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FOREWORD

The IAEA's programme in nuclear power places great emphasis on
production, utilization and reprocessing of different types of nuclear ma-
terials which together constitute the key to economic nuclear power, During
1968-1969 the Agency held a number of panels and symposia on the nuclear
fuel cycle, among them: Sol-gel processes for ceramic nuclear fuels, tho-
rium utilization, plutonium utilization, economics of nuclear fuels.

At presentboth advanced and developing countries are intensifying their
programme concerned with nuclear power. Thus, while the total installed
nuclear capacity in 1965 was equal to 6285 MW(e), in 1970 it is anticipated
to be about 23000 MW(e).

This quickprogress innuclear power depends upon successfully dealing
with different types of problems, one of them being the reprocessing of highly
irradiated fuels.

Much of the current fuel reprocessing development work now is directed
towards reprocessing fuels that are highly radioactive because of both higher
irradiation levels and shorter cooling times. The problem of reprocessing
highly radioactive fuel is very important not only for the fast reactor fuel
cycle, butalsofor the thermal reactors, because of the promising develop-
ments towards achieving a higher burn-up and the economic incentives for
a shorter cooling time,

As part of its programme onnuclear fuel cycle, the International Atomic
Energy Agency convened a panel of experts from 27-30 May 1969 to review
the available information onvarious aspects of ageuous and non-aqueous re-
processing of nuclear fuel elements with high radioactivity level, both from
fast reactors and from advanced types of thermal reactors.

The proceedings of this panel, presented in thig document, include re-
view and topical papers on the development of the reprocessing of highly
irradiated fuels in various couniries and Summary and Recommendations
of the Panel to the IAEA,

The Agency wishes to express its appreciation to the authors of papers,
to all the participants who made spirited contributions to the discussions
which contributed to the success of the meeting, and to the Chairman
Prof, M, Zifferero for guiding the work of the panel.
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ABSTRACT

Four elements containing altogether 20.95 g of plutoniuwm in the form
of a 10% Pu plutonium-aluminium alloy were irradiated in the EL3 reactor

2l n/cmzr The elements were treated in

up to an integrated flux of 5 x 10
the "Pétrus" cell ail Fontenay—-aux-Roses. The procedure is original in that
it used nitric acid medium for all the operations and trilaurylamine (TLA)

for separation of plutonium. The treatment comprises:
-~ Dissolving the annular elements in sodium hydroxide and/or nitric acid;

- Separéfion of plutonium in two cycles of extraction with TLA
(5 vol.%) in nitric acid medium, each cycle being followed by

re-extraction with a nitrosulphuric solution;

-

—~ BSeparation of the transplutonium elements in two cycles of
extraction with D,EHPA (8 vol.%), each consisting in extracting
the actinides and lanthanides from a solution with a high content
of aluminium nitrate and lithium nitrate, followed by selective
re-extractionof the transplutonium elements with a lithium nitrate

~solution containing diethyleneiriaminopenta acetic ions;

-~ Americium-curium separation by fixation on an anionic resin

followed by elution with a nitric acid solution containing a

complexing agent.

These treatments yielded 2.6 g of plutonium, 150 mg of americium,
15 mg of curium. The total yields of plutonium and transplutonium elements
were 97% and 90%, respectively. The decontamination factors were higher

than 107,



Resume

Quatre éléments contenant en tout 20,95 g de plutonium sous forme
d*falliage plutonium-~aluminium & 10 % de Pu ont &té irradiés dans

21 n/cmz. Leur

le réacteur EL3 jusqu'a un flux intégré de 5.10
traitement a été effectué dans la cellule "Pétrus" de Fontenay-

aux-Roses. L'originalité du procédé tient & ltutilisation du milieu
nitrique pour toutes les opérations et & l'emploi de la trilauryl-
amine (TLA) pour la séparation du plutonium. Ce traitement comprend

en effet:

- une dissolution sodique et/ou nitrique des "ronds de serviette”,

-~ une séparation du plutonium par deux cycles d'extraction a la
TLA (5 % en volume) en milieu nitrique suivis chacun d'une réex~

traction par une solution nitro-sulfurique.

- une séparation des éléments transplutoniens par deux cycles d'ex-
traction au D2EHPA (8 % en volume) consistant chacun & extraire
les actinides et les lanthanides d'une solution chargée de nitra-
tes d'aluminium et de lithium, puis & réextraire sélectivement
les transplutoniens par une solution de nitrate de lithium conte-

nant des ions diéthyléne-triaminopenta-acétiques,

~ une separation américium/curium par fixation sur une résine
anionique suivie d'une élution par une solution nitrique conte-

nant un agent complexant.

A 1tissue de ces traitements on a obtenu 2,6 g de plutonium,
150 mg d'américium et 15 mg de curium. Le rendement global en
plutonium et en transplutoniens a été respectivement de 97 % et

de 90 %. Les facteurs de décontamination ont &té supérieurs a 105.



I -~ INTRODUCTION

Depuis quelques années les besoins en isotopes d!'éléments transe—
uraniens vont en croissant grf@ce en particulier & leur utilisation
dans les générateurs autonomes d'énergie & des fins médicales ou

pour des missions spatiales.

Deés 1959 un programme d'irradiation de plutonium en vue de l'obten-
tion de quantités pondérables d'américium et de curium a été lancé
en France. Au fur et & mesure de l'extension de ce programme il
s'est avéré souhaitable de mettre au point des méthodes d'extrac-
tion et de purification des é&léments transplutoniens qui puissent
Btre exploitées industriellement dans les appareillages utilisés
couramment lors du traitement des combustibles irradiés. En parti-
culier nous avons orienté nos recherches vers des procédés de sé-
~—paration par extraction liquide-liquide s'effectuant en milieu
nitrique pour leur plus grande partie. On peut ainsi espérer, par
rapport aux techniques d'échange d'ions que nous avons préalable-
ment utilisées 1717, obtenir plus de souplesse dans les procédés
et d'autre part um rendement de récupération important et des fac-
teurs de décontamination élevés, tout en bénéficiant de conditions

d'exploitation plus aisées.

Le traitement chimique décrit ici constitue donc un premier essai,
sur cibles irradiées, d'un mode de purification du plutonium et
des éléments transplutoniens dont la théorie a été faite par ail-
leurs / 2/.

\/L'aspect général de ce traitement chimique ayant donné lieu & une
publication antérieure 4—17, nous discuterons ici principalement

la partie récupération du plutonium,

II - TRAITEMENT CHIMIQUE

Les cibles soumises & l'irradiation étaient constituées d'alliage
Pu-Al (plutonium 10 % en masse) gainé d'aluminium et mis sous forme
de "ronds de serviette". Ceux-ci, introduits dans le réacteur EL3

en novembre 1960, contenaient au total 20,950 grammes de plutonium.
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Le flux moyen dans le canal de la pile était de 0,82 x 10'%
n.cm-z.aecf1 et au bout de trois ans dtirradiation (29 novembre

1960 au 20 mai 1964) le flux intégré regu était de 0,5 x 10°2 n.cm™2.

Les "ronds de serviette" ont été traités apris démantélement de
l'assemblage d'irradiation suivi d'un temps de désactivation pro-

longé (29 mois). Le procédé utilisé comprenait trois étapes :

! ~ dissolution
2 ~ séparation et purification du plutonium

3 ~ séparation et purification des £€léments transplutoniens

Les opérations ont été réalisées dans la cellule "Pétrus" Lf£7 qui
fournissait une protection de 1,20 m de béton, et dans des baftes

a4 gants blindées (5 mm de plomb) pour le second cycle de purifica-
tion du plutonium 1—57. Les divers appareillages mis en oeuvre ont

été décrits par ailleurs / 6/.

1 - Dissolution.

Deux types de mise en solution de la cible ant &té essayés : une
attaque sodique de la cible suivie de la dissoclution acide du
résidu et une attaque par l'acide nitrique aboutissant directement

a une solution de nitrates propre & l'extraction.

Lors de la dissolution mixte le mélange NaOH = 4,6 M -

NaNO; = 4,1 M a été utilisé a 80°C pour dissoudre la gaine
d?!aluminium et désagréger le noyau d'alliage. Aprés filtration

-~

et lavage & la soude 1 M, le résidu a été dissous complétement
dans le mélange HNU3 =6 M - Hg(N03)2 = 0,02 M~ NaF = 0,01 M

porté a 1'ébullitione.

La dissolution directe de la cible s'est Bffectuéé dans le mélange

HND3 = 7,4 M =~ Hg(NDa)2 =0,02 M- HF = 0,02 M (conditions
finales). La vitesse de dissolution a été contrflée par adjonction

sait d'acide, soit de catalyseur au cours de la réaction.
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Dans le premier cas les ronds de serviette étaient introduits dans
une solution bouillante de composition suivante HND3 = 0,1 M =
Hg(ND3)2 = 0,052 M - ?F = 0,052 M. On a ensuite introduit &
débit constant (2 ml.mn” ) de l'acide nitrique concentré jusqu'a
1tobtention d'une concentration d'acide nitrique de 3,7 M. La vi-
tesse de réaction devint extr&mement lente lorsque tout 1'aluminium
du gainage fut dissous. L'alliage non attaqué fut ensuite mis en
solution en amenant l'acidité & la valeur de 7,4 M et en continuant

1'ébullition.

Dans le second cas la dissolution fut entreprise avec le mélange
HND3 77 M~ HF = 0,021 M & 1'ébullition. On ajouta en continu
une solution de nitrate mercurique jusqu'a l'obtention d'une con-

centration en Hg™t de 4,6 x 1073 m, Aprés dissolution de la gaine

on a d0 porter la concentraticn en ians Hg++ a 2,2 x 10-2 M pour
achever la dissolution de l'alliage. On a pu estimer la vitesse

de dissolution de 1'alliage Pu-Al 3 20 mg.cm-z.h-1.

Afin d'éliminer la silice de la solution nitrique on a effectué

un traitement & la gélatine suivi d'une filtration (40 mg de géla-

tine par gramme de plutonium).

2 =~ Séparation et purification du plutonium

Plusieurs solvants sont utilisables pour réaliser la séparation
du plutonium et sa purification. Notre longue expérience des
amines tertiaires 1717 nous a tout naturellement conduits a
utiliser le nitrate é;-trilaurylammonium en mélange avec le
dodécane et 1l'octanol-2 / 8/.

Les solutions issues de l'attaque chimique de la cible ont été

ajustées aux conditions suivantes :

HND; = 1 M AL(ND3); = 1,5 M.

La concentration du plutonium variait entre 0,2 et 0,7 g.l-1.

Le schéma du cycle de séparation du plutonium est indiqué sur la

figure 1.
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Aprés réextraction du plutonium en solution sulfo-nitrique celle-ci
est ajustée par addition d'acide nitrique et de nitrate de lithium

aux valeurs suivantes @

HNO = 2M
H,S0, =  0,0125 M
LiND, = 1M

Le second cycle de purification met en jeu un solvant de composi=

~

tion identique a celui du premier cycle. Le plutonium est finale-

ment obtenu en solution sulfo-nitrique (0,25 M H,SO 0,05 M HNU3)

2 742

& une concentration de 30 g/l.

.3 =~ Séparation et purification des éléments transplutoniens.

Les phases aqueuses résiduelles de l'extraction du plutonium con-
tiennent les éléments transplutoniens et les produits de fission

+++ . .
. La séparation des

ainsi que des teneurs élevées en ions Al
éléments transplutoniens a été effectuée par extraction liquide~
liquide, le solvant choisi étant l'acide di-2-éthyl-hexyl-phos=-
phorique. En plus d'une bonne stabilité chimique, ce produit com-

mercial, comparé a la TLA, permet d'obtenir dans les séparations
actinides-lanthanides (par exemple Am-Eu) des facteurs de sépara-
tion plus élevés. Cette séparation de groupes est effectuée en
utilisant l'action complexante de l'acide &thyléne-triamino-
pentacétique (D.T.P.A.). Le schéma général de la séparation du
\/couple Am-~Cm des produits de fission-terres rares est représenté

sur la figure 2.

Le mélange américium-curium, aprés le 2&éme cycle de purification,
a été ajusté en milieu hydro-alcoolique (80 % en volume d!éthanol)

aux conditions suivantes :

HN,NDO, = 1,33 M HNO, = 0,05 =~ 0,1 N

Cette solution hydro-alcoolique a été passée sur une colonne de

résine Dowex 1 X 8. Aprgs lavage de la colonne avec la solution

13



a3 80 % d'éthanol : NH4ND3 = 1,33 M - HND3; = 0,085 M, 1!'élution
du curium a été effectuée par la mZme solution hydro-alcoolique
contenant en plus 0,025 M de DTPA. Aprés élution du curium, l'amé-

ricium fut ensuite élué par HNU3 1 N,

IIT -~ RESULTATS ET DISCUSSION

1 - Dissolutions

Des deux procédés de mise en solution de la cible, l'attaque
sodique fournit un premier effluent qui contient certains produits
de fission solubles en milieu alcalin (Cs). La dissolution des
oxydes résiduels aboutit & une solution contenant les éléments
transuraniens a une concentration élevée. Dans le cas de la dis-
solution nitrique directe cette concentration est limitée par la
présence de l'aluminium qui se trouve intégralement en solution
(voir tableai I). Aucun résidu radicactif insoluble n'a été noteé

dans l'un ou l'autre cas.

Tableau I
COMPOSITION DES SOLUTIONS NITRIQUES APRES DISSOLUTION

DISSOLUTION
Espéce Unité mixte acide
HND M 3,6 2,0
a13+* M - 1,2
Pu g1t 1,1 0,2

activité a | Ci.1™! 2,0 0,23

La dissolution mixte présente le désavantage d'imposer la filtra-
tion d'une solution visqueuse, le résidu insocluble représentant
les matidres a récupérer. Pour une application industrielle, la

dissolution acide serait donc préférable.
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La vitesse de dissolution de la gaine a été d'environ 300 mg.cm—z.h
dans chaque cas. Par contre les vitesses de dissolution du résidu
ont été trés différentes puisque dans un cas il dagissait surtout
d'oxydes et dans l'autre d'alliage PuAl. On a obtenu les valeurs

approximatives suivantes :

600 mt_;[.r:.m"'z.h—1

20 " ] 1 (1 )

Procédé mixte

Procédé acide

.

Les gaz formés durant cette opération ont été piégés, aprés dessi-
cation, sur charbon actif. La spectrographie gamma a révélé la

présence de 85Kr.

2 - Extraction du plutonium par le nitrate de trilaurylammonium

Les résultats obtenus lors de la séparation et de la purification

du plutonium sont résumés dans le tableau II.

Tableau I1

SEPARATION DU PLUTONIUM
FACTEURS DE DECONTAMINATION

ler Cycle
Facteurs de 2e Cycle Global

décontamination a b
B globaux 5.200 950 70 3,2 x 10°
Y n 9.000 700 100 7,8 x 10°
Ru 1.700 370 160 2,5 x 10°
Am, Cm, Ce, Eu 107 10° 10° ~ 1010
(a) Solution provenant de la dissolution mixte
(b) Solution provenant de la dissolution acide

Ltactivité spécifique de la solution (a) était plus forte que

celle de la solution (b).

(1) Que 1l'attaque soit contr8lée par l'acidité ou par la concentra-
tion en catalyseur, on n'a pas observé de différence importante 3
la dissolution compléte a duré 8 h dans le premier cas et 9 hi5
dans le second.
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Des écarts assez considérables sont & noter pour les deux solu-
tions en ce gui concerne les facteurs de décontamination relatifs
aux B, Y globaux et au Ru lors du premier cycle. En fait les va-
leurs élevées ont été obtenues dans des conditions anormales de
saturation du seolvant, la présence d'une 3&me phase ayant é&té
notée., Par contre les valeurs les plus faibles correspondent 3

la solution la moins riche en plutonium et en émetteurs B 7.
Cette solution ayant été traitée dans le m8me appareillage d'ex-

tracteurs une contamination est probable,

En ce qui concerne le comportement hydraulique des solutions dans
les extracteurs on doit signaler l'absence compléte de tout préci-

pité d'interphase.

Les produits des premiers cycles des solutions (a) et (b) ont été

réunis pour alimenter le second cycle de purification. Celui-ci

fournit des facteurs de décontamination plus faibles mais qui
permettent d'atteindre une décontamination globale acceptable.

Le taux de récupération du plutonium a été supérieur 3 99,9 %.

Cette premiére expérience d'utilisation de nitrate de trilauryl-
ammonium en t8te de procédé doit &tre renouvelée, en particulier
dans le cas ol le temps de désactivation est plus court. Une amé-
lioration du facteur de décontamination du plutonium en ruthénium
doit Btre recherchée. Le facteur saturation du solvant semble a

cet égard jouer un r6le important.
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Fig.1.. Cycle de séparation du Plutonium . -
Schéma d’alimentation des batteries.
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ABSTRACT

In entrusting Saint-Uobain Techniques Nouvelles with the study of a
multi-purpose retreatment plant for treating, in particular, the oxides
of enriched uranium, the Atomic Fuel Corporation asked that active tests

be performed to verify the performance of the method adopted.

The scheme proposed by Saint-Gobain was tested in the laboratories
of the Commissariat 3 1'Energie Atomique with fuel elements, some of which
were strongly irradiated (about 20 000 MW3/t). These experiments enabled
us to determine the expected decontamination factors for an industrial
plant, and yielded very encouraging data on the purity of the finished
products, fissile material yield and the safety margins of the method.
We could determine also the role of certain elements, particularly
zir@onium, which accelerates the decay of tributylphosphate. By using
a girconium complexing-agent (hydrofluoric ion in weak concentration) in
the extraction process, it is possible to obtain appreciably improved

industrial results without any far-reaching modification of the plants.

RESUME

~

En confiant & Saint-Gobain Techniques Nouvelles 1'étude d'une
usine de retraitement polyvalente, capable en particulier de
traiter des oxydes d'uranium enrichi, 1'Atomic Fuel Corporation
a demandé que soient effectués des essais actifs afin de véri-
fier les performances du procédé retenu.

L'étude du schéma proposé par Saint-Gobain a donc fait 1'objet
d'essais dans les laboratoires du Commissariat & l'Energie Ato-
mique, avec des éléments combustibles dont certains étaient

tres irradiés (e~ 20,000 MWj/t). Ces expériences ont permis

de déterminer les facteurs de décontamination que 1l'on pouvait
espérer obtenir dans une installation industrielle et de donnexr
des indications trés encourageantes sur la pureté des produits
finis, le rendement en mati2re fissile et les marges de sécurité
du procédé. Elles ont permis aussi de préciser le rfle de cer-
tains éléments, en particulier le zirconium qui accélére la
dégradation du tributylphosphate. L'utilisation d'un complexant
du zirconium : l'ion fluorhydrique en faible concentration a
1'extraction, permet d'améliorer trés sensiblement les résultats
d'exploitation en usine sans amener de modification profonde
dans les installations.
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I - INTRODUCTION

En m8me temps qu'elle confiait & Saint-Gobain Techniques Nouvelles
les études d'une usine polyvalente capable de traitgr_de l'uranium
naturel et des oxydes d'uranium hautement enrichi / 1// 2/, 1'Ato-
mic Fuel Corporation demandait que soient effectués parallelement
des essais pour vérifier les performances du procédé retenu. Dans
le cadre d'accords internationaux entre la France et le Japon, le
Commissariat & 1l'Energie Atomique a collaboré avec Saint-Gobain
Techniques Nouvelles pour 1l'élaboration du schéma de procédé et
pour la partie expérimentale.

Aprés une étude théorique approfondie des différents cycles d'ex-
traction nécessaires pour obtenir des facteurs de décontamination
suffisants, on a commencé l'expérimentation avec des matériaux
non irradiés. Ces expériences "g" ont servi & ajuster les schémas
proposés pour limiter au maximum les pertes de produits fissiles
et assurer la sécurité du procédé. Les résultats obtenus ont £&té
ensuite confirmés et complétés avec des combustibles fortement
irradiés ("essais a, 7"). :

IT -~ CONDUITE DES ETUDES

Objectifs

On vise des performances élevées avec des pertes de l'ordre de
0,20 % pour l'uranium et 0,25 % pour le plutonium, pour l'ensemble
des extractions. Les spécifications retenues pgur les produits
finis sont celles que préconise 1'U.S.A.E.C. / 3/ :

Uranium t Pu<<10 ppb
Activité y<< 200 % de l'activité de U en
équilibre séculaire

Plutonium : Impuretés métalliques <TSUOD p?m
Activité B + y <<50.107° Ci.g

Etude théorigue

lLe calcul peut déterminer a priori la répartition de l'acide nitri-
que et des matiéres fissiles entre les deux phases, ainsi que les
conditions opératoires requises pour atteindre les spécifications
souhaitées. Les répartitions de l'uranium et de 1l'acide nitrique
ont été déterminées par la méthode graphique décrite par J.T. WOOD
et JJLA., WILLIAMS / 45 en utilisant les courbes de distribution de
CODDING / . _/ et du C.E.A., / 6/. Ensuite, les cancentrations du
plutonium ont &té calculées étage par étage & llaijdeg de coeffi-
cients de partage choisis dans la littérature / 7// 8/ en fonction

de 1'acidité et de la concentration uranium de chaque étage. La
séparation uraniume-plutonium se fait par réduction sélective du
plutonium au moyen du nitrate uraneux / 9/.

Le calcul a été repris ultérieurement pour faire intervenir le
plutonium VI dont la présence a été mise en évidence au cours des
essais.

23



J = Etudge prataigue

Les différentes campagnes d'essais en a et a ¥y ont eu pour but de
vérifier que 3

~ le schéma proposé était correct et les pertes admissibles,
~ la séparation uranium-plutonium était suffisamment efficace,

- les facteurs de décontamination permettaient d'une part d'cbtenir
des produits finis conformes aux spécifications imposées et con-
firmaient d'autre part les hypothgses prises par 5.G.N. pour
calculer les protections biologiques,

- les concentrations maximales de plutonium atteintes en cas de
déreéglement ou d'erreurs opératoires étaient admissibles pour
la sécurité du procédé.

On a abouti ainsi au schéma représenté par les figures 1, 2 et 3,

qui devrait pouveoir 8tre directement appliqué & l'échelle indus~
trielle.

De plus, on a cherché & déterminer les effets de la dégradation

du solvant par les produits trés radiocactifs, en recyclant le sol-
vant aprés traitement. C'est au cours de ces expériences que l'on
a mis en évidence les réactions parasites qui se manifestent pax
l'abaissement des facteurs et décontamination et par l'apparition
de précipitations abondantes aux interphases de l'extraction,
guelle que soit l'origine du solvant.

III ~ DESCRIPTION DES ESSAIS

Toutes les études théorigues ont £té mendes par l'équipe de Saint-
Gobain mais les essais ont tous été réalisés dans le b&timent de
Radiochimie du Centre de Fontenay-aux-Roses, avec la collaboration
du Département de Chimie du C.E.A,

1 - Installations

Les mises aux points « ont &t€ menées en boftes a gants, tandis

que les essais « ¥ (mille curies B y pour la dissclution) ont été
réalisés dans la cellule "Cyrano", chafne a Yy de 25 cm de plomb _ __
comportant une enceinte totalement étanche en acier inoxydable /10/.

Les analyses ont été réalisées dans un laboratoire adjacent com-~
portant des boftes & gants et la chafne o y "Carmen®. o
Les essais du 3&me cycle (quelques curies B y) ont été faits dans
la cellule "Bergerac" étanche a et protégée par 5 cm de plomb.

2 - Appareillage et réactifs

Les extractions sont réalisées dans de petites batteries de mélan-
geurs~décanteurs comportant 16 & 21 étages (capacité : 25 ml par
étage environ).

Tous les réactifs utilisés sont identiques a ceux qui sont en
usage dans les installations de retraitement. Pour les essais o ¥
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on part d'une dissolutien nitrique d'éléments "cristal de neige"
(pastilles d'U0. enrichi & 4 %) gainés en aluminium, irradiés dans
le réacteur EL3 " jusqu'a environ 20.000 MWj/t-1 et refroidis pendant
275 jours en moyenne. On fait l'ajustage pour obtenir une activité
de l'ordre de 250 eci.l”! B Y tout en enrichissant en plutonium pour
8tre proche du type de combustible prévu (1 g de plutonium pour

90 g d'uranium).

Pour opérer dans les conditions les plus défavorables, les essais
ont été effectués avec un solvant usagé provenant de Marcoule et
comportant une activité résiduelle de 300 pCi.l”' (Zr + Ru).

ContxBle

Tous les débits et toutes les solutions de sortie sont contr8lés
chaque heure. En fin d'essai, on échantillonne les deux phases en
équilibre dans tous les étages.

Les problémes analytiques se trouvent compliqués par le taux de
combustion trgés élevé des combustibles traités. En effet, la pré~
sence de quantités treés importantes de produits de fission dans la
charge (plusieurs grammes par litre) nous a imposé de modifier
certaines méthodes d'analyse en usage dans les usines d'exploita-
tion. Par ailleurs, la tres forte radicactivité de certains échan-
tillons (plusieurs curies B y par ml & la dissolution) rend diffi=-
cile l'application des méthodes utilisant les résines échangeuses
d'ions ou d'autres matigdres organiques sensibles aux rayonnements.

LLes analyses chimiques les plus fréquentes concernent l'acidité,
l'uranium, le plutonium et le rapport TBP/dodécane. Les facteurs
de décontamination et l'activité Y pour chacune des étapes du
traitement sont mesurés avec une chaine de spectrométrie compor-~
tant un analyseur 400 canaux. La bande d'énergie explorée s'étend
de 0 a 1,7 MeV environ, ce qui est sufggsant gaur c?agctér%ﬁgr et
analyser les émetteurs Z rencontrés (“°Zr + Ru, Ru +
106Rh, 137Cs, 141ce, 14 Ce, 144pr), L'ensemble hautement stabilisé
permet, en passant par un ordinateur IBM 360-50, de réaliser un
grand nomnre d'analyses par comparaison avec des étalons.

Au total, les essais ont demandé plus de 20,000 dosages et mesures,

3 3 6.000 vérifications de débit de pompe, 2.000 relevés de tempé-
rature, etc.

Durée des essais

La durée d'un essai est fixée par le temps nécessaire pour attein-
dre 1'équilibre dynamique du processus d'extraction, ce qui, pour
les deux premiers cycles essayés en série, impose plus de 60 heures.
La remise en état et la collection des résultats d'analyses deman-
dent environ 15 jours pour les essais o et plus d'un mois pour les
essais o Y.

Aprgs la mise au point théorique du schéma, les travaux qui ont
comporté 22 essais -~ dont 5 a B ¥y - se sont étendus sur une période
de 14 mois, avec une équipe qui a été, en moyenne, de 18 personnes
(ingénieurs et techniciens).
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IV -~ ETUDE DES EXTRACTIONS

Le schéma global du traitement est représenté sur les figures
1, 2 et 3. On s'y reportera pour connaiftre les caractéristiques
chiffrées des diverses extractions examinées.,

Premier cycle

Son but est de séparer l'uranium et le plutonium des produits de
fission : il comporte une extraction suivie d'un lavage (I) et
une réextraction simultanée de U et Pu (II).

Les conditions choisies doivent 8tre théoriquement suffisantes pou:
assurer l'extraction de l'uranium et du plutonium avec un rendement
de 99,98 %, m@me si celui-ci ge trouve en partie (15 %) sous une
forme moins extractible (PuO ). L'élévation de la température
favorise l'extraction du plu%onium et augmente 1'insclubilité du
TBP en phase aqueuse, mais elle agit en sens contraire sur le par-
tage de l'uranium. (L'expérience montre qu'il ne faut pas dépasser
35°C). Le débit de lavage (0,2 fois celui du sclvant) a été choisi
pour obtenir une bonne décontamination sans trop diminuer les fac-
teurs d'extraction pour U et Pu.

1.2. Extraction_II.

Son but est de réextraire en phase aqueuse le plutonium et l'ura-
nium en réduisant au maximum le facteur de dilution. Il s'agit en
effet de jouer sur tous les paramétres pour éviter la concentra-
tion intercycle. On élimine les risques de polymérisation et d'hy=-
drolyse du plutonium gr8ce a une injection d'acide concentré dans
la partie centrale de la batterie.

1¢e3. Résultats.

Au cours des diverses expériences o Y, nous avons constaté la
formation de précipités abondants au niveau des interphases de

1'extraction I. Pour remédier a ce phénom&ne, nous avons utilisé
deux méthodes : ltune, extrapolation des méthodes industrielles,
consiste & chasser périodiquement le précipité par vidange brusque
du pot encrassé; l'autre fait intervenir 1l'acide fluorhydrique, en
petite quantité, pour complexer le zirconium in s¥tu au cours de
1'extraction., (veoir chapitre V).

Le tableau I indique les principales modifications apportées et
les résultats obtenus.

Les figures 4 et 5 montrent la répartition des principaux émet-
teurs 7 lorsqu'on élimine mécaniquement les précipités. On remar-
que que la décontamination est essentiellement limitée par les
€léments zirconium-niobium.

Les diagrammes de la figure 6 mettent en évidence 1'évolution des
concentrations des éléments U et Pu et de NHO, libre, en fonction
du numéro des étages d'extraction. Pour le prémier cycle, on note
une concordance des profils théoriques et pratiques. La différence
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1

des pentes pour les concentrations du plutonium dans la section
Extraction provient d'un changement de rapport de débit. Lfinflé-
chissement de la courbe aux étages 1 &4 5 est d0 & une mauvaise
efficacité des micro-extracteurs dans les milieux dilués.,

Des essais et des mesures similaires ont été réaliséds sur les au-
tres cycles; les conclusions sont résumées dans les tableaux II
et III,

I1 faut signaler que les fuites de plutonium en PC 2, dues peut-
Etre a la présence de PuD + peu extractible, devraient disparaf-
tre au stade industriel avVec des appareils ayant un meilleur ren-—
dement. De m8me, il ne faut pas attacher trop d'importance & la
présence excessive de plutonium dans l'uranium & la fin du 2&me
cycle car l'injection de nitrate uraneux peut &tre réalisée d'une
manigre plus rationnelle en usine,

Enfin, le solvant utilisé dans le premier cycle a été traité et

recyclé en continu une dizaine de fois par essai; son activité
était réduite d'un facteur variant de 30 & 100 & chaque traitement.

V =~ RESULTATS D'ENSEMBLE

- Facteurs de décontamination

Les spécifications imposées aux proguits finis correspondent a des
facteurs de décontamination de 5.10° pour U et 107 pour Pu. Ces
chiffres, répartis entre les divers cycles par analogie avec les
résultats obtenus dans les usines frangaises, figurent dans le
Tableau IV sous la rubrique "Résultats prévus". Les chiffres expé~
rimentaux sont assez différents mais la meyenne des résultats mon-
tre que la décontamination est suffisante. Le tableau V donne les
niveaux d'activité pour chaque étape du preocessus d'extraction.

Rendement des extractions

Les résultats obtenus (Tableau VI) comparés aux chiffres prévus
montrent que le traitement est satisfaisant sur le plan des ren-~
dements d'extraction, excepté pour le plutonium & l'extraction III.
Les performances de cette extraction devraient 8tre meilleures avec
des appareils de type industriel,

Rendement des séparaéions U/Pu

La solution de plutonium issue de l'extracticn IX titre 1 mg.l-'1

d'U, ce qui est nettement inférieur & la spécification exigée.

Par contre, les valeurs trouvées pour les fuites en plutonium

dans l'uranium sont excessives. Cependant, il y a quelques doutes
sur ce chiffre expérimental, car il est difficile d'assurer l'ab-
sence totale de contamination sur les échantillons prélevés dans
les cellules actives. De toute fagon, on aura la possibilité de
parfaire la décontamination en plutonium dans le troisigme cycle U.
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4 - Sécurité du procédé

Afin d'apprécier les marges de sécurité du procédé pour les pertes
en matiére fissile et pour les accumulations éventuelles de pluto-
nium (risques de criticité), on a effectué des essais complémen-
taires de perturbations volontaires de plusieurs param2tres (va-
riations d'acidité, variations de débits, présence de Pu VI, etc...
Ces essais ont montré que le procédé retenu présente de larges
garanties de fonctionnement qui pourront d'ailleurs 8tre encore
accrues par un appareillage approprié (doubles mesures de débits
des réactifs importants, compteurs o ¥y et & neutrons, etc...)

VI - LES PRECIPITES D'INTERPHASES

1 - Etude et observation des précipités

Lors des essais décrits ci-dessus, on a observé l'apparition dtag-
glomérats d'interphases de couleur brune ou gris8tre, selon que
1'on injecte des charges brutes ou filtrées. Ils s'amoncellent
d'une fagon progressive dans les étages d'extraction et plus par-
ticuliérement dans le pot qui regoit la charge. Aprés 50 & 60 re-
nouvellements des réactifs dans l'extracteur, les suspensions de
plus en plus abondantes gagnent tous les étages d'extraction, sont
entrainées par le sclvant dans la section de lavage et finissent
par obstruer les canalisations et perturber le fonctionnement de
l'extraction.

Les analyses font ressortir des accumulations importantes de pro-
duits de fission (Zr, Nb, Ru) dans les pots encrassés. Mais les
bilans effectués sur les solutions entrantes et sortantes montrent
gue seul le Zr est retenu notablement dans l'extracteur et semble
faire partie intégrante des précipités. (Tableau VII).

L'analyse compléte de ces déplits n'est pas encore achevée mais

on peut affirmer qu'ils sont essentiellement ds aux impuretés

du combustible (carbone, silice, oxydes insolubles ...) 8t surtout
& l'interaction des produits de dégradation du TBP avec le Zr
(1'insolubilité des sels formés croissant dans le sens DBP-MBP-

PO H ). L'importance de ces réactions augmente avec les dommages
su 15 par le solvant et la concentration du zirconium. L'un et
ltautre étant eux-m8mes fonctions de 1l'activité spécifique du
combustible et de la quantité de précipités déja accumulés aux
interphases, le phénoméne est en quelque sorte autocatalytique.

2 = Recherche d'une méthode pour éviter les précipités.

Le procédé qui consiste & chasser périodiquement le précipiteé
permet d'assurer le fonctionnement normal de l'extracteur et une
décontamination suffisante, mais l'opération doit &tre réalisée
fréquemment et il est & craindre qu'elle s'avére fastidieuse et
difficilement exploitable en usine pour des combustibles trés
irradiés.

Le but de ce travail é&tant de définir un schéma d'extraction pré-—
sentant la sécurité de marche maximale, aprés avoir rempli nos

28



engagements vis-~a~vis de SGN pour son contrat avec 1'AFC, nous
avons poursuivi nos travaux en recherchant d'autres méthodes ca-
pables de ralentir la formation des précipités, voire celle des
butylphosphates de zirconium,

Deux sortes de moyens pouvaient Btre envisagées:

~ mise en oeuvre d'appareils assurant un entrafnement continu des
précipités (agitation lente dans les décanteurs, extracteurs cen-~
trifuges, colonnes pulsées ...)

-~ utilisation de réactifs spécifiques (gel de silice, acide man-

traction /11//12//13/.

Toutes ces méthodes impliquant des modifications importantes de
l'appareillage prévu ou imposant des études de mise au point
longues et délicates, nous avons cherché un antidote approprié
pour annihiler les effets du zirconium, "in situ" dans l'extrac-
tion. L'acide fluorhydrique nous a paru répondre & cette condi-
tion, sans exiger de changement fondamental dans l'appareillage
ni dans la chimie du procédé, malgré les difficultés inhérentes
& son emploi et les raisons qui l'avaient fait exclure jusqu'ici
des installations de retraitement.

Utilisation de l'acide fluorhydrigue

été développés par ailleurs L1ﬂ/£1§/é}?f7 Retenons seulement que
17
1l'ion fluorure forme des complexes avec a peu prés tous les ca-
tions contenus dans les solutions nitriques constituant la charge,
mais que la force de ces complexes est trés différemte suivant le
corps et l'acidité. Pratiquement, les fonctions de formation de
tous ces complexes (XM) sont indépendantes de la concentration de
ces différents corps; mais elles sont reliées entre elles et a la
concentration totale du fluor en phase aqueuse (fig. 7).

Ces graphiques montrent que la force des complexes va en décrois-
sant dans le sens Zr, Pu, Al, U, avec une nette supériorité pour
le zirconium, ce qui justifie les additions fluorhydriques.

L'expérience prouve que, pour une valeur de X Zr comprise entre
1,5 et 2 dans 1le pot d'introduction, les précipités d'interphases
n'apparaissent pratiquement pas., Corrélativement les facteurs de
décontamination (surtout celui de Zr) s'améliorent nettement.

Si on se fixe une valeur pour cet étage en se servant du graphique
(figs 7) on déduit les coefficients des autres corps.

Ainsi X Zr = 2 impose X Pu=0,4 X U =0,04 X Al = 0,15

|
x|
i

mais X Zr = 1,5 impose X Pu = 0,2 U =0,02 X Al = 0,07
Comme on connait la concentration des principaux cations de la
phase agueuse on peut calculer la quantité totale de fluor néces-

saire,
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a) Corrosion - Les études menées par le service spécialisé
du C,E.A, montrent que l'attaque des aciers inoxydables est prati-
quement nulle & 30° si la concentration en acide fluorhydrique
n'exceéde pas 10 M; on peut, d'ailleurs, limiter encore plus l'ac-
tion corrosive de cet acide par des additions appropriées d!'alumi-
nium., Ce corps intervient assez peu dans les calculs de quantité
de fluor nécessaire, quand il est en compétition avec le zirconium.

b) Fuites de plutonium - Le fluor forme un complexe assez
fort avec le plutonium (fig. 7) et il risque de provoquer des fui-
tes prohibitives de matiéres fissiles. Théoriquement l'aluminium
ajouté avec les réactifs ou dans les étages dilués d'extraction
devrait permettre de neutraliser l'excés de fluor libéré par le
départ des matigres fissiles dans le solvant. Toutefois l'alumi-
nium précipitant en milieu butylphosphorique, il faut éviter d'en
ajouter un exceés.

c) Extraction de l'acide fluorhydrique dans le solvant -
L'acide fluearhydrique a un coefficient de partage de l'ordre de
0,03 pour des solutions contenant 50 g.l-1 d!U. Si on 1'injecte
avec la solution de lavage, une proportion qui peut ne pas 8tre
négligeable passe donc dans le solvant de réextraction. Ce phéno-
méne peut n'avoir aucune répercussion si l'installation a été pré=
vue en conséquence mais ce n'est pas le cas dans ce schéma. De
toute fagon sa présence dans les pieds de colonne du premier cycle
impose d'étudier 3 nouveau le poste de concentration de ces solu-
tions. Des travaux importants restent encore & faire pour finir de
maitriser tous ces problémes,

— | — — — — — — o em] |t vy sttt Gt s mow ey

Nous avons reproduit les précipités d'interphase en l'absence
d'activité B Y en ajoutant des acides mono et dibutylphesphariques
dans le solvant et du zirconium dans la charge; de tous les corps
ajoutés pour simuler les impuretés des combustibles irradiés (si,
Mo, Ru, Cs, Al, Zr) seul le zirconium entraine une précipitation
abondante, ce qui corrobore les observations précédentes.

L'expérience montre qu'il faut ajouter ung quantité de fluor telle
que la fonction de formation du complexe X Zr soit supérieure a
1,5 pour limiter convenablement la précipitation des butylphos-
phates de zirconium. Pour des valeurs de X Zr qui dépassent 2 on
cbtient une efficacité accrue, mais le milieu devient trop com-
plexant et on observe une baisse du rendement en matigéres fissi-
les (fuite importante de plutonium dans les raffinats). Pour neu-
traliser 1l'excés de fluor libre dans les parties diluées on peut
ajouter de 1l'aluminium qui, par son effet de masse, joue le r8le
d'un tampon sur le degré de complexation.

b) Essai a 7
Nous n'avons fait qu'un seul essai a Y complémentaire (1000 Ci.l™

B v). I1 nous a permis d'apprécier le r8le particuliérement spec-
taculaire du fluor contre les précipités d'interphase ainsi que
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la disparition presque compléte du zirconium des impuretés restant
dans les matigéres fissiles & la sortie de l'extraction I (fig. 8
et 9). Les résultats chiffrés ont été reportés dans les tableaux

I et VII.

VII - CONCLUSION

Ces essais nous ont amenés a confronter des études théoriques de
schémas d'extractions aux résultats expérimentaux. Ils nous ont
permis de définir une installation avec le maximum de sécurité,
aussi bien pour sa mise en service que pour son exploitation nor-
male,

Par ailleurs, nous avons pu observer et réduire les effets de la
dégradation accélérée du sclvant aux treés fortes activités. Les
riésultats favorables déja obtenus laissent espérer que nous abou-
tirons prochainement & des solutions qui apporteront une amélio-
ration notable aux installations déja en service tout en présen-
tant un grand intér8t pour les futures usines qui traitercnt des
combustibles fortement irradiés.

Les programmes de recherche et de deéveloppement restent encore
chargés - par exemple, apparition de plutonium VI ou régénération
du solvant - mais déja on peut affirmer que l'extrapolation du
procédé Purex aux combustibles trés irradiés est tout & fait pos-
sible, avec des pertes en matigres fissiles et des facteurs de
décontamination compatibles avec une exploitation économique des
usines,
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et compétence.
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Tableau I ~ 1J1er CYCLE
_i
Valeurs Essais Essais Solution Essais
théoriques actifs (a) actifs (ay) |[retenue pour actifs (ay)
Pu VI 40% sans HF l'usine avec HF
Pu total™ 0
Nbre d'étages Extraction 8 8 9 9
Lavage 8 8 8 8
Réextraction 1 13 13 12 13
Rapport des Extraction 0,73 0,71 0,68 0,71 0,71
volumes Lavage 0,2 0,2 0,2 0,2 0,2
A/0 Réextraction 1,05 1,05 1,15 1,15 1,25
Raffinats PC 1 U (mg.l-1) 20 0,7 5 5
Pu (mg.l-1) 0,7 1,2 1 1
Solvant sortant u (mg.l-1) 40 65 3 1
de réextraction Pu (mg.l—1) g,4 g,2 g,2 0,1
SR 1 '
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Tableau Il « 22me CYCLE
Valeurs Essais Essais Solution
théoriques actifs « actifs oy |[retenue pour
ltusine
Nombre d'étages Extraction 9 14 14 14
Lavage 7 7 7 7
Extraction IV 11 11 11 1"
Extraction V 8 8 " 9
Rapport des Extraction 1,56 1,56 1,54 1,54
volumes Lavage 0,125 0,125 0,125 0,125
A/0 Extraction V 1,05 1,05 1,15 1,15
Raffinats PC 2 U (mg.1™1) 10 0,7 10
Pu (mg.l-1) 0,66 2,5
Solvant sortant de U (mg.l-1) 24 18 10
la réextraction SR 2| Pu (mg.l-1) 0,1 0,05
Pu contenu dans U'(pg.l—1) 0,6 100 100
U contenu dans Pu (g.l-1) - 2 0,5 1




Tableau III - 3&me CYCLE PLUTONIUM
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Valeuxs Essais Essais Solution
théoriques actifs « actifs @y |retenue pour
l'usine
Nombre d'étages Extraction 9 9 9 9
Lavagse
Extraction IX 11 13 13 13
Raffinats PC 3 Pu (mg.1™1) 0,6 0,1 0,13
U dans Pu (mg;l-1) 75 6 1
Pu dans le solvant recyclé (mg.l'1) 0,5 1,25
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Tableau IV

FACTEURS DE DECONTAMINATION MOYENS

(lorsque les précipités d'interphases de l'extraction I sont périodiquement chassés)

{

Résultats prévus

Moyenne des r

Zsultats & 20 % pros

. Activité
Zr + Nb Ru Aotivite | zr 4w Ru + Rh Ce + Pr Cs totale des
o émetteurs
ler cycle 400 700 700 | U=Pu 150 5.000 30.000 9.000 900
U 2.000 40 60 50 600
2e cycle 400 120 500
Pu 140 30 25 40 100
for ot 26 U  300.000 | 230.000 1,600,000 | 400,000 | 600.000
160,000 | 84,000 | 350.000
cycles Pu  20.000 | 150.000 700.000 | 400,000 | 100.000
L'essai n'a pas été réalisé mais, compte tenu d'un
3e cyele U 5 10 20 lavage peu acide, on admet un FD de 10
3e cycle Pu 150 10 50 1.200 100 1,000 1.000 1.000
U 1,2 107 106 5 108 3 10° 2,5 10° 1,5 107 | 4 10° 6 10°
Pu 2,4 107 10% | 1,5 107 2,5 107 1,5 107 7109 | 4 108 108
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Tableau V

NIVEAUX D'ACTIVITE PAR KILOGRAMME DE MATIERE FISSILE

Zirconium + Ruthéndium Activité totale
Niobium des émetteurs ¥
Entrée ler cycle U 220 170 1,400
(ci) Pu 20,000 16.000 120,000
Entrée 2e cycle 1,3 0,04 1,4
(Ci) Pu 115 3,3 140
Entrée 3e cycle U 0,6 0,75 2,3
(m Ci)
Entrée 3e cycle Pu 760 120 1.300
(m Ci)
Solutions finales U 60 70 240
(p Ci) Pu 600 100 700
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Tableau VI =~

PERTES DE MATIERE FISSILE

¥

!

i

Pertes prévues

Pertes mesurées

Uranium Plutonium Uranium Plutonium
Concen- Concen- Concen= Concen=
% tration % tration % tration % tration
mg.1”1 mg.l"'1 mgel™1 mgel™?
lex cycle
Solution épuisée de.l'extraction I PC1 0,020 20 0,045 o, 71 a,01 5 a 10§ 0,02 ’
Splvant sortant de l'extraction II SD1 0,04 40 0,04 0,4 0,01 10 0,02 ?
au pot
12
2e cycle
Solution épuisée de l'sxtraction III PC2}{ 0,03 20 0,13 o, 71 0,01 3 a 10| 0,43 ’
Solvant sortant de l'extraction IV - - - - o1
Solvant sortant de l'extraction V 0,04 24 .3
au pot
10 .
e cycle U -3
Solution épuisée de llextraction VI 0,03 13 - 0,6.10
Splvant sortant de lt'extraction VII 6,03 21
3e cycle Pu.
Solution épuisée de l'extraction VIII 0,001 1,9 0,035 0,6 2 0,001 0,1
Nitrate de Pu sortant de ll'extraction IX 0,005 75 1 a2 0
Total 0,2 % 0,25 % 0,1 % 0,5 %
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Tableau VII - RETENTION DU ZIRCONIUM DANS L'EXTRACTION I

(rapport A/D

= 0,72)

Solution aqueuse

Solution aqueuse

Solvant chargé

N° des chargée épuisée Pertes de Zr
essais ¥ 95 %
Zr en curie par litre

1 65 30 non dosé 35

Essais 2 35 15 0,3 40
sans

HF 3 38 44 non dosé 50

4 44 17 0,3 45
avec

HF 5 35 35 néligeable 0
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ABSTRACT

The method adopted for treating fuels irradiated in the core of
Rapsodie is based on the selective extraction of uranium and plutonium with
tributyl phosphate, without separation of the two elements. The fuel needles
are cut, and mixed oxide of uranium and plutonium is then dissolved with

nitric acide Uranium nitrate and plutonium nitrate are separated from the

. fission products in three liquid-liquid extraction cycles and then reprecipi-—

[

tated with ammonia.

