developed with ISPRA during the past
year and amongst other things extended to allow fluid compressibility, can deal with high pressure shock
waves which could previously only be treated using ASTARTE. The most serious limitation so far on
these codes is their inability to predict the detailed pressure wave shape on roof impact, although the total
pressure impulse is computed quite well. This failure to predict the detailed wave shape on the roof is
unfortunate in view of the importance of this topic. The reasons are:

(a) partly inherent in the codes (ASTARTE tending to produce too peaky a pressure and
SEURBNL'K too smooth a pressure):

(b) partly due to a lack of knowledge and modelling of the avitational time behaviour of fluids in
high dynamic tension and subsequent re-compression: and

(c) partly due to inherent computational difficulties in the treatment of impact of curved fluid
surfaces.

The UK is also participating in the International Analysis of PRImary Containment Transients
(APRICOT) comparison exercise being steered by the United States' Department of Energy (formerly
ERDA). Participation in the exercise is by 10 reactor safety groups in US, UK. Germany. Japan.
Czechoslovakia and Euratom using eleven different codes. On the earlier and simpler comparison
exercise, all codes computed the transients well but the equivalent computing times varied by an order of
magnitude. The UK code ASTARTE performed quite well in this exercise. The next phase of the
exercise will include roof impact and will constitute a more difficult test.



The SEURBNUK code, which has been developed largely by Aldermaston, is now being made
operational at Risley so that it can be applied to a range of practical reactor designs and excursion
transients. Some sucessful test runs have been made on the containment loading and response code
SEURBNUK during the year but the practical reactor application work so far has been largeiy confined to a
point mass and spring structural analysis of the roof response to a variety of time varying pressure wave
shapes. The roof plug designers have also analysed the distributed roof structural response to one or two
suggested pressure waves.

A further ID computer model (MUSLIM) has been developed for the prediction of containment
loadings arising from the expansion of a partially vapourised core in a simplified reactor. Argon gas space
pressurization and slug impact loadings are computed. The code has been used for parameter variation
studies and to demonstrate the relative magnitudes of the loadings arising from different phenomena.

A third test in the series of approxiately one-twentieth scale models of CDFR primary containment
structures has been carried out recently using a low density explosive having a full scale energy equivalent
of about 2-5 GJ in a model which is more nearly representative of present CDFR design than previous
tests Only preliminary results are available but the experiment appears to have been very successful.

The 1D computer model (MODS IM) which has been developed for the study of the one-twentieth
scale CDFR model test series at Foulness has been used in the analysis of the second test in this three-
test series. This work has demonstrated that the model diagrid failure which occurred on this test did
not affect the test validity, and that the timings and magnitudes of the various load cell recordings are
explicable. The model is being modified to suit the diagrid support configuration of Test 3 which is
representative of an open pool reactor design.

Development of codes for the analysis of the response of CDFR structures to loadings imposed by
superprompt excursions has continued.

ROSHOD the ID lumped mass model of the rotating shield system and its hold-down arrange-
ments has been modified to include an elasto-plastic representation of the hold-down bolt material
properties. Calculations have been made with this model for the CDFR configuration using impulsive
loading data taken directly from model test measurements. More general studies have also been under-
taken for a range of impulsive loadings to demonstrate the influence of various loading parameters on
shield response, and to indicate the degree of importance to be attached to a precise knowledge of roof
pressure-time histories.

Some modifications have been made to the CADROS solid element code modules. The two-part
exercise on code validation has continued. This involves elastic and elasto-plastic response test cases,
and comparative runs on other codes (NONSAP and EURDYN). The elastic response phase of this
study is now almost complete. The CADROS suite cannot be applied to reactor problems with
confidence until the validation exercise has been completed.

Further tests have been performed using low density explosives in simplified one-fiftieth scale
models of the prestressed concrete containment vessel. One of the tests included a polystyrene foam to
protect the sides from the direct shock wave, simulating the air gap surrounding the primary vessel in
reactor conditions. This resulted in some cracking round the circumference (as opposed to vertical
cracking on earlier tests) but the vessel did not fail catastrophically. Possible tests at one-fifteenth scale
will be deferred until details of the reactor roof design are further advanced.

10.6 Sodium boiling

There has been progress both in the development of experimental methods and in the experimental
programme. International collaboration is very active in this area of work. Within the UK there have
been experiments on water models and further studies in support of a possible large scale sodium boiling
experiment.

10.6.1 SABRE development

The main line of development has been the SABRE code. An amendment to SABRE 1 (steady state,
single phase) has produced much more reliable convergence characteristics and more plausible results
than before, mainly as a result of implementing a new evaluation of available experimental data on
cross-flow head loss through tube-bundles.

Various methods of avoiding false diffusion are currently being evaluated. There is now no
doubt that a solution to this long-standing difficulty will be found, the only problem outstanding being to
find the right compromise between reasonable accuracy and reasonable convergence. In fact, a number of
successful production runs have been made already with a prototype SABRE 1A incorporating one
method of eliminating false diffusion.

Overcoming false diffusion will make it necessary to define a suitable turbulence mode! for blockage
situations, and alternative methods are being investigated. One approach makes use of the code ROBOT
which at present models a single sub-channel in fine mesh using curvilinear co-ordinate geometry and
with a well-authenticated turbulence model. Suitable boundary conditions to represent various types of
axial or transverse flow still have to be devised, and there are some minor geometrical problems associated
with the definition of the mesh.

The transient single phase version, SABRE 2, is working and documented, though it has generally
been regarded more as a demonstration of methods which could be amalgamated with the steady state
boiling version to produce a transient boiling region.

The steady-state boiling version, SABRE 3, is making progress. A pilot version is operational but
there are some numerical problems related to upwind differencing and the rapid change of velocity at
the boiling boundary which can distort the flow and pressure fields. The problems have been solved in
one dimension but there is no obvious analogue in three dimensions.

The ultimate goal, SABRE 4, is the transient boiling version. As might be expected, severe
problems attend the development here, especially in view of the requirement to allow for reverse flow at
inlet, and the reversal over a time step of the countermotions of the flow and the boiling boundary.
However, in one dimension and with structural heat capacity neglected, a successful case has been run.

Recent developments in SABRE, mainly to facilitate analysis of the experiments in the German
Compact Sodium Boiling Loop (KNS), provide for rod bowing and for spacer grids. The rod bowing option is
being provided to study anomalies between steady state experiments carried out at low power, there
having intervened a series of tests with intensive boiling. The new option is a complete reworking of the
original bowing option, in the interests of higher accuracy and lower costs in computing. The provision
for spacer grids — the KNS experiments are equipped with a form almost identical, except in vertical
height and pitch, with PFR design - is now complete and undergoing tests. Pending validation against
experiment, the presence of the grids appears to have a most marked and favourable effect on wake
temperatures behind blockages.

10.6.2 Experiviental measurements

An unheated 11-pin test assembly (the Visual Flow Rig) has been constructed for use in conjunction
with the 11-pin heated assembly in the Low Pressure Water Modelling Rig (LPWMR). Information has
been obtained on flow patterns and wake lengths associated both with an impermeable blockage and
with a blockage containing a controlled, discrete, permeability. Within the limitations of the flow
visualisation technique, good agreement with SABRE 1 predictions has been obtained. There are
indications that with the discrete permeability close to the edge of the blockage the flow pattern is such
that the peak temperature in a heated experiment would be higher than that for an impermeable
blockage. The Visual Flow Rig is currently being modified in order to study the effect of edge gap and
wall shape upon the flow pattern. Laser Doppler Anemometry equipment is being purchased which will
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be used in these experiments in order to obtain quantitative data both tor input to SABRE development
and tc allow exact comparison with SABRE prediction of horizontal and vertical flow velocities at
discrete positions within sub-channels.

Work on the 11-pin heated section in the LPWMR with an impermeable blockage has been
delayed bv the occurrence of inadvertent leaks in the blockage but sets of single phase temperature
patterns have now been obtained, which show good agreement with SABRE predictions. Boiling runs
will be started shortly and will be followed by study of the effect ot controlled, discrete, permeabilities.

It has been demonstrated that axial velocity measurement can be obtained in the inter rod spaces
within a simulated fast reactor rod bundle using Laser Doppler Anemomerry.

Preliminary measurements have been made in a glass simulation of a sub-assembly using about
120 glass rods (diameter 5-5 mm) in a square bundle with a thin edge blockage covering 4 rows (about
one-third of the total bundle). It was found that a zone of low flow exists for at least 50 mm after the
blockage and another smaller zone is found just in front of the blockage. Work is continuing to show that
the transverse component of velocity can also be measured. The measurements will be used to evaluate
turbulence model calculations of the flow field.

10.6.3 NASLIP development

For the analysis of sodium boiling effects on whole-core transients, the NASLIP code has been the
main analytical tool. .NASLIP is a one-dimensional transient boiling code in which the flow and enthalpy
equations of the channel are linked to radial heat condition equations which model the thermal capacity
of fuel and structural materials.

Unlike SABRE 4, NASLIP takes advantages of the one-dimensional approach by solving for
pressure separately from the other variables. This is a viable approach only in one-dimension, but it
does also restrict the regimes that can be rigorously treated. Within these confines, N'ASLIP has proved
very successful and it is presently favoured as a computational tool for incorporation into whole-core
accident methodology, not only because of its comparatively straightforward hydraulics modelling, but
also because of its representation of peripheral heat sinks and flow paths. All the lessons learned in its
development will be incorporated into the SABRE 4 work.

Studies of a possible multi-pin sodium boiling experiment have continued. A two-stage programme
has been proposed and outline design and global cost estimated for a first stage experiment involving
a 58-pin hexagonal cluster. The possibility of carrying out such an experiment in the large loop at ORNL
is being discussed with the United States.

Equipment for the internal detection of voids in boiling sodium by the Chen probe technique
and for external detection by X-rays has now been developed. This completes this phase of the instrument
development and the work in this area has now been terminated and written up.

The development of advanced design tantalum-sheathed heater pins under licence from the French
CGD has continued at SNL. Eight prototype pins have been produced and one of these has been operated
satisfactorily at the full power of 45 kW for 4 hours at a sodium outlet temperature of 1000°C. Infra-
red and X-ray facilities for heater pin non-destructive testing are now in routine use at AEE Winfrith.

10.7 Molten fuel/coolant interactions (MFCI)

10.7.1 Theoretical model development

The contribution of three possible fragmentation mechanisms to a propagating vapour explosion
was investigated by detailed calculation. The fragmentation mechanisms studied were:

(i) shock velocity fragmentation;

(n) impact fragmentation; and

(in) mixing from asymmetric vapour bubble collapse.

These mechanisms were shown to he each capable of producing an energetic vapour explosion
provided that they operated at a reasonable efficiency. This study showed the need for:

(a) further experimental work to find the efficiency of these fragmentation mechanisms; and

(b) a better hydrodynamics computer code to avoid the oscillations produced behind the shock
with REXCO and similar codes.

Calculations with the VULCAN code showed that the shock from of a propagating vapour
explosion should be able to condense most of the vapour separating the hot and cold liquids.

At CEGB Berkeley \uclear Laboratories the detonation model of fuel/coolant interactions has
been developed to allow slip and thermal disequilibrium between the shock and the sonic plane.
Results suggest that the limited efficiency « !0c7c) observed in metal/water interactions is due to the
effects of vapour blanketing at the sonic plane — this is less likely to be effective in Na/UO, systems.
Experiments on fragmentation mechanisms using mercury and water have confirmed the application of
gas/liquid breakup relationships to liquid/liquid systems, and suggest that hydrodynamic fragmentation
can be effective at Weber numbers < 100.

10.7.2 THERA1IR experiments (metal/water interactions)

The programme of metal/water interaction experiments at AEE Winfrith in THERMIR has
continued the study of propagation characteristics in interactions of kilogram quantities of material.
A series of tests has also studied the influence of initial interface temperature on the mixing phase.

The propagation experiments used a trough shaped vessel of water, with metal released from an
array of nozzles above the vessel. A detonator was fired at one end of the vessel to trigger interaction. A
number of experiments with different conditions was run, but no propagating interactions were observed in
the falling metal. Such interactions have only been observed after the metal had collected on the base
of the vessel. The conclusions reached were as follows:

(i) Propagation can only be easily triggered in a tin/water system in THERMIR if the metal has
formed a dense mixture on the base of a vessel.

(ii) Different physical mechanisms may operate in a more dilute system.

(iii) Spontaneously triggered interactions triggered on the base of the vessel propagate at a
velocity of order 100 m/s, and appear to coincide with a pressure pulse propagating at the
same velocity.

The mixing experiments indicate that the sub-cooling of the water is probably the major factor,
but there are no obvious phenomenological changes for a wide range of initial temperatures of metal
and water. The results were of interest in that the type of interaction observed correlated well with the
results of small drop experiments. For initial conditions in which small drops interact while falling
through water, localised weak interactions were observed as the 5 kg of tin fell through the water. For
initial conditions outside the interaction zone for small drops, the metal reached the base of the vessel,
and in some cases much stronger interactions were observed at this stage. Thus these data support
the earlier suggestion that larger interactions are more likely if the initial conditions lie outside the
temperature interaction zone for small drops.

10.7.3 Analysis of earlier aluminium/water experiments in THERMIR

Calculations using experimental results for the transient heat transfer from metal to water suggest
that a large part of the heat in the aluminium is transferred to the water on a millisecond time-scale
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in some of the observed explosions. They showed that detonation type processes are not necessarily
involved in large-scale vapour explosions. This work shows that further experimental results are required
to assess the role of detonation processes in metal/water explosions. This is being investigated in the
current THERMIR programme.

Small scale tests at Culham Laboratory have been extended to other metals than tin in water and it
appears that the boundary on the Temperature Interaction Zone at temperatures below which inter-
actions do not occur is determined by the interface temperature between the two materials being equal
to the homogeneous nucleation temperature of water. This has been further confirmed with experiments
with Freon 12 and water.

Experiments with high temperature materials have continued. At Harwell small quantities (~2 cc)
of sodium have been injected beneath the surface of molten steel. Explosions have occurred, scattering
metal and jn one case shattering the graphite crucible in which the metal is melted.

10.7.4 Thermite programme

The Thermite programme has the potential of being able to produce large amounts of molten fuel
in a fraction of a second to assist in a variety of MFCI experiments.

Progress has been made with Thermite charge manufacture and the development of charge
containers suitable for the improved Thermite. The first objective of reducing the gas released from
volatile impurity has been achieved and charge pressure of order 1 MPa are now consistently achieved,
compared with 3 to S MPa in earlier studies. This low pressure had led to the need for a spring loaded
release system to ensure proper release of the charge into the water or sodium in Thermite Rigs A or B.
During the year there were J4 test firings of Thermite material, two firings of charges under sodium in
commissioning Rig B, and 18 firings of charges under water in Rig A, mainly associated with charge
container development.

10.8 Fuel failure - SCARABEE analysis

The SCARABEE Agreement with CEA and KfK formally expired in September 1977 having been
extended by one year. The extension has made it possible to deal with the data much more thoroughly
and good overall progress in interpretation has been made. The results have been analysed at Harwell
using the theoretical ftiel element model FRUMP. Since the SCARABEE experiments used unirradiated
fuel their application to accident analysis is limited, but our participation has allowed us to improve our
understanding of fuel behaviour.

10.9 Post-accident heat removal and core debris control

Both internal and external core catchers are envisaged as playing a role in the containment of
core debris after a hypothetical core disruptive accident. Much of the UK work is applicable to either
situation. Specific to the external core catcher, however, is the sacrificial bed concept where the core
melts and mixes with some material of high melting point, which has the effect of diluting the volumetric
decay heating and slows down the downward progress of the molten core. Computer codes incorporating
models of this process are being developed and used, in conjunction with the designers, to estimate the
size of sacrificial bed and the capacity of any cooling systems required.

Small scale experiments with soluble waxes indicate possible growth patterns formed by the molten
fuel and sacrificial material. The chemical interactions between possible sacrificial/structural materials and
core materials are being investigated.

Furnaces are available for melting UO2 or suitably constituted "coria" in contact with other
materials. The mutual solubility and rates of solubility of UO2 and various sacrificial materials are being
studied. Preliminary studies show that UO ; appears to be soluble in basalt.

Theoretical and experimental studies are being carried out on the fate of the major fission products.
In particular, the phase in which the particular fission product locates itself is important for determining
the efficiency of the core catchers. Certain of the fission products separate out into alloys of the metallic
phase whose density is close to that of UO2.

A study has been made of the mechanisms involved in the potential formation of a pool of
boiling fuel and steel in the core and the consequences of its collapse if subjected to a pressure pulse
from a vaporisation of sodium by molten fuel. The formation of a boiling pool is dependent on the
heat transfer between the molten fuel and the steel boundary containing the pool and the rate of heat
transfer is itself very dependent on the tendency for fuel to solidify in contact with the steel.

Providing the internal heat generation in the fuel and the fuel/steel heat transfer is such that
boiling takes place, a further uncertainty is the flow regime that will exist and hence the extent of
fuel dispersal. Since the flow regime will, in part, determine the heat transfer one has two poorly
understood mechanisms which are themselves interdependent.

Preliminary experimental work has been carried out at Harwell to investigate the suitability of
materials for simulating molten fuel and steel in an attempt to resolve difficulties associated with the
formation of the pool. This has so far been confined to investigating a hydro-carbon (acenaphthene,
CjjHjfCHjJj water system and a silicon oil/water system. Micro-wave heating rates for the fluids
have been measured. Unfortunately, water couples much more efficiently than either of the two
fuel simulants. This appears to limit their use to other less satisfactory heating methods such as fine
wire immersion heaters. Some preliminary heat transfer tests have been done using the latter system.

In addition, theoretical work has included the development of computer programs to study both
aspects of the problems associated with pool boil-up ^i.e. hydrodynamics and heat transfer).

IDFASE is a program which solves numerically the one-dimensional hydrodynamic equations
for a two component, two phase pool. One component is assumed to be non-volatile (e.g. molten fuel)
with internal heat generation and heat transfer to the second component (i.e. molten steel) which boils.
Preliminary results on the dependence of void fraction on interphase slip have been obtained and
comparison of these results with those from similar programs is sought.

SLAM is a program which calculates the one dimensional progression of a temperature wave
through a finite slab of material between fixed source and sink temperatures. On melting, the steel is
removed from the slab. Extension of this program is underway to represent the deposition of a finite
amount of molten fuel on the slab.

In qualitative agreement with the work of Abramson at Argonne National Laboratory (ANL) it
is estimated that, in order for a prompt critical configuration to be caused by the forced collapse of a
boiled-up pool a pressure pulse would have to establish itself over a relatively large area of the core. For
example, if the pulse is applied at the interface between the pool and the sodium the minimum pool
radius to give prompt criticality on collapse is 70 cm. If the pressurisation occurs above the sodium
this critical radius is reduced to IS cm.