Thisg method was tried out and developed in the Fontenay-aux-Roses
laboratories. The last tests performed in the "Cyrano" shielded-cell chain
were with fuel irradiated at 40 000 MWa/t in Rapsodie.

A plant named "AT1", which can treat one core of Rapsodie per year, has
been built at the La Hague centre. Tt started functioning in January 1969.
Despite some difficulties due to the presence of insoluble fission products,
the results are very satisfactory as regards both the yields of enriched
uranium and plubonium and the decontamination factors. The finished products

are well up to the specifications laid down.

RESUME

Le procédé retenu pour le traitement des combustibles irradiés
dans le coeur de Rapsodie est basé sur l'extraction sélective

de l'uranium et du plutonium par le phosphate tributylique, sans

séparation des deux éléments. L'oxyde mixte d'uranium et de plu-

tonium est dissous par 1l'acide nitrique aprés cisaillage des ai-

guilles. Les nitrates d'uranium et de plutonium sont séparés des

produits de fission en trois cycles d'extraction liquide-liquide
puis reprécipités ensemble par l'ammoniaque.

Ce procédé a été expérimenté et mis au point dans les laboratoi-
res de Fontenay-aux-Roses. Les derniers essais effectués dans la

chatne de cellules blindées "Cyrano" ont été réalisés avec du

combustible irradié a 40.000 MWj/t dans Rapsodie.

Un atelier nommé "AT1" pouvant traiter un coeur de Rapsodie par

an a été construit au Centre de La Hague. Il est entré en fonc-

tionnement en janvier 1969. Malgré quelques difficultés occasion-
nées par la présence de produits de fission insolubles, les ré-

sultats obtenus sont trégs satisfaisants tant pour le rendement
en uranium enrichi et en plutonium que pour les facteurs de dé-

contamination. Les spécifications imposées au profuit fini sont
largement respectées,
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I -~ INYRODUCTION

Les études concernant le traitement des combustibles irradiés des
réacteurs rapides ont été commencées en France avec le projet de
construction du réacteur expérimental Rapsodie. Le combustible
envisagé initialement é&tait un alliage ternaire U -~ Pu - Mo. Il a
été abandonné en faveur de l'oxyde mixte UO -PuD gainé d'acierx
inoxydable qui est représentatif du combustlble ée la filiare par
sa composition : Pu0, 25 % - U02 75 %, a l'exception toutefois de
1l'enrichissement de i’uranium :“60 %. C'est cette composition qui
a conduit & la réalisation d'un atelier pour le traitement séparé
du combustible du coeur L 1/. Le taux d'irradiation limite fixé
pour le combustible actuel est 50.000 MWj.t~ ' mais certains assem=~
blages expérimentaux pourront 8tre plus irradiés.

Le procédé retenu est dérivé du procédé "Purex" basé sur la sépa-
ration des nitrates d'uranyle et de plutonium par extraction au
phosphate tributylique., Il a été estimé d'apres les résultats
d'exploitation de l'usine de Marcoule et les nombreuses publica-
tions étrangéres que trois cycles d'extraction étaient nécessaires
Jour obtenir un produit suffisamment décontaminé, Le souci de sim=-
“plicité nous a conduit & mettre au point un procédé excluant

- la séparation uranium~plutonium, bien que dans le cadre de la
filigre cette opération apparaisse nécessaire surtout si 1lten
traite simultanément le coeur et au moins les couvertures axia-
les., Mais ce probléme de séparation est actuellement bien résolu
particulidrement en France par l'utilisation du nitrate uraneux.

- les ajustages de valence de plutonium : il faut extraire U VI,
Pu IV et Pu VI,

- les concentrations incertycles par évaporation qui nécessitent
des investissements n?n justifiés pour une installation de fai-
ble capacité (1 kg.j

Les études du procédé ont &€té réalisées dans les laboratoires du
‘Département de Chimie a Fontenay-aux-Roses, dans la cellule
"Cyrana® / 2/ pour les essais sur combustibles irradiés.,

L'atelier de traitement du combustible irradié (AT1) est implanté
au Centre de La Hague. Il a effectué ses premiers essais de retrai-
tement au début de cette année sur 235 ki ogrammes d'oxydes irradiés
dans Rapsodie entre 150 et 40,000 Mwj.t™

La possibilité d'étudier au laboratoire les problémes qui se posent
dans l'atelier de retraitement devrait permettre de définir un pro-
cédé particulidrement bien adapté au combustible de la filidre 3
neutrons rapides.
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I -~ DISSOLUTION DU COMBUSTIBLE

-~ Vitesse de dissolution

Les vitesses de dissolution ont d'abord été mesurées sur des pas=
tilles de céramique UDZ-PUD2 non irradiées en fonction de

-~ la teneur en Pu02

- la concentration en acide nitrique et en acide fluorhydrique de
la splution d'attaque.

Les résultats obtenus ont €té assez dispersés selon les différents
lots de pastilles utilisés pour ces essais. Ils ont néanmoins mon-
tré que l'on pouvait définir des conditions industrielles telles

que la dissolution de l'oxyde serait totale & 1'ébullition en 6
heures pour :

~ une teneur en PuD2 inférieure a 35 %

. . . . . . -1
- une concentration en acide nitrique supérieure a 8 moles litre .

Ltaddition d'acide fluorhydrique dans ces conditions n'est pas né-
cessaire, cette observation prouvant que, bien qu'utilisant le mé-
lange de poudre, le procédé de fabrication produit des pastilles
constituées d'une solution solide assez homogéne.

Les essais sur des oxydes irradiés ont montré que l'irradiation
augmentait considérablement les vitesses de dissolution. L'une des
causes doit &tre la fragmentation de l'oxyde irradié. Lors des der-
niers essais réalisés dans la cellule,Cyrano sur des aiguilles ir-
radiées dans Rapsodie & 40.000 MWj.t~ on a constaté que la disso-
lution de l'oxyde était totale en moins de trois heures pour des
concentrations d'acide nitrique comprises entre 6 et 12 moles.l”
avec ou sans acide fluorhydrique., (figure I)

-~ Corrosion des morceaux de gaine pendant la dissolution.

La corrosion des gaines irradiées en présence de sodium a été ob-
servée la premiére fois sur des échantillons d'oxydes gaines d'a-
cier 304 irradiés dans EL,3. Certains morceaux de gaine avaient
subi une corrosion intergranulaire telle qu'on a recueilli une
poudre métallique en fin de dissolution.

Les gaines des aigquillss irradiées de Rapsodie, en acier inoxyda-
ble 316, s'oxydent superficiellement. La couiche d'oxyde contribue
a la formation de la poudre insoluble que l'Bn retrouve en fin de
dissolution. Celle-ci contient en effet du 24Mn résultant de l'ac-
tivation de la gaine.

La corrosion des gaines pendant la dissolution croit avec le taux
d'irradiation du combustible, Dans AT1, ol les morceaux de gaine
séjournent dans le panier du dissolveur pendant plusieurs dissolu-
tions, une concentration en fer de 20 g/l a été mesurée lors de,la
dissolution d'aiguilles irradiées entre 35.000 et 40.000 MWj.t_1.
LLa solution d’aE*aque avait pour composit%on : HND3 12 moles.l” ,
HF 0,035 mole.l™', AL(NO;), 0,035 mole. 1" '.
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Au cours de dissolutions d'aiguilles 1rfadiées a 40,000 MWj.t-1
faites dans Cyrano, on a obtenu g5 g de fer en 6 heures. Au
bout de ce m&me temps, la concentratlon en fer n'est que 0,5 g/l
pour une gaine non 1r¥adlee attaquée a 1ebullltlon par une solu-
tion HNO, 11 moles.l1™', FNa 0,05 mole 17, A1(NO,) 0,05 mole 1~ ;
La vitesSe de corrosion des gaines croit avec la concentratlon

en acide nitrique et en présence d'acide fluorhydrique, pais sem-
ble diminuer en fonction du temps. Jusqu'a 40.000 MWj.t™ ', les
morceaux de gaine restent néanmoins entiers. Ces observations per-
mettent de penser que ce phénoméne est 1ié plus au temps de séjour
des aiguilles dans le sodium a haute température qu'a l'irradiation
neutronique et qu'il serait d0 a une évolution de la surface des
gaines en contact avec le sodium.

Ces résultats obligeront & wmodifier les conditions de dissclution
pour minimisexr l'attaque des gaines. En effet, des concentrations
élevées en fer accélerent la corrosion de certains aciers inoxyda-
bles austénitiques par l'acide nitrique & l1'ébullition. Clest le
cas de l'uranus 65 du dissolveur d'AT1.

-~ Comportement des produits de fission

Les concentrations de produits de fission dans le combustible ir-
radié des réacteurs rapides sont élevées : environ 5 % en poids

dans le cas de Rapsodie et on espére atteindre 10 % pour la fi-
liére. A ce niveau, pour les éléments dont le rendement de fis-
sion est élevé, on quitte la chimie des traces.

Sur la fi ure I, on voi 'é utlon e quelques produits de
fission (g 95Nb ?62 YB% 2 q. q au Eours de la
dissolutlon, mesuree par spectrometrle Y- Par comparaison aux
concentrations que l'on devrait obtenir d'apres les rendements

de fission on s'apergoit qu'une grande partie du niobium et du
ruthénium ne se dissout pas, Cette observation a été confirmée
par les essais actifs d'AT1. Au cours des opérations de ringage
gui ont suivi ces essais on a trouvé que les concentrations de
ces deux éléments sont restées importantes et ont décru beaucoup
moins vite que celle du zirconium. Le rapport des activités de
ces deux é€léments a é€galement peu varié, ce qui ferait penser que
leur limite de soclubilité a été atteinte au cours de la dissolution.

On a signalé des précipitations métalliques dans les combustibles
oxydes irradiés / 3// 4/ et mentionné que ces alliages de métaux
nobles étaient insolubles dans l'acide nitrique. Il n'est donc pas
surprenant que l'on ait un insoluble en fin de dissolution, L?'ana-
lyse qualitative de solide par spectrographie d'émission y a décelé
la présence des éléments suivants s Mo, Mn, Nb, Ru, Rh, Sn, As, Ag,
5i, fFe, Zr, Cr, Ni, Ti, Pd, Al, Ca, Zn et des traces de quelquss
autres., On y trouve certains éléments constituant les précipités
métalliques mais ni plutonium, ni uranium. Le molybdene et le
mangangse sont les principaux constituants de cet insoluble,

Le molybd&éne a un rendement de fission élevé, environ 11 % du
poids de la matiére fissile consommée. Dans les conditions flnales
de dissoclutien auxquelles nous aboutissons ~ U + Pu - 250 g.l” 1°?

H" = 9 N - la concentration en molybd&ne deyrait &tre 1,1 g.l”
pour un taux d'irradiation de 40,000 MWj.t-1 alors que la solubi~
lité de l'acide molybdique est inférieure & 0,5 g/l.
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2.4

2.6

LLe manganése, décelable également par l'émission y de son isotope
de masse 54 produit par activation, provient de l'acier des gaines,

- Clarification de la sclution de dissolution

On opére par filtration dans AT, apr2s une prédilution par de
1l'acide nitrique normal qui ameéne la solution & la composition
suivante ¢ U + Pu = 144 g.17', H® = 6 N. Le colmatage du filtre
en acier inoxydable fritté est trés rapide, sa capacité de fil-
tration a été en moyenne de 15 1 dm ©.

Pour AT1, la clarification est nécessaire pour éviter le bouchage
des pleds des élévateurs a air et l'accumulation des insolubles
dans les batteries de mélangeurs-décanteurs. Cette accumulation,
eutre qu'elle pourrait g8ner le fonctionnement hydraulique, aurait
pour conséquence un accroissement considérable de la dose de rayon-
nement absorbée par le solvant. L'expérience de l'usine de Marcoule
a montré que la dose de rayonnement regue par le phosphate tributy-
légue, u fait de l'accumulation de produits de fission précipités

Nb) dans les décanteurs, pouvait 8tre beaucoup plus impor-
tante que celle due a la radioactivité de la solution traitée. Ce
phénoméne secondaire, surtout important avec des mélangeurs-décan=-
teurs, fait que les calculs de doses regues par le solvant en te-
nant compte uniguement des produits de fission présents en solution
peuvent &tre assez illusoires.,

- Contr8le des gaines avant rejet

Ltatelier AT1 est doté d'un dispositif de mesure de la matiere
fissile présente dans les morceaux de gaine & leur sortie du dis-
solveur. Il utilise le comptage des neutrons retardés émis par
certains produits de fission aprés que le panier contenant les

gaines ait été irradié par un flux de neutrons.

La source du type (D, T) émet environ 1010 neutrons de 14 MeV par
seconde. Ceux—-ci sont ralentis par une couronne de grenaille de
polyéthyléne entourant le panier. LCe dispositif et la méthode de
mesure utilisés / 5/ sont voisins de ceux mis au point & Oak-Ridge
/ 6/. La sensibilité maximale obtenue pour un rapport_signal/bruit
de fond égal & l'unité correspond a environ 20 mg de 235y,

-~ Dégagement des gaz de fission

On a détecté du krypton dans 1'air de ventilation de la cellule
de cisaillage et des évents du dissolveur

- 3 l'ouverture des conteneurs en aluminium soudé servant au trans-—
port des aiguilles irradiées (111 aiguilles par conteneur, soit
enviren 10 kg d'oxyde)

~ au cisaillage des aiguilles

- pendant la dissolution. Le dégagement de krypton permet de sui-
vre 1l'évolution de celle-ci

-~ pendant le transfert de la soclution de dissolution.
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Etant donnée la capacité d'AT!1 il n'y a aucun probl&me de radio-
protection. Mais la dissclution de charges importantes pourrait
provoquer des "bouffées" de forte concentration.

III - EXTRACTIONS

-~ Schéma des extractions (figure II)

— — — — v — — — — — — Su—— no— t——— — — — — —

Une teneur de 30 % en volume a été retenue pour les raisons sui~-
vantes g

- C'est pour cette composition que l'on disposait du maximum de
données expérimentales sur les coefficients de partage de l'ura-
nium, du plutonium et des produits de fission.

- Elle n'est pas tregs éloignée de la valeur 25 3 27 % pour laquelle
nous avions obtenu le maximum de débit d'uranium & l'engorgement
en colonnes pulsées / 7/.

~ Le coefficient de partage du plutonium (IV) croissant en fonction
de la cancentration en phosphate tributylique avec un exposant
supérieur & l'unité, plus celle-ci est forte plus est petit le
rapport du débit de phosphate tributylique au débit de plutonium
nécessaire pour obtenir un rendement deonné avec un nombre d'éta-
ges donné. Ceci doit diminuer la radiolyse du phosphate tributy-
lique.

I1 a été vérifié expérimentalement que, avec le schéma choisi, il
n'y avait pratiquement aucun risque de démixtion de la phase orga-
nique, les concentrations de plutonium dans cette phase étant suf-
fisamment inférieures a celles auxquelles apparait ce phénoméne.

Le diluant habituellement utilisé en France - le tétrapropyléne
hydrogéné appelé couramment "dodécane®™ - a été conservé, aucune
étude comparative n'ayant prouvé la supériorité d'un autre diluant
tel que le dodécane normal en particulier.

3.1.2 - Rapports_de débits - concentrations en_acide nitrigue.

Ils ont d'abord été déterminés pour l'extraction du plutonium 3

la valence IV, Au fil des essais, nous avons été amenés 3 les mo-
difier pour tenir compte de la formation de nitrate de plutonyle
par dismutation au cours de la dissolution et des réextractions

en milieu peu acide principalement. Les débits de solvant ont &té
augmentés de m8me que les concentrations en acide nitrique des ex-—
tractions.

Les rendements obtenus pour le plutonium au cours des essais ac-

tifs d'AT1 ont été de 99,999 % au ler cycle et de 99,98 % pour
chacun des deux cycles suivants.
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3.2 - Comportement des produits de fission dans_les extractions

3.2.1 = Taux_de saturation_du solvant

A la sortie du lavage du ler cycle le taux de saturation du solvant
est 3 55 % de la limite théorique. Il est légerement inférieur aux
cycles suivants. Les coefficients de partage des produits de fis-
sion sont pour cette valeur nettement plus élevés que ceux corres-
pontant aux taux de saturation atteints lors du traitement d'ura-
nium naturel ou faiblement enrichi irradié. Cet effet est compensé
néanmoins par la dilution plus forte des phases aqueuses qui permet
d'avoir un rapport des débits solvant/phase aqueuse plus faible.

Pour extraire quantitativement le plutonium sans ajustage de va-
lence nous avons été contraints a augmenter les concentrations en
acide nitrique dans les extractions (HNU3 4 N) et les lavages

(HNO, 3 N). On sait gque le coefficient de partage du ruthénium
décroft quand l'acidité croit. Cela est d'autant plus favorable
que le rendement en 106Ry lors de la fission du plutonium par les
neutrons rapides est d'environ 10 fois supérieur a celui obtenu
lors de la fission de l'uranium 235 par les neutrons thermiques.

L'incidence sur les terres rares est plus faible, l'augmentation
de leur coefficient de partage pouvant 8tre compensée en augmen-
tant le débit de lavage du solvant chargé.

C'est surtout pour le zirconium qu'une acidité élevée est néfaste,
Mais aux niveaux de radiocactivité que l'on rencontre dans le re-
traitement du combustible des réacteurs rapides ce n'est pas l'ex=
traction du Zr par le phosphate tributylique qui détermine le fac-
teur de décontamination en cet élément, ce sont les réactions du
zirconium avec les produits de radiolyse du phosphate tributylique
acides di-~ et monobutyl phosphorique.

e e a—h e m — — — e e wew vmm | —

La comparaison de deux essais au laboratoire du premier cycle d'ex-
traction avec des oxydes mixtes irradiés dissous dans un cas sans
acide fluorhydrique, dans l'autre avec, fait apparafitre une nette
amélioration du facteur de décontaminatign en zirconium quand la
solution d'U + Pu contient cet acide / 8/.

Au fur et a mesure que nous ayons disposé pour ces essais d'extrac-
tion d'oxydes de plus en plus irradiés (échantillons d'oxydes mix-
tes irradiés pour étude du combustible, éléments combustibles
d'EL.3 en uranium enrichi & 4 % irradiés & 20.000,MWj.t”1 et enfin
d'aiguilles irradiées de Rapsodie & 40.000 MWj.t~™ ) nous avons
obtenu dans la batterie d'extraction des précipités d'interphase
de plus en plus abondants, L'addition d'acide fluorhydrique & la
dissolution permet de réduire considérablement leur vitesse de
formation : il est difficile de dire qu'ils sont totalement sup-
primés car il y a pratiquement toujours dans toute extraction au
phosphate tributylique en mélangeurs-décanteurs accumulation de
solides aux interfaces.

L'étude faite & Savannah River / 9/ sur les complexes du fluor
avec le zirconium, l'uranium, le plutonium et l1l'aluminium a é&té
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utilisée pour calculer les quantités de fluor nécessaires a une
complexation suffisante du zirconium pour emp&cher son extraction,
dité /10//11//12/. L'aluminium est ajouté pour compenser l'effet
dépressif du fluor sur le coefficient de partage du plutonium dans
les étages d'extraction gl les concentrations sont faibles. Par
ordre de stabilité croissante de leurs complexes fluorés on a,
respectivement, l'aluminium, le plutonium et le zirconium. Avec

un rapport AL/F = 3 dans les solutions d'alimentation et de lavage
la complexation du zirconium est encore suffisante mais par contre
dans les étages ol la concentration en plutonium est faible ll'ace
tion de masse de l'aluminium diminue la complexation de cet élé=-
ment par le fluor.

Quant & la nature des précipités d'interface formés par le zirco-
nium il est intéressant de mentionner qu'il ne s'en forme pas dans
1'extraction quand le solvant contient uniquement de l'acide dibu-
tylphosphorique mais qu'ils apparaissent dés qu'il y a de l'acide
monobutylphosphorique. Cela s'explique par la solubilité importante
du dibutylphosphate de zirconium dans le solvant et par le coeffi-
cient de partage trés élevé de l'acide correspondant en milieu trés
acide. Ceci est a rapprocher du comportement du fer dans ll'extrace—
tion. Le dibutylphoschate de fer est trés peu soluble, tant en
phase aqueuse qu'en phase organique., Craignant la précipitation de
ce sel dans les extractions nous avons extrait a contre-courant de
1turanium d'une solution contenant du nitrate ferrique par un sol-
vant contenant 1,6 g.1-1 d'acide dibutylphosphorique. Il ne se
forme pas de précipités, le produit de solubilité n'étant atteint
dans aucune phase, le fer restant en phase aqueuse et l'acide di-
butylphosphorique en phase organique.

- Résultats des essais

Ils sont groupés dans le tableau 1 pour les essais de laboratoire,
Lors des essais actifs d'AT1 on a ebtenu au ler cycle ?endant le
traitement de combustible irradié & 35 - 40.000 MWj.t™' :

F.D. (Ru) : 5 x 10°

" (Nb) : 4.3 10%

Le facteur de décontamination en zirconium était tel que cet élé-
ment n'était pas mesurable par spectrométrie y (Ge-Li) simultané-
ment & la wesure du ruthénium et du niobium. Les deux cycles de
décontamination suivants travaillent dans des conditions plus ha-
bituelles. Le mélange d'oxydegz(UD3 + Pul,) produit contenait

2,5 107%uCi de 99Nb et 2,5 10"uCi’de 103Ru + 106Ry par gramme
d'U + Pu ce qui est nettement inférieur au microcurie par gramme
demandé. Il n'y a pas été décelé d'autres émetteurs 7.

-~ Traitement du solvant

Au 1er cycle d'AT1 il est uniquement alcalin, en cing étages. Les

essais ont été de trop courte durée pour en tirer des conclusionse.
On note, ce qui n'a rien de surprenant, une accumulation de ruthéwm
mium dans le solvant.
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IV ~ CONCLUSIONS

A la lumiére des nombreux essais réalisés dans les laboratoires

du Département de Chimie & Fontenay-aux-~-Roses et des résultats sa-
tisfaisants des essais actifs de l'atelier de traitement du combus-
tible irradié de Rapsodie il est légitime de penser gque le traite-
ment par voie aqueuse apportera une solution satisfaisante au trai-
tement des oxydes mixtes UDZ-PuD2 irradiés dans les réacteurs rapie-

des.

Toutefois les études en cours doivent 8tre poursuivies pour amélio-
rer le procédé et étendre ses possibilités, En particulier, la di-
minution du temps de refroidissement a une incidence économique
importante.

Nous pensons que les efforts doivent 8tre orientés vers la recher-
che des meilleures conditions de dissolution, d'un prétraitement
efficace - qui pourrait 8tre une clarification, la concentration

de certains produits de fission étant limitée par leur soclubilité -
et d'une diminution des effets secondaires dus & la dégradation du
solvant par des moyens chimiques ou technelogiques.

p——
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ABSTRACT

Highly irradiated oxide-base fuels present new problems for chemical

treatment in view of their nature and high specific activity.

The presence of cladding which is insoluble in nitric acid complicates
the initial treatment and, in particular, continuous dissolving. Continuous
dissolving apparatus is at present being designed at the Fontenay-aux-Roses

Centre.

The very high specific activity of the solutions being purified
interferes with the solvents used. This difficuliy can be overcome with

the use of extracting agents with a short contact-time.

Unlike decanter mixers and pulsed columns, centrifugal extractors seem
capable of meeting the-conflicting requirements for a short residence-time

and higu output.

Independently of the industrial extractors and the nuclear apparatus
developed abroad, the CEA and French industry are engaged in designing an
origihal type of centrifugal extractor. An eighi-stage model has been
tested over a long period for the extraction of pure uranium. The tests
have confirmed the advantages of this apparatus, which has an extraction
efficiency higher than 99.99% and phase entrainments lower than O.53&L
Its efficiency in the extraction of plutonium and fission product decontamina-
tion will be verified by tests on active solutions which are veing conducted

‘at the Harcoule pilot plant.

RESUME

Les combustibles & base d'oxydes qui ont subi de hauts niveaux
d!'irradiation posent des problémes nouveaux pour leur traite-
ment chimique, par leur nature et par leur forte activité
spécifique, ’

La présence de gaines insolubles dans l'acide nitrique compli-
que le traitement initial et en particulier la continuité de
la dissolution. Des appareils de dissolution continue sont en
cours d'études au Centre de Fontenay-aux-Roses.,

Ltactivité spécifique treés forte des solutions a purifier est
une menace pour les solvants utilisés. Cette difficulté peut
8tre surmontée par l'emploi d'extracteurs a court temps de
contact.
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A l'encontre des mélangeurs-décanteurs et des colonnes pulsées,
les extracteurs centrifuges semblent pouvoir concilier les
impératifs de court temps de séjour et de débit élevé.

Indépendamment des extracteurs industriels et des appareils a
usage nucléaire mis au point & 1'étranger, le CEA et 1l'indus-
trie frangaise étudient un extracteur centrifuge original.

Un modéle a huit étages a été longuement essayé pour l'ex-
traction de l'uranium pur. Les essais ont confirmé la valeur

de cet appareil dont l'efficacité en extraction est supériesure
3 99,99 % et les entrafnements de phases inférieurs a 0,3 o/oo.
Des essais sur solutions actives & l'atelier pilote de Marcoule
permettront de vérifier son efficacité pour l'extraction du
plutonium et la déceontamination en produits de fission.

I = INTRODUCTION

Pour le traitement chimique aprés irradiation des combustibles

des réacteurs 3 eau (légdre ou lourde) et des surgénérateurs a
-neutrons rapides, i1l est logique d'envisager le procédé classique
aux solvants. En fait, on constate qu'a toutes les étapes de ce
procédé se posent de nouveaux problemes qui ont pour origines prin-
cipales la nature et la constitution des combustibles et surtout
leur taux d'irradiation élevé.

II - PROBLEMES POSES PAR LA NATURE DES COMBUSTIBLES

Tous ces combustibles sont constitués d'oxydes denses (frittés

ou compactés) gainés de matériaux assez réfractaires (acier inoxy-
dable ou zircaloy). Ils se présentent sous la forme de faisceaux
d'aiguilles longues (jusqu'a 4 m) et de faible diamétre (6 & 20 mm).
Il semble donc exclu de séparer mécaniquement la gaine et le com~
bustible en vue de la premiére étape : la mise en solution.

Le procédé le plus fréquemment proposé est le “"découpage-dissolu-~
‘tion" (chop-leach process) qui consiste & couper les aiguilles en
petits trongons (individuellement ou par faisceaux) que l'on met
dans un panier amovible & l'intérieur du dissolveur. Seul l'oxyde
est dissous, les morceaux de gaines étant tout au plus corrodés et
pouvant 8tre retirés en fin d'opération au moyen du panier. Ce pro-
cédé est discontinu,., Il est appliqué & l'usine de West Valley de
NFS / 1/. Plusieurs moyens pour rendre continue ou quasi-continue
cette étape sont & 1'étude en France.

1. DISSOLVEUR “SEMI-CONTINU"

C'est 1l'application au systéme discontinu évoqué ci-dessus d'un
appareil déja breveté en 1963 / 27. Le principe est le suivant
(fig. 1) :

Les dissolveurs sont deux récipients tubulaires. Ils contiennent
chacun un panier amovible et sont reliés & un réservoir commun,
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— panier vide.

par débordement d'une part, par un tube de cirgulatioq dtautre
part. La circulation est assurée par une chaudiere qui engendre

de la vapeur au sein de la solution, l'ensemble fonctionnant comme
un "air 1lift". Un déwvésiculeur sépare vapeur et solution, cette
derniére retombant dans le dissolveur qui est par ailleurs alimente
réguliérement en trongons d'aiguilles et en continu en reéactif
(acide nitrique en général). La solution résultante sort en con-
tinu. Pour assurer en permanence l'opération de dissolution, un
seul tube dissolveur est en service. L'enchainement des diverses
phases est résumé sur le tableau I.

Phase Dissolveur 1 Dissolveur 2
La solution circule, Panier vide disponible
1 Alimentation en combusti-

ble et en réactif

Le panier est plein. Mise en route des alie
2 Arr8t des alimentations mentations et de la
circulation

Combustible dissous.
Arr8t de la circulation.
Vidange de la solution
vers le réservoir.

Début du ringage des
gaines par le réactif. L'alimentation et la

circulation continuent
Vidange de la solution
de ringage vers le ré-
servoir.

Sortie et vidange du
panier (Trongons de
gaine) apreés égouttage.
Remise en place du

Le panier est plein.
M&me enchainement en
intervertissant 1 et 2.

Tableau I, ~ ENCHAINEMENT DES PHASES DE DISSOLUTION

Comme on le voit, il faut soigneusement programmer les phases.
L'intér8t du systéme de circulation est de permettre l'isole-
ment du dissolveur quand on arr8te la chaudiere. Diverses
solutions sont par ailleurs envisageables pour répondre aux
problémes de vidange des solutions présentes dans les dissol-
veurs et des trongons de gaines contenues dans les paniers.
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Un prototype non actif d'un appareil de ce principe est actuel-
lement construit a Fontenay et sera expérimenté au cours du
second semestre 1969, Il utilise notamment un panier du m&me
modéle que celui prévu pour un disspolveur congu et breveté par
Saint Gobain Techniques Nouvelles / 3/ (cet appareil fonctionne
en thermosiphon aveec 2 cuves de dissclution et une cuve de rine-
gage). En ce qui concerne le panier, l'évacuation des morceaux
de gaines y est réalisée au moyen d'une trappe latérale dont
1l'ouverture est automatiquement obtenue par une action méca-
nique simple en fin de montée du panier. L'inconvénient de cet
ensemble réside en la complexité de l'enchainement des phases
et le risque de fragilité des mécanismes de sortie de panier
qu'il a d'ailleurs hérité des dissolveurs par charges. Peut-on
1'éviter ? L'idéal serait bien sOr un appareil rejetant en con-
tinu les résidus . insolubles.

2., DISSOLVEUR CONTINU

Diverses possibilités ont déja été examinées ou expérimentées
surtout a Oak Ridge :

'~ Appareil a vis d'Archimdde / 4/

-~ Appareil spirale vibrante / 5/

a
- Appareil & roue, rappelant le principe de la noria [i§7.

Cette dernieére solution, présentée d'ailleurs dans une version
par "charges" a retenu l'attention et fait l'objet d'une étude
en vue de la construction d'un prototype qui, dans ses grandes
lignes, se présentera comme suit (Fig. 2) :

Un réservoir plat (pour des raisons de sécurité nucléaire) con-
tient une roue portée par un arbre moteur. Des plaques perforées
non radiales regoivent les trongons d'aiguilles et apres rota-
tion permettent d!évacuer les morceaux de gaine. La vitesse de
rotation doit 8tre calculée pour laisser un temps suffisant a
la dissolution. La rotation peut d'ailleurs n'@tre pas continue.

Pour réaliser cet appareil certains problémes géométriques et
_mécanique doivent 8tre résolus., Pour ces derniers il convient
de noter qu'ils sont en définitive plus simples que pour les
appareils a panier amovible, puisqu'il s'agit surtout de mettre
au point des paliers inoxydables et étanches pour un axe tour-
nant a faible vitesse.

3. AUTRES SOLUTIONS

I1 a été dit qu'un dégainage mécanique é&tait pratiquement exclu.
Pourtant les chercheurs n'ont pas renoncé a tout moyen de sépa-
rer gaine et combustible. Aux USA est étudié un procédé qui

.

consiste, aprgs_trongonnage, a griller a l'oxygéne l'oxyde
combustible / 7/. Par ce moyen, on pourrait en outre éliminer
la majorité de l'iode et une partie des produits de fission
donnant des oxydes volatils (Ru, Cs).
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A Fontenay on cherche a mettre au point une séparation_par un_
broyage des trongens d'aiguilles suivi d'un 51@ple ??mlsage ya §7.
Expérimenté avec succés sur des aiguilleg non 1Frad1ggs, ce
procédé doit Btre vérifié sur des gchantillons irradiés forte-

ment.

III - PROBLEMES POSES PAR LE TAUX D'IRRADIATION

L'emploi généralisé de l'extraction par solvant pour séparer
uranium et plutonium des produits de fission a permis de ré-
soudre convenablement ce probléme du traitement chimique,
Toutefois l'augmentation continue du taux de combustion et la
réduction souhaitée de la durée de désactivation des combusti-
bles conduit a un dégagement d'énergie élevé, sous forme de
radicactivité, dans les solutions a traiter, et aussi a une
teneur importante en éléments de fission, notamment de zirco-
nium. Le dégagement d'énergie et la teneur en zirconium sont
les deux facteurs connus principaux de la dégradation du sol-
vant, elle-m&me responsable de mauvais facteurs de décontami-
nation et de la rétention de matiere fissile dans le solvant.

Les appareils les plus couramment utilisés pour cette opéra-
tion sont les mélangeurs-décanteurs, dont l'inconvénient
principal est de ménager aux deux phases des temps de séjour,
et donc des temps de contact, longs. Ce fait favorise la dé-
gradation radiolytique (énergie absorbée importante) et la
dégradation chimique, notamment par le zirconium extrait,
dont la réaction sur le TBP est assez lente au départ. Il est
donc d'un intér8t évident de disposer d'appareils réduisant
considérablement temps de séjour et temps de contact des deux
phases, indépendamment des moyens physico-chimiques étudiés
par ailleurs pour supprimer l'extraction du zirconium.

1. REVUE DES APPAREILS EXISTANTS

Il ntest pas question ici d'insister sur les mélangeurs-
décanteurs qui sont surtout utilisés pour le traitement de
solutions relativement peu radioactives. Leur avantage prin-
cipal est de ne pas limiter les débits de phase. En revanche
ils favorisent la dégradation du solvant, phénoméne déja sen-
sible avec des solutions de combustibles peu irradiés.

Les colonnes pulsées sont nettement plus favorables a cet

égard. Elles sont utilisées d'ailleurs a NFS / 1/ et EURDCHEMIC.
Des études ont été effectuées sur le taux_de rétention des
phases a l'atelier pilote de Marcoule / 9/. Le calcul montre
ainsi que le temps de séjour du selvant dans la colonne d'ex-
traction est de l'erdre de 15 minutes contre 3 & 4 fois plus
dans une batterie de mélangeurs-décanteurs équivalente, ce qui
constitue un progrés important dans la lutte contre la dégra-
dation du solvant.

Un deuxigme avantage est 1l'existence a'une.seule interface
solvant - phase aqueuse. Les précipités (dlbutylghospha?e,
monobutylphosphate et phosphate de zirconium) qui contribuent
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largement & la dégradation du solvant, n'existent donc qu'en
un seul point de l'appareil. 5i en outre la colonne fonctionne
en phase organique continue, l'interface sera en bas gt_ce
précipité pourra 8tre soutiré avec la phase aqueuse /10/.

On peut reprocher cependant aux colonnes pulsées les diffi-
cultés qu'elles aménent pour garder une efficacité acceptable
quand leur diamgtre dépasse, 300 mm qui ne permst qu'un débit
total pratique de 1500 1.h” insuffisant pour les grosses ca=-
pacités; ensuite le temps de séjour des phases, bien que ré-
duit, ne paraft pas assez faible pour supprimer la précipita~
tion du zirconium avec les produits de dégradation. On est
donc amené a rechercher des appareils a temps de séjour encore
plus court. Pour cela il faut pouvoir réduire le temps de dé-
cantation et on est conduit & utiliser des champs centrifuges.

Des extracteurs centrifuges non spécifiquemsnt nucléaires
existent depuis plusieurs années

- Podbielnak /117 et une variante améliorée Quadreonic /12/.
Ils nécessitent 4 joints tournants dont au moins 2 sous pres-
sion, ce qui est wun inconvénient notable.

- Luwesta LTL7 :+ Ces appareils ont des étages individualisés
mais la multiplicité des passages dans le fOt central imposent
un nombre d!'étages maximal de 3 paxr appareil.

Ces extracteurs ne semblent pas avoir tenté les chercheurs
dans le domaine radioactif. Ils ont plut8t cherché a mettre au
point des appareils répondant plus spécifiquement & leurs pro-

blémes.,

A Savannah River /13/, un modeéle congu & partir du principe
des mélangeurs-décanteurs a été expérimenté avec succies méme
en actif. Le décanteur est centrifuge et actionné par le m&me
moteur que la turbine. Il ne semble poser aucun probléme d'ex-
trapolation pour les gros débits et paraft treés bien adapté au
traitement de splutions d'activité spécifique moyenne. A sa
charge on peut toutefois relever

- La difficulté de le rendre nucléairement slOr

- Un ensemble mécanigque par étage

- La nécessité d'un réglage d'interface par air comprimé par
étage

-~ L'encombrement relativement important

- La complexité des liaisons entre étages.

A Oak-Ridge 1117, un extracteur centrifuge basé sur les sépa-
rateurs cyclones est a 1'étude depuis lengtemps. Il présente
de nombreux défauts, notamment une mauvaise efficacité d!'étage,
la nécessité d'une pompe par étage, une mauvaise séparation

des phases et une grande difficulté d'extrapolation a partir
d'un modéle au point.

De tous ces appareils, seul l'extracteur de Savannah a fait ses
preuves, d'ailleurs en présence d'activités spécifiques moyennes.
Aucun n'a paru vraiment satisfaisant pour les solutions dont, a

65



la fois, la concentration en matigres fissiles et l'activité spé-
cifique sont élevées. Aussi a-t-on été conduit 3 entreprendre
1'étude poussée de l'appareil Dollfus Robatel, dont 1l'intér8t
principal réside en ses grandes possibilités de débit pour un
volume total trés compact.

2. EXTRACTEUR CENTRIFUGE DOLLFUS ROBATEL /15//167

Cet extracteur fonctionne selon le principe suivant (fig. 3 et 4).
I1 est constitué d'un bol tournant divisé en plusieurs chambres

et d'un fOt cylindrique fixe porteur de disques, dont le r8le est
d'assurer par freinage la circulation des phases et par frottement
leur mélange., Les déversoirs circulaires des phases dans les come
partiments de décantation sont fixes et calculés "a priori" pour
un certain domaine de rapports de densité /17/.

Deux appareils de ce type ont été expérimentés a Fontenay et plus
particuliéremeg? un petit modele permettant d'utiliser des débits
de 30 &8 75 1.h '. Le bol avait un diamétre de 160 mm et comprenait
8 étages. Sa vitssse de rotation pouvait atteindre 5000 t.min~
donnant ainsi une accélération maximale de 2200 § & la périphérie,

Que peut-on attendre d'un tel appareil en ce qui concerne les
temps de séjour ? Dollfus /18/ a démontré que pour 2 appareils
de débits égaux et imprimant aux phases des accélérations y st y?,
les temps de séjour t et t' répondent & la relation

_6
£ _(1)11
t - v!

Si 7 = g (cas du mélangeur-décanteur) et §' = 500 § (extracteur
centrifuge)

-]
A 1 _
t = \500 = T30

Autrement dit le temps dé& séjour serait divisé par 30 et 1l'énergie
absorbée par le solvant serait réduite dans le m&me rapport.

Les essais réalisés avec le modéle décrit ci-dessus ont été
particuligrement riches en enseignements, en ce sens que la
petite taille de cet appareil a entrafné une amplification

des phénoménes parasites. Toutes les difficultés ainsi mises
en évidence ont pu 8tre surmontées. Les principaux résultats

cbtenus avec des phases agqueuses nitriques et du TBP a 30 %
dans le dodécane sont exposés cili-apres.

Fonctionnement hydrauligue :

Aprés des résultats décevants (entrafnements de phase aqueuse
dans la phase organique de 5 o/oo & 2 % selon les régimes),
les disques agitateurs ont été munis d'un dispositif anti-
projection (une simple ar8te verticale circulaire), -
Les conséquences ont été trés bonnes (Fig. 5 et 6). On peut

tirer des résultats les conclusions suivantes :
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- On peut toujours trouver un domaine de vitesses de rotation
ol les entrafnements sont négligeables ( <<0,5 o/co).

- Il n'y a jamais d'entrafnement de phase organique dans la
phase aqueuse,

Essais d!'extraction et réextraction dl'uranium

Les premiers essais ont montré que l'appareil devait 8&tre
efficace mais il était difficile d'éviter une teneur dans le
raffinat de 10 & 65 mg.l d'uranium dans les cas ol la solu-
tion aqueuse d'alimentation était tr&s concentrée (400 g.1”')
(Tableau 2). Apres divers t&tonnements, il s'est avéré que
l'empilage des étages emboftés les uns dans les autres n'était
pas assez étanche et que la teneur relativement élevée du raf=-
finat était due a sa pollution par de légeéres fuites de phase
aqueuse riche provenant des étages les plus proches de l'ali-
mentation. On a donc muni chaque &tage d'un joint plat mince
(0,05 a 0,2 mm), assurant ainsi une assez bonne étanchéité,

La teneur en uranium du raffinat est alors devenue trés infé-
rieure & 1 mg.1”'. (Tableau 3).

Les conclusions que l'on peut tirer de ces essais sont les
suivantes :

- L'efficacité de l1l'appareil en extraction croit avec le débit
total et décroit quand la vitesse de rotation croift. En ré-
extraction, elle croift avec le débit et la vitesse de rota-
tion .

- En extraction 1l'essai 1 montre que l'appareil posséde un
nombre d'étages théorigues supérieur a 7.

Pour les autres essais il est difficile de parler d'étages
théoriques car les possibilités analytiques ne permettent pas
d'en déceler plus de 4. En outre on sait que la teneur en ura-
nium du raffinat est due a une pollution. Il est donc préféra-
ble de parler de ce qu'on sait mesurer, c'est-a-dire du rende-
ment d'extraction. On voit qu'il est supérieur & 99,999 % quand
les conditions de fonctionnement saont bien choisies.

- En réextraction on obtient environ 6 étages théoriques, ce
qui est honorable si, comme certains résultats semblent le
prouver, l'appareil fenctionne en phase organique continue.

- Le probleéme de 1l'étanchéité du bol peut 8tre résolu par une
bonne finition de l'usinage des étages et la recherche des
formes d'emboftement appropriées. En outre un calcul simple
montre que le risque de pollution doit 8tre plus faible pour
un gros appareil. La fuite est a peu pr2s proportionnelle au
périmeétre du bol et la dilution de la fuite proportionnelle
au débit de phase aqueuse. (La concentration du raffinat est
donc inversement proportionnelle 3 ce m&me débit).

Soit deux appareils de diami&étres D et D', de débit aqueux A et A?
et x et x' les concentrations dans le raffinat. On écrit, & champ
centrifuge égal

) 1
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Pour l'appareil étudié on a D = 160 mm A 10 1.h~

Pour un gros appareil (en construction)on aura

-1 .6_7..Q _.1_.@. &0,07 %o

| S
* * 160 * 600
Cette fuite serait divisée par 14 environ. Ce point notamment
pourra Btre vérifié sur un ensemble d'extracteurs industriels
de grande capacité en cours de montage au centre du Bouchet,
qui fonctionnera aussi avec de l'uranium naturel non irradié,

D = 670 mm A = 600 1.h

.

L'appareil décrit ici est actuellement en cours de montage a
1'Atelier Pilote de Marcoule ol il sera essayé au premier cycle
dtextraction. Son efficacité pour l'extraction du plutonium et
pour la décontamination vis a2 vis des produits de fission pourra
8tre ainsi vérifiée dans des conditions industrielles.

Un autre appareil semblable doit 8tre essayé pour la partition
uranium-plutonium,

IV -~ AUTRES PROBLEMES

Avec les combustibles de la filiére rapide, le débit de plutonium
“sera élevé., Pour les opérations ultimes, en particulier la préci-
pitatiaon de l'oxalate de plutonium, il est important de pouvoir

disposer d'appareils continus de grande capacité.

Le précipitateur continu /13/ utilisé & l'usine de La Hague a été
extrapolé jusqu'au diam2tre nucléairement sOr de 150 mm et expé-~

rimenté avec de l'uranium tétravalent. Les résultats s'accordent

assez bien avec les calculs d'extrapolation.

- La capacité qu'on peut atteindre croft avec la concentration en
plutonium de la soclution d'alimentation :

- -1

600 a 800 g.h 1 de Pu pour 20 g.l_1

800 a 1000 g.h:1 " - 25 g.l_,

1200 a 1500 g.h_, " - 50 g.1_,
1800 g.h " - 100 g.l

-~ Les entrafnements de fines par les esaux-méres représentent
moins de 0,5 % du plutonium, pourvu que_ la vitesse ascensionnelle
des eaux-méres soit inférieure 3 3 m.h”! environ. DOn peut le ré-
gler en agissant sur le débit de lavage.

Le lavage dans le précipitateur devenant faible pour ces débits,
il paraft indispensable de le compenser par une filtration avec
lavage sur filtre. Aussi plusieurs modéles de filtres continus
sont-ils expérimentés actuellement.
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V - CONCLUSIONS

L'effort important exigé par les problémes nouveaux des combusti-

bles trés
Il semble

irradiés commence & donner des résultats intéressants.
que beaucoup de ces difficultés puissent Etre surmon-

tées par des créations ou des améliorations technologiques, no-
tamment 1'élimination continue des gaines aprés dissolution du
combustible et surtout le maintien de facteurs de décontamination
gélevés par la réduction des temps de séjour dans les extracteurs.
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Tableau II =

ESSAIS DE L'EXTRACTEUR CENTRIFUGE SGN~-ROBATEL

te Extraction de l'uranium par du TBP & 30 %
. Phase dtalimentataion Vitesse de Pertes en U
Essai Concentrations Débits rotatl?n dang la phase épuisée hgtagas
no : : 1 = t.min™ 1 théoriques
U g.l” HND; N A 1.7 {0 1,h™ x mg.l” ppm
1 35 0,5 22 13 0,6 1500 170 7,9
2500 220 7
2 R 90 2 17,58 17,5 1 1500 2 22
17,5 17,5 1 2500 0,7 8
i 17,5 17,58 1 4000 51 566
¢ ¢ - 37,5 37,5 1 1500 0,1 1
. 37,5 37,5 1 2500 8,3 3
3 180 2 12 23 2 1500 0,6 3
12 23 2 2500 2,4 13
15 30 2 1500 0,2 1
15 30 2 2500 0,5 3
4 400 2 7 31 4,4 1500 10-30 25«75
I N 4,4 2500 40=65 100=-160 _
9 40 4,4 1500 12 30
9 40 4,4 2500 24 60
5 400 2 7 KR 4,4 1500 0,2 0,5
avec joints 2500 0,2-0,4 0,451
dlétanchéité 4000 22 55
! 2. Réextraction par l'acade nitrique 0,01 N
6 70 0,2 20,6 14,4 0,7 2000 17 243 5,7
20,6 4,4 4000 29 413 5,4
7 82 0,3 32,3 22,7 0,7 3000 16 195 6
32,3 22,7 0,7 4000 17 207 6
32,3 22,7 g,7 5000 3 36 6,3
43 30 0,7 4000 5,8 70 6
43 30 8,7 5000 3,5 43 6,1

.
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Entroﬁmements de phase g’q'ueuse dons( .a phase organique ( vol.%)
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0 — | T T
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Fig.5 _ Fonctionnement hydrodynamique de l’extracteur
avec disques agitateurs a aréte circulaire.
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ABSTRACT

The treatment of enriched~uranium a2lloys of the uranium—aluminium or
wranium-zirconium type by volatilization of the fluorides is now being tested

with irradiated fuels in the Attila plant at Fontenay-aux—Roses.