An important aspect of a programme to determine suitable materiab for use as sacrificial beds is
the experimental determination of the constitution of a fast reactor core after an hypothetical accident
in which the core materials collapse into a molten pool. Studies, at the moment, are confined to
considerations of an oxide core. The preliminary experiments at Harwell indicate that urania and stainless
steel, and urania and some of the transition element fission products (Mo, Tc, Ru, Rh, Pd) from two
immiscible liquids at temperatures only slightly above the melting temperature of urania (3120K). It has
also been found that a mixture of these fission product elements and stainless steel form a single phase
liquid which is also immiscible with liquid urania at these same temperatures. There is some mutual
solubility between these liquids.
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10.10 Safety instrumentation

A method of detection of sub-assembly blockage using acoustic resonances is being investigated.
This is based on the principle that the frequencies of standing waves (fundamental of order 1 kHz) are
altered by the presence of a partial blockage. Tests on DFR during its final period of operation showed
that these resonances are clearly observable from naturally occurring flow noise and yield frequency
shifts as predicted according to the size and position of the blockage.

Subsequent water tank tests have also produced confirmation. A further series of tank tests is
being planned at AEE Winfrith to establish fundamental points on the degree of damping to assess
effects of semipermeable and irregularly shaped blockages and the effects of tube wall elasticity (this
substantially influences the effective longitudinal speed of sound).

Individual sub-assemblies in CDFR will be fitted with thermocouples and burst pin detectors.
Previously existing electronic and electromechanical techniques for carrying out protection logic were
not capable of providing adequate reliability with the very large number of sub-assemblies and their
multiplicated sensors. Two methods are under development potentially capable of providing two
disparate systems, each with the required 10"' probability of failure to operate on demand and with a
spurious operating rate of less than 10"1 per annum. These are:

(a) A method of pulse coding semi-conductors
The pulse signals provide a continual check that the protection logic is functioning correctly.
The redundancy of the logic enables failures within the system to appear as changes in the
pulse pattern and hence permit on-line diagnosis and unit replacement. A trip is initiated
when the system output is reduced to a steady state.

Systems of this kind have beeft operating for 1^ years both on DIDO (Harwell) and
Bradwell (CEGB Station). Recently the initially passive role on DIDO of this guard-line
has been made an active part of the reactor protection. The Bradwell system is continuing
in a passive role. These systems have operated without any malfunction. A third system
has been constructed and is being commissioned in the laboratories in preparation for use
at Oldbury (CEGB Station), again initially in a passive role.

(b) Laddie

Improvements have been made to Laddie and accompanying circuitry. Laddie provided
an early form of dynamic logic but in its implementation suffered from a need to ensure use
of slow transistors to prevent a potential fail to danger condition. Modifications and additions
to the method of winding Laddie and to the associated circuitry have overcome this restriction
and improved 'fail to safety' in several ways.

A prototype system has been operated for two years in the laboratories, another larger
system has been manufactured and is due to be installed, in DIDO.

(c) Computer based

In addition, longer-term work is in progress to develop computer-based systems. The
attractions of this approach are:

(i) The sensor signals can be multiplexed and the very large numbers of hardwired
trip and logic units can be replaced by comparatively few computers operating in
a time-shared mode.

(ii) The multiplexed signals can be transmitted, by a comparatively few paths, from
the sensors to the protection equipment (which would be either computer-based
or hardwired), and telemetry by different media are being considered.

Very large savings in cost compared with totally hardwired protective systems are possible,
through the use of (i) and/or (ii); also complex trip algorithms can be readily performed.

However much development is required to ensure that fail-safe techniques can be successfully
applied to both the hardware and software. In-depth studies have indicated that the reliability
requirements can be satisfied by using microprocessors programmed for dynamic operation,
if coupled with self-checking techniques. Further studies and some practical demonstrations
are currently being proposed.

At Harwell, a design of microcomputer system to carry out a simple monitoring task with high
reliability has been developed using microprocessors to provide physical isolation of the programs and modular
redundancy of the hardware. A theory allowing analysis of the reliability factors of different system
configurations has been extended and has been used to derive quantitative comparisons between different
possible systems containing 500 sensor groups as a function of time for various configurations, based on
estimates for the reliability factors of typical sensors and processors. It is concluded that the configura-
tion with inputs from a group of redundant sensors connected to separate input processors is more
reliable and for the reliability factors considered redundancy factors of S for the sensors and 3 for the
processors will be necessary to give an unreliability of less than 0-25% for a 6-month period. It is also
concluded that the maximum sensor failure rate which can be tolerated is approximately 0-1/yr.

Construction of a duplex microprocessor for use in such a system has been completed and is under
test; preliminary indications point to this having high reliability and fault detection characteristics.
This work certainly indicates the feasibility of using microprocessors in reliable computer-based
monitoring systems. Further development of synchronised multiprocessor units and of multiport
memories is planned and it is also proposed to set up a partial microprocessor system incorporating
some of these components as a test bed for system development.

10.11 Release of radioactivity and other related items

A new code, AEROSIM, has been developed which is based on an advanced theoretical model
incorporating deposition and agglomeration processes based on real physical behaviour rather than
arbitrary assumptions regarding particle size distribution. In particular, the code can accommodate a
particle size distribution which varies with time.

Theoretical investigations have been carried out in SRD on the effect of fission products released
to the atmosphere and as a result the code TIRION has been written. The code predicts the incidence of
casualties following a release as a function of population distribution, weather conditions, etc. TIRION
played a major part in the Windscale inquiry and was made available to the objectors to carry out their
own independent calculations. It has also been made available to a number of foreign countries and is
being used in a study under contract to the EEC for hypothetical studies of plume rise following the
release of activity from a fast reactor accident.

A major item of technical interest to fast reactors, among other systems, is work to study the
impact of 'hard' and 'soft' missiles typical of a crashing aircraft in order to assess the strength of secondary
containment building which will withstand such impacts.

Other topics of wide relevance are the study of seismic problems, and the possible effect on nearby
reactors of the dispersion and possible explosion of inflammable gas mixtures after a refinery or ship
accident.

11. REACTOR PERFORMANCE STUDIES

11.1 Experimental neutronics

11.1.1 Tbe BIZET programme

Modifications to enlarge the ZEBRA reactor to accommodate assemblies up to 3-5 m diameter
were completed and the reactor achieved criticality in December 1976. It has been in intensive use since
then on the measurement of the performance of large fast reactor cores. This work is undertaken under
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the BIZET programme in collaboration with KfK. Two major core loadings have so far been studied,
described as the BZA and BZB assemblies, both of which relate to a large core of conventional design.
A third phase of the work, the BZC assembly, will relate to the study of cores of heterogeneous design
aimed at reduced sodium voiding reactivities. This will occupy ZEBRA throughout 1978.

The BZA assembly was enlarged by the addition of enriched uranium fuel to make the 4500 litre
BZB core. The additional reactivity of 4% was compensated by the insertion of boron carbide control
absorbers simulating those proposed for CDFR. The resulting assembly represented the essential
features of a commercial power reactor of conventional design. In the BZB programme a comprehensive
series of experiments aimed at validating key performance parameters of a conventional design of CDFR
has now been completed.

The interpretation of the BZB experiments will largely involve 3-D (XYZ) diffusion theory calcula-
tions. The extensive cross-section data files required to describe these large and complex assemblies have
now been created and the whole-reactor TIGAR runs for the analysis of power distributions are in
progress. Special attention is being given to the representation of the streaming in the ZEBRA plate-
cells by means of modified diffusion coefficients derived from the WDSN code, an aspect not adequately
treated hitherto. Initial examination of experimental data shows some interesting conclusions. For
instance, in the sodium-voiding of sub-assemblies and extended pin zones, it is found that voiding the
central third of the core height gives a positive effect at all core positions. The upper third is always
negative while in the inner core, the lower third is positive, due to the part-insertion of the control rods.

Studies of heterogeneous cores will form the third (BZC) phase of the BIZET programme. Single
and double annular, island, and cartwheel designs, suitable for loading on to the ZEBRA lattice and
within the available fuel inventory have been examined, but the general philosophy at this stage is to
study the new physics features introduced by these concepts. Mock-up of a particular design will follow
at a later stage of the overall ZEBRA programme. Detailed proposals for the first BZC loading are now
being formulated.

11.1.2 Integral data studies

The measurements made in ZEBRA Core 14, with the aim of testing predictions of beta-decay
energy release from 2"Pu and 235U fission products, have been completed and analysed. The technique
consisted of catching on Mylar foils the fragments emitted from thin fissile deposits during a 105 second
irradiation at the ZEBRA core centre. The energy from beta particles (together with conversion electrons,
X-rays and an unwanted gamma-ray component, subsequently subtracted) was measured by the digitised
current output of a plastic scintillator/photo-multiplier system, calibrated using a standardised ">Sr-'°Y
source. The fission rates during the irradiation were determined using the calibrated parallel-plate
chambers. Results are available for decay times in the range 15 to 3 x 10' seconds.

11.2 Measurements and evaluations of nuclear data

Techniques are being developed at Harwell for gamma-counting of fissile material with little or no
chemical separation, so that all fission products with suitable gamma-rays are measured simultaneously.
In test irradiations in which only about 10" fissions were generated in the target material, up to 120
gamma-ray peaks belonging to 30 fission products from the total gamma-ray spectrum of the untreated
target were successfully identified and satisfactory decay curves were obtained from the majority of them.

New absolute fission yields of "Mo and other nuclides from u ' Pu fissions have been measured and
published.

The collected fission product yields have been reassessed and listed as chain or cumulative yields and
independent yields. The resultant collection has been published in "Atomic Data and Nuclear Data
Tables". This includes the simultaneous fitting of the experimental results to the conservation of total
nucieons, to the totalling of the chain yields to 200% and to a loose fitting of the proton balance, the odd/

even proton effect being included. This collection has been translated into ENDF/B-IV format and
included in the UKAEA Nuclear Data File. Examination at Winfrith has pointed to the need for close
fitting of the proton balance; this has been started. Further, to improve the proton balance fitting and
simultaneously imply the summation of heavy and light fission products to 100%, the equality of
complementary elements will be added to the constraints.

The UK Chemical Nuclear Data File now contains the merged CEGB/US fission product decay
data, the fission yield data described above and the alpha-decay data also evaluated at Harwell. The
CASCADE computer code for analysis of evaluated decay scheme data is now working and attention is
now concentrated on making its input and output routines suitable for easy use.

The new 136 MeV accelerator should be in operation by the end of 1978. During the past year,
the main work of the staff associated with the facility has been to analyse data taken with the old machine
but as the time for commissioning the new machine comes closer increasing emphasis is being placed
on the design and commissioning of experimental facilities associated with the new accelerator.

A major activity has been the analysis of capture cross-section measurements on iron, nickel,
chromium and the separated isotopes of titanium made with the old linear accelerator. With the aid of
neutron transmission measurements made on the synchrocyclotron, resonance parameters have been
obtained for the principal resonances in iron and nickel up to 50 keV and for all well known (and some
new) resonances in titanium up to 26 keV. Average capture cross-sections for iron, nickel and chromium
have been measured up to 800 keV but some difficulty is being experienced at the higher energies in
calculating the self-shielding and multiple scattering cross-sections required to obtain the true cross-
sections. Some differences with previous measurements are already apparent in the resonance region.
For example, the measured radiation width of the large s-wave resonance in "Fe at 27-7 keV is found to
be 0-90 + 0'15 eV while the latest value from the Oak Ridge/Lucas Heights collaboration is 1-6 + 0-3 eV.

A programme of measurements of the fission cross-sections of 239Pu, a 5 U and 2"U in the energy
range 100 keV to several MeV is being undertaken on the synchrocyclotron. So far, cross-section ratios
have been measured but absolute determinations are planned.

A programme to measure the neutron yields from (a,n) reactions using the Tandem accelerator
has been started. An independent measurement of the neutron yield from a 12 g 241AmO2 sample,
obtained for cross-section measurements, has shown the importance of impurities; half the neutron
yield from the sample was due to a small amount of fluorine. Tests have shown that the presence of this
and other light element impurities can be determined by observing the characteristic gamma-rays which
follow (a.n) reactions. A Ge-Li detector will therefore be used in the Tandem experiment for quality
control on the targets. The results of the measurements on the '"AmO; give the neutron production rate
as (2-78 + 0-41) x 10' n per second per gram of '"Am which is consistent with theoretical predictions
of 2>0 x 103 n/s.g.

The programme of work to study the Doppler broadening effects in heated UO2 has continued.
Recent work has been concentrated on the analysis of the experimental data to obtain both the tempera-
ture dependence of average neutron transmissions and resonance parameters. The ratio of the average
transmission at 293 K to that at 1093 K has been obtained in the energy range, 10 eV-200 keV, for
depleted UO, samples of nominal thickness, 1,4 and 6 cm. The transmission ratio, 293 K to 1730 K, has
been obtained covering the same energy range for 1,2,4 and 6 cm samples. These results have been
corrected for systematic background errors (using 'black resonances' in 23!U) and for sample expansion
(using the variation in the off-resonance transmission).

The transmission ratios show little dependence on temperature up to about 200 eV, and above
80 keV, and at all energies for the 1 cm samples. For the thicker samples the ratios rise to a broad
maximum in the range 1 -10 keV, with peak values occurring in the 2-4 keV region. The largest deviation
is obtained for the 6 cm samples at 1730 K between 3 and 4 keV where a ratio of 1-21 + 0-02 is
obtained. A secondary maximum is seen in the 8-9 keV region. The shape of the transmission ratios is in
good general agreement with earlier results obtained for uranium metal at 293 K and 1073 K. A
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detailed comparison is difficult because the previous data are uncorrected for thermal expansion, and
the averaging is over different energy ranges.

Resonance parameter analysis is being carried out for the cold sample transmissions in conjunction
with other thin-sample transmission measurements, using the REFIT program. Neutron widths have
been obtained for twelve resonances up to 116 eV, and gamma widths for four resonances. The analysis
is being extended to higher energies. The hot-sample transmission data for four resonances (20, 66,
80 and 89 eV) have been analysed using the same code to yield the sample effective temperature. The
preliminary results are in reasonable agreement with the temperature .readings obtained with a
pyrometer.

The UK request lists for nuclear data measurement and evaluation requirements for the reactor
programme have been reviewed and revised. The majority cf the requests relate to fast reactor needs.
A meeting was held with French and German representatives and a joint request list for priority 1 items
was produced. This was submitted to the NEACRP with the aim of formulating an internationally
agreed priority 1 request list to provide a well-defined basis for planning collaboration on nuclear data
measurement and evaluation.

The 2240-group FLG* set and the 37-group FD5 set derived from it continue to provide the data
for reactor neutronics calculations. These data are under continual review and extensions and small
corrections are being made.

A new UKNDL file for cobalt has been derived from the ENDF/B evaluation. The code SIGAR was
used to generate tabular cross-sections from ENDF/B resonance parameters. Data for cobalt in 2240
energy groups have now been added to the fine-group library. This enables resonance shielding effects-
(which are important in the calculation of the activity of stellite pads) to be treated.

A separate library of activation cross-sections in 37 energy groups has been set up. It contains data
for primary reactions, including (n.y), (n,f), (n,p), (n,a) and (n,2n), and also displacement cross-
sections. A code called REFORM has been written to convert data from one group structure to another
and this has been used to convert the RSIC 100-group aaivation library to 37 groups and the data have
been added to the aaivation cross-section library. REFORM has been used to convert ENDF/B-IV
NRT-model atomic displacement cross-seaions in the SAND-2 group structure to 37 groups. These have
been agreed as the standard cross-seaions for the calculation of displacement rates. The alterations to be
made to the neutron-induced voidage swelling rules for use with these displacement cross-seaions have
also been derived.

In order to improve the methods for treating resonance shielding, codes have been developed to
derive sub-group data from different primary sources (in particular, from a UKNDL file and a fine
group library file). Work is continuing on the subgroup method of treating resonance shielding.

Data for 232Th and 2"U are being generated for studies of alternative fuel cycles. Further work
is required to derive data for other isotopes of significance in these studies.

Approximate values of the cross-section of the "Ni (n,a) reaaion have been derived to enable
the production of helium in struaural materials by the two-stage reaaion, "Ni (n,y) "Ni (n,a), to be
estimated.

Fission produa nuclear data requirements and the status of the data were reviewed in papers
presented to the IAEA Meeting on Fission Produa Nuclear Data held at Petten in September 1977.
Integral reactivity and aaivation measurements made in low power critical assemblies have resulted in a
substantial improvement in the accuracy of prediaion of fission produa reaaivity effeas (+ 10%).
However, further work is required to study the effea of fission produas on sodium void reaaivities.

One-group cross-seaions for the calculation of material aaivation and heat release using
FISPIN have been derived for different regions of the PFR. Thesecross-seaions have been adjusted to
take account of reaaion-rate-ratio measurements made in ZEBRA.

Work continues to incorporate the latest evaluation into the data libraries used with inventory
codes which calculate the arisings of fission produas, aainides and aaivation produtts. These codes are
used for calculations of decay heat, higher aainide build-up, and of aoivities and neutron sources for fuel
transport and reprocessing. For fission produas the currently recommended data are those already
mentioned — the recently published evaluation of fission yields and the decay data in the UK Chemical
Nuclear Data File.

The inventory code FISPIN-4 has been modified to read the recommended data in the ENDF/B-IV
format, and a number of calculations has been made with these new data and also, for purposes of
comparison, with an earlier Harwell set of fission yields and with the ENDF/B-IV data alone. Calcula-
tions on beta heating after fission of M!U and M'Pu have shown good agreement with the recent easure-
ments at Winfrith already mentioned. Extensive calculations have been made for comparison with other
measurements of decay heat (beta, gamma and total) and of gamma spectra.

11.3 Neutronics methods development

11.3.1 Modular code scheme

Work has continued on the COSMOS modular code scheme. The number of codes included has
been increased and the documents describing their use have been improved. The completion of this
scheme has been delayed by the need to convert existing codes to the new ICL 2980 computer now
operating at Risley; neverthless it is expetted that the majority of fast reaaor neutronics calculations
in the UK will be carried out using COSMOS by the end of 1978.

11.3.2 Evaluation of methods and physics studies

Recommended methods for calculating PFR and CDFR Doppler effeas, and the uncertainties tn
these methods has been defined. Extensive studies were made of the approximations in the methods,
including the problems of extrapolating to high temperatures and to burn-up conditions.

Studies are being made of sodium void calculations to define recommended methods and associated
accuracies for PFR and CDFR, building on the analysis of the ZEBRA measurements and the studies
carried out during the course of that work. A number of effects such as fuel temperature and burn-up have
been examined.

A study on the effeas on reaaion rate distributions of approximations in the methods for uniform
reaaor zones (mesh effeas and diffusion theory) has been completed and the work is currently being
xtended to examine reaaion rate distributions through and near control rods.

A study has been made of streaming effeas in the plate geometry used in ZEBRA. A number of
different methods have been compared and the WDSN-ST code has been developed to represent the
angular flux distribution needed to treat this effect. It is found that the leakage component of the sodium
void effea measured in plate geometry is increased by 20% by streaming effeas. Further studies and
code developments are in progress to treat the pin and sub-assembly geometry effeas.

The DOT transport theory code has been improved and extended to allow the SN order to be a
function of energy group.

The WDSN-ST code has been modified to allow general sets of angular ordinates and weights to be
used.

The various separate versions of the fine-group data processing code MURAL have been combined
to form one version which can treat a number of different types of cell. The anisotropic leakage and
scattering cell treatments have been commissioned. New manuals have been produced.



Three new COSMOS modules have been completed and tested for use in an improved procedure
for calculating the bowing of PFR sub-assemblies. These modules allow reactor re-ioads to be followed,
the storage of sub-assembly damage and temperature histories, and the calculation of sub-assembly
interactions.