After a brief description of the plant and of the chemical principle in-
volved in the method used, the authors give the results of the most recent
work done. These tests involved irradiated uraniumaluminium or uranium—
zirconium alloys with increasingly short cooling times — from a few years to
& few months. A beta-activity of several tens of thousands of curies was
utilized in the last test.

-

The operations proceeded in a fully satisfactory manner and confirmed
the effectiveness of the method as well as the smooth functioning of the
apparatus. Uranium is recovered in the form of hexafluoride with excellent
decontamination factors. Activity due to uranium-237 and iodine-131 was

observed in the case of alloys with a cooling time of 90 days.

The uranium yield has still to be precisely determined by means of

tests involving relatively large amounts of the alloy (an element of the Pégase
type).

The results obtained are very encouraging and justify a_programme to
study the treatment of breeder reactor fuels by volatilization of halides.

RESUME

Le traitement des alliages d'uranium enrichi du type uranium-

aluminium ou uranium-zirconium par volatilisation des flueru-

res est actuellement en cours d'expérimentation, sur combusti-
bles irradiés, dans l'installatien ATTILA, au Centre d'Etudes

Nucléaires de Fontenay-aux-Roses,

Aprés une bréve description de l'installation et un rappel du
schéma chimique du procédé utilisé on expose les résultats des
travaux les plus récents. Ces essais ont porté sur des alliages
uranium—-aluminium ou uranium-zirconium irradiés, avec des durées
de refroidissement de plus en plus courtes : de quelques années
a quelques mois. Le dernier essai a mis en jeu une activité B de
plusieurs dizaines de milliers de curies.

Les opérations se sont déroulées de fagon tout a fait satisfai-

sante et ont confirmé aussi bien l'!efficacité du procédé que le
bon fonctionnement des appareillages., L'uranium est récupéré
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sous forme d'hexafluorure avec d'excellents facteurs de décon-
tamination. Dans le cas d'alliages dont le temps de refroidis-

sement est de 90 jours, on observe une activité due & l'uranium
237 et & 1'iode 131.

Le rendement de récupération de l'uranium doit &tre précisé
gr8ce & des essais portant sur des quantités relativement impor-
tantes d'alliage (un élément du type Pégase).

Les résultats obtenus, trgs encourageants, incitent au dévelop-
pement du programme d'étude du traitement des combustibles des
réacteurs surrégénérateurs par velatilisation des halogénures.

I ~ INTRODUCTION

Ltétude des procédés de traitement des combustibles irradiés

par volatilisation des halogénures a débuté en 1957 au Départe-
ment de Chimie du Commissariat & l'Energie Atomique / 1// 2/.

Depuis 1959, la Société UGINE KUHLMANN a été étroitement associég _
au C.E.A, pour ces recherches, au moyen de différents contrats / 3/.

Aprés des recherches effectuées sur l'emploi de fluorures fondus
ou de fluorures d'hglogdnes comme milieu réactionnel, les études
ont été dirigées vers les procédés en phase gazeuse utilisant la

technique des lits fluidisés de particules inertes Lf£7. Ces
procédés se sont rapidement révélés particuligrement intéres-
sants dans le cas des alliages a base d'uranium trés enrichi,
comme les alliages uranium-zirconium gainés zircaloy ou uranium—
aluminium gainés aluminium.

A la suite d'essais & 1'échelle laboratoire, le procédé a été
expérimenté dans une installation pilote & l'échelle du kilo-
gramme d'alliage sur du combustible non irradié (alliages U~Zr)
/ 5// 6/. En 1962 et 1963, la Société UGINE-~KUHLMANN a construit
et exploité une unité pilote capable de traiter plusieurs kilg-
grammes d'alliages uranium-zirconium non irradiés par jour / I/.

Les résultats obtenus ayant été jugés satisfaisants, il a été
envisagé dés 1962 de construire une cellule alpha~gamma pour
expérimenter ces procédés sur combustibles irradiés. L'étude
de cette reéalisation a été confiée sous contrat & la Société
UGINE KUHLMANN, assistée de 1'OMNIUM TECHNIQUE DE MECANIQUE,
Décidée en avril 1964, la construction de cette installation
appelée "ATTILAY a commencé en septembre 1964 pour s'achever
deux ans aprés. Le premier essai a été effectué en mars 1967
sur de l'alliage uranium-—zirconium non irradié. Un an plus tard,
1'installation était mise en actif, aprds une série de quatre
essais sur des alliages non irradiés.

En mai 1969, vient de s'achever le 5&me essai sur combustible

irradié. L'exploitation de l'installation est assurée par une

équipe mixte CEA-UGINE-KUHLMANN.

Parallélement 3 cette expérimentation se poursuit un programme
d'études, lancé en 1967, concernant la mise au point d'un pro-
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cédé de traitement, par volatilisation des halogénures, des
combustibles du_type oxydes mixtes U02-PuU2 gainés d'acier
inoxydable., / 8// 9/

II ~ DESCRIPTION GENERALE DE L'INSTALLATION ATTILA

L'ensemble ATTILA est implanté au Centre d'Etudes Nucléaires

de fontenay-aux-Roses, dans le b&8timent "Radiochimie" du Dépar-
tement de Chimie. Il comprend essentiellement une cellule chaude,
étanche et ventilée, protégée gamma, dans laquelle sont logés

les principaux appareils nécessaires au traitement des alliages
irradiés (fig. 1) /10/. Les effluents gazeux du procédé sont
neutralisés dans une cellule annexe ventilée. Pour les analyses

en ligne, un laboratoire a été aménagé sous la cellule principale.

La cellule chaude est constituée d'un caisson en tdle d'acier
inoxydable de 10 m de longueur, 4 m de largeur et 5 m de hauteur
environ. La protection gamma est réalisée par un empilement de
blocs a redans en béton baryté de 0,85 m d'épaisseur (fig. 2).
La surveillance des opérations est possible grf8ce & sept hublots
disposés sur trois faces et & un éclairage intérieur tr2s puis-
sant. Deux postes d'observation 3 l'aide d'un périscepe coudé

4 vision binoculaire ont été é&galement aménagés. Un circuit
fermé de télévision compléte ces dispositifs d'observation.

LtEéquipement intérieur de manutention et de télémanipulation
comprend

-~ deux télémanipulateurs du type ™"maftre-esclave Argonne Modele 8"

situés & poste fixe a une extrémité de la cellule,
-~ un robot "General Mills Modale 150"
- un pont roulant de 5 kN

- un palan pneumatique de 5 kN.

L.'entrée du combustible irradié et l'évacuation de déchets soli-
des se font en utilisant le systéme de joints & triple effet,
"La Calh&ne -~ Licence CEA". Les échantillons de produits a ana-
lyser peuvent 8tre transférés pneumatiquement vers la chaine

blindée "Candide", implantée dans un laboratoire voisin.

Les appareils sont placés de part et d'autre d'une ossature sup-
port située dans l'axe longitudinal de la cellule. Ils sont tous
en nickel et peuvent Etre montés ou démontée a l'aide des engins
et outils de télémanipulation. Toutes les liaisons sont assureées
par des raccords ou prises télémanipulables.

Les utilités et l'alimentation en réactifs se trouvent & l'exté-

rieur de la cellule. La commande de l'appareillage et le contr8le
de l'installation se font & partir d'un tableau synaptique.
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III -~ PRINCIPE DU PROCEDE DE TRAITEMENT

Le schéma chimique_du E cédé utilisé est analogue a celui é&tudié
aux Etats Unis / 4//11//127.

Les principales étapes du traitement sont les suivantes {(fig. 3) @

a) - Chloruration : l'aluminium ou le zirconium sont volatilisés
sous forme de chlorure AlCl, ou ZrxCl par action de chlorure
d'hydrogene a 300-400°C. Cette reacglon est effectuée dans un
réacteur de 12 cm de diamétre au sein d'un 1lit fluidisé d'alumine
de granulométrie 250 p. L'uranium reste sous forme de chlorure
non volatil. Les gaz sont filtrés & la sortie du réacteur par
passage sur un filtre de m&me diamétre comportant un lit statique
dtalumine.

Le chlorure d'aluminium ou de zirconium est ensuite hydrolysé a
400°C dans un réacteur 3 lit fluidisé de sable. Cette opération
conduit aux oxydes, qui sont moins corrosifs et plus faciles a

stocker aue les chlorures.

Avant leur neutralisation dans la cellule annexe, les gaz sont
filtrés sur des bougies en nickel fritté. A ce stade, les produits

de fission gazeux (Kr, Xe, I) ou donnant des chlorures volatils
(Zr, Nb, Sb) sont éliminés au moins partiellement.

b) = Fluoration : le chlerure d'uranium présent dans le 1lit fluidisé
et le filtre, est transformé en hexafluorure par action de fluor
dilué dans de l'azote. Cette réaction est faite sans fluidisation
en enrichissant progressivement le mélange en fluor (de 5 & 90 %)

-

3 des températures croissantes (30-500°C).

LYhexafluorure d'uranium accompagné des fluorures volatils des
produits de fission est piégé a 100°C sur deux colonnes en série,
de 5 cm de diamétre, garnies de pastilles de fluorure de sodium,

c) - Déscrption de ll'hexaflucrure d'uranium : l'hexafluorure d'ura-
nium est purifié par désorption sélective en portant a 400°C la
température des colonnes de fluorure de sodium. L'hexafluorure
d'uranium désorbé sous un faible débit de fluor est recueilli
dans un pigége refroidi a -100°C d'cl il pourra 8tre transféré
par sublimation dans un pot placé dans une boifte a gants du labo-
ratoire en sous-sol.

IV - CONDUITE ET DERQULEMENT DES ESSAIS

La charge d'alliage irradié est introduite dans le réacteur d'at-
taque sous la forme de plaquettes d'environ 80 mm de long, 30 mm
de large et quelques millimétres d'épaisseur, provenant du décou-
page des plaques constituant les éléments de combustible. Ce dé-
coupage est effectué au Laboratoire d'tEtudes des Combustibles
Irradiés de Cadarache (LECA). Aprés fermeture des appareils,
1'étanchéité de 1l'ensemble de l'appareillage est alors vérifiée,

83



Pour les quatre premiers essais actifs, tous les appareils n'ont
été vidangés qu'a la fin du 2&me et du 4éme essais. Seules sont
changées, aprés chaque essai, les colonnes d'alumine activée.

De m&me, le pot de recette des oxydes placé sous les filtres du
réacteur de pyrohydrolyse est vidé en fin de chaque opération.

Le tableau I donne les conditions opératoires des cing essais
effectués sur combustibles irradiés. Ces conditions opératoires
avaient été déja étudiées et définies sur des alliages non irra-
diés dans l'installation ATTILA ainsi que dans une installation
antérieure /13 a 18/.

a) - Chloruration.

Elle est suivie par analyse en ligne de l'hydrogéne formé. Les
gaz sont prélevés dans la cellule annexe avant la colonne de
neutralisation. Aprés piégeage de l'eau et de l'acide chlorhy-
drique, la concentration en hydrog&zne dans le mélange azote-
hydrogeéne est donnée par la différence de conductivité thermique
avant et apres élimination de l'hydrogéne par oxydation sur
oxyde de cuivre & 300°C et condensation de l'eau formée 1127.

Le dosage du tritium dans cette eau permet de connaftre la quan-
tité de cet élément dégagée pendant la chloruration.

A partir de l'essai A 2, nous avons pu suivre également cette
étape grf@ce & la détection du krypton 85 dans la ventilation par
les appareils du Service de Protection contre les Rayonnements.

La figure n® 4 montre l'évolution des différents paramétres enre-
gistrés au cours de la chloruration de l'essai A 2,

A 450°C, avec des débits de gaz de 1000 1/h de chlorure d'hydro-
geéne et BOD 1/h d'azote, on observe des vitesses de réaction qui
peuvent atteindre 1 kg/h pour les alliages uranium-zirconium et
0,4 kg/h pour les alliages uranium-aluminium.

Malgré la présence de quantités importantes de zirconium 95 et

de niobium 95 (pour l'essai A 4, respectivement 1250 et 1850 Ci),
ces deux Eléments ne sont pas détectés dans la solution sodique
de neutralisation du chlorure d'hydrogene. Ceci prouve la tr@s
grande efficacité des bougies filtrantes en nickel fritté placées
apreés le réacteur de pyrohydrolyse.

A la fin de chaque chloruration, on observe une aﬁgmentation de
ltactivité dans la sclution de neutralisation due a l'antimoine
125 dont le pentachlorure ne réagit pas avec la vapeur d'eau a
400°C.

Au cours de l'essai A 4 pour lequel le temps de refroidissement
du combustible n'était que de 90 jours, le rejet total en iode 131
dans la ventilation a pu 8&tre évalué a 1 mCi environ, alors que
la quantité calculée dans la charge était voisine de 1 Ci. Ce re~
jet correspondait & des doses inférieures & 1 CMA populatien

dans l'air de la ventilation de l'installation. Pour cet essai,
la solution sodique contenait en fin de chloruration 70 mCi
d'iode 131, soit 7 % de la quantité calculée dans la charge

et 250 mCi d'antimoine 125, soit environ 8 % de la quantité
totale calculée.
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L'opération de chloruration est la plus délicate 3 conduire,

le zirconium ou l'aluminium représentant la majeure partie de
l'alliage. D'autre part la température relativement €levée de
sublimation des chlorures, et naotamment du tétrachlorure de
zirconium (331°C) nécessite une attention toute particuligre

au chauffage des appareils et des tuyauteries afin d'éviter les
bouchages par condensation.

b) -~ Fluoration. (fig. 5)

Cette deuxiégme étape gst suivie également par analyse en ligne
des composés formés 1127 ¢ Par chromatographie en phase gazeuse,
il est possible de suivre l1'évolution des produits tels que

F2, ci,, CiF, C1F_,, ClDZF, Cl0,F et d'agir en conséquence sur
la conguite de ce%te réaction en modifiant la température et

la concentration en fluor. Pour cette analyse, les gaz sont
prélevés aprés les deux colonnes de fluorure de sodium,

I1 est également possible de suivre 1'évolution de l'activité
spécifique des gaz avant et apres les colonnes de fluorure de
sodium, gr8ce 3 des analyseurs spécialement mis au point & cet
effet : les gaz prélevés a l'aide d'un robinet échantillonneur

de chromatographe sont hydrolysés par de l'air humide. Les pro-
duits provenant de l'hydrolyse des fluorures volatils radioactifs
sont filtrés sur papier filtre et comptés 1127. Par comptage
alpha, on peut également suivre le comportement de l'uranium.

Au cours de cette étape, il n'est pas observé de rejet de com-
posés radioactifs dans les effluents gazeux. En conséquence,
l'hexafluorure de tellure est totalement fix& sur l'alumine _
activée, confirmant les résultats de nos études antérieures L1§7.

c) = Désorption de 1l'hexafluorure d'uranium.

Elle est suivie par analyse en ligne (comptage alpha et gamma),
les prélevements étant effectués apreés les colonnes de fluorure
de sodium, aprés le cristallisoir et aprés la colonne de garde

de fluorure de sodium.

d) - Récupération de l'hexafluorure d'uranium.

L'hexafluorure d'uranium est transféré dans des pots placés

dans une bofte a gants logée dans le laboratoire sous la cellule,
Ce transfert est effectué avec un balayage d'azote (50 1/h) en
réchauffant le cristallisoir.

L'hexafluorure est ensuite purifié par pompage sous vide a ~-80°C
dans un pot en KelF puis hydrolysé dans ce pot au moyen d'une
solution nitrique afin de faciliter les analyses,

e) -~ Echantillonnage et analyse des produits solides.

Apreés les essais A 2 et A 4, tous les appareils ont été vidamgés
et leur contenu échantillonné au moyen d'un échantillenneur a
écoulement spécial /17/. Les échantillons sont ensuite transférés
dans la cellule Candide pour y subir divers traitements (broyage,
fusion alcaline, dissolution) destinés 3 les mettre sous une
forme convenant aux laboratoires d'analyse.
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Cependant, afin d'obtenir plus rapidement des résultats, nous
développons actuellement des méthodes d'analyse directe sur les
produits solides apr&s broyage, par fluorescence X pour le dosage
de l'uranium, et par spectrométrie gamma, avec collimation, pour
le dosage des radionucléides. Nous ne disposons des résultats
complets que pour les essais A 1 et A 2,

V. ~ RESULTATS

-~ Facteurs de décontamination

Pour les .quatre essais, nous avons obtenu des facteurs de décon-
tamination excellents : l'activité totale due aux produits de
fission émetteurs béta, gamma retrouvée dans l'hexafluorure

d'uranium recueilli est inférieure ou égale a

5.10°% Ci/q d'uranium

Pour les deux essais A 1 A 2, correspondant & du combustible trés
refroidi, l'activité b&ta gamma due aux produits de fission n'est
pas détectable par spectrométrie avec une diode Ge (Li), ce qui
correspond a moins de

El.1l]-8 Ci/q d'uranium

Pour l'essai A 3 portant sur de l'alliage uranium-zirconium,
refroidi plus de 18 mois, et sur 10 g d'alliage uranium-aluminium
refroidi 275 jours, nous avons retrouvé dans l'hexafluorure dlura-
nium

37t 3.107% ci/g U soit un F.D = 10°
95z: :+ s5.1077 ci/g U F.D = 107
% ¢ 1078 ci/g U F.D = 107

Pour l'essai A 4 portant sur une plaque d'alliage U-Al "Pégase"
(375 g) refroidie 90 jours et sur 165 g d'alliage U-Al "Pégase®
refroidi 310 jours, nous avons recueilli sous forme dthexaflucrure
21,4 g d'uranium dont l'analyse par spectrométrie gamma a révélé
la présence de

5 mCi d'iode 131
et 28,8 mCi d'uranium 237

Aprés décroissance de 1l'iode et de l'uranium 237, l'analyse _mon-
?ﬁg que l'uranium recueilli contient moins de 107° Ci de TU6ry +
Rh, soit moins de

106Ru 106

5.1078 ci + Rh/q U

Le facteur de gécontamination pour ces deux éléments est donc
supérieur a 10-.

L'activité totale B y calculée dans la charge étant de l'ordre
de 11,000 Ci, *5 facteur de décontamination global obtenu est

a

supérieur a 10'".
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11 faut cependant remarquer que, comme nous le supposions, l'ura-
nium recueilli contient une quantité non négligeable de molybdéne
(7 a 8,000 ppm pour les essais A 1 et A 2),

Bilan uranium

Nous ne possédons actuellement que le bilan complet pour l'en-
semble des essais A 1 et A 2.

La quantité totale d'uranium transférée sous forme d'hexafluorure
du cristallisoir représente 88,45 % de la quantité totale compta-
bilisée (87,41 % sous forme d'UF,. purifié + 1,04 % retrouvé sur
les pigéges du circuit de purificatioﬁ} Afin de tirer le maximum
de renseignements possible, nous avons été conduits & prélever

pour les analyses en ligne, une fraction non négligeable des gaz
pendant les étapes de fluoration et de désorption : l'uranium
ainsi prélevé représente 8,85 % de la quantité totale.

Aprés désorption de l'hexafluorure d'uranium, il ne reste que
0,25 % de la quantité totale d!uranium sur l'ensemble des pas=
tilles de fluorure de sodium des trois coleonnes. Cet uranium ne
doit pas 8tre considéré comme perdu, les pastilles de fluorure
de sodium pouvant &tre réutilisées plusieurs fois.

Les pertes en uranium s'élaévent donc & 2,7 %. Elles proviennent
presque exclusivement de la rétention sur les 1lits du réacteur
dtattaque (1,9 %) et du filtre statique (0,8 %). Elles peuvent
s'expliquer par le fait que la température maximum de fluaration
a été fixée a 400°C afin de ménager l'appareillage. On remarquera
aussi que la quantité d'uranium mis en jeu (quelques dizaines de
grammes) est relativement faible eu égard aux dimensions de 1l'ap-
pareillage.

Dans le but d'établir de fagon plus précise un bilan uranium,
nous venons d'entreprendre un essai (A 5) sur un élément complet
du réacteur Pegase (24 plaques d'alliage uranium-aluminium d'un
poids total voisin de 6 kg, refroidies 5 mois, l'activité totale
B y calculée étant supérieure & 75.000 Ci).

Comportement des produits de fission

La répartition des produits de fission dans les différents appa~
reils est donnée, pour les essais A 1 et A 2, S%ns le tableau II.
Ltactivité des éléments 3 vie courte tels que Zr et 79Nb étant
faible devant l'activité totale, le bilan pour ces deux éléments

n'a qu'une valeur indicative.

On constate que pour les éléments ayant une activité significa-
tive (Ru = Rh - Co -~ Ce -~ Pr) la plus grande partie d'entre eux
(90 %) reste concentrée dans le réacteur d'attaque.

VI -~ CONCLUSIONS

Les résultats obtenus a ce jour sont treés encourageants, tant sur
le plan de la décontamination de 1'uranium que sur le plan tech-
nologique. Nos efforts poertent actuellement sur l'amélioration
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du rendement de récupération de l'uranium qui, compte tenu des
résultats obtenus sur combustibles non irradiés, devrait pouvoir
dépasser 99 % dans le cas de charges importantes.

Ces résultats nous encouragent également a poursuivre notre pro-
gramme pour le traitement des combustibles de la filiére a neu-
trons rapides. Des études sont en cours, a la fois, au Centre de
Recherches de Lyon de la Société UGINE KUHLMANN, pour la mise au
point d'un schéma de traitement sur oxyde d'uranium seul, et au
Département de Chimie du CEA & Fontenay-aux-Roses, pour l'expé-
rimentation sur des aiguilles non irradiées d'oxydes mixtes
UDZ--PuU2 (installation CLOVIS),

Ce procédé pourra &tre expérimenté ultérieurement sur des combus—
tibles irradiés dans l'installation "ATTILA"™ moyennant la modifi-
cation de 1l'appareillage intérieur existant.

La Société UGINE KUHLMANN a également été chargée sous contrat

d'une étude économique d'un tel procédé dans le cas d'une usine
d'une capacité de 40 kg/jour (U + Pu) d'oxydes mixtes Uo,-Pul,

gainés acier inoxydable /20/.
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Tableau I

CONDITIONS OPERATOIRES

Essai n° A1 A 2 A3 A 4 A5
|
Nature de l'alliage U Zr U Zr UZr+(UAL) U Al U Al
Poids d'alliage chargé(g) 1955 1727 2290+(10) | 375+165 6280
2300 540
Durée de refroidissement > 1 an > 1 an |Mlan 2755 | 90§ [311] 1503
Activité globale 8 ¢ 300 230 1100 11.000 77.000
Chloruration
. durée (h) 8 . 12: _ 10,5 6,5 36,65
. température (°C) 400-450 400-450 400-450 400-450 400-450
» débit total desagaz1
N2 + HC1 (m~.h™") 1,B8=2 1,8=2 1,8 1,8 1,8
. concentration HCl
(% volume) 30-90 30-90 30-55 30-55 15=55
Fluoration
. durée (h) 14,5 15,5 8,25 9 19,50
. température (°C) 30-400 30-400 30-500 30-500 30-500
. débit total des gaz
N2 + F2 (l.h-1) 100-200 100-~200 100-200 100-200 100
. concentration F2
(% vVolume) 20-90 20-~90 20-90 20-90 20~-90
Désorption UF6 fixé
sur NaF
. duxrée (h) 5,5 6,5 5 5 9,15
. température (°C) 30-400 30-400 30-400 30-400 30-500
. débit F,  (L.h7) 50 50 50 50 50
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Tableau Il

REPARTITION DES PRODUITS DE FISSION DANS LES SOLIDES SDUTIR&S
APRES LES ESSAIS A 1 ET A 2

(Les résultats sont exprimés en pourcentage de l'activité totale comptabilisée
pour chaque radionucléide

¢6

ND = non décelé par spectrométrie gamma)
952r 95Nb 106Ru+106Rh 125Sb 134Cs 137ES 14455+144P1

Réacteur d'attaque 98,84 95,36 98,41 ND 99,18 90,39 92,59
Filtre & lit statigque ND ND ND ND D, 80 9,43 7,22
Réacteur de pyrchydrolyse 0,58 0,91 1,53 21,76 0,006 0,07 ND
Filtres de pyrochydrolyse 0,46 3,50 0,01 40,00 g,0007 0,0008 c,001
Colonnes de NaF n® 1 ND ND 0,01 ND 0,0080058 ND 0,04

ne 2 0,10 - 0,02 ND 0,008 0,10 0,11

n® 3 0,04 0,19 0,002 ND g, 0004 4,005 0,004

(garde)

Colonnes d'alumine activée

n° 1 0,04 0,0 0,006 ND 0,0001 0,001 0,002

n® 2 0,08 0,01 b0,0002 ND 0,00006 00,0007 0,0006
Colonne de neutralisation
4 solution de soude ND ND ND 38,24 ND ND ND
Activité retrouvée
(% de la quantité calculée) 412 48,4 25 3 90,4 18,5




€6

o

' CENTRE D'ETUDES NUCLEAIRES
de FONTENAY-aux-ROSES
. Départemgnt de Chimie




Chemin de roulement

YzzzzzZz4

@
-
-
©
-
2
Q
(L]

:
‘e

1,60 m

SH1QIISNQWOD $8P USIIINPAJIY]

Piege froid

- Colonne de gorde NoF

8.
9

10-11 _ Alumine activ

Réacteur de pyrohydrotyse

4.
5

1_ Colonne de sgcurité (NaF)
2_ Réacteur & lit flujdisé

3_ Filtre stotique

Filtres
6-7_ Cotonnes NeF

Fig. 2._ Plan de lo Cellule “ATTILA™

94



Air comprime
( décolmoatage des filtres)

%hurgomcnt FiLt ;. l‘ 1 .
¢ l'alliage re , isatia
g statique ———e wmlp  Neutralisation
Réacteur T
a Lt fluidisé E%‘i% T 1 .
\ — Filtres
N, — N 1
1 )
HCL Reacteur
F, de pyrohydrolyse
Oxydes
Colonne
de sécurité
(NoF) . . Alumine
Piege froid : activee

NaF

1. Chloruration. : 3 =—p
. ,
2. Fluoration et . UF, 2
Qbsorption de St‘OCkug. d.' ‘ 2 2 ---.---’
UF. sur NoF dechets actifs R N - v v
s .
3_ Désorption de UF, . Colonnes de Colonnes de garde

NaF

Fig. 3 .- Schéma chimique du procédé de traitement



Sampéroture du réocteur (°C)

aad

450

300 ~

Temps ( heures)

Débit HCL+ N3 (L")

el
- O

d’allinge ottoqué

b R

Yomps {(houres)

" 4

..

kel

o el AT
fa

4
«
R
Xl e
v AR
v,
L €

L ANS I
whoo s
“ 5
;&p\}i“ m.wj J@rfv
LI - e
A R &
.

- WY R AN
o
VLI

=2

-

(.

L]
-
4 - Mﬂ..&
- ~ L RE
- ¥ YA Lo (h N
S ot x,%uruf,w&mq LR ok
S by IS R LR LY R
51 J.UJ.L:., et wm&.,..wmtw.ﬁw s 29

3 "
P h KRS vy se¥ ke s el -

Bt FRN AR el B
by wﬂv%ﬂ AL N.fﬂmn%v W&w oF L

4

96



‘1’“’2'0'0" du réocteur (°C)

430 4 N
:mT_
:m-u
”-
| gma ; T 1 . r

- Temps ( heures)
Débit Fy « N, (107Y)
200 - -

150

w8 4

[ B s . » % 2
Toemps { heures )
Hauteur des pics (mm)
800 - Clz
400 - A‘
1]
[]
C\F H
2004 . i




LE TRAITEMENT CHIMIQUE
DES COMBUSTIBLES FORTEMENT IRRADIES
EN FRANCE

Rapport ds¢ synthése des communications frangaises

Jean SAUTERON et Pierre FAUGERAS

COMMSSARIAT A L'ENERGIE ATOMIQUE

Direction ‘lies Matériaux et Combustibles Nucléaires
Département de Chimie

Services e Chimie des Combustibles Irradiés

.7



ABSTRACT

The CEA's experience in the treatment of highly irradiated fuels is
relatively recent and has not yet gone beyond the stage of laboratory studies
and experiments. This work has been and is being done in the radiochemical
laboratories at Fontenay-aux-Roses, at the Marcoule pilot plant and at the
AT1 plant at La Hague (designed for treating irradiated fuel from the core of
the Rapsodie reactor). All these plants function under the Department of
Chemistry's Irradiated Fuel Chemistry Section.

. The following irradiated fuels have been treated:

- Enriched~uranium oxides irradiated up to 20 000 MWA/t in the EL3

reactor (aqueous processing at Fontenay);

~ The UO2 - PuO2 mixed oxide irradiated up to 45 000 MWd/t in
Rapsodie (aqueous processing at Fontenay and then at the ATl plant);

= The UAL alloy of the Pégase reactor and the UZr alloy of the submarine-
~ engine prototype (dry processing at Fontenay);

~ The PuAl alloy of the reactor Célestin (aqueous processing at
Fontenay and then at Marcoule pilot plant);

-~ Pull targets for the production of transplutonium elements (aqueous

. processing at Fontenay).

These studies are supplemented by chemical-engineering studies dealing
especially with extractors with a short contact time (SGN-Robatel centrifugal
extractors).

Research is being continued with a view to extending the limits of
—aqueous processing (higher combustion rates and shorter cooling times) and

determining the technical and economic possibilities of dry processing.

RESUME

Lt'expérience du CEA sur le traitement des combustibles fortement
irradiés est relativement récente et n'a pas encore dépassé le
stade des é8tudes de laboratoire et des campagnes expérimentales.
Elle a été acquise et continue de se développer dans les labora-
toires de radiechimie de Fontenayx-aux-Roses, & l'atelier pilote
de Marcoule et & l'atelier "AT1" de La Hague (destiné & traiter
le combustible irradié du coeur de la pile Rapsodie), installa-
tions qui dépendent toutes des Services de Chimie des Combusti-
bles Irradiés du Département de Chimie.
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Cette expérience porte sur les combustibles irradiés suivants

oxydes d'uranium enrichi irradié jusqu'a 20,000 MWj/t dans le
réacteur EL3 (Voie aqueuse - Fontenay),

oxyde mixte UDZ-PUD irradié jusqu'a 45,000 MWj/t dans Rapsodie
(Voie aqueuse = Fon%enay puis atelier AT1),

alliages UAl du réacteur Pégase et UZr du prototype de moteur
de sous-marin (Voie séche ~ Fontenay)

alliage PuAl du réacteur Célestin (Voie aqueuse -~ Fontenay puis
atelier pilote de Marcoule),

cibles PuAl pour la production d'éléments transplutoniens (Voie
aqueuse - Fontenay).

Ces études de procédé sont complétées par des études de génie chi-
mique portant notamment sur les appareils d'extraction & temps de
contact court (extracteurs centrifuges SGN-Robatel).

Les recherches se poursuivent d'une part en vue de reculer les
limites de la voie aqueuse (taux de combustion plus élevés et

temps de refroidissement plus courts) et d'autre part pour dé-
terminer les possibilités techniques et économiques de la voie
seéche.
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I -~ INTRODUCTION

Ltexpérience industrielle du traitement des combustibles irradiés
acquise par le CEA gr8ce a l'exploitation des usines de Marceoule

et de La Hague est assez ancienne, mais elle porte sur des niveaux
d'irradiation qui n'ent guére encore dépassé 2,000 MWj/t. Par con-
tre des essais de laboratoire et des traitements a caractere pilocte
relativement variés et nombreux ont été effectués sur des combusti-
bles & forte activité spécifique par les services de recherche spée
cialisés du Département de Chimie. L'expérience ainsi acquise par
ces services porte sur les combustibles suivants :

- oxyde U02 enrichi irradié jusqu'ad 20.000 MWj/t dans le réacteur
EL3,

~

- oxyde mixte UDZ-PuD2 irradié jusqu'a 45,000 MWj/t dans Rapsodie,

-~ alliages UAl du réacteur Pégase et UZr du prototype de moteur de
sgus-marin,

-~ alliage PuAl du réacteur Célestin,

-~ cibles PuAl pour la production d'éléments transplutoniens.

En raison de l'ampleur des programmes et gr8ce aux moyens COrres-
pondants mis en ceuvre, ces études sont actuellement en plein dé-
veloppement. La plus grosse partie des recherches se rapporte au

procédé d'extraction par solvant (voie aqueuse) mais les alliages
UAL et UZr ont fait 1l'objet d'essais du procédé de veolatilisation
(voie s&che).

I1 -~ DEVELOPPEMENT DES ETUDES

Les études sur le traitement des combustibles irradiés sont menées
dans trois Centres du CEA : Fontenay-aux-Roses, Marcoule et La
Hague. Les recherches sont lancées a Fontenay-aux-Roses, dans le
b&timent de "Radiochimie®, équipé pour travailler en laboratoire
sur forte activité By et.a l'échelle semi-industrielle en présence
de faible activité By. Les procédés sont ensuite saumis a Ll'épreuve
dfessais prolongés en présence de forte activité et dans des condi-
tions d'exploitation quasi industrielles a l'atelier pilote de
Marcoule, Un second atelier pilote, appelé AT1, situé a La Hague,

a été construit pour traiter le combustible irradié de Rapsodie

et pour expérimenter les procédés destinés aux combustibles des
futurs surgénérateurs. Ces installations dépendent toutes des Ser-
vices de Chimie des Combustibles Irradiés du Département de Chimie.
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1 - VOIE AQUEUSE

Les études de laboratoire se font en général en trois étapes :
essais inactifs, essais a (en présence de plutonium) et essais afy
(en présence de plutonium et de produits de fission). Ces derniers
sont les plus importants car cl'est seulement quand on travaille

en présence de tous les parametres réunis que l'on peut connaitre
et résoudre les difficultés réelles., Ces essais sont réalisés dans
des chafnes de cellules blindées et étanches, parmi lesqguelles an
peut citer : "Cyrano", "Carmen", "Gascogne”, etc...

Les études de génie chimique suivent la m&me voie que les études
de laboratoire mais, pour des raisons pratiques, l'étape intermé-
diaire des essais purement o est souvent court-circuitée. L'étape
aBy de ces études est constituée par les essais prolongés en ate-
lier pilote. Ces campagnes sont irremplagables, aussi bien pour
expérimenter les procédés en actif que pour éprouver les appareil-
lages et les techniques d'intervention (télémanipulation, déconta~
mination, etc...). En outre elles peuvent mettre en évidence a3 la
longue certains phénoménes qui étaient passés inapergus au labora-
toire,

L'atelier pilote de Marcoule fonctionne depuis plus de six ans et
a déja rendu de grands services pour l'étude de l'extraction du
plutonium & partir d'uranium naturel, Son équipement, maintenant
complété par une chafne spéciale pour le traitement des combusti-
bles enrichis, lui permet de recevoir presque tous les types de
combustibles qui vont se présenter au cours des prochaines années
et, en particulier, les alliages riches en matiere fissile forte-
ment irradiés.

L'atelier AT1 de La Hague ne peut recevoir que des aiguilles du
coeur de Rapsodie et ne les traiter qu'a raison d'un kilegramme
par jour. Néanmoins, son exploitation doit apporter de précisux
renseignements sur la chimie du traitement des oxydes tres irra-
diés. Son expérimentation récente en actif a déja donné des indi-
cations tres utiles sur les difficultés auxguelles il fallait
s'attendre.

2 - VOIE SECHE

Les études de voie séche se poursuivent depuis plus de dix ans
a Fontenay-aux-Roses, en collaboration avec la Société Ugine
Kuhlmann. Elles portent sur le procédé utilisant la volatilité
des hexafluorures d'uranium et de plutonium.

Aprés plusieurs années d'essais avec de l'uranium et du plutonium
non irradiés ou en présence de traceurs et sur différents types

de combustibles, on a construit une grosse cellule blindée capable
d'experlmenter le procédé sur combustibles irradiés. Cette cellule,
nommée "Attila", fonctionne en actif depuis la fin de 1968 et a
fourni tout dernlerement des résultats trgs intéressants en trai-
tant des plaques dfalliage UAl a l'échelle de plusieurs dizaines
de milliers curies dl'activité By. Une installation de taille plus
modeste et uniquement "a", baptisée "Clovis%W, permet d'étudier
lt'application du procédé aux oxydes mixtes UDZ—PUDZ'
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1

III -~ EXPERIENCE ACQUISE SUR DIFFERENTS COMBUSTIBLES

- OXYDE U0, IRRADIE A 20.000 Mwi/t

2

Les essais de traitement effectués de la fin de 1965 au début de
1968 dans la chafne "Cyrano® ont d'abord été alimentée par de
1'oxyde mixte ug.,-Pud, (11 % de Pu) irradié dans le réacteur EL3

de Saclay (2 ess8is) “puis par l'oxyde U0, constituant le combus—
tible de ce réacteur (7 essais). Ce dernigr, appelé "cristal de
neige" a cause de sa forme, contenait initialement 4 % d'uranium
235, Les taux de combustion moyens étaient de 15,000 & 20,000 MWj/t
dans les deux cas.

Les essais effectués 3 partir de ces combustibles ont porté sur
deux schémas de procédé :

- celui de 1lt'atelier ATH

- celui du projet dl'usine japonaise élaboré en commun par SGN et
le CEA.

Les temps de désactivation étaient de 275 & 300 jours pour les

essais "Japon" et de 40 & 60 jours pour les essais "AT1". Ainsi

l'activité spécifique des solutions soumises aux extractions

~

variait, suivant les cas, de 200 & 950 curies par litre.

Le fait le plus important relevé au cours des essais est l'appa-
rition de précipités abondants se formant et s'accumulant a la
surface de séparation des deux liquides (interphase) dans les éta-
ges d'extraction du premier cycle. En raison de la petitesse des
batteries de mélangeurs-décanteurs utilisées dans les cellules
chaudes, ces précipités perturbent le fonctionnement des extrac-
teurs et ont tendance a obstruer les orifices de passage des so-
lutions, risquant ainsi de compromettre l'expérience en cours et
mBme de la paralyser complétement. Ces précipités apparaiftraient
certainement moins rapidement dans des batteries industrielles
mais ils ne manqueraient pas de créer quand m@me de graves diffi-
cultés aux exploitants. Ils ont d'ailleurs été déja signalés dans
les usines de Marcoule et de Windscale, qui traitent pourtant des
combustibles beaucoup moins irradiés,

On a pu continuer les essais et obtenir des facteurs de déconta-
mination acceptables en chassant périodigquement le précipité par
vidange brusque des pots encrassés, mais cette méthode, applica—(1)
ble a la rigueur en usine si le phénoméne n'est pas trop intense ,
ne peut &tre recommandé pour une exploitation suivie sur combuse
tibles fortement irradiés. La méthode suivante nous est apparue
autrement ratiennelle et efficace.

On avait observé que les facteurs de décontamination en ruthénium,
en cérium et surtout en zirconium, étaient bien meilleurs quand

(1) Elle est effectivement utilisée a 1l'usine de Marcoule,
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les solutions traitées avaient été obtenues en utilisant un peu
d'acide fluorhydrique pour accélérer l'attaque des oxydes .
Cette différence s'expliquant par l'action fortement complexante
de l'acide fluorhydrique vis & vis du zirconium, on en vint &
envisager l'emploi systématique de cet acide pour améliorer les
conditions de l'extraction.

Les précipités d'interphases, en effet, semblent dds en grande
partie aux combinaisons insolubles du zirconium avec les produits
de dégradation du TBP (MBP - P04H3), dégradation qui est dtailleur
accélérée par le zirconium lui-m&me. Ces phosphates de zirconium
constituent vraisemblablement l'infrastructure du précipité sur
lequel viennent se fixer d'autres produits de fission et des sus-
pensions solides (impuretés insolubles) ou colloidales (silice).

{ taccumulation de ces précipités treés radicactifs au contact du
TBP aggrave encore la décomposition radiolytique de celui-ci,
tandis que l'entrafnement dl'une partie de ces impuretés en phase
organique abaisse les facteurs de décontamination. Celui du zir-
conium, notamment, est tr2s affecté, non seulement par les entrai-
nements, mais par la formation du dibutylphaosphate, soluble dans
le solvant.

Ainsi le zirconium est apparu comme le principal responsable des
difficultés chimiques et hydrauligues rencontrées au cours des
extractions. Quand on a ajouté de l'acide fluorhydrique dans la
charge ou au lavage (ou dans les deux) ces difficultés ont presqun
complétement disparu : les précipités ont diminué considérablement
et le facteur de décontamination en Zr s'est amélioré de fagon
spectaculaire.

Dtautres points notés au cours de ces essais, quoique moins impor-—
tants, méritent d'&tre signalés :

- la filtration des solutions avant extraction diminue notablement
le volume des précipités d'interphases ou du moins retarde leur
formation., Cette opération ne semble pas déterminante mais ellc
agit sans conteste dans un sens favarable,

- la forte activité spécifique des solutions se traduit pas un
échauffement important qui peut provoquer leur concentration spon-
tanée si elles ne sont pas coaonservées en vase claos. Ce phénameéne,
prévisible mais saus-estimé, a quelqus psu faussé le démarrage
d'un des premiers essais.

- on ne trouve gque de faibles proportions de plutonium hexavalent
dans les solutions trés actives. Il s'en forme donc peu, ou bien
il se réduit spontanément sous l'action des rayonnements.

(1) Cette précaution, inspirée par des essais sur échantillons
inactifs, n'est dtailleurs pas indispensable : les oxydes irra-
diés se dissolvent beaucoup plus vite, mEme sans acide fluorhy-
drique, que les oxydes non irradiés.
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2 - OXYDE UO -PuD2 IRRADIé A 40,000 MWi/t

2
2.1 = Chatne Cyranao

Ltoxyde du réacteur EL3, utilisé pour les essais "Japen" et, faute
de mieux, pour 1'étude du schéma d'AT1, a été abandonné d&s que
Rapsodie a pu fournir des aiguilles irradiées a des taux de com—
bustion significatifs. En mai 1968 on a travaillé ainsi sur du
combustible & 20.000 MWj/t. Depuis janvier 1969 on peut disposer
d'aigquilles irradiées jusqu'a 40.000 et mé&me 50.000 MWj/t.

FMalgré ltactivité élevée des sclutions (400 & 700 curies par litre
suivant l= temps de désactivation) et un spectre de produits de
fission différent (beaucoup plus de ruthénium notamment), les ex-
tractions se sont déroulées sans difficulté importante, grice &

la méthode aux ions fluarures. En revanche, c'est aux dissolutions
que l'on a vu apparaitre des phénoménes inquiétants. Wduand on at-
tacue des oxydes & 40,000 MWj/t la dissolution est trés rapide

(1 & 2 heures, sans HF) mais il reste un dép8t noir relativement
abandant. Tra2s fin, difficile & filtrer, cet insocluble contient
essentiellement du molybdéne, mais aussi dtautres wmétaux nobles
(ruthénium, rhodium, niobium, technétium), du manganése (provenant
des gaines) et beaucoup d'autres éléments en plus faible concen-
tration. lLes premiers essais actifs de l'atelier AT1 ont encore
mieux mis ces difficultés en évidence.

2.2 ~ Atelier ATI

Ltatelier pilote AT1 a été expérimenté en actif au début de 1969,
avec le traitement de 220 aiguilles de Rapsodie, soit 25 kg d'oxydt
UDZ—PUD2 irradié & des taux variant de 150 & 40,000 MWi/t.

Bien que la moyenne n'ait pas dépassé 18,000 MWj/t, on a retrouvé
les phénomeénes chservés dans “"Cyrano" et dls aux fortes concentra-
tions en produits de fission : des produits insolubles (ou repré-
cipités aprés dissoclution) ont fréquemment colmaté les filtres,
imposant des interventions nombreuses et délicates afin d'éviter
l1'arr8t de l'atelier,

On a également obgervé une attaque partielle desgaines par l'acide
nitrique(1). Cette sensibilisation de l'acier inoxydable au cours
du séjour en pile est assez inquiétante car le fer ainsi mis en
solution est un agent de corrosion actif pour le dissolveur,

A part les ennuis de filtration et des difficultés analytigues
résultant de la forte activité des solutions, les opératiaons se
sont déroulées sans incident notable et le rendemsnt du procédé
a 8té largement supérieur & 59 %.

(1) Ce phénoméne avait déja été observé en 1965 dans "Cyrano®" sur
des aiguilles irradiées en bain de sodium dans EL3. I1 avait été
attribué au mode de nettoyage des gaines mais il est d0 plus vrai-
semblablement & l'action prolongée du sodium a haute température
ou peut-Btre a l'irradiation neutronique elle-m&me.
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Malgré une activité § initiale atteignant parfois 6 curies par
gramme, l'activité résiduaire du produit final a toujours été
inférieure & 0,1 microcurie par gramme, ce qui représente un fac-
teur de décantamination global supérieur a 6.107 pour les lots
les plus actifs. Ces excellents résultats s'expliquent en grande
partie par l'efficacité du procédé & l'acide fluorhydrique gqui
fait "coup double"™ : dl'une part il retient le zirconium en solu-—
tion aqueuse et dlautre part, en permettant ainsi de travailler
en milieu trés acide (4 N) il contribue aussi & retenir le ruthé-
nium,

ALLTAGES D'URANIUM TRES ENRICHI

Les alliages UAl des réacteurs de recherche du type "MTR" subis-
sent des taux de combustion de l'ordre de 30 %. Les alliages UZr
gui alimentent les moteurs de sous-marins sont encore plus irra-
diés,

Fn vue du traitement de ces caombustibles, des études ont été
faites en laboratoire et en atelier semi-industriel sur des pla-
ques inactives. L'atelier pilote de Marcoule, équipé depuis 1968
pour recevoir les combustibles enrichis (1) est pr8&t a entrepren-
dre des campagnes expérimentales des que des essais actifs auront
complété ces études mais, en raison des possibilités offertes par
1'étranger, crs recherches ne sont pas considérées comme priori-
taires en France.

Ces alliages posent dl'ailleurs des problémes techniques et sur-
tout €économiques sérieux a la voie aqueuse (dissclution des UZr,
manutention et stockage de gros volumes, corrosion, criticité,
etc...). En revanche ce sont des combustibles idéaux pour mettre
la voie se&che & 1'épreuve. Ilg sont en effet dépourvus de gaine
en acier inoxydable et de plutonium gui tous deux, pour des rai-
sons fort différentes, compliquent l'application du procédé.

La cellule "Attila"™ a déja traité plusieurs lots irradiés de ces
alliages. L'avant-dernier essai, effectué en janvier 1969, a porté
sur plusieurs plaques d'alliage UAl provenant de la pile Pégase de
Cadarache, refroidies 100 jours. Lt'activité By de ce combustible
stéleveit & 11,000 curies pour 20 g d'uranium. A 1t'issue du trai-
tement et aprés décroissance de l'iode 131 et de 1'uranium 237,

on ne décelait plus dans l'hexafluorure d'uranium récupéré qu'une
activité résidvuaire d'un microcurie, (seoit 0,05 puCi par gramme),
ce gqui représente un facteur de décontamination de 10'%-.

e dernier essai, entrepris au mois de mai, porte sur un élément
entier du mEme réacteur, soit 360 g d'urznium et 75.000 curies de
produits de fission. Le dépouillement de l'essai, en cours au mg-
ment ol l'on rédige cet article, laisse présager des résultats
analogues.

(1) Cet équipement porte le naom de chafne EEEP ou "3 EP" : expé-
rimentation d'é€léments enrichis au pilote.
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Ces excellents résultats démontrent que la plupart des difficultés
soulevées par la conjonction de la température, de la forte acti-
vité, de produits pulvérulents et de réactifs aussi agressifs que
le fluor et ltacide chlorhydriqus sent maintenant maitrisées.