The COSMOS Workshop scheme, TASKCFRA, is coming into wider use. It has been used, in
particular, for an assessment of a treble-annular CDFR design. The work was used as part of a programme
of testing the applicability of the scheme for design work. The work involved the use of 9 modules of the
scheme. A number of difficulties arose mainly related to the size of the problem. They were overcome
when new modules were introduced. A number of improvements to TASKCFRA have been suggested
and some are being implemented. Overall, the scheme is now considered to be suitable for design work
with advantages in rationalisation of methods and data.

A study has been made of possible developments to the COSMOS scheme over the next few
years. There is a major interest in the inclusion of the stand-alone codes used primarily by designers.
An improvement that is already in hand is a code that prepares input data in a form suitable for physics
codes from data supplied in a format suited to assembly by design offices.

A code, MARGIN, has been written which takes input data in the MARC code format and converts
it for use in the COSMOS scheme. At present, the code is only available in RZ geometry.

The three-dimensional diffusion code, SNAP, has been developed further, especially with respect
to its options for solving source problems. The code has been linked, through COSMOS to the fast
reactor data base, making the source options available in COSMOS. It has been used in studies of sub-
critical monitoring of ZEBRA and is being used as part of the PFR gamma-heating route.

The definition and implementation of system-independent computing techniques are mainly
undertaken at Risley. So-called filer-independent calls are recommended for file handling. Studies
are also in progress of sequencing methods which will have application in other fields, such as whole-
core accident codes.

A reference version of the FISPIN code for calculating inventories after irradiations has been
defined for use on the Risley and Harwell computers, and a different version of the code has been made
available at Winfrith. In addition, a set of reference cases has been defined for testing the code after
changes have been made to it. A number of new facilities have been made available. These include the
ability to add extra nuclides (particularly tritium) to the fission produa libraries and additional output
including output on magnetic tape.

A review has been made of the criteria which control the mathematical operation of the FISPIN
code, and recommendations are given based on these. This review will be included in the forthcoming
report on the code.

11.4 Performance calculations for CDFR

Performance and economic studies continue covering a wide range of aspects of the introduction
of fast reactors into the UK power generation programme. These calculations are often of an exploratory
nature and do not relate to any particular change in the reference reactor. For example, one way to
reduce U-Pu fuel reprocessing and fabrication and thereby, possible, environmental hazards misht be
to extend the lifetime of the fuel in the fast reactor and hence the burn-up, but this could not be achieved
without some penalty. An investigation has been carried out to assess the effect of a high burn-up on
fast reactor inventory and breeding gain. It was found that increased burn-up affects the in-pile and
out-of-pile inventories in opposing ways leading to a minimum total inventory at 15 -20% maximum
burn-up with the customary ground rules. The doubling time becomes incompatible with the require-
ments of an expanding systen beyond 30% burn-up. Beyond 43% it becomes negative, so that the
system can no longer sustain itself at equilibrium.

A computer code, RISKAN, has been developed to estimate with a high degree of precision and
with a reasonable amount of computing time, the uncertainties in reactor stratesry benefits which would
arise from uncertainties in factors affecting expenditure (i.e. cost data) and affecting the installed capacity
(e.g. reactor parameters, policy decisions on timing and rate of introduction). RISKAN works by carrying
out a large number of system benefit calculations (of the order of 10,000 depending on complexity) for
a pair of alternative strategies, each calculation incorporating perturbations in some or all of a set of
items of input data from freely specified frequency distributions. The set (order 10,000) of results is
then processed to determine the frequency distribution of cost benefit. The code has been used to
determine a range of the economic benefits of introducing the fast reactor together with the associated
probability levels. The most damaging factor on nominal economic benefit was noted to be the CDFR
introduction date.

A survey of fast reactor fuel parameters has been made, using the FROVE code, to check if
there was any change in "best" fuel parameters for a range of parameters normally kept fixed in UK
surveys, but which are allowed to vary in US studies. The work was intended to show how the optimum
choice of pellet diameter is affected by

(a) can-thickness to pellet-diameter ratio;

(b) low sub-assembly pressure drop;

(c) low linear rating with high fuel density;

(d) core height;

(e) axial breeder height;

(f) reduction in both coolant inlet and outlet temperature to allow a saturated steam cycle to
be used.

The results show that, with oxide fuel of 80% theoretical density, 50 W/mm linear rating, core
burn-up of 10%, and irrespective of can-thickness to pellet-diameter ratio, minimum costs are achieved
with fuel diameters lying between 6 and 7 mm and about 6 mm for (b) and (c) above. Minimum
uranium requirements occur at 6 mm fuel diameter for all values of (a), (b) and (c). The -variants (d) and
(e) show a small economic advantage in favour of small fuel diameters with short core and large fuel
diameter with longer cores. For variant (f), with the 6 mm fuel diameter and standard can thickness
(0-38 mm), a 5-56% reduction in capital costs would be required to offset the reduction in steam cycle
efficiency; with the reduced can thickness (O>25 mm) a 2-35% reduction would be required. The
effect of variant (f) on uranium consumption would be a 15% increase with the standard can thickness
and a 7% increase for the reduced can thickness.

Studies have continued on designs of cores with low sodium-voiding reactivity. In these designs,
the motivation has been to enhance the role of the leakage term in the reactivity change due to sodium
voiding. The configurations studied included arrangements with radial spokes of breeder ("cart wheels");
single, double and multiple annular cores; cores with small islands of breeders ("pepper and salt");
pancake cores; cores with stepped fuel heights.

The detailed results show that the increased leakage of the low-void-reactiviry designs results
in the use of higher enrichments which leads to reduced Doppler coefficients. On the other hand, the
extra leakage is absorbed in breeder regions, and the high enrichments give harder spectra with increased
yield of neutrons per fission. Consequently the breeding is improved and partially offsets the unfavour-
able effect on doubling time of the increase in plutonium inventory incurred by the higher enrichments.

The use of internal breeders increases the fraction of the power from the breeder. This effect
keeps down the inventory, but the accompanying power variations with irradiation of the internal
breeders makes the reactor more awkward to operate. In those designs with thin internal breeder layers,
the plutonium produced in them tends to offset the reactivity loss caused by burn-up of the plutonium
in the fuel. Consequently less control rod investment is needed to overcome reactivity loss over a burn-up
cycle.
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The improved sodium-voiding characteristics of the reactor cores with internal breeders is
offset to some degree by the reduced Doppler effect. The net effect on safety can only be gauged accurately
by carrying out calculations on uncontrolled reactivity excursions. Although the deterioration in the
Doppler effect incurred by the use of higher enrichments can be compensated by the use of moderating
materials, such as zirconium hydride in the fuel, the economic penalties are large.

Work has continued through the year on methods of monitoring the sub-criticaliry of the CDFR.
Three methods have been considered — oscillating rod, natural neutron source, and artificial neutron
source, using three monitors disposed symmetrically around the core in the shield rods. Sub-critical
monitoring can be used to detect maloperations (misloading fuel; unintended removal of control rods,
etc.) as well as providing a warning of too high kgff The recent work has dealt with both aspects. The
oscillating rod gives results that are independent of neutron source strength and disposition and monitor
disposition, but the system is complex. The natural source method has the advantage of simplicity but
is very dependent on neutron source strength and distribution and monitor disposition. The artificial
source method is less dependent on neutron source strength and disposition but the artificial sources
are a complication. Both source methods are affected by monitor failure; the oscillating rod method is
not.

11.5 Energy deposition and shielding

The programme on energy-deposition and shielding is now at the validation phase: a set of
methods exists for current design studies based on the two-tier scheme of diffusion and Monte Carlo
codes. Whilst there will be a continuing need for maintenance and development of both codes and
methods, most effort during the year will be on the assessment of multigroup data sets. Integral
measurements made in PFR will be important in these validation studies.

Techniques have now been developed for prediction of the uncertainties in shield performance due
to uncertainties in nuclear data as a function of energy. The method uses the ANISN and SWANLAKE
codes. Studies of the secondary sodium activation in a notional CDFR, for example, have shown that
improvements of a factor of three are required to achieve the target accuracy if significant correlations
exist between the cross-sections at different energies in the multigroup data.

The Mk III version of the McBEND Monte Carlo code has now been implemented with an
improved tracking routine giving about 30% increase in speed. Facilities have also been included to
enable the angular variation of the importance to be specified by the user.

The integral measurements from PFR include scans with a wide range of resonance and threshold
detectors up the central thimble, with thermal, epithermal and some fast-neutron flux scans in the other
more remote thimbles. The successful use of niobium, as a possible damage monitor, is an interesting
feature of this work. The experiments have provided sufficient data for an evaluation of multiple-foil
unfolding techniques to determine spectra in regions outside the core such as the diagrid and above-core
steel-work.

Damage calculations have been made for the diagrid using the code GEEREM which was
developed for three-dimensional calculations of the damage pattern. There have also been improvements
of the SCOREM and SNAP codes and evaluation of the spherical harmonics method. A study of finite
element methods for shielding and core physics calculations using transport theory has been undertaken
in collaboration with Queen Mary College.

A combination of the finite element method (for spatial variables) and the spherical harmonics
method (for angular variables) has been shown for one-dimensional problems to be very efficient, quick,
and at least as accurate as the best alternative technique in use for a given type of problem. Consequently
the method is also widely applicable to problems in shields, homogeneous cores and lattice cells. For
cell problems the method is faster than discrete ordinate. collision probability and spherical harmonics

methods using difference techniques. Recent trials on two-dimensional problems are encouraging. One merit of
the present technique is elimination of the instability often encountered with discrete ordinate methods
(SN) and with finite elements in which the angular variables are treated in a discrete fashion.

11.6 Engineering analysis

The UKAEA have adopted a unified approach to finite element method (FEM) program develop-
ment, code-named UNCLE, and a number of engineering codes are operational within the system. These
include:

FAUN — Elastic 3-D analysis with a selection of element types designed for convenient repre-
sentation of engineering components such as pipes, plates, beams, etc.

CAUSE - Elastic 3-D analysis of continua. The code can cope with complex and untypical
geometries. Currently being commissioned to cover plasticity and creep.

TINCAN - Elastic analysis of axi-symmetrical shell structures. Planned to extend to include
plasticity and creep options.

TAU - 3-D heat diffusion code covering a-wide range of boundary conditions.

Pilot studies of low-Reynolds-number flows by the FEM have been made by an adaptation of
FAUN (based on stream function and vorticity considerations) and the development of AQUA (using
pressure and velocity as primary variables). These codes have demonstrated the feasibility of modelling
such flows but also show that significant effort would be necessary to produce codes applicable to a wide
range of more real situations.

A calculation procedure has been provided which enables bow and dilation of all sub-assemblies
in the core and breeder of PFR to be determined. This facility, the BOW Task, consists of a number of
linked codes within COSMOS. The computer code ABSROD for determining temperature distributions
in absorber rods and guide tubes has been developed to made it suitable for application to PFR and for
incorporation in the BOW Task. The code PRESSX is for determining sub-assembly distributions based
on measured data and is required for dilation calculations. It has been written and incorporated in the
BOW Task. The code WRAPRT which calculates wrapper temperatures has been made more flexible to
cope with various sub-assembly designs. The code NIVBOW which performs the bowing calculations has
been developed and can now cater for a sub-assembly in which both cross-section and material may
change over the length.

The code DILATE was developed specifically for analysis of sub-assembly interactions in the PFR
core. It is able to follow sub-assembly distortions, to pick-up initial points of contact between sub-
assemblies, and to determine magnitudes of forces which develop with further irradiation.

Equations have been specified for a time-dependent solution of the bowing of fuel pins in which
significant effects are from neutron-induced voidage, irradiation creep, and thermal expansion. These
equations are due for programming in 1978. This code when programmed (TRIAMBIC) will supersede
the current code (IAMBIC) in which neutron-induced vcidage effects are accounted for by means of a
pseudo-thermal expansion coefficient.

During the year a few improvements have been made to the PFR natural circulation code TRUDI,
in particular equations representing pump run down. The effect of allowing secondary pumps to continue
running following primary pump and reactor trip has been analysed to see if this can yield complete test
data on natural circulation behaviour of PFR.

The CEGB have carried out some water-modelling tests relevant to the primary pool of a fast
reactor to investigate a criterion for buoyancy influence on transient flows. Observation of the flow
pattern was achieved by flow visualisation or, for more quantitative results, by introducing brine at a
different temperature from that of the pure water. In this latter case, the transient temperature field was
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monitored with an array of fast-response thermocouples. On the basis of this work it is concluded that the
buoyancy influence can be described by an overall Richardson number and that typical reactor postHrip
flows will be buoyancy-influenced.

The intermediate heat exchangers of both PFR and CDFR are subjected to severe thermal shocks
following certain plant trip incidents. In order to assess the endurance of the structures, metal temperature
histories must be known in some detail, particularly in the regions of the tubeplates where the shell-side
sodium is flowing radially across the tube bundle. The 2-D transient computer code 1ETA has been
developed to predict sodium and metal temperature histories throughout the tube bundle, tubeplates and
shells. Some validation work against data obtained from PFR trips has been possible and the comparison
obtained is encouraging. The code has been used to assess the thermal behaviour of the current CDFR
intermediate heat exchanger design during the five most common reactor faults.

In the creep context, pipework tends to differ from pressure vessels as a result of the greater elastic
follow-up potential from thermal effects in pipes. This has led to particular consideration of alternatives to
the ASME classification of expansion stresses in which a subjective judgement determines whether such
stresses should be considered as primary or secondary. A method of analysis has been developed in con-
junction with Strathclyde University in which creep strains accruing during the life of the pipe-work are
assessed, taking into account follow-up effects.

The CEGB has developed some simplified methods of design assessment based on reference stress
techniques to analyse structures subjected to arbitrary cyclic loading in which elastic/plastic/creep
deformations can occur. The techniques are applicable provided the loading lies within a modified shake-
down limit and require calculations no more complicated than those currently applied below the creep
range. Beyond the modified shakedown limit, some simplification in design methods is still possible but
the burden of proving a design rests with full inelastic computer analysis. However, a study of some
typical situations has indicated that the extent to which this allows design outside the modified shakedown
limit is restricted as failure due to creep/fatigue and ratcheting can soon intervene.

11.7 Control and dynamics

During the year specific progress has been made on the JC3ARK plant simulation model, as
follows :-

(a) A new JCBARK sub-routine has been implemented for providing approximate initial esti-
mates of the steady state for all three possible boiler configurations: once-through, partial
recirculating and full recirculating designs.

(b) There has been continued development of a steady-state CDFR boiler design programme
based on JCBARK modules.

(c) JCBARK sub-routines which model the reactor, intermediate heat exchanger and a once-
through boiler system have been coupled together with appropriate simulations for pumps
and pipework. Tests on the model involving primary sodium, turbine control valve and
feedpump trips indicate its satisfactory operation dynamically.

(d) An axial diffusion model for neutron kinetics, which preserves a high order of accuracy even
with coarse spatial mesh steps, has been completed as a working JCBARK sub-routine. The
numerical method is tailored to be immune from the cusping problems normally associated
with discontinuities in neutron cross-sections at control rod tips, etc.

(e) Fast algorithms for calculating heat transfer coefficients and friction factors for water over
wide-ranging sub-critical pressures have been developed, and used to update the existing
JCBARK packages.

(f) Successful implementation of a simple reheater module has completed a dynamic JCBARK
whole-plant symmetric model for steam raising.

Work is proceeding on the formulation of a Mark II steam drum model which is soundly based on
experimental results. The greatest difficulty and purpose of the Mark II model has been accounting for the
condensation of steam-space steam by entrainment due to the imperfect cyclone and feedwater injection
systems. The development of a dynamic steam turbine model is also in hand, and it is based on an exten-
sion of an original blade-by-bhde 5teady-state CEGB simulation. This will be used to provide bench-
marks for results obtained with the simpler lumped PFR model, particularly under turbine run-up
conditions.

Kinetics studies of the reactor itself have in general focussed on the following topics:

(i) the sensitivity of kinetics predictions to data and modelling,

(ii) estimates of some effects on CDFR kinetics in going to low void coefficient designs,

(iii) kinetics calculations on the restrained core CDFR design- including the development of
improved models and methods.

The data sensitivity studies have shown that for most fault conditions giving rise to transients
followed by successful trip action, current uncertainties in the important data do not appreciably worsen
the margins to failure. For the more extreme refuelling faults, the margins may not be adequate and
changes to operational procedure* may be necessary. Studies on low-void cores have shown that these
designs suffer little disadvantage relative to the reference core design although again some changes to
operational procedures may be necessary depending on detailed design considerations. Calculations on
the restrained core have shown that sub-assembly bowing can significantly modify the kinetics perfor-
mance over certain ranges of power-to-flow ratio.

Modifications have been made to the kinetics code FUTURE so that it will be more suitable for
calculations on restrained cores. The code can now accept temperature-dependent bowing coefficients
and the effect on the wrapper temperature of bypass sodium flow in the inter-wrapper gaps is now cal-
culated. The new version of the code called FUTURE-3, is an order of magnitude faster than the earlier
version. A new code is being written to link FUTURE-3 to the code CRAMP (which is used for calculat-
ing sub-assembly deflections) to achieve a better iteration between wrapper temperatures, sub-assembly
deflections and reactivity feedback for restrained cores.

11.8 Nucleonic instrumentation

The feasibility of monitoring neutron flux in variants of the CDFR design has been kept under
review. Some of the variants, in particular the double-annular core, could present formidable instru-
mentation and mechanical problems whereas the 'salt and pepper' configuration ought to be not much
more difficult to instrument than the current reference design. For the time being, the neutron flux
development programme is based on the use of a restrained homogeneous core in which fuel storage
effects are assumed to be small.

The study of the physics of ionisation chamber behaviour in the Campbell mode has been continued
to understand fully the limiting mechanisms and parameters. A necessary next step is the measurement of
neutron flux noise spectra, particularly in PFR, to determine whether difficulties with Campbell-regime
operation are likely to arise in large fast reactors.

The theoretical study of electron drift velocities in selected rare gas mixtures, which are the pre-
ferred filling for the low power detectors, is yielding interesting but as yet not fully conclusive results.

Some progress has been made on high temperature seal development. New design criteria have
been formulated and some seals have been made successfully with skirts of stainless steel.

To gain operational experience of new circuit configurations, developed with the CDFR excess
flux shut-down channels in mind, eight shut-down amplifiers have been supplied to Windscale AGR to
replace obsolete thermionic valve instruments.



A sensitive gamma-tolerant proportional counter is also, being developed. This is a fall-back item in
relation to the installed low power neutron flux channels but is likely to be more relevant to sub-
critical reactivity measurement. To use such a detector, a flexible gamma-resistant superscreened coaxial
cable is required. The properties of possible dielectrics are being investigated.

Reactivity anomaly detection is also being studied for CDFR. Operational safety will be enhanced
if net reactivity is continuously compared with the value of reactivity predicted from known plant con-
ditions and control manoeuvres. In principle, this is feasible and the study is concerned with development
of methods and associated electronic and data processing techniques necessary to implement a practical
reactivity anomaly detection system. Initially the programme will consist of an examination of possible
methods and with the formulation of an outline specification and the design of a prototype geared to a
demonstration in PFR.

environmental and ecological aspects, physical protection and
safeguarding of fuel cycle, fuel cycle centers and administrative
and legal problems.