ALLTIAGES PLUTONTUM=ALUMINIUM

4,1 - Cibles pour la production d'éléments transplutoniens.

Les cibles d'alliage PuAl destinées & produire des éléments trans-
plutoniens (américium, curium, etc...) sont soumises & des taux dec
combustion bien supérieurs a ceux de n'importe quel cambustible
puisgu'on pousse l'irradiation jusqu'd disnarition presque totale
de toute matigre fissile.

Le traitement qu'elles subissent est assez différent de celui que
1'on appligue aux combustibles classigues, mais il peut donner
lieu, surtout dans ses premiéres phases, a des obgervations qui
intéressent les combustibles trés irradiés en général,

C'est ainsi que 1l'on a pu noter les points suivants :

~ L'alliage PuAl se dissout beaucoup plus lentement gque la gaine
en $$uminium dans l'acide nitrique en présence de catalyseurs
(Hg = 0,02 Met F- = 0,02 M) mais il ne laisse aucun résidu
solide.

~ La trilaurylamine, utilisée pour un premier cycle d'extraction

en milieu nitrique, semble se comporter tr&s bien en présence de

fortes activités spécifiques. En particulier, elle ne produit pas
de précipités d'interphases.

4,2 ~ Combustible de Cé&lestin

Les réacteurs tritigénes Célestin fournissent des é&léments en
alliage PuAl qui ont subi des niveaux d'irradiation élevés. On a
étudié un procédé de traitement pour en récupérer le plutonium
et, éventuellement, l'américium.

Les études ont suivi la filigre habituelle : essais a en boltes

a gants, essais «afy dans la chaine "Cyrano" et enfin essais ac-
tifs a grande échelle a l'atelier pilote de Marcoule. Les prin-

cipaux résultats sont les suivants :

a) Dissolutions.

Contrairement & toute attente, la dissoclution de ces alliages dans
l'acide nitrique s'est révélée relativement aisée, m8me en présenct
de concentrations trés basses en nitrate mercurique (10—3 a

5.1074 M) et en absence d'acide fluorhydrique. Les résultats obte—
nus & Fontenay sur petits échantillons ont été assez discordants,
probablement & cause des inégalités de flux intégrés, mais a
ltatelier pilote, ol l'on opérait sur plagues entiéres, on a
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observé des vitesses d'attaque plus réguliéres. Celles~ci sont
telles que l'on pourrait m&me, si c'était nécessaire, se passer
complétement de tout catalyseur., Dans ce cas la dissolution dura-
rait 12 3 15 heures au lieu de 8 & 10 en présence de mercure.

b} Extractions

Wue l'on opére en présence d'uranium ou non, on obtient au pre-
mier cycle des résultats assez semblables dans leurs grandes li-
gnes :

- le rendement d'extraction du plutonium est trés bon,
- les facteurs de décontamination sont médiocres.

Ce dernier point peut s'expliquer par un défaut de saturatian du
solvant (par grainte du Pu VI), mais plus vraisemblablement par
1lt'effet relargant du nitrate d'aluminium. Des facteurs de décon-
tamination tout a fait acceptables sont d'ailleurs atteints sans
peine si l'on fait appel, une fois de plus, & l'acide fluorhydri-
que en faible concentration.

Iv -~ PERSPECTIVES D'AVENIR

Juelle gue soit la filiere choisie par le CEA et 1'EDF pouxr suc-

céder aux réacteurs graphite-gaz et pour précéder les surgénéra~

teurs & neutrons rapides, il faudra &tre pré€t a traiter des com-

bustibles fortement irradiés : les réacteurs a eau lourde fourni-
ront des oxydes a 10 ou 12,000 MWj/t; avec les réacteurs a eau

on atteindre au moins 30 & 40.000 MWj/t; aveec les réacteurs 2
neutrons rapides enfin, on montera sans doute jusqu'a 100,000 MWj/+4

Dans tous les cas les combustibles se présenteront sous la forme
- nouvelle en fFrance - de faisceaux d'aiguilles d'oxyde et on aura
affaire & de tres fortes activités spécifigu=zs ainsi qu'a des cone-
centrations élevées en produits de fission. Ces caractéristiques

posent des problemes difficiles gui appellent des solutions iné-
dites. (1)

LES PREGBLEMES

On ne mentionne ici que les praoblémes qui se poseront a court ou
moyen terme, c'est-a-dire pour la voie aqueuse. La voie séche en
ignorera une partie mais retrouvera l'autre, guoique sous une
forme différente.

(1) Le traitement de ces divers oxydes est envisagé a La Hague,
gr8ce a une extension de l'usine qui permettrait de recevoir ces
combustibles, de les découper, de les dissoudre et de les soumet-
tre & un premier cycle d'extraction. C'est le projet "HAQO" (Haute
Activité Oxydes).
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1e1 = La forme des é£léments combustibles et la cohésion des oxydes
avec leur gaine rendant un dégainage mécanique difficilement prati-
cable, il faut trongonner les aiguilles, une par une ou par fais-
ceaux entiers. Ensuite il faut disscoudre l'oxyde en présence des
morceaux de gaine et assurer l'évacuation de ces derniers, aopéra-
tions gue 1l'on sait réaliser en discontinu mais que 1l'on aurait
avantage & rendre continues.

1e2 - La forte activité spécifigue amplifiera considérablement la
dégradation du TBP et la formation des précipités d'interphases.

En outre la température des solutions, proportionnelle a leur ac-—
tivité, jouera aussi un r8le défavorable en accélérant les réac—

tions chimiques.

1.3 - Les tensurs élevées en produits de fission créeront une
situation nouvelle pour la chimie du retraitement car beaucoup

de ces éléments se trouveront & des concentrations se chiffrant

en grammes par litre. L'expérience récemment acgquise a AT1 a mon-
tré le r6le néfaste que peuvent jouer ces impuretés, Pour des taux
de combustion plus élevés, il faut stattendre 3 les voir provoquer
des réactions parasites dont il est difficile de prévoir les ef-
fets car la chimie de ces éléments lzs uns en présence des autres
est encore assez wmal connue. On peut craindre des précipitations,
des formations de complexes (iode stable et TBP, par exemnle),

des corrosions, pzsut-&tre des réactions d'oxydo-réduction, etc...

Les produits de fission gazeux (iode, krypton, tritium) que llon
verra aussi apparaftre en quantités importantes susciteront éga-
lement de nouvelles préoccupations pour les rejets dlteffluents.

1.4 - Les combustibles des réacteurs a neutrons rapides présen—
tent toutes ces complications au plus haut degré et, en plus,
celles qui résultent de teneurs élevées en plutonium : risgues

de criticité, importance accrue des rendements en matiére fissile,
chimie des milieux concentrés en plutaonium.

Une autre particularité propre & ces combustibles sera d'exigerxr

des ttmps de désactivation aussi courts que possible, afin de limi~
ter au maximum la gquantité de plutonium a investir dans le cycle

du combustible. Cette exigence conduit & des activités spécificues
encare plus fortes et oblige a tenir compte de certains isotopes

4 vie courte (iode 131, xénon 133, ursnium 237) négligés jusgu'lici.
L'icde 131, en particulier, risque de s'avérer particuliérement
g€nant & cause de la facilité avec laquelle il peut revétir diver-
ses formes chimiques, liée & une grande nocivité,

1.5 - Les combustibles fortement irradiés contiennent des quanti-
tés relativemsnt importantes d'Eldéments transuranicns. Les appli-
cations de ces isotopes &tant en plein développement, il faut
prévoir leur récupération par des procédés susceptibles d!'8tre
exploités dans des installations a caractére industriel.
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2

LES SOLUTIBNS

lLes travaux en cours et l'expérience acquise en laboratoire et
en atelier pilote inspirent évidemment un certain nombre de répon=-
ses a tous ces problémes, mais les études ne sont pas encore assez

avancées pour que des solutions scient en vue pour chacun d'entre
CUX .

2.1 ~ Voie agueuse

Pour le traitement initial des combustibles (trongonnage, dissolu-~
tion) et naur le traitement final du plutonium (précipitation, otc)
différentes techniques sont a 1l'étude en vue de rendre les opéra-
tions aussi continues que passible. Un vise & mettre au point des
appareils capables d'assurer de fortes capacités tout en respectant
les exigences de la sécurité nucléaire.

Pour narer aux dommages causes par les fartes activités spécifi-
aques, on poursuit, bien entendu, les travaux sur la complexation
du zirconium par l'acide fluorhydrique. Cette méthode a fourni des
nreuves incontestables de son efficacité mais son emploi exige de
nrandes précautions : les ions Tluorhydriques complexent aussi la
plupart des autres cations et notamment le plutonium, d'ol le ris-
gue de chute du rendement a l'extraction. D'auvtre part ltacide
fluorhydrigue est assez corrosif, mé@me sux dilutions préconisdées,
si 1'aon dépasse la température de 50 & 64G°. En outre, comme il

est relativement soluble dans les splvants, on risque de le re-
trouver dans une partie de l'usine ol .1 =st indésirable. Enfin,
si l'on doit pratiquer des concentrations par évaporation, sa
volatilité est également g€nante.

La plupart de ces inconvénients peuvent 2ire évités si on ajoute
assez d'aluminium pour complexer l'excés d'ions F, mais le jeu
des équilibres entre les différents complexes devient alors assez
compliqué et, pratiguement, il faut calculer et expérimenter le
"mode d'emploi! de la méthode dans chagus cas particulier.

Cette méthode étant encore loin de pouvoir 8tre proposée comme
une panacée, on a cherché & limiter les effets de la radiolyse
en Taisant appel & des appareils d!'extraction capables d'assurer
4 la fois des temps de contact courts et des débits €levés. Ainsi
Saint-Gobain Techniques Nouvelles et la 5Société Robatel ont mis
au point un type original d'extracteur centrifuge nucléaire dont
un petit modéles a été éprouvé sur uraniumn & Fontenay-aux-Roses
et va EBtre expérimenté en actif & l'atelier pilote de Marcoule.

La plus grosse inconnue pour toutes ces solutions reste le come-
paortement des produits de fission en forte concentration. Les
études sur ce chapitre ne font que débuter et un programme im-
portant est envisagé : étude des produits de fission "nobles",
de l'iode, du tritium, etc...

A c8té de ces études de chimie et de génie chimique, il faut signa.
ler les travaux entrepris en vue d'automztiger le contr8le des
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procédés par l'utilisation d'appareils d'analyse branchés direc-
tement sur les circuits de fabrication (contr8le "en ligne"). En
préparant l'automatisation compléte des opérations, ces études
annoncent un véritable renouvellement de la technologie du re-
traitement.

2.2 = Vpie séche

Toutes les recherches que 1l'on vient d'évogquer visent & reculex
les limites de la voie aqueuse et & la rendre applicable aux
combustibles de plus en plus irradiés et de moins en moins re-
froidis. Parallelement a cet effort, on poursuit 1l'étude du pro-
cédé de volatilisation, d'une part sur les alliages UAl et UZr,
d'autre part sur les oxydes mixtes UDZ—PUDZ'
I1 reste a résoudre, dans le cas de ces derniers, certains pro-
blgmes posés par 1l'élimination des gaines en acier inoxydable,

la rétention possible de matigre fissile dans les "lits fluidisés?,
la séparation quantitative des hexaflucorures d'uranium et de plu-
tonium et la purification finale de ce dernier.

L'avenir de cette technique rencontre encore beaucoup de scepti-
cisme - et particuligrement en France - mais cette méfiance sem-
ble tenir moins aux difficultés intrinségques du procédé qu'a
ltavance prise par la voie agususe. Incontestablement, la volati-
lisation devra fournir des preuves solides de sa rentabilité et

de sa fiabilité, mais nous pensons gue, gr8ce a ses avantages im-
portants sur le plan de 1l'éconamie et de la sécurité, elle finira
par s'imposer pour les combustibles a tres forte activité spécifi-
que qui sont aussi les plus riches en matiere fissile et par con-
séquent les plus chers,

V -~ CONCLUSION

Malgre une expérience appréciable sur le traitement chimique des
combustibles fortement irradiés, il reste encore au CEA beaucoup
4 apprendre en ce domaine, donc beauccup d'études & entreprendre
et & mener a bien.

On peut distinguer deux phases dans l'exécution de ce programme.
La premiére est 1lfexpérimentation sur combustibles réels qui est
indispensable : en deux ou trois ans d'exploitatign de la chaine
"Cyrano"™ on en a appris beaucoup plus gu'len dix ans de manipula-
tions sur produits non irradiés. Les combustibles & hauts niveaux
d'irradiation qui sont maintenant & notre disposition, grice no-
tamment & Rapsodie, vont donc permettre d'étendre et d'approfondir
notre expérience au cours des prochaines années. LCes études, ainsi
gue l'exploitation du pilote de procédés AT1, ne vont pas seule-
ment contribuer & réscudre les problémes que 1l'aon entrevoit aujour
d'hui, elles vont sans doute en révéler aussi de nouveaux, pour
lesquels il faudra également trouver des solutians.
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Quel que soit le succés que lfon puisse espérer de ces travaux a

petite échelle - AT1, rappelons-le, n'a qu'une capacité d'un kilo
par jour -~ il faudra ensuite extrapoler les résultats aux instal-
lations industrielles. Ce passage du laboratoire a l'usine ou, si
lt'on veut, de la science & la technologie, constituera la deuxieéme
phase de nos recherches. (e sera la t8che des ingénieurs de génie
chimique et de ceux qui exoloitent 1l'atelier pilote de Marcoule.

Pour le procédé de volatilisation, le processus sera sensiblement
12 mBme, & ceci prés gu'en raison de la modicité des effectifs,
clest la m8me équipe gui examinera les deux aspects des problimes.

D'ailleurs, en pratique et mme pour la voie aqueuse, ces deux
phases dépendent étroitement l'une de l'autre et c'est par une
collaboration constante entre ftous les intéressés - auxguels il
faut, bien entendu, associer les constructeurs, les futurs ex-
ploitants et aussi lss économistes - que l'on parviendra & mai-
triser tous les problémes quz posent aux chimistes les cambusti-
bles fortement irradiés.
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Status of Work in the United Kingdom

By
Abstract B.F, WARNZR

The paper outlines the Organisation in the U.K.A.E.A. which
is concerned with reprocessing, describes the way in which the
Second Windscale Plant has been adapted to process high burn-up
oxide fuel by the addition of a Head End Plant, and gives desig
and operational experience in the processing of M.T.R. and
Experimental Fast Reactor fuel at Dounreay. It briefly indicates
areas in which the major problems of processing Fast Reactor and
Advenced Thermal Reactor fuels are Jikely to be met,

Technical Manager, Windscale Vorks
U.KAE A

1, Organisation

The U.K.A.E.A. is the only organisation in the U.K. authorised to
engage in the developmeat, design and operation of reprocessing plants.
The major reprocessiag complex is at Windscale and at D.E.R.E. a2 small
plant processes the fuel from the D.F.R. reactor and from British and
overseas M.T.R. reactors.

These two centres carry most of the reprocessing development work,
supported by A.Z.R.E. in the fields of basic chemistry and chemical
engineering studies,

The design work for the plants is carried out by the Chemical Plaat
Design 0ffice, Risley.

2, Reactor Programme

The U.K. reprocessing plaat requirements are dictated mainly by the
U.K. reactor programme, but it has proved techaically and economically
feasible to provide canacity for overseas reprocessing coatractse.

It is common experience in all cowmtries that projections of reactor
programmes require constant revision as economic and technological chaages
occur, However, the reprocessing technology must anticipate such
variations,

Taking a published national programme, Ref. 1, the U,K. reactor
programme could be:

Reactor Type Generating Capacity Approximate Year
M(e)
Magnox Reactors 5,000 1970
Dounreay Fast Reactor 60 M¥(h) On Stream
M.T.R. Reactors - On Stream
A.G.Re Reactors 8,000 1975
Advanced Thermal Reactors 20,000 1985
Sodium Cooled Fast Reactors 20,000 1985

The Magnox reactors will be complete when Wylfa is brought on stream
in 1970, and of the A,G.R. reactors, 5,000 Mi7(e) have already been
sanctioned. (Dungeness B, Hinkley B, Hunterston B and Hartlepools)s The
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Advanced Thermal Reactors can range from evolutionary types of carbon dioxide
cooled A.G.R. employing dispersed fuels (i.e. coated particle fuels in a

SiC matrix) to H.T.G.C. types employing helium cooling and dispersed fuels
in graphite assemblies,

Existing UK., Reprocessing Plants

The facilities that are available to date are: (i) the Second
Windscale Plant; (ii) The Windscale Head End Plant for Oxide Fuel; (iii)
The D.E.R.E. Fast Reactor aad M.T.R. Plant. Thus the existing facilities
provide capacity for the Magnox, early Advaaced Gas Cooled and Steam
Generating Heavy ater Reactors, overseas B.W/.R., and P.V.R. and the
experimental D.F.R., and M.T.R. reactors.

3.1 The Seccond Windscale Plant

This is the centre of reprocessing operations at Windscale and,
originally designed to process 1500 te.p.a. of irradiated natural
uranium fuel, it has capacity available for the product streams from
the Head End Plant for oxide fuel from A.G.R., S.G.HJW.R., BeWuRe,
P.F.R. and P.W.R. reactors.

A general outline of the plant and its flow diagram is provided
in Refs. 7, 3 and 4., Insofar as this plant was designed for low
burn-up fuel and we are discussing the reprocessing of high burn-up
fuel, it is sufficient to recall that the complex consists of:

1. Tuel Receipt and Storage Ponds
2« Fuel Decanning Caves
3. Continuous Fumeless Dissolvers
L, Mixer-settler, 3 Cycle, Late - separation, Solvent Ixtraction Plant
5« UN Solution Evaporators and Themmal Denitrators
6. Pu Evaporators and Storage Plant
7. H.A. Waste Evaporator and Storage Plant
8. M.A. Waste Evaporator and Delay Storage Plant
9. L.A, Effluent Treatment and Storage Plent
The plant has operated since 1964, has given very satisfactory

service and has required a minimum of modificatioa to equipment or
flowsheet.

The confidence thus established led to the examination of the
maximum utilization of this plant for the U.,K. advanced gas cooled
reactor programme and overseas boiling water and pressurized water
reactors.

The conclusions reached were that the fuel transport, receipt and
storage pond services designed for Magaox fuel could readily be adapted
to accommodate the C,A.G.R. fuel with minimum changes such as suitable
spacing grids required to ensure nuclear safety. Long oxide fuel
from S.G.H.W., B.%7.R. and P.7.R. reactors caan be stored in another
fuel receipt pond facility already available,
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The magnox decanning plant, consisting of 2 identical caves fitted
with specialized machinery for end removal, can splitting and can
removal, could not be adapted for the very differeant design of A.G.R.
fvels, The continuous dissolvers were uansuitable for operation with
low enriched U oxide fuel for a variety of reasoas - nuclear safety
control, lack of means of removing cladding débris and the available
feed mechanisms being among the more important ones. The first cycle

“of solveat extraction, with long residence time mixer-settlers, would
give poor decontamination factors for primery purification of high
burn-up fuel and was considered unsuitable. The process would,
however, accept C.A.G.R. feed from a primary decontamination cycle and
give a satisfactory decontamination. The thermal denitrators would
not be required for low enriched fuel as it is prefereble to provide
a concentrated U.N. liqubr to feed the fuel fabrication cycle at
Springfield Works, This can be achieved safely in the existing
evaporators, The highly active and medium active waste evaporators
are also adaptable to the oxide process.

It was therefore decided to build an oxide head=-end plaat, to feed
a first cycle of extraction, scrub, and backwash existiag in the First
Windscale Separation Plant which is based on the Butex process, Refs 5.
The processing of the low enriched fuels demanded separate "campaigns"
to eansure no loss of separative work on the uranium product.

342 The Head End Plant for Oxide Fuel Reprocessing

This has been built in the first separation plant, after it had
been decontaminated, unwanted plant removed and structural modificatioas
made to the highly active cells,

The plant now coansists of:

1, Shear Cell - containing feed mechanism, fuel element shear and
dissolver feed system

2. Decontamination and Maintenance Cell

3« Dissolver Cell -~ containing 2 batch dissolvers

4, Dissolver Product Accounting Tanks

5. Leached Hull Transfer System and Storage Silo

6. Leached Hull Monitoring System

7. Primary Separation and Product Coacentration Cell (based on the

Butex process)

It is not proposed to deteil the design of plent, but it is relevant
to discuss the broad principles aand the reasons for their choice in
U.K. conditions,

Shear Cell
The choice open to us lay between:

(i) Chopping of complete elements without prior breakdown

(ii) Partial dismantling followed by chopping

(iii) Complete dismentling to single pins and single pin chopping
(iv) Complete dissolution of fuel and cladding

117



An early assessment of storage costs of the highly active liguor waste
arising from total fuel element dissolutioa ruled out this technique and
consideration was then given to the altemative chop-leach routes (i to iii).
The size of shear decreases as we move from (i) to (iii) and the latter
system makes possible the use of continuous leachers that have been studied
in the U.K. and elsewhere,

There is thus a balaance to be struck, for each fuel element design,
between the multi-stage, complex equipment required for fuel dismaantling
and feeding to a single pin shear and the comparatively simple feed system
of whole elemeats to a large shear,

In striking this balance, the variety of fuel designs to be fed to
the plant is an important factor. Furthermore, possible minor changes in
the fuel elements, as a particular design of reactor evolves, could render
ineffective the equipment provided for complete dismantling to single pins,
Careful evaluation showed thet the shearing of vhole fuel elemeats in a
large shear, in which the feed envelope and shear pack components could
be readily changed to meet a range of elemeat cross—sections, leangthsand
supporting structures, would ensure that the expected range of C.A.G.R. and
S.G.H.V.R. elements could be processed and, importantly, that curreat desigas of
B.W.R. and P,W.R. elements were also acceptable,

For these reasons the whole element chopping route was chosen for the
first phase of our programme, but it is technically possible to provide
fuel breakdown facilities for C.A.G.R. type elements if subsequeant experience
shows this to be desirable,

Dissoclver Cell

The choice of whole element chopping weighed against the use of a
continuous leacher owing to the size and variety of end pieces, sheath and
grids in the range of fuels contemplated as feed material.

Thus batch leaching was chosen and a dissolver unit designed to accept
all the débris from the shear in a large perforated basket, A conventional
leaching cycle is used, consisting of heating the feed acid, leaching, liquor
traasfer and basket washing,

The nuclear safety of the unit was eansured by special design features,
which eansured freedom from restrictive mass controls The dissolver product
liquor is transferred to two storage tanks, nuclearly safe by concentration,

Solvent Extraction Cycle

This consists of forward extraction, scrubbing aad backwashing in
packed columns, followed by steam stripping of the product liquor and
continuous evaporation. The solvent used is 'Butex!? (ﬁﬁ’dibutoxy—diethyl
ether) as used in the first Windscale Primary Separation Process. The
choice of this solveat was primarily dictated by the availability of plant
designed for its use and 12 years operational experience with natural
ureanium fuels, The acceptance of this first-cycle substantially reduced
the investment in plant and in R. & D. work,

Because 'Butex!, when thermmally or radiolytically degraded does not
produce sigaificant levels of complexing agents which could lead to losses
of Pu or U, its use with high burn-up fuels is particularly suiteble,
However, it does have one demerit, in that it gives a low decontamination
factor for Ru, Insofar as U and Pu product quality is concerned, this is
not important if the product is subsequently fed to a 3-cycle TBP process.

118



3e3

The activity of the salt-bearing solvent wash is however, higher than it
would be with a TBP cycle and this demands storage and effluent treatment
before final disposal.

Processing of Head Ead Plant Product Throuph the Second Windscale

Reprocessing Plant

-

The product from the first (Butex) cycle, after coaceatration, has
uranium and plutonium concentratioas which are in the' raage universally
accepted as feed for a tri-butyl phosphate process i.e. 200-350 gU/1itre,
the Pu coanteat depending on the fuel processed, but in the range of 1 g/litre
to 3.5 gflitre. The feed activity has been reduced by the elimination of
all fission products other than Ru, Zr, and Ib and these are at greatly
reduced conceatrations., Thus the performance required of the TEP process
is considerably reduced and this permits a wider variation in the concen-~
tration of uranium and Pu in the solvent without incurring a penalty on
product quality, Utilizing this benefit, oaly minor modifications to the
standard flowsheet are required and criticality control is based on concen-
tration limitation in the same way as for Magnox processing,

Highly Active Effluent Bvaporation aad Storage

The highly active raffinate from the 1lst Dutex cycle will be concen-
trated in the kettle evaporators provided for the lst Separetion plant,
further concentrated in new evaporators and sent to permanent stcrage as
concentrated fission product aitrates in staandard tanks where they will
be mixed with wastes from the H,A. magnox reprocessing campaigas. The
wastes from the TBP cycle will be coacentrated ia new evaporators and
directed to H.A. waste storage whilst the medium active raffinates are
stored, floc treated and discharged in the ncrmal way.

Aerial Effluents

The only new »roblem in this area is the treatment of air from the
chop-leach cell and this has been designed to ensure that air from the
shear and dissolver is kept separate from cell air and can therefore be
treated by scrubbers and absolute filters.

Status of the Head End Plant

The plant is virtually complete and inactive commissioning of the
mechanical and chemical equipment is well advanced., Active operation is
planned for nid~summer of this year.

Reprocessing of Irradiated Fuels from Material Testing Reactors

A small plant for the U.K. and overseas i{.T«R.s was built at D.E.R.D.
and was brought on stream in 1958,

The facility permits the following operations to be carried out:

After irradiatioa, the elements are stored for a period of 120 days
at the reactor sites to allow the short-lived {ission products and U236 to
decaye Appendages at the ends of the elements are removed before traasport
in a shielded container to the M.,T.R. Chemical Separation Plant at Dounreay,.
The irradiated elements are there discharged into a pond for breakdown and
feed to dissolution, followed by a two~cycle countercurrent solvent
extraction process, to separate the uraaium from the fission products and
small amounts of plutonium, The uranyl anitrate product is then pumped
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to the Billet Production Plant, where ammonium diurenate is precipitated, and
then converted through fluoride and a reduction operation to uranium ingots
which are recycled to fuel element maaufacture, The highly active fission
product from the first cycle is permanently stored in underground tanks in the
Highly Active Storage Plant, The raffinate from the second cycle can be
either evaporated and stored, or passed to effluent tanks for disposal to sea
af'ter treatment. All other low active effluents are collected at the effluent
tanks and are discharged to sea after analysis,

Process and Plant Description

The fuel plates consist of sandwiches of enriched uranium aluminium
alloy between two thin aluminium sheets and the fuel elements comprise a
aumber of these plates brazed together to aluminium side spacers. On
receipt at the pond the shielded container holding 25 elements in separate
compartments, is placed in position for discharge with the fuel elements
horizontal. The elements are then discharged into the poand by pushing
them from their individual compartments. Criticality control is achieved
in the breakdown pond by mass limitation. A chamnel key system limits
the number of elements which can be discharged from the container inteo
the pond. Underwater manipulators are used to pick up each element, place
and clamp it ia position oa the milling machine table, with the brazed
alunminium side spacers in a vertical position. The table is then moved
hydraulically, forcing the element between the faces of two fixed milling
cutters to remove the side spacers., The plates can then be picked up
separately. Hore aluminium is removed by cropping and each plate is thea
coiled, raised in a single bucket elevator, and fed down a chute into a
dissolver.

Dissolution in nitric acid is carried out batchwise under boiling
atmospheric conditions in a mass limited, steam jacketed dissolver fitted
with a reflux condenser, Mereuric nitrate is added as a catalyst, The
dissolver is criticality cleared for double batching, and interlocks on
the elevator and dissoclver seal plug ensure that oanly 2 fixed number of
coiled plates caa be fed at any one time, After each dissolution is
complete the Upszs content of the liquor is compared with that anticipated
from the irradia%ion history of the fuel, The dissolver solution is
transferred by vacuum to a conditioner vessel, where it is cooled and the
acidity adjusted by the addition of nitric acid, The conditioned solution
containing the fission products and a few grams of uranium per litre, is
passed to a constant volume feeder through e vacuum transfer system. This
feeder, of a similar type to that used in the first plant at Windscale;
delivers the active solution at a steady rate to the first extraction cycle.

The subsequent countercurrent solvent extraction operations are
carried out in horizontal mixer settler contactors. Iiixing is by mechanical
agitators. The contactors are operated in the non-flooded condition with
the solvent phase flowing over weirs into the mixing chambers and aqueous
and mixed phases entering through submerged baffled ports, By control of
the interface in the last settler of each coatactor the interfaces in the
settlers of all other stages are fixed., The coatactors are designed were
criticality cleared on the basis of a concentrated limited system, the U235
concentration being maintained below the safe "infinite sea" concentration.
It is now kanown that these contactors are "safe" to much higher coancentrations.

The process control of the plant is in general by infrequent sampling
of raffinate and extract streams, At the time of design, in-line analysis
for uranium was not sufficiently developed to justify its inclusion in a
plant of relatively low throughput,
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In the first cycle the uranium and plutoaium are extracted into a
solution of 5% TBP in odourless kerosene. This low TBP concentration was
chosen to ensure a reasonable solvent to aqueous ratio and because it was
found that with this concentration the ratio of fission products to uranium
extracting iato the solvent is a minimum. The aqueous raffinate retaians
the bulk of the fission products and flows to the Highly Active Storage
Plant without volume reduction. The solvent extract is stripped with an
aluminium nitrate/nitric acid solution to improve fission product
decontamination and finally the uranium aand plutonium are backwashed from
the solveﬁﬁ into a dilute nitric acid solution. A decontamination factor
of 1 x 10% for fission products is obtained in the first cycle. The aqueous
product from the first cycle is fed to a mechanically stirred conditioner,
where its acidity is raised with strong aitric acid and the plutonium
reduced to the less exiractable trivalent form by the addition of ferrous
sulphamate, The conditioned liguor is then fed to the secoand cycle
extraction strip and backwash sectioa by means of a piston displacement
constant volume feeder. The solvent used ia this cycle is agaia 5% TBP
odourless kerosene, The medium active aqueous raffinate from this cycle
containing the plutonium flows to effluent treatment. The product solution
containing less thaa 200 ppm impurities aand trace fission products is
pumped to the storage section of the Billet Production Plant. 7 The overall
decontamination factor for activity over both cycles is 2 x 10°,

Originally, the solvent from the first and secoand cycle was combined
and washed into two Holley Mottt mixer settlers, In the first the solvent
is washed with sodium hydroxide and in the second a 0,1N nitric acid is
used. The aqueous raffinates from these washes flow to low active effluent
treatment. The solvent is re-cycled through a filter and flow controllers
to the extractors. The product liquor from the Separation Plaat is fed to
geometrically safe continuous evaporators, where a uranium concentration of
200 g/1 is achieved. The conceatrated uranyl aitrate is then passed to a
storage and blending section, from where it is fed batchwise to a
precipitation cabinet. Ammonium diuranate is precipitated with hydroxide
and allowed to settle. The supernataat liquor is then decaanted, and the
slurry run into a tray for further settling before final decantation of
residual liquor. Thereafter criticality control is by batch limitatioa
through the main process line,

The highly active first cycle aqueous raffinate contaians the bulk of
the fission products and the aluminium from the alloyed fuel plates. Oaly
a small evaporation factor would be possible on this solution due to its
high salt conteat and because of the relatively small volume arisiag, this
raffinate 1s routed through a low level active duct to the underground
highly active stormge tanks. The remaining medium/low active effluents
are not segregated from each other and following neutralisation these
relatively small volume arisings are seant to holding tanks for sampling
and bulk discharge fo sea, well within the permitted site discharge fommulae,

Operational Experience

Operation of the machines in the breakdown pond has been very
successful. Difficulties have been experienced with the occasional
badly crushed fuel element, where side spacers are not completely removed
in the milling operation. In these circumstances plate separation is
achieved by using remote chisels and although this can be time consuming,
the infrequency of this operation does not warrant the installation of
elaborate equipment to cope with these particular cases. Aluminium
swarf and scrap are collected in a flask in the poad and transferred to
pemmanent solid wast storage. Good housekeeping easures that if any
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plate breaks during the coiling operation, all pieces are recovered for
feeding to the dissolver. The dissolver feed bucket elevator has given no
trouble and a ¥ monitor installed at the top of the dissolver chute has been
useful in indicating aay small amounts of active material held up on the
chute. After each campaign the pond is cleaned down and emptied with strict
control of persoanel radiation exposure and spread of contamination. The
equipment is then ciecked and made ready for the next campaign.

During active operatioas trouble was experienced at higher thraughput
rates with incipient floodiag in the first extraction cycle coantactors,
This was found to be due to solids accumulation and back pressure from
the stirriag operation in a mixing compartment impeding the flow of the
viscous active feed liquor through a pipe conaecting the extractioa and
strip contactor boxes. About the same time, inactive corrosion information
indicated that the attack on the active dissolver might be significant. It
was decided therefore to modify the standby highly active cells to eliminate
these two problems., A nev titanium dissolver was subsecgueatly installed
ino this cell and modification to improve liquor flow were made to the
extraction equipment, This standby lice has aow been ian use for some time
and has proved capable of a higher throughput than the original plaat design.
One octher modification carried out has been the complete separation of the
first and secoad cycle solvent treatment. This was found necessary because
of high reteation of zirconium and ruthenium in the first cycle solvent
arising from the processing of higher bumm-up fuel. Two additional Holley
Nott mixer-settlers were fitted and means of heating all four Holley Notts
was added., This modification has considerably improved the solvent treatmeat,

Further progress has beea made in achieving a higher operational
efficiency for M.T.R. fuels in that the dissolver product caan now be fed to
the Dounreay Fast Reactor Reprocessing Plant (vide infra) with some minor
flowsheet modifications to match the process and plant.e The M.T.R. fuel
is processed in separate campaigns. This has enabled a reduction in
operational and maintenance labour to be made,

Reprocessing Irradiated Fuel from the Experimental Fast Reactor

The Douareay Fast Reactor, fuelled with eariched U/Mo alloy, was
provided with its own small reprocessing plant to permit the recycle of
unburnt Up3zg and to export the Pu to Wiadscale, The following description
refers to the plant as it was originally designed.

After discharge from the reactor the elements are stored for 100-120
days to allow the short-lived fission products to decay and are then
transferred individually ian shielded containers from the reactor cooling
pond to the breakdown cave in the Fast Reactor Chemical Separation Plaant,
Breakdown of the elements is followed by dissolution and a four-cycle
counter current solvent extraction process, which separates the uranium, the
plutonium and the fissioa products. The urenium product is pumped in the
Billet Productioa Plant for conversion to metal, The plutonium product
is passed to an evaporation section for concentration, and then transported
to the Plutonium Finishing Plaant at the ‘/indscale “forks, The fission
product solutions from the first and second cycles are passed to the
Highly Active Evaporation and Storage Plant for volume reduction and
permanent storage. Low active effluents are sampled for activity at the
effluent tanks before discharge to sea,
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Process and Plant Description

The experimental fast reactor element is of the hollow type. Annular
pieces of enriched uranium and natural uranium are contained between an
inner vanadium tube and an cuter niobium tube and the top and bottom section:
are of stainless steel, The gap betweea the fuel and the can is filled
with sodium, and at the top of the element there is an expansion space
with breathing holes to the outside of the element.

The irradiated fuel is placed ia a can with metallic lead. This is
heated to melt the lead and it is thea allowed to cool, The elements in
these cans are then stored in a pond. The lead has intimate contact with
the element and serves as a heat transfer medium to dissipate the fission
product heat and at the same time prevents the sodium coming in contact
with the pond water. One element at a time is removed from the cooling
pond in a shielded container to the TFast Reactor Chemical Separation Plant.

The can containing the irradiated fuel element is lowered from the
shielded container into a vertical furnace in the breakdown cave., The
cave has concrete biological shielding walls in which are set zinc bromide
viewing windows on the operating face, Near each window there is a pair
of master slave manipulators and the whole cave is served by a remotely-
operated % ton (5 tomne) crane. The can top is removed by a remotely-
operated cutting machine on top of the furmace, the lead is then melted
and the element withdrewn from the can using the crane. The element is
then placed in a sealed tube and replaced ia the furnace, where the tube
is purged with argoa, heated aad subjected to vacuume Any lead-sodium
alloy or analloyed sodium is thereby drawn out of the element through the
breathing holes in the outer can. The element is then withdrawn from
the sealed tube af'ter cooling, aad is in a suitable condition for breakdown
in an air atmospheree The removal of the sodium is a precaution against
the possibility of & uranium fire. The element is thea placed in a
machine where the stainless steel ends are sawn off., The niobium outer
can is "peeled" off by passing the fuel element through a stripping head
which contains three symmetrically-placed cutting wheels, backed up by
ploughs., The natural uranium is thea sheared off in a simple hydraulic
shear machine, The enriched uranium pieces on the vanadium ianer tube are
then passed to a hydraulic press, where the pieces are cracked awey from
the tube, The eanriched uranium pieces are then weighed, and fed by meaas
of a bucket coanveyor, to the dissolver, The natural uranium is then
cracked off the inner tube, placed in a steel can, collected in a shielded
container, and transported to the Windscale Works for plutonium recovery,
Scrap is removed from the cave into shielded containers and traasferred
to active solid waste stormage.

Dissolution in nitric acid is carried out continuously in a steam
heated recirculating tube dissolver fitted with a reflux condenser. Pieces
of uranium are charged at fixed intervals and the nitric acid is fed
continuously., Criticality control in the dissolver is achieved by mass
limitation.

The dissolver solution flows first through two air-stirred
conditioning vessels, where acidity and plutonium valency can be
adjusted, through a centrifuge, sampler, and finally to a constant
volume feeder, which meters the active feed to the first extraction
cycle. The conditioners, centrifugeend constaat volume feeder have
been designed on a safe~by-geometry basis. -
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The solvent extractioa process is carried out in in-line air pulsed
counter-current mixer settler contactors. These éontactors have been >
de51gned230 that they cad be'considered as infinite cylinders of 13 in,
(83.9 em”) cross-secdtional-area, and .are positioned .on a ‘2 ft. 6 in,

.(76.2 om) minimim dimension rectangular lattice. In this. array, they are
safe for concernitrations of 2,000 g.- U235/11tre. In this flrst'cycle, the
‘uranium and plutonium-are éxtraéted into a solution of 20% RBP in odourless
kerosene. The agueous raffinate retains the bulk of the fission products
and flows to the Highly Active Evaporation and Storage Plant., The solvent
extract is stripped with nitric acid, to improve fission product decon-
tamination and the uranium and plutonlum are then backwashed from the solvent
with nitric acid. . :

The aqueous extract, containing uranium and plutonium from the first
cycle, flows through a conditioner, where the acidity is adjusted and then
passes to the secoad cycle for further removal:of fission products. The
aqueous raffinate containing fission products flows to the Highly Active
Evaporation and Storage Plant., - The acidity of the aqueous extract,
containing the uranium and plutoanium ‘from the second cycle, is then
adjusted in a conditioner before passing o the third extraction and sirip
operation. The aqueous raffinaté from this section passes to the effluent
tanks for discharge to sea, and the solvent, loaded with plutonium and
uranium, passes to the "splitter" box, Where the plutogium is reduced to the
inextricable trivalent state, and passes-into the agqueous phase, the
uranium remaining ia the solvent. The uranium is then backwashed from the
solvent with nitric acid and is thea pumped to the Billet Production Plant,
The aqueous solution containing plutonium from the third cycle then passes
to a conditicner, where it is converted to Pu(IV) by treatment with sodium
nitrite, and flows to the fourth cycle, where it is freed from iron,; and
the last traces of fission productse. . The plubonium solution in nitric
acid is then pumped to a geometrically safe continuous glass evaporator
for concentration and is then transferred to the Plutonium Finishing Plant
at Findscale Works, for conversion-to metal.

: The uranyl nltrate solution from the thlrd cycle is-processed to metal
in the. Billet Production Plant, as already described.in Section III, and
the metal then is sent to the rast Reactor Fuel Fabrication Plant,

There are two solvent treatment processes. . ilashing of the first
cycle solvent is carried out in four horizoantal .air pulsed mixer settlers.
The washes in these boxes are sodium carbonate, nitric acid,. sodium
carbonate and nitric acid respectively. . The aqueous waste. is combined,
acidified, and passed to effluent tanks. - The.combined ‘second, third and
fourth cycle solveats are treated in two.similar mixer settlers being
first washed with sodium carbonate, and then aitric acid solution. The
aqueous waste passes to effluent tanks for discharge to sea. The aqueous
raffinates from the first and second .cycles flow throush pipes in an
underground duct-to the Highly Active Tvaporetion and Storage Plant. This
plant is constructed to the same standards as the Evaporation Plant at
Windscale, already described in Section II,

Qperational Fxper1ence

As orlglnallj designed: and installed, the 0peratlons in the breakdown
cave, after lead melting and element withdrawal, were carried out in &
water tank to preclude any possibility of a uranium fire lnitlated by the
presence of sodium, During inactive trials it was found. that some remote
operations were difficult to carry out in the water tank and it was decided
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to install the sodium removal process (described earlier), eliminate the
water tank and carry out these operations on a stainless steel bench in
an air atmosphere. Operation of the breakdown cave under active conditions
has been generally satisfactory. The operation of the coatinuous dissolver
has given no trouble apart from occasional surges which cause variation in
the uranium concentration of the feed solution, Additional buffer storage
has been added to reduce this effect,

Some fuel of a new composition has been used in the Fast Reactor and
this has necessitated some alterations to the processs The new fuel has a
high molybdenum content and to prevent precipitation of molybdeaum compounds
during dissolution a batch dissolving process is required. It was decided,
therefore, to install a titanium batch dissolver ia one of the spare
dissolver cells. This is of the slab type steam heated and fitted with a
reflux condenser, and its operation has proved successful.

The most time coasuming operation in the breakdowa cave is the
removal of uranium from the vanadium inner tube. Vanadium must be removed
from the fuel to preveat accelerated corrosion of the stainless steel
dissolver. The use of titanium for the aew batch dissolver allows the
vanadium tubes to be fed to the dissolving process eliminating the need
for this fuel preparation step. This plaat, like the Material Testing
Reactor Separation Plant, depends on process sampling for its controls

The in-line pulsed mixer—settlers ia the solveat extraction process
present no operational difficulties, This equlpment can be arranged with
economy in building space aad all the ossociated moviag parts requiring
maintenance can be placed in easily-accessible positions in the amber areas

In the original installation, two monitors were positioned in the 2ad
and 3rd cycle raffinate lines, to detect any loss of uranium from the plant,
These could only detect 0.l g Upzs5/1l., and as a result small quantities of
fissile material could ve lost. Later two Y sbsorptlometers were installed
to show any trend of variation in the coaceatration of uranium in the
solvent streams, These give a few hours warning which allows operational
changes to be made before any loss to the raffinate can occurs Raffinate
holding tanks were also installed to allow recycle to the plant if desired.

The operational experience of the chemical process has been eminently
satisfactory and has been outlined by Allardice, Ref, 6. Most of this
experience has been gained when processing U-Mo alloy fuel vhen, to preveat
the precipitation of Mo at the dissolution stage, the feed solution is
adjusted to about 1M in Fettt,

The overall decoataminatioa factors achieved, Ref. 6, are somewhat
better thaa those prgdicted from development work, e.ge. the Cycle 1 DFY
ranges from 1-4 x 107 and, ia coatrast to general experieace in TBP
systems, the DF for the first cycle is not strongly dependeant on feed
activity, As p01nted out in Ref, 6, this could be due to the competitive
complexing of DBP by iron. As found on the Windscale plant,a fall-
off in DRy in the first cycle is compensated for to some extent by
improvemeant in the second cycle,

Ly The Future Programme Requirements

Lol The Fast Reactor Programme

The nominal programme predicts that 20,000 Mi(e) of Fast Reactors
will be installed by about 1985,
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At equilibrium such a programme would demand the reprocessing of
about 450 tes per annum of mixed oxide or carbide fuel of which about
300 tes is from the core and axial breeder and 150 tes from the radial
breeder. (These figures are given to illustrate the reprocessing problem
and do not reflect any particular reactor design parementers). The annual
tum round of Pu is about 30 tes,

The reprocessing of such larpge quantities of valuable fissile material,
demands special consideration of plant reliability. Because the supply
of fissile material is a limiting factor ia the number of fast reactors
that caa be built, and because of its consequent high economic value, the
inventory of Pu in the fuel cycle must be minimised and a heavy premium
can be paid for short cooling. But at the same time, because it is
ugeconomic to hold large reserves of Pu, the fuel reprocessing and
refabrication plants must guarantee the return of fuel to the reactor
system, The failure of either one of these facilities would have a serious
effect on the national economy,

It is therefore of paramount importance that plaants should give high
utilization factors aad have adequate standby capacity at all times,
Consideration of this nature will need to be taken into account when the
question of siting, plant duplication and technological suitability are
made o

The economy of the fuel recycle will be greatly affected by the losses
of Pu to solid and liquid wastes and the former will provide the greater
challenge to the »>rocess designer.

The U.K. Fast Reactor Reprocessing development programme is at
present under consideration and technical assessments are being made in
the following areas: :

(i) Fuel Transport
(ii) Tuel Breakdown

(iii) Reprocessing Routes -~ Solveat Extraction, Pyrometallurgical
and Fluoride Volatility

(iv) H.A. laste Storage
(v) Liquid and Aerial Effluent Treatmeants

It is hoped that, when complete, these assessments will allow the
initial development programme to be concentrated on the currect lines for
the first generation plants but it is recognized that a succession of
plants will be required to meet the oorecast rise in auclear power and
that this will give the opportunity for advanced technology to be
introduced if this can be shown to be desirable for reasons of reliability
and economye.

The solvent extraction technology is at preseat being studied as a
"reference” process against which the others will be judged.

The work is not sufficieatly advanced for definitive conclusions to
be reached, but it can be said that assessment is showing that, providing
certain conditions can be met, solvent extraction would appear to be a
viable route, It is already clear that the major problems for a solvent
process will lie in the following fields:
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(i) Fuel Traasport
Reliable containment and cooling even in accident
condition

(ii) Fuel Breakdown

. (iii) Fuel Dissolution ~ the need for high throughput nuclearly
safe equipment

(iv) Solvent ‘xtraction ~ suitable short residence time
contactors of high reliability

(v) Iodine suppression or removal

(vi) U/Pu separation system compatible with waste disposal
techniques

(vii) H.A. Vaste - @vaporation and permanent Storage

These major items will require study for both oxide and carbide fuels
and must take ianto accouat the possible evolution of fuel elemeat design.

The Advanced Gas Cooled Reactor Programme

The current design of A.G.R., will not pose exceptional problems in
the reprocessing field and it can coafidently be predicted that the
priaciples of a successful process can now be set down.

However, to achieve minimum capital and operating costs, evaluatioa
will be made of various fuel breakdown routes and the Head End Process will
be optimized for maximum utilizatioa of existing plant. A new reprocessiag
facilaty will be required in the early 1980s when the capacity of the
existing 2nd Separation Plant at Windscale will be exceeded.

This aew plaat may well have to deal with a mixed feed of oxide/S.S.
clad fuel and coated particle fuel, in either SiC or graphite matrices.
An attractive concept would be Head Lnd facilities for each category of
fuel, followed by a common reprocessing plaant, designed to facilitate
segregation of enrichmeat values,

The major problem of such a complex will be associated with the
breakdown of coated particle fuel and possible methods already referred
to in the literature axe:

(i) Griad - Leach - Filtration

(ii) Burn - Grind - Leach

(iii) Chemical Attack

When the R. & D. programme is launched, all three of these routes,

together with others being assessed, will be evaluated to narrow the

field. |DMeanwhile, only limited amount of work is proceeding in this
field.
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STATUS REPORT ON FUEL REPROCESSING EXPERIENCE

AND REVIEW OF PROGRAMME IN INDIA

N. Srinivasan , India

Abgtract,

Experience {n reprocessing natural uranium metgllic fuel
from a heavy water moderator reseavrch resctor has been gafned in
a demongtration plant at Trombay., A 300 kilegram per day plamt for
reproceesing BWR and Candu type fuels is under constructfon, A
demonstration reprocessing plant for fast reactor fuel {8 planned.
Development work on a modest scale {8 in progress on direct chiori-
natfon volatility process, recovery of neptunium from power reactor
fuel, use of trilasuryl amine for solvent extraction of plutonium,
{nvestigations on suitable partition agents and separatfion of
uranium 233 from {rradiated thorium and thorium oxide.
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The fuel reprocessing programme in India is developing in

stages, The first demonstration plant was set up in Trombay to
reprocess the metallic uranium fuel frradiated in the CIRUS, a

40 MW heavy water moderated research reactor, This plant has been
in operation since 1965(1)° With the setting up of the power
stations at Tarapur and Ranapratapsagar, a plant is under con-
struction for the reprocessing of BWR type fuel from the Tarapur
Power Station and the CANDU type fuel from the Ranapratapsagar
Power Station. The third power station is under construction at
Kalpakkam near Madras based on CANDU design., The Indian nuclear
pover programme also inciudes the setting up of a fast breeder
test reactor at Kalpakkam. A reprocessing complex for the
irradiated fuel from the CANDU type power station as well as the
fast breeder test reactor is planned for construction at Kalpakkam.

The approach to the reprocessing of irradiated fuel from

power reactors(z) is conditioned by the urgent need for plutonium

for the fast reactor programme, the variation in capital investment
and operating costs of reprocessing plants compared with more
advanced countries and the problems involved in transporting large
quantities of radioactive material over long distances in the country

in the background of the development of rail and road transport,

..The scope

*Head, Fuel Reprocessing Division, Bhabha Atomic Research Centre,
Trombay, Bombay-85 AS



The scope for the sizing and siting of reprocessing plants extends
from small plants attached to each power station to a large scale
central plant catering to many power stations. It is not always
found feasible to have package plants in every reactor location on
accouné of the limitations associated with the capacity of the
environments to accept discharge of liquid and gaseous wastes

from reprocessing plants in addition to those generated from the
nuclear power stations. While India has a fairly extensive railway
net work the existence of two different gauges of railways and the
already heavy goods and passenger traffic on the existing railway
lineg impose limitations for rail transport of irradiated fuels

in some sectors., Roadways are not uniformly developed all over
the country and in each instance a decision has to be taken about
the feasible mode of transport. These factors coupled with the
longterm nature of the decisions regarding the locations of future
nower station preclude the possibility of a large size central
reprocessing plant, The compromise of setting up regional
reprocessing plants near suitgble nuclear power stations appears
to be the solution at least for the present, transporting
irradiated fuel from nearby nuclear power stations wherever
trangportation of irradiated fuel by road or rail is safe and

feasible,

in the context of the economics of setting up of

reprocessing plants in India the influence of size is not

significant agbove 1 tonne per day capacity, according to present

day prices and skilled iasbour costs. The capital investment for

an aqueous reprocessing plant follows the approximate relation

Rs. 75 x 106(MTlday)o°4 {Rg, 7.50 = §1), Cost of reprocessing

one kg uranium in India follows approximately the relation

Rs. 66 (MT/day)x %' being nearer minus 0.6 below 1 MT/day

and nearer minus 0.%5 above 1 MT/day., Incidence of fuel reproce-
ssing costs on power costs in India decreases rapidly from 0.45 /Kwh
to 0.17 p/Kwh when the capacity is increased from 100 kg to 500 kg
per day. Thereafter the decre%?e is marginal: 0.12 p/Kwh for a

0-06
1 tonne g day plant and eézﬁiP/Kwh for a 5 tonne a day plant.

The initial slow pace of development of nuclear power,
the setting up of our first few nuclear power stations in locations
far apart over a vast country like India and the necessity for

. .8ett
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setting up regional processing plants do not permit to avail
of full load factor in the earlier part of the life of the
plant, The object essentially is to ensure that all plutonium
produced in nuclear power stations is recovered as quickly

as possible, The regional reprocessing plants are sized in a
fashion that they can absorb the load from nuclear power
stations in the region as and when they are set up. For
instance the Tarapur Reprocessing plant has been designed for
a capacity of half a tonne uranium per day though the minimum
load availgble is from the Tarapur boiling water power station
{25 tonnes a year) and the two units of the Ranapratapsagar
power station (50 tonnes a year). This plant can very likely
absorb additional load from another CANDU type 400 MWe station
in g location from where transportation of fuel should be
feasible, By the present analysfs, transportation to this
plant should be feasible from a power station accessible by
road from g railhead in Centrsl or Northern India. Similarly
trxansportation of irradiated fuel should be possible from many
of the southern parts of the country to the Fuel Reprocessing
Plant proposed to _be set up at Kalpakkam near Madras. Between
these two reprocessing plants fuel from nuclear power stations
of the CANDU type upto a total of 2,000 MWe installed capacity

can be processed.

The research and development programme in fuel reprocessing

has been or a rather modest scale. Apart from collection of
equilibrium data and stagewise separation information pertaining

to the co-extraction of urgnium and plutonium from fuel solution

obtained from BWR(3) and CANDU type irradiated fuel, the work

so far carried ocut and in progress includes invesgtigations on the

(4)

oxidative decladding of zircaloy clad uranium oxide fuel elements ’
on

the preparation of” the use of uranous nitrate for the partition

of plutonium from uranium(S), the use of TLA for extraction of

plutonium(6), the recovery of neptunium from irradiated fuel

soiutions(7)

and the direct chlorination volatility separation of
uranium and thorium on the one hand and uranium and plutonium on

..sthe other
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8)

the other from their oxide mixtures( o In many of these areas
extensive information is available in literature and our work

was in the nature of confirmation of available data.

Laboratory scale investigations on chloride volatility

proceés have been carried out with sintered UO2 T'hO2 pellets

both unfrradiated and irradiated. The procedure involves
chlorination of the mixture(éfter oxidising uranium dioxide to
UBOé)aaé ehlorination with a mixture of chlorine, carbon tetra
chloride vapor and nitrogen in the ratio of &4:1:1 at 700 to 750°C.
The chloride vapours volatilising out of the chlorination =zone
pass through an alumina bed at 300 to 350°C followed by another
alumina bed at 200°C and finally on to a sodium chloride bed

at 250 to 300°C. Thorium chloride was absorbed in the first
alumina bed and uraniuvm chloride in the sodium chloride bed.
Separation factors obtained after the primary separation
procedure were 25 for uranium in thorium and 5000 for thorium in
uranium, Fission product behaviour was also investigated with
simulated mixtures as well as irradiated pieces. Cerium and
ruthenium chlorides were held in the first alumina bed and
zivrconium, molybdenum and niobium chlorides reached the sodium
chloride bed. Only zirconium chloride was absorbed on the

sodium chloride bed at 250°C but at 300°C more than half

escaped absorption, Protoactinium chloride was held quantitatively
in the sodium chloride bed, The decontamination factors obtained

were encouraging.

In similar experiments carfied out with U02=Pu02, the
little amount of plutonium chioride formed was retained in the
alumina bed and separation factors of 2000 for plutonium in
uraniuvm were obtained. Recovery and purification of plutonium

by chlorination was not attempted.

The investigations on the recovery of neptunium in

in Purex process included the effect of acidity and nitrite

coneentration in the feed and the distribution of neptunium IV
and neptunium VI as a function of saturation of the solvent
by uranium. Data collected on the movement of neptunium in
the reprocessing of research reactor metallic uranium fuel
at the Trombay Plant indicated that at 3 molar acidity of the
«...feed
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feed neptunium follows uranium and plutonium almost quanti-
tatively and at the partition stage using ferrous sulphamate,
vevry little neptunium follows the plutonium. Further
investigations in this area are directed towards the possibi-
1ity of quantitative carry over of the neptunium to the

third uranium cycle and isolation of the neptunium in the
third cycle raffinate the TBP process and subsequent purifi-

cation and recovery of the neptunium by ion exchange methods.

in the experiments on the dissolution of unirradiated

sintered plutonium oxide, digsolution of the pellet powdered

toc minus 200 mesh in boiling 13M HNO, - 0.04 M HF was

3
attempted. Dissolution rate was negligible after 4 hours,

By removal of the plutonium solution and addition of fresh
acid every four hours dissolution can be completed in 16-20

hours yielding a solution of 6C g plutonium/litre.

The studies on the coxidation of zircaloy included

the influence of moisture and temperature on the time
for completion of the oxidation. 1In the oxidation of sintered pelle-
te of- UO2 to U,0_ the optimum temperature was found to be

3’8
SOOOC9 the reaction being slower at lower or higher temperatures,

Investigations on trilauryl amine as an extraction

agent for plutonium generally confirmed the published informa-

tion. The aliphatic "Shallsol T® and xylene were used as diluents.

With an aqueocus phase acidity of 2M HNO, and 207 TLA, Kd values

of 700 and 300 respectively were obtainzd. Limiting concentra-
tion of 5 g Pufl in the organic phase was obtained with

Shellsol T as diluent whereas with 27 g Pu/l in the organic phase
with xylene as diluent no third phase-formation was noticed.
Stripping with acetic acid or sulphuric-nitric acid mixtures

was quite simple,

In the continuous precipitation of plutonium oxalate

from acetic acid-nitric acid or sulphuric-nitric acid wedium, more
than 99 % recovery was obtained with throughputs of 180 and 600 g
*0 ‘Pu/hr
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Pu/br in a 6 cm diameter precipitation column (height between
slurry cutlet and supernatant outlet 25 cm). The carryover
of precipitate in the supernatant was less than 1 7 with the
lower throughput but increased to 50 % with the higher
throughput of 600 g Pu/hr, The precipitate is washed in
another column and the washed product is withdrawn as a slurry

with 60 % solids.

Some investigations on the radiolytic and thermal

damage of TBP in aliphatic diluent are also in progress.

Detailed investigations on a dilute TBP process for

the separation of uranium 233 from irradiated tho¥ium have led

to the design of a small semi-pilot plant for the recovery of
uranium 233 from irradiated thorium and thorium oxide, This

semie-pilot plant wiil be erected shortly,

Among the development projects planned for the immediate
future are studies on the separation of transplutonium elements
and on the reprocessing of plutonium based molten salt reactor
fuel,

Considerable attention is being paid to the analytical
methods of interest to fuel veprocessing, Work is in progress
on in-line measurement of uranium (colorimetry) plutonium (neutron

counting), and fission products {(gamma spectrometry).
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“Raprocessing of highly {rradtated fuels . sowme alternatives®

N. Srinivasan, India,

Abstrsct,

The paper discussee- the problems of the presently
known methods of reprocessing, both aqueous and nonaqueous
and presents a hybrid flowsheet selecting the most sufited
process for each step of the flowsheot, The flowsheet suggests
shearing of the fuel, oxfdative removal of volatile figsion
preducts, nitric acid dissoluticn, smine extraction of plute-
nium and fluorfde volatility decontamination of uranium
consfigning high active waste to the fluorinator solid
residue, '

*Te®e
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Tntroduction

Historically fuel reprocessing has gomne through a wide spectrum
of conceptual evolution, The "Bismuth phosphate process" served its
immediate purpose of providing atlieast one method of separating the
piutonium formed by the irradiatiocn of uranium. The incomplete
recovery of plutonium and the high cost of chemicals in this process
led to its being replaced by solvent extraction processes(1).
Progressively ether and hexone were repilaced by tributyl phosphate
as the solvent and the "Purex process™ using TBP in a suitabie diluent
is almost the universal aqueous process for fuel reprocessing. The
limfitations of this process due to solvent damage in intense radiation
fields and the problems of criticality and the fact that the fissile
material hag to be dissolved and then reformedto its original
chemical composition, say oxide, started the search for dry processes.
The dry processes demonstrated are based either on fluoride
volatility or the reductive transfer of the vranium and plutonium
between a molten salt mixture and metal alloys, Extensive
operational experience in reprocessing of thermal reactor fuels

ecolirradiated

*Head, Fuel Reprocessing Division, Bhabha Atomic Research
Centre, Trombay, Bombay-85 AS
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irradiated upto 20,000 MWd/te has established the economie
acceptabilicy and technological superiority of the Purex
process (with modifications to sult each situation) for
reprocessing thermal reactor fuels, It is in the context of
the future necessity for processing high burnup short cooled
fast reactor fuel that the limitations of the aqueous process
have been highlighted and distinct advantages claimed for

dry processes,

Special considerations

The reprocessing of fast reactor fuels is characterised
by the higher intrinsic value of the fuel per kilogramme with
the corresponding significance of inventory costs and the
higher burn up of the fuel with its impact on the method of
reprccessing., The irradiated fuel loading for the liquid metal
cooled fast breeder reactors (IMFBR) is 5 times more valuable
per kg than that of the light water reactors (LWR), Hence there
is considerable interest in decreasing cooling time and thereby
the interest on fuel inventory. Short cooling decreases doubling
time also. On the other hand 30 days cooled IMFBR fuel
irradfated to 100,000 MWD/T at 200 kw/kg will have a total heat
generation rate of 310 watts/kg compared to 8.5 watts/kg from a
150 days cooled LWR fuel irradiated to 20000 MWD/T at a
specific power of 15 kw/kg, This infiuences the processing
method due to the anticipated degradation of process reagents

in thiz high heat release environment.

There is considerable divergence of opinion on the
significance of these two aspects on the choice of a method of
reprocessing. The choice for reprocessing presently lies
between the aqueous methods and the dry processes., In U.K. a
plant has been in operation in Dounreay processing high burn up

.. «fast reactor
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fast reactor fuel by aqueous methods not far different from
that for thermal reactor fuels(Z)° Similarly France has

built a plant based on aqueous processing for reprocessing
plutonium bearing fast reactor fuel from Rhapsodie irradiated
to 35000 MWD/T and cooled for 90 days, In Karlsruhe conside-
rable work is in progress on aqueous methods of processing high
burn up fast breeder fuels. Work on dry methods is in progress

in many countries and the most massive effort appears to be in

the Argonne National Laboratory,U.S.A.

Congiderable stress is being laid on the radiationm

and heat generation problems in shipping irradisted fuel after
cooling for only 20 days. Heat generation is 40-50 times that
for LWR fuels cooled for 3-4 momths, Criticality considerations
restrict quantity shipped and the storage facilities may require
sodium cooling., Hence on-site reprocessing by dry methods and
offgsite refabrication are considered advantageocus. Thesge problems
are however common for alil methods once the need for short cooling
is established. Studies hagve shown that on site reprocessing by
aqueous methods will also be economical for fast fuelg unlike for
thermal reactor fuels, the difference arising mainly out of the

higher cost of transport of irradiated fast reactor fuel.

1t is contended that the problem of radiation and heat
generation cannot be glleviated by mixing blanket and core cooled
for 30 days, as the dilution required to bring on par with LWR
fuels is 15 times and that the mixing results in admixture
of different isotopes of plutonium., Mixing of blanket and core
after 90 days will bring the heat problem on par with the
40000 MWD/T irradiated high burn up fuel of the advanced thermal
reactors and processing these by aqueous methods 1s entirely
feasible, Further, mixing of isotopes is of no major significance
for recycling the plutonium,

. . COomparison
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Comparison of aqueous and dry processes

-

The special problems of aqueocus processing of fast fuels
are the head end preparation of the fuel, solvent degradation,
criticality problems and the disvosal of Todine 131 and xenon
133 and the problem of tritium in the waste stored in aqueous
processes, Fluoride volatility process holds greater promise
among the dry methods. While the cost of equipment is higher
for this on account of the exotic materials of construction and
higher contginment required for fluorides and fluorinating agents
the cell volumes are less and the overall cost is expected to be
60-90 % of aqueous processes for oxide and carbide for 0.08-0.8
tonnes per day. The problems of head end handling and the heat
removal during storage and handling are more or less common for

both methods,

The limitations in applying fluoride volatility methods
te plutonium bearing fuel are those of handling and behaviour
of plutonium i{n plant scale equipment, the insufficient informa-
tion on decontamination factors for plutonium and engineering
components for the process. Solutions to the clogging of off
gags fiiters in plant scale equipment, decontamination of
plutonium from fission products, the separation of plutonium
from vuranium and its quantitative recovery and the behaviour
of ruthenjum may not be as near as assumed, While theoretically
many schemes are possible for solving these problems none are
developed enocugh to assure results, Corrosion aspects cannot
be ignored either, The question of establishing fissile material
content of the input fuel to the accuracies obtainable in

aqueocus procesgses merits serious attention.

A major factor cited against aquecus methods is the
solvent damage. A detailed review(B) shows that the information

available in literature is conflicting as parameters have not

+osbeen properly
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been properly isolated and normalised and the procedurs for
calculation of dose is not uniform. In the studies on the
occurrence of emulsification, the contributory effects of other
impurities and the method of solvent washing have not been

fully evaluated. 1t appears that upto a dose of 1 whr/1l there

igs no significant retention of plutonium in the solvent nor any
appreciable fall in decontamination factors, Experiments

where the solvent was subjected to 20 whr/l in a 160 cycle study
showed that there is no appreciable effect, The maximum damage

to the solvent should occur in mixer settlers, The exposure

here is calculated as a few tenths of a whr/litre per cycle

and no significant damage is reported. The exposure in

processing LMFBR fuel in pulsed columns is expected to be of the
same magnitude only (about 0.1 whr/iitre/cycle) and can be reduced
furtheyr by operating a dilute flowsheet with 15 7 TBP where the
flooding velocities are higher and hence columns sizes will not be
unduly large. The successful development of centrifugal contactors
with residence times of a few seconds can contribute to weaken

the aspect of solvent damage as a factor against aqueous methods.

It is reasonably clear that the problems of reorocessing
short cooled IMFBR fuel by aqueous process are no more insur-
mountable than those of the dry methods with the aqueous processes
having the advantage of proved performance over a number of

years.

Sugpegted flowsheet and glternatives

The large experience built on the various alternative
Purex flowsheets and the extensive development work carried out
80 far and in progress now in various countries on the non-aqueous
processes can possibly lead to the disappearance of the distine
ction in terms of dry and wet processes as mutually exclusive.
(4) and this

can well be the forerunner for flowsheets which combine aqueous

A trend has already been set by the "Aquafluor¥ process

and dry processes choosing for each step the most selective
process with the least limitations, With the aqueous process,
while very high decontamination factors are realisable solvent
damage and criticality can be the limitations, The fluoride
«ovVolatility

142



}

volatility process is eminently suitable for uranium processing
and is capable of high decontamination factors, but the problems
with plutonium separatiorn and purification are not so gimple,
The salt transfer processes apart from being less well demon-
strated have lower decontamingtion performance than the fluoride
volgtility process, but do not have the problems of corrosion
and containment to the same extent as fluoride volatility

processes,

One could conceivably develop a flowsheet starting with

the aqueous process and add or substitute process-steps that would
remcve the disadvantages of the aqueous method. Accepting solvent
damage as a significant limitation, one could find ways of mint-.
mising this effect by removing part of the activity from the feed
prior to solvent extraction. The ratio of activity between fast
reactor fuel irradiated to 100,000 MWD/te cooled for 30 days and
that of LWR fuels irradiated to 20,000 MWd/te cooled for 150 days
is reported to be about 40. The fairly well demonstrated manganese
dioxide scavenging, with further development work, may well provide

the means of achieving this(5).

It is reported that the radiation degradation products
from amines are less troublesome than those of TBPS6) The use
of amines for extraction of plutonium directly from the
scavenged feed will remove the limitations due to criticality from
the subsequent stages of processing of the uranium-fission product
stream of large volumes, This step also avoids the problems
associated with partitioning of high-plutonium containing fuel
sclutions., Once the plutonium has been removed the uranium with
all the fission products from the feed is well suited for reprocessing
by the fluoride volatility method thereby providing the advantage
of good decontamination factors and compact solid wastes, without
any of the difficulties associated with fluorination, separation

and purification of plutonifum., No aqueous high active wastes are

.cesgenerated
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generated as the fission product removal is confined to the

dry part of the flow sheet,

& conceptual flowsheet with different alternatives for
each step is shown in Figure 1, In addition to the steps
discussed earlier, an additiongl decontamination cycle may be
required for the plutonium furnishing a feed suitable for
conversion to oxide or carbide by standard processes and an
intermediate denitration step for the uranyl nitrate fission
product stream after the amine extraction for subsequent fluoride

volatility processing.

Status of development

For the decladding step, the zinc dissolution of
stainless steel is being actively developed, in the context
of pyrochemical reprocessing., Chop leach process is well
astablished and compact shears are being developed for the fast
reactor fuels(7)° The problem of criticality at the dissolution
stage can be surmounted by fixed poisons, While fuel containihg
legs than 25 % Pu02 dissolves without difficulty in nitric
acid an intermediate step of oxidation may well improve the
dissclution, Such a step may also enable the release and
containment of the volatile fission products in a small volume

suitable for storage and disposalw)o

The feed pretrestment with permanganate and manganous
salts leading té the precipitation of manganese dicxide and
the scavenging of zirconium-nicbiuvm and to some extent
ruthenium is not a new concept and can be standardised for
fast reactor fuel solutions, Feed clarification steps have
become fairly standard in aqueous processing and can very
easily be adopted for the removal of the precipitste for

disposal in a small volume,

..There is
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There is almost universal interest in the use of amines
for solvent extraction of plutonium. In addition to trilauryl
amine éb successfully used in France, other amines as for instance
di{tridecyl) amine are found to have superior properties especially

for application to high burnup fu¢13(6)(9)°

Fluoride volatility process without the problems associated
with the release of volatile fission products and the fluorination
and purification of plutonium can be considered well established
and the decontamination performance demonstrated points to the
possibility of obtaining an acceptable uranium product in one
single cycle of fluorination and absorption/desorption with a
sodium flucride bed. A distillation step, if required, has also
been fully established for production scale use, The intermediate
denitration step, most probably on a fludised bed, is standard

practice now in uranium refining and can be easily adopted.
Economics

While it will be prematurs to attempt any economic
evaluation of such g conceptual flow sheet some semi-quantitative
statements can be made on the cost aspects based on available
information, Adopting the figures in ANL 7137(10) as reference
figures, one can make a guess that the capital costs for a plant
based on the hybrid flowsheet discussed above will be in the range
of §$ 4,8 to 5.2 million compared to the $ 5.9 million for an
all aqueous plant and $ 4,2 million' for a fluoride volatility
plant for a throughput of 22,7 tonnes per year. The investment
on waste disposal facility would be practically the same as for
a volatility plant viz., $ 1.4 million as against the $ 2,4
million for an aquecus plant. By an extension of the same reasoning
operating costs will be interﬁediate between those for the two
processes probably closer to that claimed for the volatility
plant.

"No economic evaluation can have universal significance.
V;}iations in financing procedures, skilled labour costs,
availability of materials of construction, customs duties and
tariffs have significant impact on the economics with respect to

. es.capital
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capltal costs and operating costs. Studies in India indicate
that on account of low labour costs (about one order of magnitude
lower than in advanced countries) capital costs for aqueous
reprocessing plants may be 40 Z of those in North America;

Cost advantages due to reduced operating man power are also less
significant in such a context. These factors tend to reduce

the gap in costs claimed betw=en aqueous and dry processes and the
choice will then be essentially based on technological consi-

derations.
Conclusion

The flowsheet suggested is one of many possibilities
and takes into account only presently well established process
steps, The purpose of the paper is mainly to focus the attention
of the Panel on the extensive potentialities for hybrid flowsheets
in the renrocessing of highly irradiated fuels.

References

1. S.M. Stoller and R.B. Richard, Ed., Reactor Hand Book, Second
Edition, Vol. 11, Fuel Reprocessing 1961 - p.227,

2. R.H. Allardice, "Reprocessing of Fast Breeder Fuels by Aqueous
Methods Part 1 - Reprocessing of Fuel from Dounreay Fast
Reactor', Kjeller Report KR-126,

3. C.A. Blgke Jr., "Solvent Stability in Nuclear Fuel Reprocessing"
ORNL - 4212 '

4, W.H. Reas "The Aquafluor® process®, Xjeller Report KR - 126,

5. R.C. Weber "The Removal of Radiocactive Zirconium and Ruthenium
from process solutions: Permanganate treatment" Prog. in

Nucl, Energy Series II1 Process Chemistry (Vol. 2}, 1958.

6. D.E. Ferguson et al Chemical Technology Division. Anmual Progress
Report for period ending May 31, 1967 - ORNL 4145 P-55,

7. D.E. Ferguson et al Chemical Technology Division. Annual Progress
Report for period ending May 31, 1968 - ORNL 4272 P-39

.0 .Ibid

146



8., 1bid p-41
g, 1bid p-54

10. M, Levenson, et al., "“Comparative cost study of the processing
of fast breeder reactor fuels by aquecus volatility and
pyrochemical methods® - ANL - 7137,

0T e T P T oSy

147



8%1

Fig. 1,

Fuel

i

Shearing

S.S.
U0,
Pud

PP 2

Oxidation

ey r————
Volatile
PP,

SCSO
U.0
7!

2
y F.P.

e —
S.S.Waste

Nitric Acid
Digsolution

(Solid)

Nitrate Soln
of U, Pﬂ, F.

i ————

Zr-Nb

MnO2 Scavenging

Waste on
Mnoz(solid)

1

OR

Fuel
H

1

A conceptusal flowsheet for reprocessing highly irradiated fuels

Fuel
1

t

Zinc Dissolution of
Cladding

y
{

P.

Nitrate Soln

DENITRATION

Oxides

Puncturing and Cyeclie
Oxidation Reduction

Volatile

"'""' F.P.

lerneconvosvavnesscvswsoccsnavese

P.P, Waste
(So0lid)
4

Amine Extraction

Pu Soln.
(aqueous)

Plutonium
Purification

Pure Pu Soln
(aqueous)

Conversion
to oxide

of U, F.P,

of U,
F.P,

FLUORINATION

F.P.Waste
(Selid)
A

L]
1

UFg

I |

NaF BED
Absorption &
Desorption

jrececacaccanan

Condensation &
Distillation

poccreny

vo

Pure
UFg

e = e

'
’
t
]

4

Pure U?6

S

ISEEUVEEAE §

Conversion
to oxide




A PYROCEEMICAL SEPARATION OF PLULCHIT FROM
IRRADTIATED FUELS

A, 4Lvogadro, J.G. Wurm

COMMISSYIOH DES COMMUNAUTES BEUHCPEERRIS
EURATCOM - PTABLISSEMENT D' LISPEA DY CCR
DEPARTEMERT DE CHIMIE

SERVICE TECHNCLOSLE CHIMIE HAUTES TEMPLRATURES

149



ABSTRACT

4 Pyrochemicel Separation of Plutonium from

Irradicted Fuels

b 3
he Avogadro , J.Go Wurm

The described pyrochemical flow sheet is based cu a hybrid wmolten
salt~aqueocus fuel cyele for the separation of plutonium in high burnup
fuels., A plutonium councentrate is extracted on the rcactor site by means

of a molten salt medis and its final purification fs achleved by an aqueocus

wat hOds

The pyrochemical reactions involved procced in two steps :

- the chopped or decladded fusl is first submitted te an oxydatica-
desagregation step with wmolten NO3Na in which inscluble uranastes and
plutcnates are formed

- in the second step the uranates and plutonates in suvapensicen in &

chloride f£flux (MgCl?-iaCl) are submitted to am ICL + Q. oxy~chlorinatic

2
reactica which transforms the uranate into soluble U92C12 and the pluto
iato inscluble Pque This latter is separated by filtration and purifi

through an aquecus wmethod, The uranium 18 Tecovered as UQ, through an

3
Mg0 precipitation,

The hybrid fual cycle combines all the advantages of dry and aqueous
methods together and minlmizes their respective disadvantapges, Therefore the
pyrochemical Head End combined with an aqueous process for final purificatio
opens the way to shorter cooling times ; reduced fuel transportation costs,

simplifications of the aqueous processing plant, and saving in waste disposal

It could be applied as well for the processing of low Pu thermal fuels
as for the processing of highly frradiated Fast Breeder Fuels, Botl ways ar¢

described and discussed,

.3 CCR Euratom Ispra, Italy

ne CCR Euratom, present address, CoE.N.~S.C,K., Mol, Belgium
Head of the Reprocessing Project
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In this communicetion we would like to analyze an aspect of the reactor
fuel cycle which concerns the recycling of the produced plutonium. We will
consider only the part of this cycle cutside the reactor, betweer unloading
of the spent fuel e¢lement and returning of a new purified and regenerated

element in the reactor,

Figure 1 illustrates schematically the succession of the esteps
constituting the actually envisaged fuel cycle : the fuel, unloaded from
the reactor, is submitted to a ceoling periocd of 3 to 4 months and is then
sent to the ceatral reprocegseing factory where uranium and plutoniuvm are
decontaminated by organic golvent. After uranium separaticn, plutonlum
passes on to the next step, consistiang in mixing Pu with natural or slightly
enriched U and {n refabrication of the fuel element., The depleted uranium,
of which the fissile value equals zero, is sepcrated from the cycle and

stored.

Figure 2 represents the fuel cycle considered in this study and based
or a mixed treatment system, This system is constituted of a first stage of
extraction and pyrochemical concentration of plutonium, executed on the
resctor site after a short cooliang period (about 1 menth}, follcowed before
refabrication of the fuel element; by a final Pu purification in a specializec
plant, We want to demongtrate that, by this hybrid method, the advantages of
dry reprocessing may be combined with those of aqueous reprocessing or
fluorination, while reducing their disadvantages. Table I summarizes the most
important advantages and disadvantages of both reprocessing methods, The
main handicaps of aqueous reprocessing are the duration of the operation
cycle and solvent degradationm, On the contrary, a hybrid system : a combinec

dry~aqueous reprocessing permits elimination of these disadvantages and allows

to profit from the advantages of aqueous reprocessing and particularly of the
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high decontamination factors. The same advantages would be presented by a
dry reprocessing system in which final purification is done by fluerination.
Since the dry and agueous treatments ave mutually independent, they
can be porformed at two different places. Az an illustration, twe typical
cases for which the Pu extraction at the gite of the reactor is "a pricri”

economically interesting, can be cited.

1. licavy watew rcactors

Fuel discharged from these reactors contains appreciable Pu02 guantities
(0.5 = 1 %) justifving recovery, while uranium, having a nagligible fissile
value, way be separated from the cycle and stored, Thig problem is of
interest for those countries constructing power reactors of this type but
which do not dispose of a processing plant or perhaps caly one central plant
but far away from the power reactor. In order to recover small guantities
of Pu, the fuel elements will have to be transported over great distances and

corsequently the cost price of Pu will he considerably influenced.

2a a2gt resctors

The problem of fast reactor fuel differs from the foregoing. Indeed,
these fuels contain about 20 % Pu and consequently the inventory costs are
very high when the recycling time is long. The cooling time must be kept
as short as possible, Moreover, the fuels have been submitted to a high
burnup and to a high specific power. Consequently the radiatfon intensity,
the generated heat, the high fission product conceatration, the presence of
sodium either attached or accidently inside the fuel cans, the presence of
large amounts of iodine and tritium as well &s volatile fission produﬁts and
nevertheless the high plutonium concentration of the fuel create 2 series of

new problems Lf the fuel is to be processed by an aqueous method,
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Therefore a pyrochemicdl head-end for the extraction, followed by a
final aqueous purification could possibly lower the fuel cycle cost by reduc
the Pu inventory. Furthermore the final zqueous purification of an already
predecontaminated and concentrated plutonium is also simplified, This way
the problem of organic solvent radiolysis is less important and the costs
for liquid effluent storage are reduced.If the pyrochemical head-end is
moreover performed at the reactor site, the costs for transport of irradiate
elements are also reduced ; for fast reactors, these costs are estimated at

a value being 5 to 10 times higher than for thermal reactors [fL_7 LfQ;T.

In summarizing we can say that the choice of the proposed hybrid fuel

processing depends on local economic conditions which are different in every

Countr}'o

In this paper only a techunical approach of the hybrid method is given.

An economic investigatioa of the process would be necessary in every case.

The pyrochemical process we studied in laboratory is based on U-Pu
separation in molten salts. This separation is realized by a first reaction
of selective oxidation of the fuel followed by & reaction of selective
chlorination of the fuel., The whole of the scparatioa flow sheet is based

on the following three unit operations (sce Fig. 3)a.

The first unit operation consists in a complete fuel diseggregation
(mixed oxide or carbide) in a bath of molten oxidizing and alcaline salts,
mainly composed of nitrates and peroxides., This oxidation, carried out at
a temperature below 450 °C, gives rise to a8 fincly dispersed product, compose
of alcaline uranates and plutonates which are insoluble in this bath. The

foregoing reaction can be schematized as follows :

002 (Puoz) + 2NaNQ, —¥% Na U0, (Na Pu04) + 2RO

3 274 V72 2

At a relatively low temperature, this oxidizing disaggregation presents

several advantages :
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- The reaction is selective with respect te the fuel ; therefevethe cladd:
(stainless steel or Zr alloy) is not attacked, This phenomenon can be

used for combining disaggregation with decladding.

- The cladding sad fuel separaticn is facilitated by the fact that the
oxidation reaction is accompanied by an increace of the fuel volume
detaching completely the fual from the previously sheared can. The
empticd hulls can easily be withdraun from the bath by wmeans of a

perforated basket.

This decladding and disaggregation phase is followad by a separation

of precipitate and solvent. After being readjusted in nitrates or peroxides,
this solvent can be recycled several times. The uranate-plutonate precipitai
is than suspended in another solvent composed of molten chlorides {e.g. KCl~-
LiCl or MgClz-Nacl) and is thus ready for chlorination. This second operatic
consists in transforming the uranate into & scluble oxichloride by a selectis
reaction leaving Pu in the batch as an inscluble precipitate. The latter ca:
be recovered by simple filtration. This transformation is realized by a

gaseous mixture of HCl and O, solubilizing uranium following rsaction (2)

2

and transforming Pu into Pu.O2

following reaction (3) :

(2) Nazuo4 + 4 1cCl —2> 2NaCl + U02012 + 2}{20

3) IQazPuO + 4 HCl (02) —% 2NaCl + Puo

4 + Clz(oz) + 21{20

2
-Indeed, according to the realized experimeats, reaction (3) can be
explained as being the result of two stages : in a first stage, an intermedic
oxichloride type soluble compound of Pu is obtained ; in a second stage, this

compound, which is not stable in presence of a high partial 02 pressure
decomposes completely into PuO2 + CIZ. This oxichlorination reaction can be
realized at a temperature of 450 °C,the speed being sufficient to allow a

rational utilization of HCl. This is possible by the fact that :
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The fuel mixture resulting from chemical diséggregation by nitrates is
brought in an ideal physical and chemical state for the next chlorination
stage. Indeed, the fincly dispersed fuel is better adapted to the reactioa
heterogeneous chlorination solid gas. On the other hand, from the point of
view of chemical thermedynamicsuranate is wore easlly chlorinated by HC1l tha
UOZ’ while Pu remalns insoluble in the chosen chlorination couditions. As s
as uranate is completely solubilized, the Pu precipitate is recovered by

filtratione.

The last operation consists im recovering uranium from the filtrate and
precipitate as an inscluble oxide. This precipitation was realized by reduc
of the uranyl with ammonia at 700 °C or, cven better, by precipitation with

MgO at 450 °C.

3U02012 + ZNH3 — 3U02 + O6HCL + .BNZ

U02C12 + Mg —% 1O + MgCl

3 2

This second precipitation is the most advantegeous one avolding a gaseo
HCl release, working at a lower temperature and obtaining a more economical

utilization of the solvent, which can be recycled.

The validity of the different stages of the flow sheet is based on
laboratory experiments done at CCR Ispra and at the Institute of Transuraniar
Karlsruhe. At Ispra, we worked out the follow-up of unit operstions with
uranium only, simulating Pu by Th or Ce. At the Euratom Trans Uranium Instit
at Karlsruhe we controlled Pu behaviour in the same working conditicns. Sint
pellets, on basis of oxides (10 to 20 % Pqu) have been used as starting

product for these experiments,

During the phase of disaggregation with nitrates, the behaviour of UOz-I
is different according to their preparation. Pellets obtained starting from
mechanical mixture of the oxides, react rapidly and completely (60 min) from
400 °C onward, whereas pellets formed from a solid solution of the oxides onl

react at 450 °C and require a longer reactioan time (90 min).
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Separétion of the fuel from thie sheared can by this reaction, must stil
be confirmed with a really irradiated fuel. It can however be guaranteed tb
this oxidation reaction can be realized at 450 “C, within a reasonable time
{ ™~ %0 win), for any cowmposition of the fuel on basis of wmixed oxides at the
reactor outlet. We did not perform any experiment with mixed carbides
(UC-Pul). The experiments done with UC only however showed that the reactic
of carbide with the molten bath of nitrates is very violent. Consequeatly
the nitrates have to be diluted in order to contrcl the reaction and to keep
the temperature of the bacch below 500 °C. As a bath for disaggregation and
decanning of the carbides we used the molten mixture HaOH-Nal 4 OT even bet
the molten eutectic LICL-KCl to which was added the quantity of altrate
required for oxidation. This second pessibility offers the great advantage
of permitting to realize the first two operations (disaggregation and dissol
of U) im the same vessel and with the same solvent. The product of the recac
of carbides with the oxidizing bath is the same as the one of the oxildes.
carbon contained in the carbide is indced completely burnt by the molten bat

Up tec mow it was supposed that Pu transformed into plutonate. As a mat
of fact, the precise nature of this powder has not yet been determined
analytically, hypothesis of plutonate formation is based on the results of a
Russian study [m3;7 effectuated by reaction of PuO2 in & molten NaOH and KOH
bath and is formulated in analogy with the behaviour of uranium in the same
conditions, The behaviour of uranate and plutonate with respect to chlorina
in molten salts with HCl only, also presented anomalies due to the origin of

the pellet.

Fig. 4 shows the results of chlorination of a series of tests performed
with oxides of different composition and origin (after reaction in nitrates .
400 °C). Already at 400 °C, uranate transforms easily in solution, except £
the solid solution containing 20 % Pu which requires a higher temperature du
the preliminary attack with the nitrates., Plutonate is also, but more slowl:
solubilized. In order to repeal completely this plutonate solubility and

permitting U-Pu separation, we use a HCl-O2 mixture as chlorination agent,
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Fig. 5 shows the dissolution rate of uranate for increasing Ozamaunts in the
gaseous mixturc. We can see that, with a sufficlent speed, it is still poss
to dissolve uranate even at 90 % 02, we have chosen 80 7% 02 cencentration to
perform the U-Pu separation tests. Two tests, with 15 7% and 20 % Puoz
respectively in scolid solution and mechanical mixture, confirmed total
solubility of uranate after a reaction of 90 min. Parallel, analysis of Pu,
soluble in salts, was above the measurement liwmit. 1In order to verify
solubility of plutonium in molten salts, w2 proceeded to supplementary
disaggregation and oxichlorination experiments with Pu02 only. After attack
of the nitrates, solubility of Pu in the excess salts was 80 ppm ; after
oxichlorination in nmormal conditions, 1,030 ppm Pu were still detected in th
chloride bath, It is estimated that this phenomenon is largely due to the
Pqu finaly dispersed in suspension in the bath and which passes through the
filter (porous glass). An addition of A12O3 powder into the melt reduced tb
Pu values to less than 500 ppm. Therefore the presence of the Pu in the mel
was rather due to 2 dispersion of small Pu insoluble particules, The last
stage of the flow sheet consists In scparating uranium in oxide form. This
separation can be performed by electrochemical methods which consist in
depositing UO2 at the cathode of an electrolytical cell [f4;7 1?5_7.
Precipitation of UO2 in molten salts by reduction with Hz or dissociated NR3
has also been studied by several authors / 6_/. We did not perform any
particular test on these already well known end experimented methods. On th
contrary, we studiled the possibility of precipitating uranium under form of
UO3 by addition of an oxide,

Fig. 6 gives two examples with Mgl and Zn0. It can bé seen that a smal’
oxide excess is sufficient for precipitating uranium. Reaction with MgO
offers the double advantage of eliminating depleted uranium under a stable f«

(UOS)’ ready for storage and at the same time regenerating the molten salt

bath, which can this way be used again for a new dissolution.
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In the preceding, we presented the pyrochemical step which conmstitutes
in fact the original and new part of this hybrid wethod. This wmethod is
mainly conceived in order to realize a quick and efficient separation betwcen
Pu and U. Yt 1s understood that the so separated Pu must undergo a final
purif{icacion in order to avoid remote vefabricaticn, The stage of final
purification of Pu can be vealized without any other modification either by
known and experimented aquzous methods or by fluoriration. ESince the plutonin
concentrate is already partially decontaminated, the final treatment is
distinctly simplified. Tndeed, during the esnaslyzed flow sheet, we obtain a
partial decontamination at each operation. Iu the disaggregation phase the
volatile fission preducts (Xe, Kr, Ru, Izand Te) are eliminated. Im the
chlorination phase, certain fission products (rare earths, Cs and Sr) are
soluble in the mclten bath, separating this way from the plutonium precipitate
The other filssion products can be precipitated with uranivm or remain in

solution in the molten salt and are progressively eliminated as the solvent i

separated as solid waste.
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TABLE 1

PROCESS ADVANTAGES DISADVANTAGES

Dry process very short cycle - 1incomplete decontamination
compact installation (can be integrated (refabrication after the protections)
with the reactor), radicactive ~ more difficult choice of materials
effluents under solid form, small volume~ neccessity of controlled atmosphere
and easy storage
no radiolysis problems
reduction of cooling time
very limited immobilization costs
limited criticality problems

Aqueous excellent decontaminaticn - radiolysis of seclvents

process no great material prcblems and long cooling time

the decontaminated fuel is already
prepared for reconversion
(coprecipitation, sol gel, ete,) -

important costs for i{immebilization
of fissilec material

long operation cycle

rather important iavestment and
exploitation cost
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ABSTRACT

LIQUID METAL DECANNING CF UIGHLY-IRRADIATED

UOz—PuOZ/STAINLESS STEEL CLAD TUELS

JaGe Wurm®, M. Payrissat™

A new decanning process for fast breesder fuels of the U02~Pu0?/stainless stee

type has been investigated.

The method is based on a selective dissolution of the stainless steecl claddin
material im a liquid metal solvent composed of Sb-Cu (23 wt.%) at temperatures
between 803 ~ 950 *C, The stainless steel dissclution rates, which vary between
40 and 60 wt.7% are strongly temperature dependent. The crucible material is
cormnosed of graphite, The fuel U02~Pu02 is separated from the liquid solvent all
by filtration. Microprobe examinations have shown that after solidification the

structuce of the solvent alloy including stainless steel is rather uniforms

The dissolution rates of different nuclear stainless steel types and nickel

alloys have been invsstigated and are compared,

This liquid metal dissolution process offers many potential advantages sver
the mechanical or chemical decladdding methods, particularly for highly-irradiated

fuels.

The presence of Na would not be of great concern since Na is glightly scoluble

in the Sb«Cu alloy.

The canning dissolution can be performed directly without disassembling the

fuel element, Therefore the costly fuel elemeut preparation steps will be short

Furthermore, the fission gases are evacuated and condensed in minimum volumes
Also the solvent alloy Sb~Cu loaded with a maximum of stainless steel i{s ecasily

stored as a solid waste,

The whole decanning process can be carried out with a very compact equipment

located on the reactor site,

x  CCR Euratom, present address, CsE¢No¢=S5.CeK., Mol, Belgium
Head of the Reprocessing Project

xx CCR Euratom Ispra, Italy
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INTRODUCTION

Reprocessing of highly-irradiated fuel introduces a series of new problems

which must be solved with newly developed techaiques (1), (2).

In view of high burn-up and short cooling tives eof the fast breeder fuels,

thig is of particular importance for the development of new head end processesg

In such a context, fuel decanning holds a key position. At the tiwe the
present work was initiated, it was already foreszecable that decanning of fast

breeder fuels by conventional methods mlight be a very difficult task,

Consgidering the problem of heat generation and the presence of sodium, eithe:
attached or present as a thermal bonding, we thercfore ruled out mechanical
decladding. After careful cxamination of the existing possibilities we decided tu
invastigate the problem from the metallurgical point of view, Therefore the purpt
of our programme was to secarch for a solveat metal or even batter, a liquid metal
solvent alloy for the dissolution of stainless steel and the higher nickel alloys,
Shortly after the work was started, Argonne National Laboratory mentioned in thei:
conceptual flow sheet of the "Salt Transport® the use of zinc for the stainlecs

steel decladdiag (3).

A Russian team : Novoselov and al (4) described a thermal method for
decladding stainless steel canned fuel elements, Dy this method the fusl element
i3 heated up to 1700 °C and the wolten stainless stecl is separated from the fuel
by filtration. WHowever its scaling up has still to overcome very severe material

problems at these high operating temperatures,

Our first approach went through a theoretical investigation cf the liquid
metal decanning problem. In order to be of some practical value, the hypothetical

liquid metal solvent for stainless steel had to satisfy following selection crite:

- The dissolution rate of the stainless steel in the liquid metal solvent had
to be superior to 30 wt,%.
- The dissolution temperature had to be inferior to 1000 °*C in order to minimiz

engineering problems such as e.g, furnace comstruction,
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The dissolution kinetic had to be fast enocugh.
- The liquid metal solvent had to be selective for the canning material

(a chemical attack of the fuel could not be tolerated),

~The melting polnt had to be low and the fluidity goed encugh for separatiag
purposes from the fuel,

Volatile metals had to be excluded,

- The solidified solvent alloy had to be appropriate for casy storage,

The price had to be inferior to 1 ¢ / kg.

Considering these scvere sclectica criteria, it was obvious that the nurber
of metals to be retained was restricteds Therefore we discarded all alcaline,
alcaline earth, rare earth and noble metals. Ue discarded also zinc and magnesi

for their high vapour tension and chemical reactivity.

Cd, Sn, Bi were eliminated because they form stable intermetallic compounds
with Fe and Cr. Also Pb and Fe are mutually {nsoluble. TFinally we retained fou

basic metals

Al 2 Cu -~ Mn = S)b

Then we compared the phase diagram of each basic metal with Fe-Cr-Ni, Ue
concluded that Al could dissolve appreciable quantities of Fe-Cr and Ni but the
dissolution temperature could be well over 1000 °C. Cu and Mn had medium

dissolving properties also over 1000 °C,

Undoubtedly Sb revealed itself as an ideal solvent for stainless steel and
we retained it as our first priority solvent metal. lHowever, since stainless st
has a2 simple austenitic structure, but must be considered as a multicomponent al
with many other additions such as Nb. and Mo, it was obvious that Sb alone could

not provide an cptimum solution. A binary or even ternary ligquid netal solvent

could more easily be optimized and promised to be more flexible for dissclution

of the different stainless steel varieties and nickel alloys to be consldered as
canning and structural materials, Therefore we considered following binary phas
diagrams as potential liquid metal solvent alloys : Sb-Al, Sb-Cu, Sb~Mn, Al-Cu,

Al-Mn.
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The conclusions are summarized in Table I,

In the present work we comsider onrly the binary alloys Al-Cu and Sb-Cu ;
all other binary alloys are less cfficient. The phase diagram Al-Cu is very
complex on the Cu-rich side and therefore we consider only the Al-rich side aroun

the eutectic with 67 wt.% of ALl (Fig. 1l).