In summary the lines along which the italian fast reactors
programme has been developing during 197 7 are:

a) PEC reactor
b) Superphenix reactor
c) LONG TERM R&D work

The budget in 1977 arrived to 41.2 billions Lire from the
20.2 billions spent in 1976.

REVIEW OF FAST REACTOR ACTIVITIES
IN ITALY, APRIL 1978

F. PIERANTONI
CNEN Fast Reactor Programme,
Bologna,
Italy

INTRODUCTION

During the last year in Italy we still paid a lot of attention
to the debate on energy problems. The most important results
of these discussions are the statement made by the Parliament
in November 1977 and the National Energy Plan approved by the
Interministerial Economic Planning Committee (CIPE) in February,
1978. In both documents it is reconfirmed the decision to make
recourse in the short term to LWR and to reinforce the engage-
ment in the fast reactor development in the frame of the colla
boration with France. Particularly is has been decided to go ~
ahead with the construction of PEC reactor and with the
italian participation to the construction of Creys-Malville
power station.

Italy participates in INFCE Programme with representatives
in the eight different Working Groups. In particular Italy
has, together with Belgium and Soviet Union, the chairmanship
of the INFCE-WG5, dealing with Fast Reactors. In the frame
of this group Italy hag the responsibility to collect and
organize contributionsidifferent countries in the field of

PEC Reactor

The Reactor Core

Design of the core elements (fuel, shielding, reflector sub-
assemblies and control rods) as well as the analysis of the
core as a system, is being conducted at the CNEN. Trje "Pro-
getto Particolareggiato" of the core was completed in July
1977. Progetto Particolareggiato is meaning a Detailed Design
to be used for partial licensing. For the manufacturing of the
fuel elements (mixed oxides), which are to be supplied by
the CNEN, a contract is being drawn up with COGEMA, and the
necessary steps for plutonium acquisistion have been started.

Reacto"r Tank and Internals

The contract for the reactor tank and tank-related compo-
nents (fixed and rotating plugs and core-support grid) has been
worked out with BREDA TERMOMECCANICA. Supply of the materials
has already begun.

The semifinished parts of the tank have been supplied; the
large forged parts (upper section and grid-support ring) are being
machined as well as the tank walls and lower parts.

The constructive design of shielding plugs is nearly compl^
eted, and the forgings, the bearings and the shielding materials
are being delivered.

The constructive design of the grid is complete and the
supply of the plates is underway.

As far as the central experimental zone equipment is cone
erned the order is being finalized. FIAT-TTG is to deliver a se-
ries of models and prototypes for the channel, which serve for
conducting the experimental support program.

The core hold-down system (DBN) components have been ord-
ered from FIAT, together wich a DBN prototype for sodium testing
to be used in the IPM rig. Work on prototype is 80% completed,
and delivery is set for May 1978; for the DBN to be installed
in the reactor FIAT is presently developing the final design.
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Shields and Structures

The thermal shield mechanical parts, the explosion-proof
and the tank-support structures were ordered from the CMI Comp-
any.

The prefabrication of the cylindrical rings for thermal
shield have been completed; the support structure and inner and
middle rings have been installed. The construction of all the
remaining parts is in progress in the Genoa workshop.

The prefabrication of the anti-explosion shield (both the
shield base and the steel ring) has been completed, and the com-
ponents are ready for shipping to Brasimone for assembly and in-
stallation.

Supply of the semifinished parts of the tank-support
structures has already been completed, and the large forged part
for the tank support is ready for machining.

Control Mechanisms

Both a control rod driyer prototype and the complete se-
ries of these .mechanisms for the reactor have been ordered from
FIAT,

Th.e prototype is now completely finished and the operat-
ional tests in air are near to be completed;delivery to the
workshop is set for April 1078, after which it will be transferr
ed to the CNEN-Casaccia Center for testing in the IPM rig.

Fuel-Transfer Equipment

The loading-unloading machine, together with its prototype,
has already been ordered from the GEC-REL Company. Construction
of the prototype was completed in 197 7 and, after the acceptance
tests, it was transferred to Casaccia for the test program in the
IPM rig. Preliminary tests are now underway. With regard to the
final component, the supplies are completed and construction is
in an advanced stage.

Regarding the transfer cell and related equipment, proto;t
ypes and mock-ups have been ordered and some of them are now in
an advanced stage of construction.

Fuel-handling and Examination Building

In this area, priority is given to activities concerning
final design of penetrations and parts strictly connected with
the hot cells concrete structures. With regard to the machines
and equipment, reference designs for alllthe cells and the au-
xiliary installations are now completed.

Reactor and Test-channel Cooling Circuits

Pratically all the components have been ordered. The comp_
onent tanks both for the reactor and test channel primary circu-

its have been ordered from the BREDA TERMOMECCANICA Company to-
gether with the reactor primary tank, the construction of which

will begin in April 1978. To BREDA has also been assigned
the construction of all the sodium-sodium intermediate exchangers;
whose construction work is set to begin May-June of this year.

The order for the centrifugal pumps (primary reactor and
channel circuits, secondary reactor and emergency circuits) is
being drawn up with FIAT.

Cooling Circuits for Shields and CelJ^s

The reference and process design has practically been com
pleted. All orders for the circuit components have given out.
Orders for pipes and valyes will be given out shortly.

Auxiliary installation and Equipment

The reference and process design for the solid and liquid
waste installation have been nearly completed. Orders for the
components, pipes and all valves have been given out

Instrumentation and Control System

The supply of the safety system will be done by the
ANSALDQ Company; the design is based on a CNEN patent (SCIN
systejrD and RAD work to support the design are carried out
in collaboration between CHEN and ANSALDO.

ANSALDO will supply the data logging and processing system,
including, software and on-site installation. The general specif-
fications have been prepared. The type of computer to be used
has been established.

The suppliers of the PEC instrumentation have been indic-
ated to be the ANSALDO Company for the final design and materi-
als supply, and the GAVAZZI Company for assembly and installation.

Activities in this area are still in the design stage and
supply will begin in April this year.

Conventional Installations and Services

The electrical power sub-station for the site necessities
was delivered to the CNEN on March 9, 1978. With regard to the
part for powering PEC, all large apparatus (transformers, cir-
cuit breakers and isolators)have already been installed and lack
only some accessory work for the total completion of this part .
of the electrical sub-station. In addition, the order for the
supply of the emergency generating units is due to be given out
in the very near future.

Buildings and Civil Works

Before the end of this year, the activities for recondit-
ioning the reactor metallic container will be completed.

81



The mechanical and electrical reconditioning of the emer-
gency air-lock is being completed at the BELLELI Company, wher-
eas the service air-lock is being tested for leaks under pressure.
All the- buildings site foundations has been completed, and con-
struction work has begun within the container. Foundation work
for the fuel handling and examination building is now in progress.
Only preliminary works have been completed for the Control and
Service Building foundations.

Tests and Experiments Supporting PEC Design and Construction

Despite the efforts made in order to utilize as far as poss_
sible the available experience? a comprehensive effort has been
rieeessay in order to support both design and construction of pro
totypical PEC subsystems and components.

For this purpose a great deal of work is now under way at
CNEN and at national and foreign organisations in order to test
the different technological solutions adopted for PEC reactor.

R & D ACTIVITIES

Sodium Technology

During 1977 the activities have been progressing along the
lines previously iniziated.

Steam generator

In March 197 7 the manufacturing work of the straight tube
steam generator 50 MWth prototype PGV-1 has begun; its constru-
ction is still under way and its completion is foreseen in July
1978. The testing of this prototype will be done af Les Renar-
dieres test-station.

Sodium-water reaction tests on the ISA-1 plant at Brasimo
ne site are foreseen to start on July 1978.

An activity dealing with characterization of steam gener-
ator materials is now under way within a collaboration among
CNEN's Technological Reserach Department, Terni, Dalmine and
FIAT companies.
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Licensing

Three different steps are foreseen in the Italian laws
and regulations dealing with a nuclear reactor construction,
namely:

a first general approval (nulla-osta) for the plant constr
uction at the indicated site; this approval is to be obta-
ined on tb.e basis, of the Preliminary Safety Report;

th.e approval of a given number of System Safety Reports*.
(For partial .licensing) one for each part of the plant
affect.ipg'nuclea.r safety and protection. This phase is clo-
sely- tied.with-the construction schedules; the approval of a
given safety report is a necessary condition for the fabric-
ation and ihstallation'of components and subsystems which
are included in the system in question;

the approval of a Final Safety Report after the reactor cons-
struction and before starting operation.

On January 24, 1974 the general approval for the PEC con-
struction at Brasimone was obtained. A general Reference Design
(Progetto di Insieme) was subsequently submitted to the CNEN
Regulating Committe aimed at given a general frame of referen-
ce for each Safety System Report.

At present time three safety reports have been approved by
CNEN Regulating Committee and the remaining 18 are under prepar-
ation or under examination.

The activities in this area are finalized to the test pro-
gramme on the rotating parts of the Superphenix pump.

The construction of the CPy-^1 plant is behind schedule
and its completion is now foreseen in April, 197 9.

Inflatable seals

During 1977 a programme has been set up which includes the
design and test of inflatable seal on a 10 m. diameter mock-up
to Be performed by Pirelli Company.

Tests on Mechanises and Thermal Insulation

Test programs are foreseen on the ASPRO and MULINOX circ-
uits; a contract has been set up with FIAT for the supply of
samples for friction tests; tests on metallic thermal insulat-
ions will be performed in collaboration with CEA.

Core Development

Deformed Bundle Thermohydraulics

The studies are aimed to analyjse the modification of the
thermohydraulics of a fuel element bundle when it results def-
ormed due to the swelling. For this purpose experiments in so-
dium loops on electrically heated bundles are performed both in
nominal and deformed geometry.