The phase diagram Sb-Cu presents almost an ideal situation. On the Sberich
side the solidus line goes from S0 wt.% Sb to pure Sb at 526 °C with a wide open
liquidus line over it, The eutcctic at 7645 wt.% will be the "working area' for

thF liquid metal solveat (Fig. 2).
!
Two ternary alloys are of interest :

(a) the $b-Cu-Al with Sb as the major component ;

(b} the Al-Cu-5b with Al as the major component.
A series of preliminary dissolution experiments have shown that Sb-Cu binary

alloy had the best performance, we considered it as our absolute priority solvent

alloy.

EXPERIMENTAL

The experiments have been performed in a2 Heraeus vacuum furnace (Fig. 3)
with water-cooled walls, A vacuum of 1.0.'6 Ton can be obtained through a diffusio
pump (2 2000), a root pump (Rg 350) and a DK 45 primary pump connected in seriles.
The induction heating system (Fig, 4) (10 k Hz) is connected to a rotating STEL
generator of 50 kW. The crucible, containing the liquid metal solvent is made of
graphite surrounded by a refractory crucible in order to keep the temperature
homogeneous. The stainless steel sample to be dissolved, is fixed on a rotating
device in order to assure a good mixing of the liquid metal bath (speed of rotati

10-20 rpm). The temperature is measured in the graphite crucible wall by a
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thermocouple connected to a MECI recorder. measurcments are carried out under ar
atmosphere at normal pressure. Once the Sb-~Cu sclvent is molten, the temperature
is maintained at a fixed point : the stainless steel sample is lowered inte the
liquid metal solvent and rotated. After a fixed time (min) the stainless steel
sample is retracted from the molten bath and cooled to room temperature, The weis

difference gives the dissolution rate at a given time interval,

Three liquid metal glloys, Sb-Cu 10 wt,?%, 15 wt.% and 23,5 wt,% have been
investigated at three temperature levels, 850, 500, 1000 °C. The stainless steel

AIST 304 1, came from Ugine-Xuhlmann (correspomnding type NS 228).

The experimenital results given in Table IY are reprcsented graphically on
Fige 6 and 7. The dissolution rates are plott=d in wt.% of stainless steel in the
Sb-Cu alloy against dissolution tiwme, at different tenmperatures., Beside the 304 I
type it was interesting to know the behaviour of some other potential stainless
steel types and nickel alloys such as AISI 310, 42C, %431, 316, 309 SCR and 330.
The results of these experiments given in Table IIY are also shown graphically
in Fig. 8, 9, 10 with three basic liquid metal sclvent alloys : 10, 15 and 23,5 wt
Cu at 1000 °C. The curves from Fig., 6 and 7 recall a very normal dissolution
procedure, For a given temperature, the diseolution rate at the start is alwost
lincar up to a certain point (saturation point) then the curve becomes flat and
behaves like an asymptote. The angle of the linear part determines the dissoluti
speed, The reprcducibility of these curves can only be obtajned if tlie experinent
are carried out under similar conditions., In the vicinity of the stainless stecl
sample in the liquid metal bath, a concentration gradient is very rapidly establis
Since diffusion of the liquid metal solvent into stainless steel is ratlier slow, t
concentration gradient would have a negative effect on the dissolution rate.
Therefore rotating of the sample or stirring of the liquid metal bath becoxzes
indispensible. Rotating of the sample was chosen for simplification of the
experimental set-up. In all experiments rotating speed, geometry and inmersed sur

of the sample have bcen kept identical,
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From Fig., 6 and 7 it becomes evident that two main factors have a marked
efiect on the dissolution kinetics and the saturation point : firet the bath

temperature and sccond the liquid alloy cowmposition.

The temperature influence on the dissolution kinetics isg more accentuated
in the upper temperature region as it is shown by the follouing cuample.
For the St~Cu (10 wt.™) solvent alloy and the 304 L sample a temperature ti
of 50 °C between 850 and 9C0 °C increases the dissolution rate only by S5 %
but a temperature rise of 100 °C between $00 and 1CCO °C increases the
dissolution rate by almost 20 %. In practice, a reasonable temperature reg

for an acceptable dissolution rate of 60 wt.?% will be between 950 ard 10060
liovever, chort time temperature excursious up to 1050 °C or even 11CC °C

should even bz more favourable fer the dissolution if the furuace construct:

allows so,

- Composition of the solvent alloy

From Fig, 7 it becomes also evident that the solvent alloy composition has
also a marked effect on the saturation point. The 304 L sample has the best

dissolution performance at 1000 °C with a Sb-Cu (10 wt.?) solvent ailoy.

The influence of the solvent alloy composition on the dissolution rates is
cven better illustrated by Fig. 8, 9 and 10, which give a comparison of

various stainless steel types,

In FPige 8 for example, with a Sb-Cu (10 wt.%) at 1000 °C, the lower nickel

stainless steel typessuch as 309 SCB, 3C4 L, 316 L and 431 have a very good
dissolution performance( ™ €0 wt.7), The medium nickel stainless steel types
such as 420 and 310 reach their saturation point between 40 and 50 wt,%, and

the type 330 high nickel alloy reaches ite saturatfion point even at 20 wt.%.
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In Figs 9 with a Sb~Cu (15 %) solvernt alloy at 1000 °C the dissoluticn yate:
of the low nickel stainless types 30% 3CB, 315 L, 310 S and 304 L decreasc
slichtly. On the contrary the dissolution rates of the high nickel alloys

420 and 320 arc ioproved.

In Fig. 10 with a Sb=Cu (22.5 %) solvent alloy at 1000 °C the shift of the
dissolution rates is even wore accentuated so that the 330 type reachey its
saturation point oaly at 40 wt.%.

~

From these results 1t can be councluded that Cu, in the presence of §b, is a
more epecific solvent for nickel., This is pot surprising since from the
Ni-Cu phase diagram we kunow that there exists a continuous solid sclutica

between both metals, howecver well over 1000 °C.

In regard to the dissolution procedure, the fuel structural materials could

be divided into three diffcrent classes,

- TFor normal stainless steel types with 8-15 wt.% Ni such as :
AISI 309 SCE, 304 L, 316 L and 431 the Sb-Cu 10 % solvent alloy performs
best,

- TFor stainless steels with 15-25 wt,% Ni such as the 31C typs the Sb-Cu
(15 %) solvent alloy would be more adequate,

- TFor higher Wi alloys (40 wt,% Ni) such as type 330 the Sb-Cu (23,5 %)

solvent alloy is recommended.,

This difference in dissolution rates could have practical consequences. If
tle fuel element is composed of two different structural materials for examp
304 L, for the cladding and 330 Ni alloy for the hexagonal wrapper, a nprefer
tial and fast dissolutica of the cladding could be obtained with the Sb~Cu

(10 %) solvent alloy leaving the hexagonal wrapper practically undissolved.

Therefore the two parameters : temperature and solvent alloy composition off
a great deal of flexibility and make the dissolution process more versatile

almost independent of the nature of tihe structural material,
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DISSOLUTION MECHANISM

Fig. 11 shows two samples of a cylindrical bar ¢ 10 mm stainless steel 304

before and after dissoluticn., The bar was rotated (15 vrpm) and coatinuously

lovered inteo the solvent bathe

Fige 12 shows a metallographic view of a stainless steel 304 sample in the

early dissolution stage. here exists a progressing front of the liquid metal

solvent into the austenitic stainless steel phase., Sb-Cu penctrates along ths

grain bounderies and the picture looks much like an intergranular corrosion, Thi

vay,

away

individual grains are detached from the main austenitic boedy and are carried

in the agitated liquid metal stream and finally are dissolved completely,

Therefore the mechanism proceeds in three steps as illustrated in Fig. 13.

At the start, there exists an intergranular diffusion of the solvent alloy
which is strongly temperature dependent. This phenomernon is not significant
before the temperature reaches 850 to S00 °C.

The individual grains are partially dissclved around thzir beundarices, but
the dissolution stops as soon as the saturation point is reached, At this
momant the grains are detached from austecnitic body through the eroding
effect of the solvent alloy stream,

Once the grains are completely free and removed from the interface, thecy

will be quicikly dissolved in the non-saturated solvent alloy.

This di{ffusion erosion dissolution mechanism cmphasizes the necessity of

agitating the colvent alloy,

METALLOGRAPUY

In order to reach a good phase separation between the irradiated fuel pellet

and the stainless steel saturated solvent alloy, this latter must be homogerecus.

Any precipitation of intermetallic compounds should therefore be avoided,
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Ve examined therefore the Sbh-Cu ingots with variable stainless steel additi
Samples were taken at the top, in the middle and at the bottom of the ingota, 7

was no apparent differcnce between the samples,

Fig. 14 represeats a micrograph from & Sb-Cu (23.5 %) sample in which
25 wto,% of 304 stainless steel was dissolved at 900 °C. The structure is cannle

s

homogeneous and frece of any iuntermetallic precipitation.

Flg. 15 represents a micrograph ef Sb~Cu (23.5 %) sample in which 37 wi.% o
8 P =) t

304 stainless steel was dissolved at 900 °C.

This sample was submitted to a microprobe analysis for identificatioa of th

different solid phases. The results are given in Table IV.
FTour different structures have been identified.

- A dendritic structure of black colour corresponding to a first solidiricaci
which is composed mainly of Fe and Cr. This intermetallijc compound of Fe-Ci
is however present in a very small amount and its distribution in the sawmple
is rather uniform, It should not be of great councern for the fuel separatic

- A whice globular structure of second solidification with §b as a major
component (60,3 %) and Fe, Cr, Ni in normal proportions but peor im Cu,

- A white intergranular structure surrounding B with only 45.9 % Sb and 15.75

- A dark intergranular structure also surrounding B, rvich in Cu (38.286 %) and

RKi (46 %) bu with almest no iron,

This microprobe analysis confirms that Fe apd Cr dissolve preferentially in
a Sb-rich phase and that Iii has a prefereace for the Cu-rich phase, C(ther
metallographic examinations have shown thet a 3b-Cu 10 7 sample loaded with even

64 wt.” of 304 stalnless steel did not show any major inhomogeneity.

Only the first solidification structure of Fe-Cr was more abundant, but stil

homogeneously distributed.
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Fig. 15 represents a microsrsph of the interfacc solvent alloy - Pu02

The purpose of this text was to show that no chemical interaction would cccur
between the fuel and the solvent alloys Therefore, a Ful, sauwple was ilmrersed int
~ £
the solvent alloy for 5 h at 500 °C. NWo cliemical reaction could be detecred, as

is also evident froa the micrograpi.

PRACTICAL CORSIDIERATICHS AT CONCLUSIONS

In the more genexal deceriptioan of the liquid wetal decanuning processg, =a§
given above, the cmphasis was laid cn the investigation of the fundamental aspects
of the problem. A technological description of the details associated with scalirn

up preblems will be tha purpese of aanocher paper.

However, a conceptual flow sheet of the liguid metal decladding is suwmarized
in Fige 16, The unit steps are carrvied out in the following order, After a
cooling peried of at least 30 days, the fuel element is introduced directly into
the decladding furunace which contains already the molten solvent alloya n some
casee a nolten salt flux on top of the solvent alloy might be useful, Once the
stainless steel structural material has veen dissolved, the fuel pellets are

separated from the melten solvent alloy by filtration on porous graphite

Finally the declad fuel is transferred to the processing plant either aquaous

Or non &quecusS,
Incide the framework of this flow sheet, many oricntations are still possible
- decladding on the reactor site ;

- decladding at the reprocessiang plaut ;

- decladding coupled with an extended pyrochemical head end,
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Whatever the orientations will be, there are some inherent problems which mus

be considered in every case :

- the heat flux generated from the fuel clement (possibly 50 KW/fuel clement) ;

-7
- the presence of fisslon gases uvnder prescure {evaluated to 80~100 kg ca ) ;

cence of Na either attached or locked inside a dawmaged pin

icality problem due to the high plutonium content once the geometry

As far as the dissclution procedure is concerned two ways are possible :

- the progressive immersion uader rotation of the fusl element inte the molten
solvent alloy with coumplete dissolution of all structural material and
scparation of the liberated fuel Ly filtration

- dissolution of the cladding material only, leaving the hexagonal wrapper
practically undissolved, in this case the solvent alloy woulcd bte pushed by

$as pressure inside the “wrapper'.

The latter case would have our preference cince the fuel will be cooled by
the liquid solvent alloy cduring dissolution ; furthermore since only the cladding
is dissolved our furnace charge could te used for two dissolutions before

saturation is reached and consequently the solid waste will be reduced.

- Na problem
With liquid metal decladéing, Na removal either inside or outsicde the fuel
clement is not necessary. rreliminary lavoratory experiments have shown thag
Iva will be dissolved in the molten solvent alloy (1-2 wt,%). Thercfora the
fuel elewsnt can be transferred directly from the storace tank inte tha
decladding furnace and a costly Na removal equipnent is not necessary,
On the otlier hand the already mentioned salt flux could also provide an
answer for Ya rewmoval. A halide slagging with a properly chosen molzen sait
such as eoge PbCL, (+NaCl) would remove all metallic sodium according to the
following equation

PbCl + Na — HaCl + Pb

2
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= lleat removal problem
Heat removal during dissolution will be assured partially by thie molten zolve

by the 1wltea salt fluw, Thervefore it Iz
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temperature regul 15 systew.  leside the heating device which could be base
on low freguency indactioa heatinp, an appropriate cooling device would b

desirable,

-  TFuel separation

]

After couning dissoluticn, the fusl wmust be preperly scporated from the molt

solvent allovy., lLosses of the highly valuabie 0 -PLO {iel are note tolerall

The technique considered is a2 sinple filtration of the sclvent alloy oa porcu
graphite filters. This was successiully tested in the Ispra Laboratory

equipment with small dumay stainless stesl cled T2, fuel zments

w o

¢
Turther ewpevrimenting is still unecessary to optimize the filtration process.
r

The wvetting proparties of the solvent in regard to its stainless steel conten
mict also be exanined zore thorcoughly,

A more practical approzch to the fuel separation problem could be ths followi
before the actual filtration is started tae "bulk" of the UGZ-PuOﬁ is

“
retracted from the molten solvent alloy by meaus of a perforated basket leavi
only the fines for filtratiomn. This way the heat problem would be eliminated
from the f£iltration equipment and the "bulk™ fuel could be transferred in its

basket directly to the acid dissolver.
Preliminary experiments have already shown that Tu or Ta could be a satisiact

material for the perforated basket. A vesearch programme is still going on to fi

an economic structural material which does not dissolve in the solvent alloy.

SBMARY

From the results obtained in the liboratory stage we conclude that the liquid
metal decanning process with the Sb-Cu solvent alloy is well feasible for decladd

of ceramic type fast breeder short-coocled fuels, 1In regard to the various cannin
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materials the process offers a great deal of flexibility goilng from the classical

stainless stcels to the higher nickel alloys.

The decladding equipment e,g. the dissoluttion furnace will be very compact
and 1f necessgary it could even Le sct up oa the reacter site. Sodium rewoval
and dismantling of the fucl element pricr to decladding is not necessary, and

this is a major plus point compared to other wethods.

O

The high dissolution rates, & fast Winetic and the yield of a ceoncentrated

&}

rantee cptimum operating conditions.

0

solid waste, gu

(<2}

Finally the Sb~fu decanning process is a universal head ead adaptable as well

to aqueocus as to non AqUCOUS DProcessinga
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Detection of binary solvent alloys
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TA

BLE II

Results

+ Dissolution rates of 304 1. stainless steel

Solvent Sb-Cu (10 % Cu)

Solvent Sb-Cu (15 % Cu)

Solvent §b-Cu (23,5 % Cu)

850 °C 900 °C 1000 *C 850 °C 900 °C 1c00 “C 850 °C 900 °C 1000 °C
Time | Rate | Time | Rate | Time Rate | Time Rate | Time Rate | Time | Bate | Time | Rate | Time tate | Time Rote
min | wt,% min | wt,% min | wt.% min | wt.% min | wt.% min | wt, % min | w4 cin | wt.Z min e
4 20 2 26,2 2 31.1 & 8 2 17.2 4 32.5 8 15.8 8 29.3 33
8 29,8 6 37 4 42,1 8 21.8 5 31 40,2 18 20 18 32.7 9 36
14 32.4 10 42 7 8.6 12 22,2 10 33.4 12 44,3 36 30.7 31 34.5 19 37.8
18 38 18 42 11 54.3 20 28,2 20 36.8 20 49 64 31.7 46 36.5 24 40.75
24 38 15 56.6 30 30.2 30 36.8 35 54.8
22 | 60.6 | 60 | 33.6 53 | 57.2
32 61.4




TABLE 1II

Results

stainless steel types

: Dissolution rates at 1000 °C of different

Stainless Sb-Cu 10 % Sb-Cu 15 % Sb~Cu 23,5 %
steel
ALST Time wt.% Tine wh, s Time wte '
min dissol. min disscl. min dissola
1 21 1 21
3 38.5 3 36.5
309 SCB 6 52 8 45.5
10 58.
! 20 66.25
| 3.5 29,75 3 24,5
8.5 41,25 8 30.5
31¢ S 13,5 47.25 18 40.7
33,5 57.5 30 43,5
45 46,25
1 20 1 17,75
3 35,25 3 32,75
304 L 6 43,75 6 41
10 52,5 16 47
20 57.75 20 51,5
5 3.75 4 13 5 7,5
330 15 14,25 14 22,5 15 28.75
30 12.25 25 46.75
3 4,25 3 4,25
8 16,25 8 9,5
310 18 24,5 18 25
30 26,5 30 31,5
45 32,75 45 32,25
60 38,25 65 46,25
75 41 85 53,75
3 7.25 5 8,7
8 14,75 15 16,25
420 19 25.25 38 34,75
31 32.25 68 4C.,2
46 47,26
66 55
_______________________________________ [ AU NS B
3 21,5
8 33,75
431 18 50. 5
28 57.5
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TADLE IV

Reaults of the microprobe znalysis

(ilcrograph of Fig. 15)

Te % Cr % Ri % Cu % St %

Structure A

Tirst solidificetion 70 14 0.61 C.54 2.63
Structure B

Second solidification 14 3.5 2.19 4.28 G0, 5
.................................................... Rt s SO
Structure C

Intergranular surrounding B 14.9 2.15 1.23 15.75 46,9
(clear)

Structure D

Intergranular surrounding B C.5 1.14 4.61 38.26 40.6
(dark)

P.S. THE MICROPROBE ANALYSES ARE A CONTRIBUTION FROM Dr D. QUATAERT
AND J. LEMAITRE OF THE METALLURGY DIV1SION EURATOM ISPRA
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FIG. 3

PHOTOGRAPH OF THE HERAEUS VACUUM FURNACE
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EXPERIMENTAL SETUP

1.
2.

3.

S.
6.
7.
8.
9.
10.
it.

Joint

Reotating bar

Valve ; Argon inlet

Sample (stainless steel)
Inductor (10 k Hz)
Graphite crucible
Refractory crucible
Liquid metal solvent alloy
Connection to vacuum pump
Thermocouple

Vertical adjustment
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FIG. 5 STAINLESS STEEL BARS BEFORE AND AFTER DISSOLUTION
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- STAINLESS STEEL

MICROGRAPH OF THE INTERPHASE SOLVENT ALLOY

Magnif. 210 X
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FIG. 13 MICROGRAPH OF A SAMPLE Sb-Cu (23,5 %) WITH 25 wt %
STAINLESS STEEL

197



MICROGRAPH OF A SAMPLE Sb-Cu 23,5 % WITH 37 wt %

14

FIG.

STAINLESS STEEL

B, C, D HAVE BEEN SUBMITTED TO A

2

SPOTS AT A

MICROPROBE ANALYSIS
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FIG. 15 MICROGRAPH OF THE INTERFACE SOLVENT ALLOY - PuO2
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Fig. 16
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DEVELOPMENT OF REPROCESSING PROCEDURES FOR
THORIUM-CONTAINING FUEL ELEMENTS

E. Fischer, G. Kaiser, M. Laser, E, Merz, H.J. Riedel and H. Witte

KERNFORSCHUNGSANLAGE JULICH GMBH
Institut fir Chemische Technologie
517 Jidlich/Germany

Abstract

Three different reactor conceptions are presently considered for
application in the thorium-uranium cycle, the high temperature
gas-cooled thorium reactor, the heavy water moderated thorium
reactor and the molten-salt thorium breeder, For each of them
suitable reprocessing procedures have to be developed, at which
in the individual process steps frequently similar or even iden-
tical problems exist, They are different however in the head-end-

step.

Work performed at the Kernforschungsanlage Jiilich Gmbl (KFA) is
directed towards the development of suitable reprocessing procedures
for the graphite fuel elements of HTG-reactors as well as for the
metal-canned fuel elements considered for the planned heavy-water

moderated thorium reactor.

The fuel elements of HTG-reactors require a special head-end-step,
because of the fact that a considerable amount of the moderator
graphite is introduced into the actual reprocessing, and in addi-
tion by the use of coated fuel particles with their chemically

extremely resistant coatings of pyrocarbon or silicon carbide.

Two different approaches are investigated and developed at the
KFA-Juilich, the burning of the graphite and pyrocarbon, respec-
tively, in a fluidized bed without the addition of alumina, and
the chlorination of the fine ground fuel elements with chlorine

in a fluidized bed reactor at temperatures between 800 and 1000°C.

Work performed under a joint project sponsared by the German
Federal Ministry of Science
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The volatilized chlorides of thorium, uranium and most fission
products are condensated and further separated and purified by
solvent extraction. Also the sparingly soluble thorium-uranium
oxides, obtained in the case of removing the graphite by combustion
are dissolved in a potassium pyrosulphate melt and their aqueous
solutions further treated by solvent extraction. Prior to the
solvent extraction step, the protactinium present in the feed
solution is removed by a selective adsorption technique. Then,
the solution is concentrated by evaporation, during which the
thorium 1s completely precipitated as the potassium sulphato-
thorate; it can be separated from the uranium solution and

directly stored as medium level waste.

Introduction

The chemical reprocessing of irradiated reactor fuel is part of the
nuclear fuel cycle and therefore closely connected to the res-
pective reactor design. In the course of the German Atomic Program,
the Kernforschungsanlage Jilich GmbH (KFA) is engaged in close
cooperation with several industrial companies with the development

of advanced power reactors on the basis of the thorium-uranium

fuel cycle., The inclusion of this reactor design into the long-
termed energy program is based upon the idea that in order to secure
the nuclear fuel supply, the breed-material resources of thorium must
be employed as well, Three different reactor conceptions are pre-

sently considered for application in the thorium-uranium cycle:

1. the gas-cooled graphite-moderated high temperature thorium
reactor (HTGR), as the most important and technically most

advanced representative at the present tine,
2. the heavy water moderated thorium-reactor, and

3. the thorium molten-salt breeder-reactor, whose development

however is still at the beginning.
For each of these three types suitable reprocessing procedures

have to be developed, at which in the individual process steps

frequently similar or even identical problems exist.
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For the HTGR and the heavy water moderated thorium-reactor a
distinction exists only in the first processing step, the head-
end. A complete new development is needed here for the fuel
elements of HTG-reactors, due to the fact that a considerable
amount of the moderator graphite is introduced into the actual
reprocessing, and in addition by the use of coated particles
with their chemically extremely resistant coatings. For the
metal-canned fuel elements of the heavy water moderated reac-
tor the well-approved shear-leach process will be applied. No
head-end is needed at all for the molten-salt reactor, because
their feed and breed-material is present already in a dissolved
state in the salt-melt. In this particular case however, re-
processing by an aqueous route is prohibited, here only non-
aqueous and hitherto hardly tested high temperature processes,

especially fluorination, may be applied.

In the Federal Republic of Germany the first HTGR-generation is
expected to be operable in the middle of the seventies (1). If
one intends to guarantee a complete fuel cycle to the future
reactor users, appropriate procedures for the reprocessing of
spent fuel elements must be evolved in time. Therefore, already
in 1966 the project "Wiederaufarbeitung bestrahlter Kernbrenn-
stoffe aus Thoriumreaktoren" was ilnaugurated by the German Fede-
ral Ministry of Science. The results and experience gained to
date indecate that in the first reprocessing period only a wet
chemical process such as solvent-extraction can satisfactorily
separate the feed and/or breed-material from the fission products.
This conclusion is not surprising since in 25 years' of experience
in reprocessing, only extraction processes have been practical on

an industrial scale.

Short Survey of Thorium-Reprocessing Project Program

The outline of the present research and development program of the

project is characterized by the following three main points:

1. development of suitable head-end processes for graphite-based

fuel elements from gas-cooled high-temperature reactors;

2. elaboration and testing of aqueous separation and purification

procedures on the basis of solvent extraction, and

3. reprocessing by a nonaqueous route, e.g. by fluoride volati-

lization.



A survey of the complete project program

Table 1:

ning Fuel-Elements

is given in table 1.

Survey of Project Program for Reprocessing Thorium-Contain-

Type of Process

Treated by

Process-Steps

Technical most
advanced proces-
ses (THOREX and
INTERIM-23)

NUKEM GmbH

Farbenfabriken
Bayer AG

Farbwerke
Hoechst AG

KFA-Jilich GmbH

[Farbwerke
!Hoechst AG

KFA-JUlich GmbH

Burning of HTGR fuel elements in
a shaft-furnace

Off-gas treatment and purification

Dissolving of burning residues in
THOREX-reagent

Isolation of 233Pa by an adsorption
technique

Aqueous solvent extraction with
tri-n-butylphosphate

‘Grind-burn-leach process for SiC-

coated fuel varticles

KFA-TBP 23/25-
Process

KFA-Jililich GmbH

!

1
i
'
'

Farbenfabriken f
Bayer AG '

Burning of crushed HTGR-fuel-ele-
ments in a fluidized solids fur-

. nace

Disscolution of resulting mixed-
oxide particles in a K28207—me1t

Isolation of ¢23Pa by an adsorp-

1tion technigue

Concentrating with thorium-prese-
paration and feed-adjustment

Agqueous uranium-extraction-cycle
with tri-n-butylphosphate (and
possibly long chain amines

(Off-gas-treatment)

Combined dry
chlorination
and aqueous sol-
vent-extraction
process
(CHLOREX)

Extended head-

KFA-~Juilich GmbH ;

'
'
!

Gelsenkirchener
Bergwerks~AG

Fried. Krupp

Mechanical crushing and grinding

.of HTGR fuel elements

Chlorination in a fluidized-bed
reactor with chloride condensation

Dissolution in water and adsorptive
protactinium isolation

Agueous separation and purification
by solvent extraction with TBP or
long chain tertlary amines

High-temperature treatment of HTGR

Kali-Chemie AG

end alternative GmbH fuel elements in an induction fur-
nace at 2500 to 3000 ©C
Chlorination of the resulting pro-
ducts and chloride condensation
Reprocessing by Farbenfabriken Fused-salt fluoride volatility
fluorination Bayer AG process

Solid-state fluoride volatility

process
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bed reactor. The continuous loading and unloading of feed and
breed elements has the highest economical efficiency only if the
fuels can be reprocessed immediately after being discharged from
the Feactor.

Qutline of the Process

Based on the above considerations the flowsheet shown in figure 1

was developed,

HEAD -END URANIUM RECOVERY AND PURIFICATION

HTGR FUEL-ELEMENTS

5 VOL *. TBR
BURNING N A FLUIDIZED - 7 URANIUM FISSION WASTE TREATMENT
SOLIDS FURNACE EXTRACTION - CYCLE PRODUCTS AND STORAGE
(Th.U)0;
FISSION PRODUCTS
-5ALT- T
s sou sson | BSOSO
PRODUCT - SULPHATES EXTRACTION - CYCLE
IN WATER
€0, DIL SWLFURIC ACIO
2 f “ PROCESS - SOLUTION
oROT ADSORPTIVE PROTACTINIUM ~ RANIUM TAIL-END
ROTACTINIM-OXALATE *——  ccoouroy URANI
HNO

l ANOq )3

POTASSIUM-SULPHATO- THORATE CONCENTRATING AND
{~-ZIRCONATE AND -CERATE ) FEED ADJUSTMENT

URANYL-NITRATE

FEED SOLUTION

Figure 1: KFA-TBP 23/25-Process; Schematic Process-Flowsheet

s
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This paper deals with the description of two flowsheets developed
by KFA, that means the KFA-TBP 23/25~Process and the CHLOREX-Pro-

CcCess,

KFA-TBP 23/25-Process

Process-Philosophy

In planning the KFA-TBP 23/25-process we have been guided by the

following considerations:

1. Fuel elements for high-temperature gas-cooled reactors consist
of pyrolytic carbon coated uranium and/or thorium carbide or
oxide particles dispersed in a graphite matrix. On a technical
scale the removal of all of the carbon, that means the structural

graphite as well as the coating, appears feasible only by burning.

2. Mixed oxides should be preferable as the fuel particles because
of cheaper production and better behaviour under reactor condi-
tions than the carbides. Their strong chemical resistance against
the only known dissolving agent, F -catalysed nitric acid, may re-
quire the application of a technologically advanced solubilizing

procedure.

3. The main part of the process, the solvent-extraction, shall be a
TBP-procedure., Only when using the "classic" extraction medium
whose technology has already been thoroughly investigated, will
the setting up of a total process line be possible in the near

future,

4, For the present, an isolation of decontaminated thorium can be re-
nounced. The small share of the cost of the thorium on the com-
plete fuel cycle makes it advisable to store the used thorium un-
til most of the 228Th has decayed.

5. The process should be capable of treating fuel elements after
short cooling periods. Therefore, a process step for the recovery
and purification of the relatively long-lived 233U-precursor,

233Pa, has to be provided. This point is particularily important

with regard to the reprocessing of fuel elements from the pebble-

206



In the first step the crushed fuel elements are burned in a flui-

dized-solids furnace at temperatures between 700 and 850°C.

The remaining thorium-uranium mixed oxide particles are then
dissolved in a potassium pyrosulphate melt. After the reaction has
been finished, the liquid melt will pneumatically be pushed out of
the crucible and poured into the requisite amount of water necessary

for dissolution.

Insoluble fission product sulphates, principally barium- and stron-
tium sulphate, are separated by a cyclone separator or by filters
and the clear solution is then passed over a vycorglass-column to

remove the protactinium still present in equilibrium.

The resulting protactinium-free fuel solution of a now reduced spe-
cific activity level will be concentrated and adjusted to TBP-ex-
traction conditions by adding nitric acid and aluminum nitrate. The
uranium concentration of the feed solution amounts to 20 g/l; it 1is
nearly free of thorium, because sparingly soluble potassium sulpha-
tothorate is precipitated in the concentration step. Also its con-
tent of zirconium and cerium should have decreased considerably com-
pared to the initial product solution, because like thorium both
elements form sparingly soluble double salts with potassium sul-
phate,

The extractive separation and decontamination of the uranium with a
solution of 5 vol % tri-n-butylphosphate in Kerosene is achileved

in the first extraction cycle following a flowsheet specially de-

signed for the present feed conditions.

For the second uranium extraction cycle the application of the pub-
lished flowsheet designed for the TBP 25-process is projected; the

same 1s intended for the uranium tail-end purification (2).

Experimental Results

HEAD-END
Combustion

The burning is the first choice of a suitable head-end process
for graphite-based fuel elements. Besides the direct burning of

the whole fuel spheres in a shaft furnace, the burning of the
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coarse ground fuel elements in a fluidized bed furnace seems to
be advantageous (3, 4). We are concentrating our efforts at the
KFA on this method and trying to avoid the somewhat cumbersome
addition of alumina into the bed as a fluidizing agent. Hence,
the oOtherwise arising difficulties caused by the partial separa-
tion and recycling of the alumina are avoided, as well as the

ones in the dissolution of the combustion ash in THORLX-reagent.

In the burner off-gas, the rare gases are separated by a process
requiring an off-gas composition which is highly constant and

as low in 0, and CO content as possible., Further, it is desirable
to keep the combustion temperature low in order to avoid sintering
of the combustion ash and extensive volatilization of fission

products.

Laboratory experiments were performed in a small fluidized bed fur-
nace with a diameter of 37 mm, 225 mm high; the upper enlarged

part having a diameter of 76 mm and a height of 210 mm. For the
retention of dusts, a porous metal-filter with a poresize of 20 um
was used. Applying a pneumatic joggle device, an improvement of the

flowing properties of the fluidized bed could be obtained.

A laboratory hammer mill employed for the coarse grinding of the
graphite fuel spheres gave the following grain-size distribution

shown in table 2,

Table 2: Sieve analysis of graphite fuel spheres ground in a hammer
mill (pressed synthetic fuel spheres, NUKEM GmbH)

Sieve size [mm] | 1,6 1,0 0,63 0,32 0,16 0,10 0,05

Residue {«y { 9,2 28,8 41,5 59,8 72,3 79,9 87,9

As our experiments revealed, this material exhibits satisfactory
flowing conditions for a proper burning at a gas flow-rate be-
tween 60 and 180 litres STP per hour at 750°C.

To avoid local thermal hot spots close above the bottom flow plate
in burning of graphite without the addition of Al,04, which might
cause sintering of the metal oxides and also increase the CO-content
in the off-gas, the burning gas must be diluted with CO,. This is
achieved by refluxing part of the off-gas. The off-gas compositions

measured for different 02/C02-ratios at combustion temperatures
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between 750 and 850°C are shown in figure 2.

2}

»
k3
4 - ;f/

Vol.*, CO

XXX x K

C0,+ 0,

Figure 2: Off-gas composition as function of burning-gas composition

Salt-Melt-Dissolutiop

The knowledge of the most effective reaction temperature was of
decisive importance for a rational carrying out of the pyro-
sulphate salt-melt dissolution., The temperature determines not

only the kinetics of the reactions

UO2 + 2K23207._._....UOQSOu + QKQSO,4 + 802 1)
ThO2 + 2K25207-—-Th(80u)2 + 2K2804 2)
FP(oxide) + nK28207u—4~FP(sulphate)n + nK,580, 3)

but also the degree of thermal decomposition of the potassium

pyrosulphate

K,S

2 2O7 —— KQSOu + SO3 4)

and thereby the minimum quantity of melt necessary per weight
unit mixed thorium-uranium oxide. Thorough investigations showed
that the most favourable temperature range lies between 700 and
750°C. Under these conditions the pyrolysis of K28207 is kept
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within tolerable limits and the reactions 1) to 3) proceed fast
enough to guarantee a complete dissolution of 100 grams of fuel
particles in the 4,5-fold quantity of melting material within

4 hours.

Protactinium-Recovery

The method of the sorptive protactinium pre-isolation originates
from investigations of American scientists some years ago. They
succeeded in removing 97 % of the protactinium present in nitrate
solutions by sorption on powdered unfired vycor (5). Our own ex-
periments have shown that this procedure can also be applied in
the sulphate system since the process solution retained only

3 - 4 % of unadsorbable protactinium (6). It should be pointed
out that these data were obtained with tracer amounts of protac-
tinium, however, we are quite optimistic regarding a separation
of macro-quantities, since GOODE and MOORE have already confirmed

their tracer results with mmol quantities of protactinium (7).

Thorium-Isclation and Feed-Adjustment

With respect to the technical aspects of the process, the pyro-
sulphate salt-melt dissolution exhibits a certain disadvantage

in that very dilute solutions are obtained. The reason for this

is the poor solubility of thorium sulphate, which under the con-
ditions in question permits only thorium concentrations of about

5 g/l1l. Naturally, the content of fissile material is comparably
low too, and amounts to approx. 1 g/l with fuel particles having

a thorium : uranium ratio of § : 1. Since the reprocessing of such
dilute solutions may hardly be done in an economical way, we de-
cided to introduce a concentrating step in order to end up with
solutions of 20 g/l after the feed adjustment. The uranium losses
observed in connection with the quantitative thorium precipitation
are rather small; the sulphatothorate isolated in experiments
carried out so far contained always less than 0,1 % of the total

uranium,

FIRST URANIUM EXTRACTION CYCLE

The chemical flowsheet developed for the first extraction cycle

is shown in figure 3.
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HNO3 5 MOL/L URANIUM = 0 01%
voL 27 ACID 2,97 MOL/L

AUNO3)3 078 MOLIL
SULPHATE & 04 MOL/L

vOoL 127

I AU

T8P 5 VOL*
URANIUM 1 G/L

HNO3 8,7-10"2 MOL/L
voL 180

-

STRIPPING-UNIT

| |

1 CX 1 CU
HNO3 107ZMOLIL URANIUM 275 G/L
voL 72 HNO3 2.3 107 MoL/L
' vot 72
I Cw
8P 5 VOL*%
URANIUM = 0,01%
- 1072
HNO3 1072 MOLIL EVAPORATOR
vOoL 180

SECOND SOLVENT-
ZXTRACTION CYCLE

SOLVENT RECOVERY

RECYCLE SOLVENT TO
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Figure 3: KFA-TBP 23/25-Process; Chemical Flowsheet for [First

Uranium Solvent-Extraction Cycle

211



The following operation conditions were chosen: feed solution with
an uranium content of 20 g/l1, 1 mol aluminum-nitrate, 2,5 mol/l

of free acid and a sulphate concentration of £ 0,5 mol/l. The exact
sulphate concentration depends on the uranium to thorium ratio of

the dissclved (Th,U)02~particles, it never exceeds however 0,5 mol/

The aluminum nitrate concentration employed is a compromise between
economical aspects (minimum of solid waste, low costs of chemicals)
and practical requirements (low stage values and an uranium concen-

tration in the organic phase as high as possible in the feed input
stage).

The acid concentration of 2,5 mol/l, which together with the acid
from the scrub section results in a total acid concentration of

3 mol/1l in the extraction section was chosen to ensure a good ruthe
nium decontamination (8). This fission product requires special
attention in the first extraction cycle. A partial predecontaminati
of some other unpleasant fission products like zirconium, niobium

and cerium has already taken place during the concentrating step.

The number of theoretical stages necessary for a better than 99,99
recovery of uranium may be deduced from figure 4,

w0*

SCRUB-SECTION EQUILIBRIUM LINE
SCRUB -SECTION  OPERATING LINE e.ms\

o EXTRACHION-SECTION | o 3¢Caameam
10 EoUILIBATM CikE

EXTRACTION SEC TION OPERATING LINE g-=o7

ORGANIC PHASE URANIUM CONCENTRATION (gi)

6’ N 0’ 0° o b o o
AQUEOUS PHASE URANIUM CONCENTRATION (gl) ~————=

Figure 4: KFA~TBP 23/25-Process; Theoretical McCabe-Thiele
Diagram for Extraction-Scrub-Unit
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concentration of 0,5 mol/l amounts to 6. In practice about 8 stages
are needed because of a 75 % efficiency of the individual stages.
When the sulphate concentration is lower than 0,5 mol/l, the number

of stages decreases, because the uranium distribution coefficients

are increasing.

For scrubbing of extracted fission product activities, 5 molar
nitric acid is used. Again the high acid concentration serves for

a good ruthenium decontamination but it causes also a diminution
of the zirconium-niobium and cerium content of the organic phase.
As can be seen from figures 4 and 5 the operating line of the
scrubbing section intersects the inherent uranium equilibrium line,
i. e. a pinchpoint operation is employed in this part of the ex-

traction-scrub unit.

1o
5 ]
=z
o
—
=
E SCRUB-SECTION EQUIUBRIUM LINE
Q SCRUB - SECTION OPERATING LINE
: al
Q
Dl. handendendian e dededdndasheadesleele e E E e
=
5 1 EXTRACTION-SECTION
z EQUILBRIUM LINE
[z —————————————
]
A
2 EXTRACTION - SECTION
T OPERATING LINE
Q
=z
T
2 3E
o e
10 K)o nl DZ

AQUEOUS PHASE URANIUM CONCENTRATION (g/t) ——

Figure 5: KFA-TBP 23/25-Process; Theoretical McCabe-Thiele

Diagram for Extraction-Scrub-Unit
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Stripping of uranium is achieved using 0,01 molar nitric acid.
Applying the flow conditions shown in figure 3, three theoretical
stages, respectively four practical stages, are necessary to strip

more than 99,99 % of the uranium out of the organic phase.

Chlorex~Process

Process-Philosophy

This flowsheet represents an alternative to the KFA-TBP 23/265-

Process,

1. Next to the burning, the dry chlorination of the graphite-based
fuel elements of HTG-reactors may be another advantageous method

for processing this type of fuel elements.

2. Because all the carbon remains in the elementary state by this
method, the off-gas treatment and especially the rare gas retain-
ment, if necessary, is considerable simplified. It may be done

using the well-known technique of coldtrapping.

3. The real separation of the breed and feed material as well as the
purification of the valuable fissile uranium is achieved applying
a solvent extraction procedure using either tri-n-butylphosphate
in a nitrate system, or long-chain tertiary amines directly in th
chloride solutions. The rate of dissolving the chlorides in
aqueous media is spontaneously, compared to the long dissolution

times of the oxides in nitric acid.

4, No serious problems are encountered in case of processing silicon
carbide containing fuel particles, since easily volatile SiCll+ is

formed and thus can be separated from the heavy metals.

5. The graphite residues of the chlorination may be stored either
directly as medium level waste or be burned by a simple procedure

and then stored,

6. If a fractional thorium-uranium condensation is aspired, which
is theoretically possible, but still causes many technical diffi-
culties, the uranium content of the condensated thorium chloride

should be lower than 80 ppm corresponding to 0,2 % uranium loss.

One of the major problems of the whole chlorination step is the corr
sion at elevated temperatures with chlorine in the presence of car-

bon and carbon monoxide chlorides.
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The principles of the propose flowsheed are shown in figure 6

Storage

Crushing and Grinding

Chlorination Off-gas Treatment

Condensation
Fractional Thorium and| | Waste Storage
Uranum + Protactinium uranium-free ThCl,
or together

3
Dissolution in 4M HCl

L

Storage
Pa - Adsorption - Pq Decay_
Solvent -Extraction Waste Storage

Refabrication by
Sol-Get - Technique

Figure 6: Chlorex-Process; Schematic Process-Flowsheet

After an adequate cooling period, the graphite-based fuel elements
are crushed and then ground in a gastight combined milling device
to a particle size between 50 and 300 um with only a small fraction
of fines below 50 um. Thus all coated particles (with a diameter
from 500 to 800 um) are broken up. The radiocactive off-gas is cold-

trapped out of a stream of inert gas.

The material is then fed into a bed which is fluidized with chlorine
at 900 to 1000°C. The carbon, which is present in large quantities,
reduces the oxides., At temperatures around 1000°C reactions like

the following occur at a high rate.
ThO2 + 2 C + 2 Cl2 —_— ThClu + 2 CO,

The heavy metals are removed out of the fluidized bed without any

residue. The remaining graphite may be discarded and stored
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problem should arise in burning this graphite, because all the volati]
fission products are already released during the chlorination step.
The chlorides are condensated either partly fractionated in two
separate condensers or together in one unit. At 500 to 600°C the
bulk of thorium chloride condenses together with the chlorides of
barium, strontium, the rare earth elements, partly also with the
chlorides of cesium, ruthenium and some other elements. Uranium and
protactinium chloride are deposited at room temperature together
with the more volatile fission product chlorides like niobium,
zirconium and molybdenum chloride. The uranium-protactinium fraction
(or the combined chloride condensate) is dissolved in 4 M hydro-
chloric acid. This solution is passed through a silica gel or Vycor

glass column to adsorb and remove the protactinium.

The protactinium-free solution is further separated and decontamina-
ted by a solvent extraction cycle. One alternative investigated is
the conversion of the chlorides into nitrates and then applying the
well-known THOREX-flowsheet, another possible method is a solvent
extraction procedure in the chloride system with a solution of long-
chain aliphatic amines in aromatic hydrocarbons. The purified uranyl
chloride or nitrate solution is used for the production of particles

with the sol-gel technique.

Experimental Results

Crushing and Grinding

The graphite fuel spheres (60 mm diameter) containing coated particle
were crushed in a hammer mill. In a typical experiment 42,4 % of this
product passed a 0,3 mm sieve., The oversize particles were ground
in a vibrating mill, The sieve analysis of the ground material is

shown in table 3.

Table 3: Sieve Analysis of the ground Graphite Fuel Elements

Grain size Portion
mm %
0,315 - 0,160 19,1
0,160 - 0,100 20,8
0,100 - 0,050 30,0
0,05 30,1
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hammer mill and the time of grinding must be variable to guarantee
a constant starting material with the above size distribution. The
ground material can be processed in a fluidized bed without any

difficulties as was shown in model experiments.

Fluidization

The ground product resulting in the foregoing step shows relatively
good fluidization. The minimum fluidization velocity at 1000°C is
0.3 to 0.5 Ncm3/cm2-sec chlorine. According to the very different
densities of the components - the density of graphite amounts to
nearly 2, this of heavy metal oxide nearly 10 g/cm3 - we Observed

a sedimentation of the heavy component. Most of the oxide was

found in the lowest quarter of the fluidized bed. Though a contact
between oxide and graphite is essential for the reaction, this
sedimentation may be tolerated as shown by chlorination experiments,
because parts of the pyrocarbon ccating remained on the coarse

fragments of the particles and the oxide fines do not settle.

Chlorination

The chlorination of the heavy metal oxides in the presence of gra-

phite, for instance :

ThO 2 C 2 Clz-——ﬁThClu( + 2 CO

2(s) (graphite) g)

>

HlOOOOC =~ + 24 kcal

is an endotherme reaction., The reaction proceeds very quickly. In
the fluidized bed with a cross section of 2 cm% 20 g of heavy metal
oxides in the presence of graphite were volatilized within 1 hour
without any residue. After 15 minutes more than 99 percent of the

thorium and uranium were volatilized.

To obtain more exact reaction rates, we chlorinated a mixture of 2
parts of unground particles with a mean diameter of 400 um and 1
part of graphite of a sieve fraction from 400 to 800 um in a fixed

bed. The feed rate of chlorine was 6 1/h . cm2.

The reaction rate was independent from the gas flow within the limit

of error.
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pyrocarbon and oxide particles.

Figure 7 shows the results of these experiments., In the evaluation
of the data it was presumed that the surface of the particles re-
main constant. This is approximately correct only at low temperatures
and short reaction times. At 825°C, however, more than 80 percent,
at 900°C more than 97 percent, are already chlorinated in 15 minutes
in the presence of graphite. The true chlorination rate in g/h-cm2
particle surface should therefore be higher, especially at high tem-

peratures.
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Figure 7: Chlorination Rate of Oxide Particles

The rate of chlorination in the presence of pyrocarbon amounts to
approximately 50 to 65 percent of that one in the presence of

graphite.

From the linear branches of the curves an activation energy of

25 kcal/mol was calculated.
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The lowest possible temperature of the reactor is determined by

the behaviour of the fission products. At 800°C, for instance, the
vapour pressure of some fission product. chlorides (Cs, Ba, Sr, RE)
is very low. Though the main part of thorium und uranium oxide is
volatilized after a short time, some uranium is retained as chloride
by the fission products. Quantitative volatilization of the uranium
was only possible, if also all of the fission product chlorides were
vapourized.