The activities carried out in this are include:

a) the development of fabrication technologies for electrically
heated pin bundles;

b) fabrication technologies of deformed pins;

c) development of a special instrumentation able to give a com-
plete map of temperature without disturbing the experiment;

d) calculation codes able to design and interpret the tests.

All these items are under progress at the Casaccia labor-
atories; a first test on a nominal geometry pin bundle already
completed and analyzed and a second test on a deformed pin bun
die now under way have shown satisfactory results for all these
items. ENA-1 and ENA-2 circuits are utilized for the aforement_
ioned experiments.

Core Fluidodynamics

The activities in this area are being oriented toward the
study of sodium flow in the low pressure upper plenum in the
space outside of the subassemblies. The approach to this prob-
lem is done by developing an appropriate phisical model and
by an experimental campaign on the water circuit CEF-1 and
CEF-2.

Core Mechanical Behaviour

A mock-up of the Superphenix diagrid has been installed
at Cadarache, This 1;1 scale mock-up allows to study the over-
all mechanical behaviour of a relevant part of the core: it
includes 100 dummy fuel elements on which it is possible to
act with forces in different directions. The results of the tests
will be used both to verify the operability of the Superphenix
fuel handling system and to validate mechanical codes such as
HARMONIE and CONCOR.

At the moment the mock-up instrumentation is under compl-
etion and testing will begin soon.

Noise Analysis

At Casaccia laboratories an activity has begun with the
aim to deyelop a,dyanced .methods to perform analysis of neutr-
onic, thermic a,nd a,custic noise.

The method has been already tested on out-of-pile sodium
experiments and will be developed with the purpose of obtaining
a valuable tool for an early detection of reactor malfunctioning.

Physics

A first set of measurements on integral capture cross sect-
ions was completed on the RB-2 fast-thermal facility. By using
the null-reactivity method, ratios of integral capture cross-

sections of Fe, Ni, Cr and stainless steel to integral fission
cross section of U-5 were determined. An additional set of mea
surements in the frame of the reactivity worth technique was
also carried out for the same materials plus Mo, Mn and Ti, as£
uming B-10 as standard. The results were compared with the the-
oretical predictions, which seems to overpredict the capture
cross sections of the considered materials. A set of measurem-
ents with a "new composition of the experimental zone is underway.

The fabrication of the fuel elements representing part
of the italian contribution to the PRERACINE experiments was
completed as scheduled. Experiments are now underway in strict
cooperation with the CEA team.

Having completed the intercomparison between TAPIRO and
HARMONIE, a number of experiments on neutron propagation in
bulk material were performed. In particular, three different
admixtures of Na and Stainless steel were considered. The an-
alysis of the experiments and their implications on the cross
sections of the involved materials are still under examinations-

The evaluation of a complete file for about W fission prod-
uct nuclei was completed, and a multigroup cross section set
in the CARNAVAL format produced.

An evaluation of some transactinides was undertaken, in
the frame of CNEN-CEA cooperation.

Fuel Development

CNEN activities in this area are developing along the foil,
owing lines.

Oxide Fuel Studies
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The irradiation test Florum 3 in SILOE reactor is now uri
der preparation for creep measurement on oxide fuel; irradiat-
ion is now foreseen to start in April, 197 8.

A set of three irradiation experiments is now under way
in SILOE recator to determine the integral of conductivity
for oxide fuels with different 0/M ratios. Results on these
experiments are foreseen to be available by the end of 1978.

Two irradiation experiments in SILOE reactor are projected
to study the mechanical fuel-^clad interaction taking into ac£
ount the effect of density5 ga,p and linea,r power; these exper-
iments will, start next yea.r,

Carbide fuel stu'djes

Some fabrication and irradiation experiments are projected
in OSIRIS and RAPSODIE reactors. The design and fabrication of
irradiation capsules are performed in collaboration with CEA.
The first irradiation will start in May-June this year. Out-
off>ile experiments on uranium carbide are also foreseen to de-



termine its mechanical properties as a function of fabrication
parameters.

Studies and Experiments in Support to Design

An out-of-pile test in ESPREoSO circuit is projected to
study the behaviour of a pin fuel bundle under cycling and
thermal shock conditions. The post-irradiation examination of
some capsule irradiated in DjrR reactor will permit to analyze
the behaviour of fuel pins naving been in reactor with a high
clad temperature.

Economics and Strategy Studies

The NURPLA code is now set-up and it will be applied to
calculate fissile and fertile material balances for a multi-
reactor system including fast reactors.

A set of analysis/ are being carried out to evaluate fuel
cycle needs and cost's for fast reactor with homogeneous and
heterogeneous core^.

Codes and Standards

A comparative examination of codes and standards utilized
in Italy, USA and France is now under way; this work has been
completed for some mechanical components and is still under
completion for some others problems, such as ventilation system
and seismic analysis.

An activity on thermal shocks to be performed on cylin-
drical samples is being carried out; during 1978 parallel tests
will be initiated on thermal ratcheting.

The utilization of french codes PASTEL and TRICOT are be-
ing progressisly acquired, especially for calculations on hex-
agonal wrapper cans and on pipes. Validation of calculation
codes by means of experiments will begin during 197 8.

Safety

Coolant Dynamics

Boiling experiments in sodium on electrically heated seven
pin bundles are proceeding on ENA-2 circuit. Results of these
experiments will be used to develop the understanding of boil^
ing dynamics particularly in relation to reactivity void effe-
ct and to yalidate calculation codes. These experiments have
produced results about the effect of a_xial thermal power dist-
ribution (sinusoidal ys. flat.) on two-phase flow regime dynamics.

Molfen Fuel-Sodium Thermal Interaction

Experimental program has progressed with three tests on U0 2

pellets in stainless steel clad. The melting of U0 2 is obta-
ined by dirict heating (Joule effect). Particular attention

has been devoted to the effect of some parameters on cladding
failure, on fuel fragmentation and on thermal to work energy
conversion. Experimental results are used to validate calcula_
tion codes.

Core Dynamics

The multi-group bidimensional NADYP code (a neutronics-ther
mohydraulics coupled code) has been modified; it has been applT
ed for Superphenix core obtaining interesting results on posit-
ion and spectrum effects during power and flowrate transients.

Mechanical Structures Deformation

Results on dynamic response of structural materials such a
concrete and stainless steel have been obtained; an evaluation
of structural and hydrodynamic codes has been made also on the
bases of explosive experiments carried out at CCR Euratom ISPRA.

CABRI and SCARABEE Experiments (Cadarache)

The italian participation to the planning and inyerpretation
of these experiments has begun.

Sodium Fires

Preliminary activities on large sodium fires (ESMERALDA pro
gram) are progressing in collaboration between CEA and CNEN.

M

MAIN EXPERIMENTAL EQUIPMENT

The CPC-1 plant

It represents the most important facility to performe tests
in support to PEC reactor.

This installation, whose construction is under completion
at Brasimone site, has been mechanicallly completed with the
exception of the two centrifugal pumps, whose installation is
set for June 1978. The various leak tests have been completed,
as well as the electrical installation and instrumentation.
The final electrical power supply is now expected.

Transfer Celle Mock-up

The transfer cell mock-up, which is part of CPC-1 plant,
is nov, ready with its air-conditioning unit and fixed equipm-
ent and instrumentation have been completed. In addition, the
power manipulator and a mock-up of the test-channel handling
machine haye been installed.



Tb.e CPC^2 Circuit

The construction of this circuit is now under completion
at Casaccia Center.

Mechanical assembly operations have been completed as well
as the leak tests and the overall-pressure testing of the cir£
uit. The electrical part is being finished, with installation
of the heating cables and leak detectors. For installation com
pletion, there remains the thermal insulation, the painting
of the framework and. the testing of the instrumentation.

The IPM Rigs

At present , the reconditioning work of the test tanks,
which will make them suitable for conducting tests to supp-
ort construction and demonstrate good operation of the core
hold-down system, control rod drive mechanisms ^nd fuel handl^
ing machine, has been completed at Casaccia Center.

The electrical part of the installation has been complet^
ely revised. Other activities are in progress, such as brin-
ging the mechanical project up to date (as it is built), the
drawing up of the testing specifications and procedures, the
preparation of operative and control tables, and the revision
of the Safety Report.

The ESPRESSO Circuit

This circuit has operated, including commissioning and
operating time for about 3000 hours without problems.

In this circuit has been carried out a test with the pur-
pose to set up pressure drop and cavitation measurement sy-
stems .

The CEDI Circuit

The heat testing of the installation up to 65O°C has been
completed in October 1977. The mechanical pump, after recond-
itioning, has worked well reaching and remaining 100 hours at
65O°C in fluent sodium. The operating time, including commiss-
ioning has been about 1000 hours.

CEF-1 and CEF-2 Circuits

These two water circuits are utilized to carry out tests
both for PEC and for power fast reactor program.

An experimental program of fluid dynamic tests in water
has been conducted on individual subassemblies and for the
bundles of 7 subassemblies to support the PEC core design.

Pressure drops, cavitation thresholds, vibrational behaviour
and radial mixing in the bundles have been verified.

CSA-1 Plant

This plant (located at 'Casaccia Center.) by which it is
possible to test a steam generator section of 1 MWth, is
still shut-down. Its reconditioning and operation will be
resumed as, s.oon as personnel vjill be ayailable.

ISA-! Plant

This plant, intended to study the sodium-water reaction in
steam generator models, has been completed and commissioned
at Brasimone. Some modifications of the plant are now under
way. Testing programme will begin in July 1978.

CPV-1 Plant

The plant, intended to test the rotating parts of Super-
phenix primary pump, is now under construction behind schedule.
The test section of the rotating parts has been completed by
FIAT.
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