Condensation of the Chlorides

The condensation of the chlorides may be done in two ways. The
simplest method is to deposite thorium chloride together with ura-
nium- and protactinium chloride as well as the most volatilized
fission products. No remarkable decontamination can be achieved

in this case. A serious problem is the avoidance of crust formation
in the condensation-step, particularly thorium chloride crusts

are difficult to remove. In an unsatisfactory way it may be done
mechanically, but somewhat better by dissolving with water or acid.
We succeeded however in depositing the chlorides as a fine powder,
which method we are pursueing at present.

A second possibility is to deposite thorium chloride and uraniunm
chloride separately. The protactinium follows in this case the
uranium. An advantage of this procedure would be the early removal

of the bulk of thorium, which may be directly stored after conver-
sion into a storable form without any further decontamination. It

is essential in this case however that the uranium content of the
thorium fraction is extremly low, Theoretical calculations have shown
that the uranium losses are tolerable only, if the partial pressure
of the uranium chloride is extremly low, The achievement of this
condition may cause enormous problems in a technical plant.

To avoid this difficulty, we decided to develop and to use column
condensers filled with an inert material at operation temperatures
of about 600°C. At this temperature the vapour pressure of the tho-
rium chloride is high enough to achieve a "repeated sublimation
effect" by flushing with chlorine after the main reaction is over.
The measured uranium loss in the bulk of finally condensated
thorium is less than 0,5 %.
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Most of the low volatile fission product chlorides are deposited
together with thorium chloride, whereas the higher volatile chlo-
rides are found in the uranium-protactinium fraction. The deconta-
mination factors obtained in a small laboratory unit are given in
table 4, For the experiments, a synthetic mixture of (Th,U)-oxide
spiked with approximately 3 % of fission product oxides was used.
The thorium chloride was deposited at about 400 °c. .

Table 4: Decontamination of Condensated Cliorides

Fission Product Decontamination Factors |
Th-Fraction U-T'raction
Zr 100 2
Nb 100 2,5
Mo 100 100
Ru 2 10
Sn 50 100
Sb 2000 17
Te 100 3
Cs ‘ 1,2 50
Ba 3 200
La 3 250
Ce 2 2000

Silicon tetrachloride resulting from the chlorination of silicon
carbide coatings passed the condensator and was found in the off-gas.

we

Corrosion Tests

The corrosion of the chlorinator and the thorium condensator is a se-
rious problem. Metallic materials cannot be used for parts which are
in contact with chlorine or the gaseous chlorides above 450 ©Cc. There-
fore we have tested graphite and several ceramics.

Graphite shows good resistance against chlorine and chlorides also at
high temperatures. The reaction of the structure graphite with the
oxides is very unlikely in the presence of the great excess of the
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éround graphite from the fuel elements. It also may easily be ma-
chined. Connections are possible by threads or by a cement on the
basis of carbon. To get a gastight material, the graphite must be
coated with pyrocarbon. The mechanical erosion in a fluidized bed

is very low. The abrasion amounts to 0.30 to 0.35 and 0.15 mg'cm-z.
mom:h'1 for normal and pyrocarbon coated graphite, respectively.
Although a small pyrocarbon-coated apparatus (200 g of heavy metal
capacity) behaved satisfactory so far, it seems doubtful, if bigger
units can be built. The problem is the achievement of a low permea-
bility. In technological chlorination plants the reactor is usually
lined with ceramic materials. Therefore we have tested some ordinary
and fine ceramics, respectively, at 1000°C with a mixture of chlorine
and carbon monoxide in the absence and in the presence of gaseous
thorium and uranium chlorides. The results are given in table 5.

The fine ceramics were common laboratory grade materials. Didier
Maxial HH is a stone with relatively coarse grains. Didier SN is a
fine grain quality, especially suitable for chlorination plants.

In Steuler TU-S stones the iron and alkali content is very low. The
grain size is comparable with this of Maxial HH. The results show
that the vapour of thorium and uranium chloride is much more corro-
sive than chlorine in the presence of carbon monoxide. In the most
ordinary ceramics the grain boundaries are destroyed in presence of
chlorides. The lowest weight loss is found for porcelain and quartz,.
ilowever, quartz is ruled out according to the divitrification at high
temperatures and the relatively low radiation stability.

At 400°C several alloys are stable against chlorine. Hastelloy C,

for instance shows a weight gain of approximately 0.6 mgocm'zohnl.
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Table 5: Corrosion of Ceramics at 1000 °c
: Weight loss mg-cm"‘?'h'1
Ceramics without chlorides with chlorides Remarks
['ire Clay 0.08 6.3 mechanical
stable
Sillimanite .12 13.0 b
Alumina 0.75 14,8 ¢
Porcelain 0.06 0.07 "
Ruartz 0.03 0.03 "
xial HH 0.90 39.14 not stable
idier SN 2.4 17.4 stable
teuler TU-S - 7.2 stable only in
absence of
chlorides
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- STATUS OF REPROCESSING OF HIGHLY
RADIOACTIVE FUELS IN THE USA

by

Jd. A. Buckham

ABSTRACT

Much of the current fuel reprocessing development work in the USA is directed
toward reprocessing fuels that are highly radiocactive--because of both higher
irradiation levels and shorter cooling times. Aqueous reprocessing technology,
presently the major technique employed in the USA, now appears to be the most
suitable also for the highly radioactive fuels. The problems created in this
technology by higher radiocactivity levels, and some possible solutions to

these problems are discussed; limited processing experiences with such fuels are
described. Backup technology can be developed in the form of pyrometallurgical and
volatility processing, and these processes may be more suitable in some cases
for highly radicactive fuels. The status of technology for these two processes
is summarized.

(Work performed under the auspices of the Atomic Energy Commission under
contract AT(10-1)-1230)
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Tabie I. Comparison of Typical LMFBR and LWR Fuels(z)

LMFBR LWR
Compositioﬁ
Core U0,-20% PuO, U0,-1% Pu0,
Blanket U0y- 2% PuO,
Cladding Stainless Steel Zircaloy
Average Burnup {Mwd/*on)
Core 100,000 30,000
Blanket 1L ,000
-~ Core Specific Power (MW/ton) 200 20

The inherent differences in LMFBR fuels which will require additional development
work and engineering resolution for the application of any processing technology are:

1. Higher Burnup--With an expected irradiation level of some 2-3 times the maximum
expected for LWR fuels, IMFBR fuels will present additional heat dissipation
problems during all handling, processing, and waste dispossl operations. Also,
radiation damage to organic materials such as solvents will be greater.

2. Higher Pilutonium Content--Because of its higher concentration, it may be more
difficult to maintain plutonium in its proper valence state at all times, and
some hydrolysis and precipitation problems may have to be overcome. Criticality
problems will also be greater, especially in the plutonium cleanup steps.
Greater use of fixed and soluble poisons may be required.

3. Sodium Bonding Agents--The pcssible presence of sodium bonding agents betwecn
--. the fuel and cladding would present additional cleaning and dissolution pro-
blems, but it appears that these problems can be surmounted by careful appli-
cation of conventional operating practices.

A host of additional fuel reprocessing problems are created by sny decision for
prcmpt processing of the fuel. Economic analyses indicate an incentive for more
prompt processing of future fuels to reduce inventory charges. To what extent and
how soon the overall logistics and economics will make prompt processing desirable
remains to be determined, but some development effort on the special problems
created is in order. These special problems include:

1. Additicnal heat dissipation problems -
2. Additional solvent damage problems

3. Control of short-lived I-131 releases

4. Control of short-lived Xe-133 releases.

The possible magnitude of these problems can be estimated from Table II which lists
the inventory of certain fission products in a typical 30-day cooled LMFBR core
fuel and in a typical 150-day cooled LWR fuel.
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Table II. Fission Products in Typical IMFBR and LWR Fuels(z)

Curies/ton
LMFBR Core (304) LWR (1504)
Iodine-131 8 x 10° 2
Xenon-133 1 x 108 <0.1
Krypton-85 1 x 10" 5 x 103
Total F.P. Curies 4.5 x 107 2.4 x 108

An inherent difference between ILMFBR and LWR fuels also exists in the handling of
the plutonium product from the respective plants. The IMFBR fuels will contain high
concentrations 'of various plutonium isotopes other than Pu~239 (including Pu-236,
-238, -240, -2L41, and -242) and the daughter products. The fact that the activity
due to these daughter products will build back rapidly following plutonium decon-
tpmination means that rapid means of fuel refabrication will be needed if refabrica-
* 11is to be performed by direct handling and not within shielded facilities. If
this is not possible, and remote fabrication must be used, the necessity for a fuel
reprocessing technique giving high initial decontamination mey not be important.

AQUEQOUS FUEL PROCESSING TECHNOLOGY

Aqueous solvent extraction processes have been used very successfully since 1951 in
the United States for recovery of plutonium from AEC production reactors and for
recovery of enriched uranium from test reactor and propulsion reactor fuels. Initial
commercial fuel reprocessing plants in the USA are also generally adopting variations
of aqueous reprocessing.

The first commercial fuel processing plant in the United States, built by Nuclear

Fuel Services, Inc., at West Valley, New York, has a nominal capacity of one metric

ton per day of LWR fuels and has been operational since 1966. This plant employs a
shear-leach, solvent extraction system. The second commercial plant, now under
censtruction at Morris, Illinois, by the General Electric Company, is also a one-ton/
dsv plant and will employ shear-leach and solvent extraction for the initial processing
s ps, folliowed by further aqueous processing of plutonium and fluoride volatility
processing of uranium. Commercial operation of this plant is scheduled for 1970.

The Allied Chemical Corporation has filed an application for a construction permit
with the AEC for a five metric-ton-per-dsy aqueous reprocessing plant to be located

at Barnwell, South Carolina. This plant is now being designed, with commercial
operation anticipated for 1973. The Atlantic Richfield Co. has also announced plans
for a five-ton-per-day aqueous reprocessing plant to be built near Leeds, South
Carolina, with commercial operation tentatively planned for 1974. Several other
companies are known to be seriously considering construction of commercial fuel
reprocessing plants in the USA, and most of their considerations appear to be centered
around aqueous reprocessing technology.

The commercial aqueous reprocessing plants in the USA are being designed primarily
for recovery of plutonium and uranium from LWR fuels. While these plants may be able
to handle effectively IMFBR fuels also, there will undoubtedly have to be certain
process modifications for highly efficient operation with these fuels. Newer plants
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will probably be built more specifically for processing highly radioactive fuels such
as short-cooled IMFBR fuels. The problems involved in adapting existing plants or
designing new agueous plants for such tasks are discussed in the following subsections
along with the status of development of pertinent technology.

Agqueous Head-End Processing

-

Two processes appear to merit serious consideration for head-end preparation of highly
irradiated fuels for aqueous solvent extraction processing. These are, integral
electrolytic dissolution of the fuel and mechanical shearing followed by acid leaching.
With the widespread adoption of shear-leach processing by commercial plants in the
USA, this process must be regarded as the leading contender, and it will undoubtedly
receive the most intensive development efforts in the next several years. The
electrolytic dissolution process requires much less costly mechanical handling facili-
ties, but has an inherent disadvantage in that the stainless steel cladding ends up

in the high-level aqueous waste solution, thus diluting the fission products and
causing less compact waste storage.

- Electrolytic Dissolution: An electrolytic dissolver in which the fuel 13 dissolved
1”7 . Vertical position has been installed at the Savannah River Plant (SRP)(3), ana

a norizontally oriented(ﬁ}ectrolytic dissolver is being installed at the Idaho Chemical
Processing Plant (ICPP) for dissolution of a variety of stainless steel containing
fuels, most of which contain high-enriched uranium. The major load for the SRP
dissolver will be a number of stainless cermet fuels from several different reactors,
while the major initial load for the ICPP dissolver will be the stainless-clad uranium
metal fuel from the sodium-cooled EBR-II fast breeder reactor. In pilot plant tests,
the sodium bonding in the EBR-II fuel has presented no difficulty, since the sodium

is exposed gradually to the acid and dissolves in a mild manner. EBR-II fuel assem-
blies are currently being received at ICPP where they are stored in poisoned storage
racks under water. Two-year exposures of irradiated pins in the basin have shown

that while the cladding may be sensitized during irradiation, it is not significantly
corroded in the storage basin water. Prior to dissolution, unfueled end pieces will
be removed from the fuel assemblies; the bundles of elements will then be charged to
the ICPP electrolytic dissolver for simultaneous electrolytic dissolution of the
cladding and chemical dissoluton of the uranium in nitric acid. Boric acid will be
used as a soluble poison in the dissolvent. After clarification of the dissolver
effluent, the uranium will be recovered by solvent extraction with ten percent TBP
using pulse columns.

While ali components of both electrolytic dissolvers will satisfactorily resist
corrosion of nitric acid in the presence of the electric field, some.corrosion
problems would be encountered with fluoride ions present. Thus, if fluoride ion
were required for complete dissolution of plutonium oxides, the latter would have to
be removed from the electrolytic dissolver as a slurry and dissolved downstream in
a vessel capable of resisting fluoride corrosion. On the other hand, the electrical
potential may aid in the dissolution of certain passive materials in some highly
irradiated fuels in an electrolytic dissolver.

Shear-Leach Processing: Adapting current commercial shear-leach processes
for handling highly radioactive nuclear fuels can vary from minor modifications to
development of major new techniques, depending on the degree of irradiation and
length of cooling expected. A conceptual design study has been prepared by Watson,
et al, of Oak Ridge National Laboratory!3) for shear-leach processing of PuO,-U0,
LMFBR fuel irradiated to 100,000 MWd/ton and cooled for only 30 days. A summary
flowsheet for this process covering many of the factors considered in this study
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'is shown in Figure 18) ) mig study is summarized in the ensuing paragraphs as it
probably represents an extreme example of large-scale processing of highly irradiated

fuel.

Due to the extremely short cooling time, it appears that fuels of this type would
have to be shipped in liquid metal for adequate cooling. Thus, the reprocessing plant
would have to deactivate and remove the sodium up?n receipt of the fuel. An alpha-gamma-
containing facility concept, as shown in Figure 2 5) has been evolved which includes
“"bagging in" the fuel elements from the cask to an argon-atmosphere cell. In this
concept, the fuel assemblies are cleaned in the vertical position, using successively,
moisture-laden argon gas, steam, and water. The complexity and high probable cost
of such a receiving facility emphasize the need for further study of this problem.

Due to heat dissipation limitations by natural convection, it appears that not over
100 fuel tubes cou1ld be stored or sheared together. Thus, fuel elements containing
a greater number of fuel tubes would have to be disassembled and recombined into
groups of not over 100 tubes for shearing. The release during shearing of perhaps up
to 50 percent of the inventory of iodine, tritium, xenon, and krypton represents the
largest problem during the shearing operation. The collection and retention of these
gases, separate from any entrained fuel particles, and isolation of the shearing
opq;gpion from the upstream receiving facilities and from the downstream operations
wo’ be required.
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_ Another problem created by the short-cooling is the necessity for head-end iodine
removal to prevent spread of radioactive iodine throughout the subsequent aqueous
processing steps, thus causing difficulty in processing and waste disposal. A high-
temperature (>h50°C) oxidation step has been proposed by Watson, et al, between the
shear and the leacher. This step would also release much of the noble gases and-
tritium, thus complicating the iodine recovery. Total iodine decontamination factors
of up to 10% may be required. It is possible that the pulverization of the heavy metal
oxide associated with the oxidation may permit physical separation of the stainless
steel hulls at this point.

In the final leaching step, conventional leaching equipment and processes would
appear to be satisfactory, provided that the mixed oxides are in such a condition
following irradiation as to be completely soluble in simple acid solutions. An overall
schematic diagram of such a head-end reprocessing facility is given in Figure 3 5),

Agqueous Dissolution

The effects of irradiation on the dissolution characteristics of7¥arious fuels and
cladding materials present a complex picture. In another paper at this panel,
Rohde and Buckham have summarized the experience in the USA on this effect for several
mag:*ials of continuing importance. Table III gives the effect of irradiation on

die" lution rate for several metallic fuels and cladding alloys. For the aluminum
alloys there is a general tendency toward passivation in nitric acid-mercuric nitrate
solption with exposure to radiation. Where the passivation is moderate, it can
sometimes be overcome by increasing the concentration of mercuric nitrate catalyst
or decreasing the concentration of nitric acid. If the alloy becomes extremely
passive, dissolution in caustic or in nitric acid in an electrolytic dissolver is
still possible. Interestingly, in tests on Zircaloy-clad, zirconium-uranium alloy,

t‘ﬁ:

Figure 3. Conceptual mechanical head-end processing facility

233



Conceptual mechanical head-end processing facility.
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Table III. Summary of the Effects of Irradiation on the
Dissolution Rate of Metallic Fuel and Cladding Materials

Dissolution Irradiation Effect of Irradiation
Alloy Process Level on Dissolution Rate
Aluminum- . HNO3-Hg(NO3), 45% BU Passive
3% Uranium of U-235
Aluminum- HNO3~-Hg (NO3 ) o-HF 60 & 99% BU Decrease in Rate
7% Plutonium of Pu-239 as BU increased
Zirconium- HF 0-50% BU 200% Increase
4% Uranium of U-235
Zircaloy-2 HF Irradiation T0% decrease
cladding on as above
preceding alloy
Stainless Steel HoS04 5 x 1022 n/cm? No change in
Type 304 (fast) reactivity

Table IV. Summary of the Effects of Irradiation on the
Dissolution Rate of Oxide Fuel Materials

Dissolution Irradiation Effect of Irradiation
Fuel Process Level MWA/T on Dissolution Rate
U0,-20% PuO, HNOj 0-99,000 None
(solid solution)
UO,- 0.5% PuO, HNO 3-NHuF 0-5,000 Rate increased as
(r” -ture) solid solution formed

in reactor

ThO,-4% U0, HNO3-HF-A1(NO3)3 0-98,000 Rate increased

2395



the dissoluliou rate for the cladding decreased while the rate for the fuel alloy
increased following irradiation. Galvanostatic measurements on Type 304 stainless
steel insulfuric acid showed no change in reactivity with fast neutron irradiation.

Table IV gives results for oxide fuels. The uranium oxide-20 percent plutonium oxide,
which may be an important fuel in the fast breeder, showed no change in dissolution
rate up to very high irradiation levels. But, in the uranium oxide-0.5 percent
plutonium oxide, where solid solution was not achieved during fabrication, there was
an increase in dissolution rate with irradiation, presumably as the mixture became a
more perfect solid solution in-reactor. Thorium oxide-uranium oxide became more
reactive at increasing irradiation levels.

For those materials which are of greatest interest to the fast breeder program, stain-
less steel cladding and uranium oxide-plutonium oxide irradiation does not apparently
present a problem in the dissolution step; however, because this property has an
important effect on reprocessing costs, it should be reinvestigated as fuel types and
reactor irradiation conditions become better established.

Short cooling time for fuels out of the reactors would present another general problem
for the dissolution step--that of retention of the I-131 within the plant. The most
P~ inent plant-scale experience along this line is that of the ICPP during the Rala
p: wcess opera?égns. This experience is covered by Bower and Buckham in another paper
at this panel . Briefly, two-day cooled high-burnup MTR elements were dissolved
and processed for the prompt recovery of the radioactive barium and for the subsequent
recovery of the uranium. About 25,000 curies of I-131 were associated with each fuel
element processed, and the handling techniques developed allowed the escape of less
than one curie of this iodine to the environment. While this decontamination factor
for iodine is very good, plant performance would have to be over 30 times better if
30-day cooled, highly irradiated LMFBR fuels were to be satisfactorily reprocessed

in a large central reprocessing plant.

Sclvent Extraction

The primary problem introduced into the solvent extraction operation by processing of
highly radicactive fuels is radiation damage to the solvent. This topic has been
extensively reviewed in a recent report by Blake(9) of ORNL, with special attention
to the extrapolation of data, calculation of radiation exposures, behavior of iodine
from short-cooled fuels, and irradiation of the solvent by plutonium. His findings
agg‘conclusions are summarized in the ensuing paragraphs.

In extrapolating laboratory data to actual plant operating conditions, Blake con-~
cluded that in many cases erroneous results had been obtained; exaggerated total
doses to the solvent were often used in laboratory studies (in order to obtain
definitive effects), and these had not always been adequately scaled down prior to
ex.rapclation. In addition, the extrapolation calcuiation is not readily done, and
uncertainties therein were probably most frequently estimated on the pessimistic
side. BEmphasis was placed on the stabilizing effect of the use of a high purity
diluent--eg, n-dodecane--as compared to the hydrocarbon mixtures which were used as
diluents in many laboratory tests. ©Some of the problems formerly attributed to the
tributyl phosphate were shown to be actually due to the diluent. Generally, during
reprocessing of fast breeder reactor fuels, modest decreases in the first cycle
decontamination might be experienced due to the high irradiation levels of the
solvent, but no serious deleterious effects should be anticipated even with pulse
columns. If shorter contact times in the solvent extraction contactor can be shown
to be necessary, the ugse of alternate contactors such as stacked clones 10) or
centrifugal contactors 11) can ve adopted. The problem of solvent stability and
its impact upon the solvent extraction process requires continued study as processes
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for fast reactor fuels are developed and the actual conditions existing in the process
are more closely defined.

One of the greatest sources of uncertainty in the calculation of the radiation exposure
received by the solvent in a contactor is the estimation of the organic phase content
of the contactor. Where possible, distinction should be made between contact time when
the solvent is intimately mixed with the aqueous phase (mixing) and when the solvent is
essentially separated from the aqueous phase (settling), since absorption of beta
energy is much more significant in the former case. With a proper estimation of con-
tact time, Blake describes a method for estimating the radiation dose to the solvent.

For short-cooled fuels, iodine can accumulate in the solvent. Blake concluded that
sufficient data were not available in the literature to allow a quantitative prediction
of the distribution of iodine between the dissolver, the off-gas, and the solvent
extraction system. Before reprocessing is undertaken for cooling times where the
iodine-131 is important, it will be necessary to determine the distribution of iodine
within the system, provide for its control in the effluents, and evaluate its chemical
and radiation effect on the solvent.

In the reprocessing of LMFBR fuels, the shorter lived isotopes of plutonium will be

m.  prominent than they have been in the reprocessing of LWR or production reactor
fueis. Additional solvent damage in the second and third cycles of solvent extraction
is therefore inevitable. However, solvent damage in all cycles from this source will
be far less than that from fission products in the first cycle.

In general, it appears that the use of existing solvent extraction technology will

be satisfactory for reprocessing of highly radioactive fuels such as those from
IMFBR's, but that additional attention to solvent selection, contactor design features,
and solvent cleanup will be required.

PYROCHEMICAL PROCESSING TECHNOLOGY

The melt refining process, which has been used routinely for several years to reprocess
enriched uranium alloy EBR-II fuel, is a major achievement in the pyrometallurgical
reprocessing field. This process was directed specifically at metallic fuels and
on-site refabrication of fuel alloy pins. More recent developments have extended this
pyrometallurgical technology into more broadly applicable pyrochemicel technology.

Fuel materials processed by pyrochemical methods are not limited to metallic or alloy
s° ctures, but can include ceramic or oxide fuels; present development is directed

at a salt transport process as a backup for aqueous processes for LMFBR fuels.

-

The EBR-I1 Melt Refining Process

The melt refining process used for the past several years for reprocessing EBR-II fuel
provided rapid recycle of the fuel with up to 99 percent removal of many of the fission products.
Because of the modest decontamination, refabrication of fuel elements from the recovered
fuel was also conducted behind heavy shielding walls. Melt refining consists of
melting and liquating chopped fuel pins (after mechanically removing the stainless

steel cladding) in a lime-stabilized zirconia cr?ci le for one to three hours at
1300-1400°C under a high purity argon atmosphere 12 The liquid alloy is then poured
into a mold to form an ingot. During the liquation period, a major part of the

fission products are removed through volatilization and selective oxidation by the
crucible. Figure 4 illustrates the principal features of the melt refining process.
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"Although melt refining has been successfully demonstrated, it is not a complete process
in the sense that auxiliary means are required to recover the(fggoured metal and oxide
that remain in the crucible as a skull after the pouring step Approximately seven
percent of the uranium in the original melt refining charge appears in the skull. An
auxiliary "Skull Reclamation Process' was developed to recover this material, but the
process equipment was not installed at EBR-II because of other priorities. Nonetheless,
the development effort on the skull reclamation process contributed substantially to
the technology of the salt transport process.

The Salt Transport Process for LMFBR Fuels

The Salt Transport Process(l2), currently under development at Argonne National Labora-
tory, is aimed at stainless steel~clad, uranium-plutonium oxide IMFBR fuels. The
process is expected to accommodate both core and blanket material and to provide a
plutonium recovery of at least 99 percent; auxiliary recovery of up to 99 percent of
the uranium could also be achieved if economically Justified. With a modest amount of
multiple staging, fission product decontamination factors of 10% or greater should be
possible with this process.

Figure 5 is a schematic flowsheet showing the principal steps in the salt transport
process 6). Stainless steel cladding is removed by dissolution in liquid zinc &t
al” 5 800-850°C; uranium and plutonium oxides are not soluble in the melt. Fission
pi.uucts released to the off-gas are collected in the argon cover gas and confined
for decay and further processing.
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Figure 5. Salt Transport Process for ILMFBR Fuel
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The uranium and plutonium oxides remaining in the vessel are reduced to the metals by
reaction at 800°C with a liquid Mg-Cu-Ca alloy in a bath of fused CaCl,-CaF, salt. The
alkali and alkaline earth fission products transfer to the salt waste, the plutonium

is present in a liquid metal phase, and the uranium precipitates as metal.

Plutonium and the rare earth fission products are transferred in the Cu-Mg-Pu
alloy supernate to a semicontinuous mixer-settler battery. In four stages of contact,
the rare earths .are extracted into a salt phase consisting of MgCl, (4T mol percent),
NaCl (30 mol percent), KC1 (20 mol percent), and MgF, (3 mol percent); each contact
stage gives a decontamination factor of epproximately 100. In the salt phase, the
MgCl, provides the required distribution coefficient for segaration, the NaCl and KCl1
lower the melting point to the desired temperature (600-650 C), and the MgF, promotes
disengagement of the liquid metal and salt. Salt moves progressively from the fourth
to the first stage; as each batch of fuel is processed, fresh salt is added to the
fourth stage and spent salt is removed from the first stage.

The plutonium is recovered from the Cu-Mg-Pu alloy in three additional mixer-settler
stages: a molten salt of the composition used in the preceding stage is used as a
carrier to transport the plutonium through the stages. The plutonium is transferred
from the Cu-Mg-Pu alloy to a Zn-Mg acceptor alloy; en route, in the sixth stage, the

s % is contacted with a captive Cd-Mg alloy to scrub traces of noble fission products.
The Zn-Mg-Pu alloy from the last stage is retorted at approximately 900°C to volatilize
the zinc and magnesium,and the plutonium is recovered as an ingot.

The chemical feasibility of all of the major separations has been established in
laboratory-scale experiments, and engineering investigations have been in progress for
some time on the general pyrochemical operations. Engineering effort is currently
devoted to the construction of a glove box facility in which all steps of the salt
transport process can be performed sequentially on a kilogram scale. Preliminary
stud{gslgf a conceptual design for a one-ton/day plant for LMFBR core and blanket
fuel'™? indicate that two decladding-reduction vessels would be required, each
approximately 200 cm tall and 45 cm in diameter, and each capable of handling three
subassemblies at a time. These vessels could probably be constructed of tungsten

or lined with tungsten. The mixer-settler bank would be approximately 180 cm long
and 50 cm by 60 cm in cross section. Materials of construction might include
molybdenum-tungsten alloy or niobium with the last stage lined with tantalum. The
vacuum distillation equipment would probably be of slab geometry for criticality
control and could consist of three units, each about 50 cm by 75 cm and 3.75 cm thick.
Tungsten is again a possible material of construction.

FLUORIDE VOLATILITY PROCESSING TECHNOLOGY

Fluoride volatility processing in multi-step fluidized bed operations represents
another backup process for highly irradiated fuel reprocessing. This process is

a natural outgrowth of the volatility process used in uranium ore refining, as (13)
practiced, for example, by the Allied Chemical Corporation at Metropolis, Illinois .
The feasibility of this process has been established for some time for high-enriched
uranium fuel processing, and its application to plutonium recoyesy from low-enriched
IWR fuels has been proposed and flowsheets have been developed 2), Preliminary
studies indicate that fluoride volatility processing can be extended to LMFBR fuels,
although some of the required steps are not yet developed.

Processing of LWR Fuels: A conceptual process for fluidize?zyed volatility
processing of IWR fuels has been effectively summarized by Jonke . This process
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consists of a four-step operatlon involving, sequentially, (1) decladding in HCl gas at
350°C, (2) air oxidation at 450°C to convert the fuel to powdered oxides, (3) fluorina-
tion of uranium at 300°C with BrFs, and (u4) plutonium recovery by fluorinatjon with F,
at 300-550°C. A conceptual flowsheet for this process is shown in Figure 6% ?

Full length fuel bundles would be loaded into the primary reaction vessel without
mechanical treatment other than removal of massive end fittings. Here, in a bed of
fluidlzed alumina, the cladding would be removed by reaction with gaseous HCl1l at about
350 C. The zircaloy cladding and alloying constituents would be volatilized as
chlorides and removed from the unit for subsequent treatment as waste, while the uranium
and plutonium would remain in the bed as solid fuel compacts. The fuel solids would
then be converted to finely divided oxides by oxidation in the fluidized bed at 450°C.
Partial fluorination of the fuel oxides would then be accomplished by addition of
BrFg gas to the fluidized bed at 300°C; volatile UFg would be removed from the vessel
while non-volatile PuF, would remain behind, together with most of the non-volatile
fission products. Finally, complete fluorination of the plutonium is accomplished by
use of gaseous fluorine to form the volatile PulFg which is removed and condensed.
Final purification and decontamination of uranium and plutonium can be accomplished
by adsorption-desorption techniques, or by fractlonal distillation. The latter is
preferred because it is more compact.

IMFBR Processing: Volatility processing of LMFBR fuels would have to cope with
the same problems as aqueous processing--high heat generation rates, high plutonium
concentrations, sodium bonding, and possibly large iodine inventories if the fuel is
short-cooled. Specific solutions to these problems have not been evolved, but none
of the problems appears insurmountable.

Figure 7(2) illustrates a concept for processing of IMFBR fuels by a continuous
fluorination and volatility process, based on the assumption that a head-end process
will mechanically separate fuel particles from disassembled and sheared fuel elements.
For illustrative purposes, four vessels are arranged in a cascade so that solids over-
flow from one to another. Vessels would be of a small enough size to avoid problems
of nuclear criticality. The first two vessels fluorinate the uranium to UFg using
25 percent F, and a temperature of 350°C; under these conditions, very little PuFg
is formed. The solids containing the bulk of the plutonium pass to the next two
vessels vwhere PuFg is formed by treatment with 90 percent F, at a temperature of
500 C. In a final plant concept, the fluorination system could consist of two dual-
stage fluorinators rather than the four vessels illustrated. Product purification
would be by similar techniques to those proposed for LWR fuels. All of these steps
a conceived as being possible, based on LWR fuel process development, but many, such
as the head-end treatment, are not developed at all, and others are only partially
developed. Much more development work will be required before an actual process
installation could be considered.

CONCLUSIONS

Future processing of highly radiocactive fuels presents challenges, but extension of
existing technology appears capable of meeting these challenges. Aqueous reprocessing
technology is the leading contender in the USA today, and it will receive the most
intensive development over the next several years. The most significant of the
unresolved problems are those associated with short cooling of fuels such as heat
dissipation, iodine control, and xenon control. Existing data indicate that higher
irradiation levels can be effectively handled by existing dissolution and solvent
extraction practices. Studies on pyrochemical and fluoride volatility technology
will also be continued, on a lesser scale, as these may prove to be more suitable
for certain situations. Detailed plans for development studies in these areas are
currently being formulated, -
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CONTROL OF FISSION PRODUCT ACTIVITY DURING SHORT-COOLED
. FUEL PROCESSING CONNECTED WITH THE ICPP RALA PROCESS

by

J. R. Bower
J. A. Buckham

ABSTRACT

The ICPP has routinely operated a process for recovery, within a 24-hour
period, of 50,000 curies of barium-140 from two-day cooled MTR fuel
elements; the accompanying 25,000 curies of iodine-131 released during
dissolution and processing was trapped by scrubbers, charcoal adsorbers,

and filters, allowing only approximately one curie to be released to the
atmosphere.

(Work performed under the auspices of the Atomic Energy Commission under
contract AT(10-1)-1230)
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CONTROL OF FISSION PRODUCT ACTIVITY DURING SHORT-COOLED FUEL
PROCESSING CONNECTED WITH THE ICPP RALA PROCESS

- by

J. R. Bower
J. A. Buckham

The Idaho Chemical Processing Plant (ICPP) has undergone a unique experience in the
development and operation of a process for the routine dissolution and recovery of
high-activity fission products from highly irradiated MTR fuel elements, freshly
discharged from the reactor. The ICPP "Rala Process" was an outgrowth of smaller
scale activities originally conducted at Oak Ridge for the recovery of radioactiv?l)
bgrium--and ultimately, radioactive lanthanum, its daughter--from ORNL fuel slugs .
F .her developments by Oak Ridge National Laboratory, American Cyanamid Company at
Idaho Fells, and finally by Phillips Petroleum Company at Idaho Falls resulted in the
present Rala process of the ICPP(l). This process operated for several years on a
regularly scheduled basis at predetermined intervals with constantly improving
fission product control, but is currently in standby status. The experience of
routinely dissolving freshly discharged MTR fuel elements (two-day cooled), recover-
ing up to 50,000 curies of Ba-140 within 24 hours of receipt of the element, and
controlling the possible release of 25,000 curies of I-131 from each element is
unique in fuel reprocessing history.

THE RALA PROCESS IN BRIEF

Equipment for the Rala process at the ICPP was designed to process MTR fuel elements
with less than two days' cooling after discharge from the reactor. Each element
contains approximately 200 grams of uranium when charged into the reactor and is
exposed for approximately 20 days at a power level of 30 megawatts to yield something
oyt 50,000 curies of Ba-1L40. Processing of the fuel is accompanied by release of
a, .oximately 25,000 curies of I-131 which must be trapped and confined. Since the
Ba-1L40 has a relatively short half life, it is necessary that the processing be
completed approximately 2L hours after receipt of the elements from the reactor.
Provisions were made to transfer the solution containing the uranium from the fuel
assembly to the main ICPP processes for uranium recovery, and holdup capacity was
provided for solutions containing Sr-90, so that this fission product can also be
recovered if desired after a suitable decay period.

The process is a repetitive batch operation. Figure 1 shows a schematic flowsheet
of the principal items of equipment. First, the element is charged to a tubular
dissolver where it is dissolved by a caustic solution. This results in an aluminate
solution containing a slurry of uranium-aluminum alloys, uranium oxides, and fission
products. The slurry is transferred through an orifice metering device to a sus-
pended-basket centrifuge where the solids are separated from the solution. The
supernate continuously overflows the bowl to a waste tank. After separation, the
solids are washed to reduce the aluminate content and to reduce contamination of the
product. Nitric acid is then added to dissolve all solids except some silica which
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is derived from the brazing materials of the original element. The supernate, con-
taining the uranium and fission products, is skimmed off to a supernate tank, and the
silica is washed and then Jetted out to waste. The supernate is then returned to the
centrifuge feed tank where a barium carrier solution is added. Evaporation of the
solution results in the partial precipitation of barium nitrate and strontium nitrate.
Fuming nitric acid is added to complete the precipitation. The solution is then
centrifuged, skimming off the supernate and leaving the solid barium and strontium
nitrates in the centrifuge bowl. The uranium-containing supernate is transferred to
interim storage to await recovery in the main ICPP process.

After washing, the nitrates are redissolved with water and a separation of strontium
and barium is accomplished by precipitating the barium with a buffered chromate
solution. After this first precipitation of the barium chromate, the supernate is
skimmed off and the strontium solution is discharged to the strontium storage tank.
The barium chromate is redissolved and reprecipitated to further purify barium. The
final barium chromate precipitate is then treated with concentrated nitric .acid to
cause a metathesis of the barium chromate to barium nitrate. After reprecipitation
to purify the barium nitrate, it is dissolved in water, skimmed to a product cup,
evaporated to dryness, and loaded into a special shipping cask.

CONTROL OF FISSION PRODUCT IODINE

Because of only two days' cooling, compared to the 90-120 days' cooling normelly
provided for most other fuel elements before reprocessing, the Rala process contri-
butes large quantities of fission product iodine to the process off-gas. Thus,
handling of process solutions and treatment of the off-gas in the RaLa process
requires techniques and treatments that are not encountered in normal ICPP operations.
All off-gas, from the Rala uranium dissolution step through the remainder of the
process~--including vessel off-gas involved in dissolver and waste solution transfer
steps--is processed through a scrubbing tower, a charcoal adsorber, and a final
sintered-metal filter before being released through a T6-meter high stack. Figure 2
is a schematic representation of the off-gas processing equipment.

To achieve maximum control of iodine release, even with all of the off-gas treatment
devices, it was found necessary to add iodine complexing agents to the absorber
solution, to keep all solutions as cool as processing conditions would permit, to
av01d all unessential transfers of solution--even to the exclusion of sampling when
p‘ ‘ible--and to permit all waste solutions to stand for the maximum possible aging
period that process conditions would permit before being transported to the final
disposal tanks.

(a) Scrubbing of Off-Gas

The RaLa process off-gases are passed through a packed scrubbing tower where they
are contacted counter-currently by a wash solution of five percent nitrie acid con-
taining 0.001 molar mercuric nitrate and 0.001 molar mercurous nitrate. This absor- (2)
ber solution was selected after considerable testing and rejection of other solutions .

The initial choice for the scrubbing solution had been 1M sodium hydroxide con-
taining 0.1 molar sodium thiosulfate, a quite effective combination for absorbing
iodine. However, it was found that flnely divided sodium carbonate (formed by action
of air in the off-gas with the caustic and subsequent drying of entrained mist) was
carried from the scrubber and caused plugging in flow meters and other locations
downstream of the scrubber. The nitric acid, mercury-containing solution was finally
adopted, since it eliminated any problem of solids carryover and was an effective
scrubbing agent.
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Use of a scrubbing tower alone, however, was not found sufficient to permit pro-
cessing and release of the off-gas under all weather conditions. Even considering the
remote location of the ICPP with respect to population centers, it was not always
possible to release the radiocactive iodine remaining after scrubbing because of the
possibility of the stack gases descending rapidly to the plant area.

(b) Adsorption of Iodine on Charcoal

An adsorption-filtering system consisting of activated carbon beds followed by
sintered-metal filters was installed to permit operation of the Rala process and
discharge of off-gas independent of weather conditions. Two seven-cubic foot beds
of activated charcoal were installed in parallel so that either or bOt?é as desired,
could be used to process the 15 to 20 scfm of off-gas from the process‘<s Average
velocity of gas through the beds was approximately 0.2 fi/sec and minimum capacity
of each bed was 560 curies of I-131 based on observed adsorption in laboratory-scaled
beds operating under the same conditions. ©Stainless steel sintered-metal filters
(20 micron pore size) were installed to remove any charcoal fines carried from the
beds before the off-gas was released to the stack. Quantitative evaluation of the
charcoal bed effectiveness, as determined by detailed sampling of inlet and outlet
streams, was never completely established because of the complexity of the operation
a because the installation satisfactorily performed its intended function. An
approximate decontamination factor of 500 for the adsorber-fil-er combination has
been estimated from radiation monitor readings routinely taken on the inlet and
outlet streams. Laboratory data indicate 99.99 percent removal of gaseous iodine by
the activated charcoal, but only partial remov%l of iodine which may be carried
through the bed on fine particulate material(2 .

(c) Control of Iodine Release to the Off-Gas During Processing Operation

Discussions in the preceding two sections indicate the relative difficulty of
removing radioactive iodine once it gets into the off-gas streams. Successful
operation of the Rala process has depended to no small extent on minimizing the
amount of I-131 getting into the off-gas. Initial dissolution of the MTR aluminum-
uranium alloy in 8 M sodium hydroxide gives a precipitate of uranium and fission
products, containing approximately ten percent of the radiocactive lodine, and a
supernate of sodium aluminate containing the rest of the iodine; virtually no iodine
is volatilized up to this point. The precipitate is separated in a batch centrifuge
and the rest of the steps are carried out in the centrifuge or involve transfers to
or from the centrifuge. These steps, involving the repeated use of concentrated
L "ic acid, generate most of the gaseocus iodine released to t:e Rala off-gas system.
In addition to the iodine released by dissolution of the uranium-fission product
solids in nitric acid, more iodine is released each time an acidified solution is
agitated, whether by transfer to another vessel or by recirculsztion to obtain a
representative sample. Each addition of reagent to the centrifuge, accomplished by
injection with compressed air, can result in escape of iodine-contaminated gas
from the centrifuge shaft seal if excess pressure is used.

To minimize il1odine release during these necessary processing steps, a number of
precautions were instituted and made part of the operating procadures as experience
was gained. Table I records significant process improvements In the course of the
Rala cperation and lists I-131 availability and release figures to demonstrate what
was accomplished. 1In brief: (1) low concentrations of mercuric nitrate (0.001 to
0.005 molar Hg) were added to nitric acid solutions to help cozplex and hold iodine;
(2) temperatures were held to a minimum compatible with the reaction steps; (3)
transfers and agitation of solutions were held to a minimum ancd were carried out
with lowest practicable jetting or sparging pressures; and (4) sampling of solutions
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TABLE I
RELEASE OF I-131 DURING RALA OPERAT.

Procedure /Equipment Changes

(a) Average curies available per run,

Curies I- Curies I-131 (b) % Scrubbing
Available Released to Stack Release Solution
16,810 172.6 1.03 NaOH
20,676 131.4 0.64 NaOH
ik, 7oL 51.5 0.35 NaOH
22,102 49, b 0.22 NaOH

'f\
22,382 40.5 0.18 Acia‘®)
22,373 4,1 0.018 Acid
22,993 3.53 0.015 Acid
25,817 .77 0.007 Acid
25,635 1.85 0.007 Acid
25,419 2.19 0.009 Acid
2L, 715 12.76 0.05 Acid
25,778 0.86 0.003 Acid

(b) Average curies releesed during a run and subsequent cleanup period.
(¢) Acid scrubbing solution composition is 0.846 M HNO3, 0.001 M Hg', 0.001 M Hg'™.

Improved seal on centrifuge
Charcoal beds installed
Reduced sampliing

Changed scrubbing soiution

Discontinued heating of centrifuge

© jacket. Added Hg{(NOj3}, to final

supernate receiver.

Added Hg(NOj3), to uranium supernate
receiver.

Added cooling water to centrifuge
Jacket.

Added Hg(NO3), to acid used in initial
supernate waste receiver.

Added Hg(NOj3), wo acid used to dissolve
centrifuge cake. Installed isockinetic
sampler at CPP stack.

"Crash" decontamination required
after Run T76.

Application of all precautions



was reduced to the bare minimum for operation of the process. The cumulative effect
of all precautions and off-gas treatments was to accomplish the dissolution and
processing of a two-day cooled MIR element containing 25,000 curies of I-131 with the
release of only approximately one curie of iodine to the plant stack.

RARE GAS CONTROL

Radioactive rare gases (xenon and krypton) are released during initial dissolution

of the irradiated MIR fuel elements in 8 M NaCH and, under normal circumstances, these
gases are released directly to the T6-meter high stack for diffusicn into the atmo-
sphere. Radioactive iodine is not released during this caustic dissolution step and
constitutes no hazard at this stage. Provision is made to divert the off-gas con-
taining these noble gases tc a 280 cubic meter gas holder (lccated behind an earth-
embankment shield) for temporary storage during weather conditiors when the gas clouds
might be expected to hover near the ground and give a high radiation backgrcund. As
soon as weather conditions permit, the gas is released to the stack and nc attempt is
ever made to hold off-gases for aging. The gas holder is never used to confine gases
containing radioactive iodine; these gases are all treated by the other processes
enumerated to prevent hazardous quantities of iodine from reaching the stack.

RADIATION LEVELS, PROCESS SHIELDING, AND SPECIAL HANDLING EQUIPMENT(l)

Radiation levels within the cell containing the processing equipment are on the order
of 10% R/hr so that organic materials such as soft gaskets, packing, plastic tubing,
and resinous insulating materials, are avoided. The cell walls are constructed of
six-foot thick standard concrete (or equivalent in cther materials when windows,
slide valves, etc, penetrate the wall). This permits a twc-day cooled MTR element

to ve handled with less than 1 mr/hr radiation outside the cell wall.

Individual pieces of equipment inside the cell are shielded wiin from four to twelve
inches of lead to permit entry intc the cell with & minimum of egquipment decontamina-
tion if repairs are required. Actually, very few entries have been required in
several years of operation.

The fuel element dissolver is an eight-inch diameter tubular dissolver designed to
dissolve one MIR element at a time in a 52-liter batch of caustic solution. The
centrifuge is a suspended, enclosed, solid bowl model with water channels in the
w ‘s to permit either heating or cocoling, as desired. Calibrated skimmers permit
controlled removal of supernate solutions.

The MIR fuel element charger is shielded with 1U4% inches of lesd and holds the
element in a water-filled chamber; cocling is provided by a thermosyphon circulating
system and air-cooled finned radiators on the outside of the cask.

CONCLUSIONS

The ICPP has demonstrated the ability to transport and dissolve two-day coocled MTR
fuel elements, to separate the uranium from the radioactive barium and strontium,
and to purify and ship up to 50,000 curies of Ba-140 within 24 hours after receipt
of the fuel element. Processing of these solutions, containing up to 25,000 curies
of iodine-131, can be controlled to release no more than approximately one curie of
I-131 to the stack. Specific conclusions with respect to radicactive iodine control
are:
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Five percent nitric acid containing 0.001 M mercuric nitrate and 0.001 M mercurous
nitrate is an effective scrubbing solution in a counter-current packed tower and
minimizes iodine entrainment problems.

One M sodium hydroxide containing 0.1 M sodium thiosulfate is also an effective
scrubbing agent but is not recommended because it gives rise to entrainment of
dried solid particles which can plug equipment and which carry iodine activity
through carbon adsorber beds.

Carbon adsorber beds are effective cleanup devices for gaseous iodine following
major removal of iodine in a scrubber system.

Carbon adsorber beds are not effective devices for trapping iodine activity which
is incorporated in finely divided solids which may reach the adsorber beds.

Addition of 0.001 to 0.005 M mercuric nitrate to nitric acid solutions used in
processing freshly discharged fuel assists in complexing and holding the iodine

in solution.

Process solutions containing iodine should be kept at as low a temperature as
process requirements permit.

Process solutions containing iodine should be agitated or disturbed as little
as possible.
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EFFECT OF IRRADIATION ON THE DISSOLUTION CHARACTERISTICS

OF IMPORTANT FUEL AND CLADDING MATERIALS
by

K. L. Ronde
J. A. Buckham

ABSTRACT

Reactor irradiation can have significant effect on the dissolution rates of
fuel and cladding materials in various agueous reagents due to changes in
composition and structure. Reported data on these effects are reviewed.
Aluminum-3% uranium and aluminum-7% plutonium alloys become more passive.
Zirconium-4% uranium alloy becomes more reactive, while Zircaloy-2 cladding
on thc alloy becomes slightly less reactive. The reactivity of Type 30k
stainlcss steel cunanges very little with fast neutron irradiation. Uranium
oxide-plutonium oxide and thorium oxide-uranium oxide appear to change little
or become more reactive.

('ork performed under the auspices of the Atomic Energy Commission under
coibract (LD -1)-1230)
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INTRODUCTION

With the development of higher performance fuels for test reactors and power reactors,
including fast breeder reactors, the importance of irradiation on the dissolution charac-
teristics of nuclear fuels and cladding alloys is becoming of increasing importance.
Some. fuels become so passive to chemical attack that conventional aqueous dissolution

te 1lques are not feasible or are usable only at a significant penalty in excess proces-
sing time and cost. In other cases there is concern that alloys containing fissionable
material might become passive and distort criticality control concepts based on essen-
tially uniform dissolution of all portions of the element. Additionally, in many cases
avallable dissolvers are already subject to severe corrosion, and while more effective
chemical reagents might be known for resistant fuel materials, great care must be exer-
cised to obtain satisfactory productive life from these vessels.

For these reasons, studies of the dissolution characteristics of highly irradiated fuels
are of continuing importance.

Studies over the past several years in the United States on six types of fuel or cladding
materials of current interest are summarized in this paper.

ALUMINUM=-URANIUM ALLOYS

In a continuing study of the effect of alloy composition and irradiation upon the mercury-
catrlyzed dissolution of aluminum-uranium alloys in nitric acid, a series of experiments
ex_ oring the effects of acid and catalyst concentrations on the dissolution r?te of
highly irradiated fuel was undertaken at the Idaho Chemical Processing Plant(1 . The
effect of catalyst concentration on the dissolution rate for the irradiated alloy c%n be
compared to the effects on various unirradiated alloys which were studied earlier(2 .
Because no dissolution rate rapid enough for economic plant use could be achieved with
acid, dissolution in sodium hydroxide also was tried.

The results obtained do not offer any suggested means of obtaining a significant increase
in the rate of dissolution of the highly irradiated aluminum-uranium alloy in nitric acid
However, caustic dissolution--as demonstrated in this study and as already used in the
RaLa process at ICPP--or electrolytic dissolution may be applicable.

Certain fully enriched uranium-aluminum alloy slugs from Chalk River are among the most
highly irradiated fuel which is processed in significant quantity at ICPP. Those slugs
processed in the campaign of 1963 showed approximately 45 percent burnup and were very
slow to dissolve in mercury-catalyzed nitric acid as had been the case with other
fuel from the same source processed earlier. One of these slugs was retained for labo-
ratory studies and was cut into wafers of about 18 grams each for the following studies.
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__charged and dissolution initiated in 5.5 ﬂ

For the acid dissolution, reagents of 4 and 6 M nitric acid containing 0.005 to 0.05 M
mercuric nitrate were charged in proportions to give a mole ratio of acid to aluminum of
4,8, For the caustic dissolution, 5 M sodium hydroxide was charged in proportions calcu-
lated to yield a mole ratio of base to aluminum of about 4. All dissolutions were per-
formed at the boiling point of the reagents at about 650 mm of mercury. Table I gives
Lhe results of these tests in terms of the length of time required to dissolve 75 and
100 percent of the aluminum in the wafer. It is clear that during“the earlier part of
the batch dissolution the higher catalyst concentration did lead t¢o™an increased disso-
lution rate. However, this had no significant effect upon the timeirequired for total
dissolution. The data provide no basis for choice between the lev of acid. Disso-
lution in 5 M sodium hydroxide was relatively rapid. Although the caustic dissolution
must be followed by an acid dissolution of the uranium oxides requiring additional time,
it would appear that the total time cycle with a caustic dissolution might be almost an
order of magnitude shorter than that with mercury-catalyzed nitric acid.

In Table 11 the results of this study with highly irradiated alloy are compared to
experimental experience with unirradiated aluminum alloys of various compositions

The earlier work had indicated that the alloys could be divided into two classes based

on the response of the dissolution rate to an increase in mercuric nitrate catalyst from
0.005 to 0.05 M: (a) the aluminum alloys of silicon and nickel showed a hundred-fold
__increase in dissolution rate when the catalyst concentration was increased; (b) the alloys
+ith copper did not increase in reactivity when the catalyst concentration was increased.
The highly irradiated aluminum-uranium alloy appears to fall more nearly in the latter
class. In a fur?h?r comparison, the copper alloys did not respond to "contact activation"
in earlier tests , nor did the highly irradiated aluminum alloy respond to such treat-
ment in a plant test described in the following paragraph.

A contact activation technique for accelerating
the dissolution was tested in the plant. This
technique was suggested by the favorable results
which were obtained when passive aluminum alloys
were dramatically activated by contact with

active, high purity aluminum. In the plant
test, crumpled foil of high purity aluminum
(nominally 99.999 percent pure) was charged

to one of two batch dissolvers in such quantity
as to cover the bottom of the vessel. The
weight of the foil was insignificant compared
to the weight of the slugs. The slugs were
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pieces dissolved rapidly in both dissolvers .
as shown in Figure 1, and the dissolution of )
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even with contact activation. ;
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TABLE 1

BATCH DISSOLUTION TIMES FOR WAFERS
OF HIGHLY IRRADIATED ALUMINUM-URANIUM ALLOY

Time for Time for
T5% 100%
[a] Dissolution Dissolution
Reagent'> (min) o (min)-
kM HNO3; L4.8 moles/mcle Al :
0.005M Hg(NO3)p 1220 2750
LM HNO3; 4.8 moles/mcle Al
0.05M Hg(NO3)o 600 2360
6M HNO3; 4.8 moles,mole Al
0.005M Hg(NO3)2 1110 2530
6M HNO3; 4.8 moles/mole Al
0.05M Hg(NO03)2 730 ¥ 2200
SM NaOH; 4 moles/mole Al 21 65
..5M NaOH; U4 moles/mole Al 23 220

. [a)

Tests were performed zt the boiling point of the reagents.

TABLE L1

EFFECT OF CATALYST CONCENTRATION ON
RATE OF DISSOLUTION OF ALUMINUM ALLOXYS

Alloy Time for 15% Dissolutionl®) (min)
[b] 0.005M Hg(NO3)p 0.05M Hg(NO3)o

A1-3% U (irradiated fuel) - 1110 ~ 130
A1-3.5% Cu (1033)[°] 700 »300
Al-4.8% Ccu-1.2% Si {1091;[°] 350 300
Al-2.9% si (77&)[°] 1460 15
A1-1% Ni (8oo1)le] 1600 15
4l (unalloyed) 10 10

[a]
[v]

Tests were conducted in boiling 6M nitric acid.

-

Composition after about 45% burnup of the original U-235 in the -90% enriched
fuel.

[e]

Coupons fabricated from Aicca spectrochemical standards of this designation.
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effect of this factor on the dissolution rate, The percentage burnup is shown beside
each data point in Figure 1, Portions of the alloy in which the uranium burnup average
L1 percent dissolved rapidly in the first cut., Later cuts contained uranium of typical
higher burnup, with the last cuts being 49 to 50 percent burnup. Since the surface of
a slug-type fuel is presumed to contain the region of greatest burnup, the shell is pre
sumably penetrated in places and the interior preferentially dissolved, leaving a diffi
cultly dissolved shell. This mechanism is substantiated by the observation that wafers
cut from these slugs dissolved in laboratory tests from the inside out.

PLUTONTUM=-ALUMINUM ALLOY

The dissolution rate of highly irradiated 7 percent plu?ﬁnigm-aluminum alloy in nitric
acid has been reported by the Savannah River Laboratory s At about 60 percent
burnup of the plutonium-239, a rate of 11 mg/(cm?)(min) was experienced in 5 M HNO3-
0.05 M Hg(N03)p-0,02 M HF. At 99 percent burnup the rate was about 0.5 mg/(em?)(min)
in a similar reagent. As with aluminum-uranium alloy, it was found that rapid disso-
lution could still be obtained in sodium hydroxide,

Instantaneous dissolution rates in HNOS-Hg(NO3)2 solutions were measured for Plutonium
Recycle Test Reactor (PRTR) fuel of 1.8 weight Sercent plutonium, 2 percent nickel,
and either type 1345* or Type 8001%** aluminum(6),

Pu~Al alloys irradiated to 28-48 percent burnup of their initial Pu-239 content, as
well as unirradiated Pu-Al alloys, were studied in 0.002 to 0.02 M Hg(NO3)p solution
at HNO3 concentrations as high as 4 M, Irradiated material was found to activate only
in dilute (approximately 1 M) HNO3 solutions.

A key property of irradiated PRTR Pu-Al alloys was that, after activation in dilute
HNO3 was achieved, concentrated HNO3 could be added to the dissolvent to adjust its
acidity to 4 to 6 M without passivating the alloy. Advantage of this property was

taken in defining an activation-dissolution procedure for use in the Hanford Redox

plant, This scheme has been used in the Redox plant to dissolve successfully PRTR

Pu-Al fuel assemblies in several separate campaigns.

ZIRCALOY CLADDING AND ZIRCONIUM-URANIUM ALLOY FUELS

In order to assure safe operation of a continuous dissolver for processing PWR-type
uranium-zirconium alloy fuels, it was necessary to determine that there would be no
great accumulation of uranium=-235 in the dissolver during extended operation. Such
an accumulation could occur if the uranium-containing meat alloy were to dissolve at
an appreciably slower rate than the cladding alloy, Zircaloy-2.

The relative rates of digsolution for meat (4% uranium after irradiation) and cladding
alloys were determined 7) in a typical dissolvent, 5,2 M hydrofluoric acid, 0.34 M
boric acid, and 0,03 M nitric acid. Duplicate determinations were made for both
unirradiated fuel and fuel having greater than 50 percent burnup. From these deter-
minations, an estimate was made of the absolute dissolution rates for meat and cladding

~

¥ Greater than 99 percent Al
#%98+ percent Al, 1 percent Ni
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alloys. At about 95°C (with an insignificant amount of zirconium dissoclved) the
approximate initial dissolution rates were:

Unirradiated: cladding - 80 mg/({cm®) (min); meat - 160 mg/(cm?) (min)

Irradiated- cladding - 25 mg/{cm®) (min); meat - 500 mg/(cm@) (min)

Interestingly, irradiation caused a decrease in the dissolution rate of the Zircaloy
cladding but an increase in the dissoluticn rate of the uranium-zirconium alloy meat.
The ratio of the rate of dissolution of cladding to the rate of dissolution of meat

was about 0.5 for the unirradiated fuel and about 0.05 for the irradiated fuel. There-~
fore, it was concluded that the meat material will dissolve essentially as rapidly as
it is exposed by the dissolution of the cladding and that there will be no accumulation
of uranium in the dissolver.

STAINLESS STEEL CLADDING AND STAINLESS STEEL-CLAD FUELS

Galvanostatic measurements on irradiated and unirradiated Type 304 stainless steel made
in 5 M Hp30) at 25°C have been evaluated for indicgg%on of effects of irradiation on
either the chemical or electrochemical dissolution!' All irradiated specimens were
from a single LO-inch long tube irradiated in EBR-II. The portion of the tube in the
highest fast flux had been exposed tc an integral fast neutron flux of about 5 x 1022
n/em? at about 400°C over a period of 900 days. Cobalt-58 and manganese-5h were the
most significant sctivation products in these specimens. Specimens were also taken
from portions of the tube where the fast flux had been at least an order of magnitude
lower and the thermal fliux more important, as evidenced by the predominance of cobalt-6
over cobalt-58. For all specimens., unirradiated and the two types of irradiated
materials, the passive region on the current density~potential plot extended from

~0,28 to +1.12 volts, with respect to the calomel electrode. At potentials more posi-
tive than this, there was a rapid increase in current density with increasing potential
for all specimens. These observations suggest no effect due to irradiation on the
reactivity of the stainless steel in chemical dissoclution in sulfuric acid or in electr
chemical dissolution.

Fully irradiated EBR-1I fuel (2 percent burnup of uranium~235 in 52 percent enrich?d
uranium) has been dissolved in nitric acid i1n a small scale electrolytic dissolver 9),
All aspects of the dissolution proceeded as readily with the irradiated material as
with similar unirradiated material.

PLUTONIUM OXIDE-URANIUM OXIDE

The dissclution of UCp=0.5 percent PuOQ(lO) and U0p~20 percent PuOg(ll) has been report
by Pacific Northwest Laboratory and Oak Ridge Naticnal Laboratory, respectively. 1In th
and other work it has generally been observed that where the conditions.of either fuel
manufacture or irradiation lead to a solid solution of PuOp in UOp, the PuOp can be dis
solved with the U0, in nitric acid without added fluoride. If a solid solution has not
been formed, fluoride is required to insure dissolution of Pu0s., This effect appears t
be more significant than any effect of irradiation in determining the ease of dissoluti
of this mixture.

In the work at Pacific Northwest Laboratory. it was specifically noted that with U0,-O.
percent PuOo mixtures the plutonium became more completely soluble in nitriec acid alone

as the lrradistion time of the fuel was increased. However, for general application
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wherein complete conversica -f Pu02 tc a solid sclution with UOp could not be guaranteed
flowsheets using about 10 M nitric acid with about 0.1 M NHLF were used. Successful dis
solution of both unirradiated and irradiated (to 5000 MWd,/ton) oxide was achieved.,

Stainless steel clad U0p~20 percent Pul. was used in the work done at ORNL, Irradiation
levels ranged up to 99,C00 MWd, tca., It was found that shearing the elements into short
pieces and then dissoclving the oxide with nitric acid was preferable to chemical decladd
with sulfuric acid solutiocas bstause oI excsssive (1.,5%; lesses ¢f uranium and plutonium
Also, about 60 percent cr the fissica-product cesium dissolved in the sulfuric acid, cres
a waste management probirem  Mcre than 99 perient ci the PuCp-UD2 dissclved in less thar
five hours in all concentraticns <I nitrlc acid greater than 3 M., No fluoride was neede
to accelerate the reactvicn

THORIUM OXIDE-URANIUM OXIDE

Tests at Oak Ridge Naticnal Laboratcry**<’/ with scl-gel derived ThOo=U4 percent UOs in
boiling 13 M HNO3-0.04 M NaF-0.04 M Al .NOy,3 indicaved thatv irradiation increased the
dissolution rate over that for the unirradiated cxides, Up to 95 percent of the oxides
were in solution at eight hours and 99.8 percent at 24 hours, Irradiation levels
varied from 3000 tc 98,000 MWd psr nocn 31 heavy metal.

CONCLUSIONS

The effects of neutrcn irradiation on these eight important tuel or cladding materials
are summarized in Tabie II[. Exyosaze in a reacior can result 1n heat treating,
changes in chemlcal ccmgositron. snd damage Lo the strudcture of foel or cladding on
an atomic or macro scale. In some cazes the Change i1in dissoiution behavior can be
readily asscciated with one o1 tnese egifects, The increese in ease of dissolution
of PuOs as it more complete.y I13rms & 33:1d sosution with UOg cn prolonged exposure
in the reactor 1s a good exampie. 1n cther ases waere the changes in ccmposition
cr metallurgy are less c.early understoccd, the reason Icr the changes in dissclution
characteristics with ircsadiatvica canact be gasi.y exp.aiced, Nc overall generaliza-
tion among the various alicyjs cr oxides aLpears reasonable from the data,; but there
is good agreement in the res.ilts 17l varilus labcratceles working with the same
alloys or cxides, A more somplete understanding 1 tne eftects or irradiation on
the chemicai reactivity ci these al.0ys5 and oxides apgears dependent upon a greater
understanding of the ruadamental -hangés in compesition and structure which occur on
irradiation.
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Fuel or
Cladding
Allcy

Alumin.um~
3% uranium

Aluminum-
7% plutcnium

Zirconiuvm-
4% uranium

Zircaloy-2

Stainless
steel Type-304

UOp-20% Pulp

(Sclid soliuticn;

U0p~0,5% Fulp
(Mixture,

ThO,-4% U0

TABLE III

Q =

Zizzoluvion lyrradyavticn
Tricess Levsl
HNC . -Hg NO3,p 4+5% BU

SCiatiln

60 & 93% BU
cf Pu~239

ANC3-Hg: NO3.0
HF sc.otzon

HF sciutico *50% BU

HF scz.utiocn Claddz

S Hoduy 5 % 1022n; :m?
(fast,
HNO3 soluvion C-59.000 MiWa;T

0-5,000 MwWg,T

L3M HNS2~0. ol 0-98.000¢ MWa,T

NaI‘:~OJO4M_ AL \NU:)T‘
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Effect of Irradiation
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Large decrease in react
between 60 and 99% BU

200% increase in dissols
rate

70% decrease in rate
Galvancstatic measure-
ments show no tendency
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Fast Conbactors In The WAK

By W. Knoch and B. Roth

Gesellschaft zur Wiederaufarbeitung von Kernbrennstoffen mbH
Leopoldshafen bei Karlsruhe (Germany)

Gesellschaft fiur Kernforschung
Institut fiur Heisse Chemie
Leopoldshafen bei Karlsruhe (Germany)

Abstract

A centrifugal extractor test facility will be
integrated into the WAX reprocessing plant (Wieder-
aufarbeitungsanlage Karlsruhe). The extractor is
,qé§§ribed and the results of extensive laboratory
tests are presented. Flow-sheets and the installation
of equipment are briefly discussed.
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Introduction

The first German reprocessing plant (1) _ WAX - with
a nominal throughput of 40 t/a has an intermediate
character between test facility and industrial plant.
The plant is presently under construction and
scheduled to start operation in fall 1970. The

plant has been designed to process slightly enriched
uranium oxide fuels with burnup of about 20,000 MWd/+t.

Recent achievements in the reactor fuel technology
provide the possibility of higher burnup of fuels

in thermal reactors, advanced converters and fast
breeder reactors. The technical problems inherent to
the aqueous reprocessing of such fuels have to be
accounted for.

High burnup together with economically acceptable
cooling times leads to intense radiation of the spent
fuel due to the high content of fission products and
actinide isotopes. One of the main problems in agueous
reprocessing of such fuel is to minimize radiation
effects on solvents and aqueous process solutions to
prevent the decrease of separation efficiency. Short
residence times in the extraction equipment essentially
contribute to the decrease of radiation damage.
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Flow~sheet Considerations

Conventional mixer-settler batteries have been designed
and will be used in the WAK for the extraction steps.
The residence time of the organic phase in the high
active region is about 15 minutes. The use of fast
contactors is most advanbtageous in the co-extraction
step (HA) of the first extraction cycle where the
majority of the fission products is still present.

At comparable throughput the residence time could be
decreased by a factor of 20. A simplified flow-sheet
of the WAK extraction cycles is given in fig. 1.

The extraction cycles are succeeded by a silicagel
tall-end treatment for uranium and an anion exchange
step for final plutonium purification.

The use of fast contactors not only reduces the
residence time but also permits higher throughputs.
This is important for the processing of solutions
with high content of fissile materials, which
requires small critically safe equipment.

Another mode of application is an additional
co-decontamination cycle preceding the first extraction
cycle. Reconcentration of the dilute strip solutions
would then become necessary before entering the

first extraction cycle.
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Although laboratory tests of the fast contactor type
to be used (seé below) gave saﬁisfactory results,

the reliability and stable performance of multistage
batteries under rigorous plant conditions have not yet
been proven. As there is ample time before the use

of fast contactors becomes inevitable for the processing
of high~burnup fuels, it has been decided to start
with the installation of only two batteries of
centrifugal contactors, which constitute a third
extraction cycle for uranium. Due to the low activity
level at this point the contactors remain easily
accessible for adjustment, maintenance and test
instrumentation. Only after exbtensive testing during
plant operation a replacement of the conventional
nmixer-settlers by centrifugal extractors in the highly
active section will be considered.

The chemical purex-type flow-sheet of the second
uranium cycle cannot be used in the third cycle

without change. The product of the second cycle is

a low acid, dilute uranium solution. No intermediate
evaporation is planned. Instead, the acid concentration
is raised %o 2.5 M resulting in more favorable
distribution of uranium. This improves the ruthenium
decontamination. '

The extraction and strip batteries have 12 stages each.
Fig, 2 shows the proposed flow-sheet of the third
uranium cycle. This additional cycle will result in

a further improved overall decontamination factor,

thus reducipg the need for rework operations.
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Contactor Equipment

The extractors designed for WAK are similar to those
developed at the Savannah River Laboratory in the
United States.2)'The design principle of a compact WAK
centrifugal conbactor stage is shown in Fig. 3.

Its main components are a mixing chamber, a rotating
bowl to separate the mixbture in a centrifugal field,
circular weirs to remove the phases separately and

a driving motor for both bowl and mixer. The light
and the heavy phase are sucked into the mixing
compartment by an impeller pump through the two
horizontal inlet tubes and are mixed intensély to
yield an optimum mass transfer. The mixture is forced
into the rotating bowl passing an anti-vortex baffle
and steadying plates at the center of the axle. In the
narrow, nozzle type inlet aperture the mixbture is fed
from the static mixing chamber into the rotating
settling chamber (rotor) converting pressure into
kinetic energy. The proper functioning of a stage
depends on the correct choice of the free cross
section of the nozzle for the respective speed and
overall throughput.

A baffle plate or diversion baffle in the rotor on

the mixer shaft radially diverts the entering mixture
to the outside where it is subjected to the centrifugal
field (about 400 g) over the entire length of the rotor
and finally disengaged.
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Separated by conveniently shaped circular weirs the
two clean phaées leave the rotor through radial bores
at 1ts top into collection chambers and further into
the subsequent extractor stages via tangential outlet
tubes.

The rotor shaft is supported by a plug and coupled to
the motor which is located outside the radiation shield.
The rotor must be balanced very carefully as the
contactor has no bearing below the shielding. In the
liquid stream there is thus no mechanically sensitive
component which would require maintenance.

The extended motor shaft has an easlly exchangeable
rotary seal. Compressed air (O - 300 mm Hg) is fed
through the seal and the hollow motor and rotor shafts
to the circular weir of the heavy phase to control the
position of the interface so that both phases are
completely disengaged 5).

The motor can easily be replaced. A special design
feature allows also the removal of motor, plug,
shaft, rotor and impeller as a unit for replacement.

Laboratory Tests

Hydraulic properties and the extraction efficiency of
the centrifugal conbtactors were investigated using

a 12-stage battery. Fig. 4 shows the stages arranged
in a rectangle. '
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Characteristic data of a protobype contactor are
summarized in Table 1. The weir dimensions were
designed specially for the Purex system; however,
they can be calculated for any other solvent system

as well 4).

Hydraulic Capacity

The maximum total throughput of the cenbtrifugal
contactor depends on the

- size of the contactor

— mass flow ratio of agqueous and organic phase
—~ speed of mixer and rotor

~ density ratio of the phases

- viscosity, temperature, and emulsibility of
the phases

o e e o e T b e . e et et i o e frn i et Yot i B S el i s i

Fig. 5 shows the dependence of the maximum throughput
on the mass flow ratio qa/q0 at various impeller
speeds and two different density ratios for a given
degree of mutual entrainment of the two liquid phases
(0,5 and 1 % resp.). The highest obtainable throughput
(organic plus aqueous phase) was 600 1/h using the
system 30 % TBP/Shellsol T - 1 M HI\TO3 and a flow

ratio of 1/1.

b) With Interface Control

e e e e e e e e e et et e e e

Interface Control by means of compressed air requires
an additional circular weilr and a sealing baffle to
prevent the escape of air through the aqueous.outlet
(Fig. ©6).
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The pressure range for the control air depends on the
density of the aqueous phase, the rotor speed and the
liquid head (r2 - ra). In the case of an air failure

both phases leave together through the aqueous port-

into the collection chamber.

The maximum throughput as a function of the mass flow
ratio for the system 15 % TBP/Shellsol T - 0.1 M HNOB/
1 M NaNO5 is plotted in Fig. 7. The throughput curve
holds for a constant rotor speed of 3.000 rpm and an
optimum air control pressure Py i.e. that pressure

at which the aqueous and the organic phase have a
tolerated maximum of 1 % impurities. The maximum
effective range of pressure control, Py eff? Was

266 mm Hg.

The maximum total throughput in the case of interface
control is about 50 % higher than without control.
Moreover, interface control allows with one type of
contactor the handling of liquid systems with
density ratios between 0.75 and 0.95 as is the case
in the extraction cycles of the Purex process.

Mass Transfer Efficiency

The mass transfer efficiencies of the prototype
contactor were determined for countercurrent extraction
and re-extraction under the conditions of the third
cycle of the WAK.
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The uranium distribution is shown in Fig. 8.
Agueous feed: 0.198 M U/2.5 M HNO5

Organic feed: 30 Vol% TBP/Shellsol T

Slope of the operation line: 1.53

Contact time per stage : 14.1 sec.

After about six 7ninutes steady state was established
in the three s 3es with an overall throughput of
215 1/h. '

-t e o . o T i et it e e e T B et i D e ke i e e St ot bt e W2 v e o

The uranium distribution is plotted in a Mc Cabe-Thiele
diagram (Fig. 9).

Aqueous feed: 0.22 M HNO3

Organic feed: 30 Vol% TBP/Shellsol T - 0.325 M U

Slope of the operation line: 1.35

Contact time per stage : 15.1 sec.

Overall throughput : 200 1/h

Since the extraction was carried out at only about half
of the maximum possible throughput, the contact time is
relatively long. Steady state was established after
about eight minutes.

Fig. 9 clearly indicates that the theoretical equilibrium
was not obtained in the individual stages.

While the extraction yielded an overall efficiency (ratio
of actual to theoretical number of stages) of nearly

100 %, only about 72 % were achieved in the stripping
operation. This is possibly due to slow transfer kinetics.
The stripping temperature was 22 °¢ compared to 50 - 60 ¢
usually applied in plant operation.
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Plant Installation

The two centrifugal contactor batteries together with
pumps and small receiver vessels are placed in a
concrete cell (3 m x 3 m, 2.1 m height) with a wall
thickness of 0.5 m (Fig.10). The separation from
other equipment and active areas makes the centrifugal
contactors accessible and maintenance operations

are conveniently done. The shielding efficiency would
have to be raised by a factor of ’IO4 for processing
highly active solubions.

The product solution of the second cycle is collected
in a pair of feed adjustment vessels and fed by
alr-1ift to the first contactor. The TBP-solvent

is recycled by canned motor pumps without intermediate
cleaning.

All process vessels of the third cycle have critically
safe dimensions with respect to 3 % U-235 fuel. The
transfer of waste solutions to critically non-safe plant
sections is controlled by an in-line uranium monitor.

The overall cost of the installation of the third
uranium cycle including adaption to the already

existing plant installation will be approximately
$400.000. The scheduled date for the starbt-up of the WAK
plant will not be postponed by this additional program.
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Table 1 Characteristics of the Prototype of Centrifugal

Contactor
Totor (diameter) 80 mm
rotor (length) 130 mm
T (organic weir) 16 mm
T (aqueous weir) 19 mm
L (aqueous weir with air control) 26 mm
hold up, mixer 0.12 liters
hold up, settler 0.72 "
hold up, overall 0.84
centrifugal field 400 g
power requirement per stage .500 W
rotor speed 2000 rpm
material (SS) .. DIN 14541
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Fig. 1 - Schematic flow sheet of WAK extraction cycles
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Fig. 4 - Centrifugal extractor model and
Laboratory test battery
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Flowsheet Studies on Processing of Plutonium Fuels by Solvent<
Extraction ] '

By G. Koch, W, Ochsenfeld, and E, Schwind

Kernforschundszentrun Yarlsruhc (Germany) ,
Institut fir Helsse Chemie

Abstract

.Nuclear fucls containing plutonium as the fissile material are
considered for use in fast breeder as well as in thermal “pluto-
nium recycle" reactors, A number of solvent extraction flowshcets
for the processing of such fuels has been studied. For the recpro-
cessing of irradiated fast brecder reactor fuels, studles on plu-

© tonium behaviour in fifst~cycle coextraction (HA contactor) and on
partitioning by uranium(IV) reduction (1 B contactor) werc done
using 20 vol.% TBP as the extractant. The interdependence of ura-
nium (VI) and plutonium (IV) distribution coefficients at macro
~concentrations has been studled, and empirical functions have been
developed which allow for the numerical calculation of distrioution
coefficients in the system TBP-n-dodecane~Pu(NO, )4 - U0 (u03)2~
HN03"H20 A proceos for the partitioning of uranjum and plutonium
in Purex-type systems by the direct electrolytic reduction of plu-~
tonium in the above two-phase system has been worked oul, and has
successfully been demonstrated in laboratory counter-current runs.
- For the recovery of plutonlium from non-irradiated fuel fabrication
serap, a process usiné?is vol.%# TLA/CCly has been developed.
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One of the problems arising in the processing of power reactor
ruéls lies in the fact that plutonium 1s considered as the
fisslle material In a numner of advanced reactor designs.

In partlicular, fast breeder reactors (wlth plutonium enrich-
ments of about 15 ~ 20 4 in the orlglnal core and of the order
of 5 § in a final core-plus-blanket mixture) and thermal
plutoniun~recycle reactors (witn original plutonium enrichments
of the order of 1 - 3 %) will provide fuels with rather high
plutonium concentrations. The chemlcal flowsheets used in the
processing of these fuels nust be adapted to thls fact. A
number of studies has been carrled out in Karlsrune, of which
results on solvent extractlon flowsheets are summarized in this
report.

I. Reprocessing of FFast Breeder Reactor Fuels

Purex-type processes are usually used In nmodern reprocessing
plants and wlll perhaps remaln ln use for a rather long perlod
of tlme because of economlc, reliability, and know-how reasons.
The German rcprocessing prototype plant WAKi), which is near

to completion at Karlsruhe, will use a 30 vol.% TBP flowsheet

to recover uranlum and plutonium from slightly enrichcd uranium.
A study made in the frame of a long-range development program
conmonly executed by Gesellschaft flr Xernforschung (owner of
WAK) and Gesellschaft zur Wilederaufarbeltung von Kerabrennstoffen
(operator of WAK), led to the conclusion that adaptation of this
plant to reprocessing of fast breeder fuel elements will be
possible 1f, among other thlngs, a common core-blanket management
1s done and a "dilute" extraction flowsheet 1s applied.

1. Interdependence of Uranlum and Plutonium Distribution
Coefficients ’

As-a baslis for flowsheet optimization, tne distr bution of urani-
um(VI) and plutonlun{(IV) between aqueous nitric acid and 20 vol.%
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TBP/n-dodecane was studied for the slngle metalsz) as well as
for mixtures of the two metalsB). The dependence of the distri-
butlon of plutonium on the organic uranium loading at a total
nitric acld concentration of 3.25 M ls precsented in flg. 1,
while flg. 2 shows the distribution of uranium as a functlon of
the organic plutonium loading for the same system. Enpirical
functions were derlived from sucn data which allow for the
calculatlion of the distribution coefficients ln thesc nmulti-
component systems. In order to do thils, the gpparent equllibrium

constants Ka of the equlllbria

PP

+ - -
(1) 1™ + mNOy + n TBP === H(NO,) (TBP)
. )
(2) K, (") = (h;tos)m(fBi)n) 5
PP (™) (wo3)™ (rsP)
where { ) = concentratlon,
W™ = o2t putt, or w'

2 3

were expressed as functlons of the total ilonlc strength J of the
aqueous phase:
b+

(3) Kypp(Pu')

2 . 0.163 J°

12.163 - 9.033 J + 2.230 J

) Kapp(UO§+) 8.791 + 6.071 J - 6.176 J2 + 1.579 J°

)

l
whlle a simlilar expresslion (equ. 5) from Jury and Whatley‘ was

used for the extraction of nltric acid.

- + _ 2
(5) Kapp(H ) = 0.385 - 0.155 J + 0.024 J

These equations are valld 1n the concentratlon ranges 20 - 30
vol.% TBP, 0.1-0.6 i U(VI), 0.01 - 0.2 M Pu(IV), and 0.6-3 M HNOB.
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Finally, the distribution coefficients of the different components
can then‘be expressed in terms of the concentrations and of the
apparant equilibrium constants of all the components of the system.
dork is now under way to develop a computer program for the
calculation and optimization of counter-current flowsheets,

2, Counter-~Current Studles of the HA Contactor

It is a well-knouwn fact that extraction of plutonium nitrate by

TBP is lower than that of uranyl nitrate. In other words, plutonium
is more easily displaced from the organic phase by uranium than
vice versa (c¢f, figs. 1 and 2). If a high metal loading of the
organic phase is maintained, this effect will lead to an accumula-
tion of the plutonium in the middle stages of the HA contactor due
to excessive recycling. It is only after this plutonium accumulation
has reached a sufficiently high value that the plutonium is finally
"pushed" into the organlc product solution. Such a "recycle"
flowsheetS’G) is shown in fig. 3. If the loading of the organic
phase 1is lowered, the plutonium accumulation becomes less important,
as is shown in the "coextraction" flowsheet of fig, H5’6). High
loading of the organic phase is desirable since this leads to good
decontamination of the plutonium and uranium from fission products,
On the other hand, it is obvious from fig. 3 that such a "recycle"
flowsheet cannot be used in existing plants with geometrically

not safe equipment, since supercritical plutonium concentrations
will build up in the middle part of the HA contactor, llevertheless,
such flowsheets might be considered if separate fast breeder
reprocessing plants using geometric criticality control would be
built in the future., Even the "coextraction" flowsheet of fig. 4

is not fully concentration safe, so that "dilute" flowsheets of the
type shown in fig, Ss)may be chosen for existing plants,

3. Uranium-Plutonium Partitioning in the 1B Contactor‘bsing
Uranium(IV) as the Reductant

In the WAKY?, the partitioning (1B) bank is included into the
first extraction cycle. Uranium(IV) nitrate will be used to
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reduce plutonium to plutonium(III), A number of laboratory
counter-éurrent runs was performeds) in which the acidity, the
excess of uranium(IV), the point of introducing the uranium(IV)
solution (1BX), the flow ratios, and the residence time were
varied, As an example, fig. 6 presents the results of a flowsheet
with a maximum acidity of 1.7 M HNO3; the organic phase (1BF)
introduced into the 1B contactor was in this case identical with
the organic product solution (HAP) of the "dilute" flowsheet
run shown in fig, 5. The plutonium product (1BP) contained 1 #
of uranium, corresponding to a decontamination factor of ca, 10".
The plutonium content in the uranium precduct stream (1BU) was
0.04 % of the total plutonium which corresponds to a decontamina-

tion factor of ca, 5=103.

From a number of similar experiments, the following general
conclusions could be drawn: A 3 - 4.5 fold excess of U(IV) was

not sufficient to obtain plutonium losses of less than 0,2 % in
the 1BU solution, while a 7 fold excess was sufficient, provided
the acidity was below 2,4 M, A lowering of the residence time

per stage from 4,7 min to 3,0 min did not make a difference,
Splitting of the U(IV) into two streams - one introduced as

usual with the 1BX solution in a middle stage of the mixer-settler
and one introduced with the 1BXS solution at the uranium product
exilt stage - likewise did not give a major effect. As to be expect-
ed, uranlium decontamination of the 1BP plutonium product stream
was best with high-acidity flowsheets,

XI, Direct Electrolytic Reduction of Plutonium in the 1B Contactor

Large amounts of reductant are required in the 1B contactor if

fuels with a high plutonium content are processed. This will

perhaps prevent tﬁe use of ferrous sulfamate in the reprocessing

of, e.g., fast breeder reactor fuels, and is at least not convenient
even 1f uranium(IV) nitrate is used as the reductant. Thus a study
was carried out to develop a direct electrolytic in-line reduction

of the plutonium in the mixed-phase system of the 1B contactor7).

293



One condltion for such a process ls that the Pu(IV)/(III) reduc-
tion rate 1is sufficlently high. In particular, the influence

of the cathode potentlial applied and of the solution partners

on the reduction rate was of Interest. Hitric acld in concen-
trations of 0.3 - 1.5 M did not influence the reductlon rate,
Hydrazlne, which would be added as a scavanger for nitrous

acld, lowered the tlime necessary for quantitative reductlion.

The depcndence of the reductlon rate on tne uranium(VI) concentra-
tion and an the cathode potential applied can be seen from

fig. 7 whlch presents a potential - current diagram. In the
potentlal range of the Pu(IV)/(III) limiting current, i.e. between
ca. + 400 and -100 mV versus SCE, the reductlon raté is pro-
portional to the Pu(lV) concentratlion. If the reduction is carried
out in the potential range of the U(VI)/(IV) stage, l.e. between
ca. -100 and -500 mV versus SCE, uranium(IV) i1s formed 1in

addition to the directly formed Pu(III). This U(IV) reduces, In
1ts turn, immediately any Pu(IV) present, so that the total
Pu(IV)/(III) reduction rate 1is ralsed by thls "indirect" reduction
via U(IV). This offers the possibllity of regulatlng, by varying
the potential applied, the reductlon rate in a counter-current
system,

Counter-current runs were carried out uslng a 16-stage plexiglass
laboratory mixer-settler equipped with gold cathodes in 8 mixer
cnambers and platinlzed titanium anodes in the corresponding
settler chambers. The organic uranlum-plutonium feed solutlon
(1BF) was introduced into stage No. 8, wnlle the aqueous phase
(1BX, nitrlc acid + nydrazine) was introduced into stage No. 1
and the organlc scrub solution (1BS) into stage Ho. 16. Table

1 shows the flowsheet conditions of three runs, one of thenm
(No.1) having a plutonlum:uranium ratio typical of fast breeder
fuels and two of them (No.2 and 3) having plutonium:uranlum ratios
typical of light-water reactor fuels. In runs No. 1 gnd 2, the
anodes in the mixer-settler were shlelded by clay diaphragms

in order to prevent re-oxidation of the plutonium and any degra-
dation of the solvent, while in run Ho. 3 the dlaphragms were
removed. The uranlum-plutonium separatlons attained in thnese

runs were equivalent to those experlienced with uranlum(IV) re-
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duction. As an example, concentratlon profiles for

shown In flg. 8. Engineering studles are now under

pilot mizxer-settler unit for plant use.

-

run Ho. 2 are
way for a

Table 1. Flowsheet conditlons for three runs of an electrolytic
1B mixer-settler.
Run No. 1 BF 1 BU 1 BP
240 ml/n 350 ml/n 66 ml/h
1 4,5 g Pu/l 0,002 g Pu/l 21,2 g Pu/l
48,2 g U/1 38,0 g U/1 <0,01 g U/1
480 ml/a 551 ml/h, 44 wml/n
2 0,34 g Pu/t 0,004 g Pu/l 3,74 g Pu/l
77,0 g U/1 69,1 g U/1 0,01 g U/1
400 ml/h 471 ml/n 44 ml/h
3 0,5 g Pu/l <0,002 g Pu/l 3,4 g Pu/
73,4 g U/1 61,5 g U/1 0,006 g U/1

IIY. Recovery of Plutonium from Non-Irradlated Fuel Fabricatlion
3crap

A process has been developed for the recovery of plutonlium from

the scrap which arises durlng the fabrication of power reactor

fuels enriched 1n plutoniuma). Such fuels usually conslst of

a UOZ-Puoa-mixture. Anlon exchange is often used for recovery of
the plutonium from this scrap. However, the capaclty of the anion
exchange resin for plutonium is lowered in the presence of uranlun,
whlch is of particular importance in the case of the low-enriched
thermal plutonlum-recycle fuels where uranium ls present ln a

large excess. Thus a solvent extraction process was developed

which, as a major requirement, was to use a non-inflammavle solvent.
A 15 vol.% trilaurylamine (TLA) solutlion in carbon tetrachloride
was selected as the solvent, based on the good Pu(IV)/U(VI)
separation factor of the TLA extractant and on the non-inflammabilit
of the CClu diluent.
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After dissolutlion of the scrap, the aqueous fced solutlion is adjusted
to ca. 2 M nitric acld. Valency adjustment of the plutonlum to the

+ii state 1s necessary 1f any Pu(VI) should havc been formed durlng
dissolutlion. Extractlion isothermes for the extraction of plutonium(IV:
by 15 vol.% (ca. 0.24 M) TLA/CClu from 2 K nitrlc acid as a function
of the uranium concentration are shown in flg. 9, whlle fig.10.
presents the extraction of uranium under the same conditlons as a
function of the plutonium concentration. It can be seen from these
filgures that the plutonlum distribution coefficlents and the
plutonium-uranium separation factors remain high enough even at

high uranlum concentrations to guarantee a good separation of the

two metals wlith a few counter-current stages.

It is a well-known fact that backwash of plutonium from organic
tertiary amine phases offers some difficulties. In order to avoid
contamination of the plutonium product by unwanted elements, bpack-
wash by solutlons based on acetlic acild was cons.idered, whlch is

).

however known to be a slow reaction (cf.

The kinetics of backwash of plutonium(IV) by 1 M acetlc/0.05 M nitric
acid from 15 vol.% TLA/CClu is shown In curve 1 of fig. 11. Good
recovery of plutonium may be possible even in a single-stage con-
tactor provided that the residence time of the solutions 1s of the
order of several minutes. Still better (lower) distributlon
coefficients and faster klnetics can be reached by the addition of
ascorblec acid as a reductant for plutonium, as is demonstrated by
curve 2 of flg.11. The latter solution was adopted for practlcal use.

On the basls of the above results, a counter-current flowsheet
conslsting of 6 extractlon, 4 scrub, and 1 backwash stages was
developed. A geometrically safe test facllity uslhg centrifugal
contactors ln extraction and scrub and a one-stage mixer-settler

10)

wilth long residence time for backwash 1s now under construction .
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Fig, 2,

Fig, 9,

Plutonium (IV) extraction isothermes for various organic
uranium loadings. 20 vol.% TBP/n-dodecane, 3.25 M total
HHO, T = 25%¢.

Uranium (VI) extraction isothermes fbr various organic
plutonium loadings. 20 vol.% TBP/n-dodecane, 3.25 M total
HNO5, T = 25°¢,

"Plutonium recycle" flowsheet with >90 % saturation of
the organic phase,

"Plutonium coextraction' flowsheet with ca. 80 ¥ satura-
tion of the organic phase, ’

"Dilute"™ flowsheet with ca. 50 % saturation of- the
organic phase.

Partitioning flowsheet, using as feed (1 BF) the organic
product (HAP) of fig. 5.

Potential- current diagram for the electrolytic reduction
of Pu (IV) in the presence of uranyl nitrate.

Concentration profiles for direct electrolytic reduction
of plutonium in the 1 B mixer~settler, run No. 2 (cf.
table 1).

Extraction of tetravalent plutonium by 15 vol.% TLA/CCla

from 2 M HNO3 as a function of the uranium concentration.,
? = 259,
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Fig. 10,

|

Fig. 11.

Extraction of hexavalent uranium by 15 vol.? TLA/CClu
from 2 M HNO3 as a function of the plutonium concen-
tration. T = 25°C.,

Kinetics of backwash of ca. 5 g/l plutonium (IV) from
15 vol.? TLA/CClu (equilibrated with 2 M aqueous nitric
acid), Curve 1: 2 I acetic/0,05 M nitric acid. Curve 2:
2 M acetic/0.,05 M nitric/0.,03 M ascorbic acid,
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Fig.7
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Present Status and Organisation of Advanced

Fuel Reprocessing in the Federal Republic

of Germany

By W. Schiiller

Gesellschaft zur Wiederaufarbeitung
von Kernbrennstoffen mbH
Leopoldshafen bei Karlsruhe (Germany)
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prototype plant, erected from govermment funds and
cperated by industry (GWK) will aid in the trazining
of personnel and accumulation of plant'experience. In
a second phase the plant will be used for the techni-
cal-scale demonstration of reprocessing methods forxr
advanced fuels. ’

Close collaboration between government—owned resaarch
centers and industry is assured by long term develop-
ment programmes on fuel reprocessing, one carried out
at Karlsruhe between GfK and GWX, the other by an
association between Kfa, Jiilich, and several incdustrial
companies. The main lines and present status of research
and development work are briefly outlined. '
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Introduction

Reprocessing of irradiated fuel for the recovery of fissile
material is recognized as an important part of the fuel
cycle for the generation of nuclear energy. The continuing
development of reactor and fuel technology therefore demands,
that present fuel reprocessing techniques be improved or new
methods be developed, which must take account of'increasing
fuel burnup, reduced cooling time and new types of fuel in-~
troduced by advanced converter or breeder reactors.

Realizing the great importance of fuel supply and of fis-
sile material recycle for the development of nuclear enex-
gy, the Federal Government, in the 2nd German Atomic Ener-
gy Programme (1968-1972), has directed special attention to
the technical development of the fuel cycle in the Federal'
Republic. '

»

In the field of fuel reprocessing, research and development
effort is mainly shared between the government-owned Nuclear
Research Centers of Karlsruhe (Gesellschaft filx Kexrnfor-
schung mbH, GfK) and Jiilich (Kernforschungsanlage, KfA),
which both collaborate closely with industry. The following
diagram indicates the organisation of reprocessing activi-
ties in the Federal Republic of Gerxrmany.

Considering that fast breeder development is the predom-
inant project at Karlsxruhe, the development in fuel re-
processing is concentrated on the adaptation of agueous
solvent extraction methods to the treatment of Uranium/
Plutonium fuels for advanced thermal and fast breedexr
reactors.
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On the other hané, the center of Jiilich, engaged in the
development of the high-temperature gas-cooled Thorium
reactor and other advanced reactor concepts based on the
Thorium-Uranium-cycle is performing research and develop-
ment work on reprocessing of thorium fuels.

The third major reprocessing activity in Germany, and a
step towards industrial engagement in this part of the

fuel cycle, is the construction of Germany's first fuel
reprocessing prototype plant (WAK) in close neighborhood

of the Karlsruhé center. Erected from government funds,

this plant is owned by Gesellschaft filir Kernforschung

mbH (GfK) and will be operated by Gesellschaft zur Wie-
deraufarheitung von Kernbrennstoffen mbH (GWK), a subsid-
iary of 4 German industrial companies, interested in the ‘
fuel cycle. The WAK has a tlroughput of 200 kg UOz/aay and

will start trial operation this year.

Reprocessing of Uranium-Plutonium Fuels

Probably the most important reactor development in the
German Atomic Energy Programwme is the fast breeder project,
conducted by the Karlsruhe Nuclear Research Center in close
cooperation with industry. In the context of this project,
some institutes of the center,in particular the Institute
for Hot Chemistry (IHCh), have been actively worked for some
time on the development of suitable methods for fast bree-
der fuel reprocessing.

With the WAK plant nearing éompletion, reprocessing activ-
ities at Karlsruhe have been reorganized on a much broader,
basis. Originally, the WAK had been conceived to give the
German industry her own experience in the construction and
operation of a reprocessing plant as a preparatidn to later
commercial activity in this field. This is still the primary
objective. However, the plant's location in the immediate
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2.1

viéinity of the Karlsruhe center offers a unique possibil-
ity for close cooperation between government-conducted
research and industry-oriented plant operation to further
the development of reprocessing technology.

The Karlsruhe development programme for aqueous ”

fuel revrocessing

At the end of 1967, GfK and Gi/K therefore decided to coor-
dinate their activities and commonly drafted a long-range
development programme on fuel.reprocessing, which was re-
commended by the German Atomic Commission to be included

in the medium-term budget planning of the Bundésminister
fir wissenschaftliche Forschung. This programme covers a
period of 8 years and is open to other partners; interna- .
tional collaboration is also being considered.

The most important point of the Karlsruhe programm is the
development and adaptation of aqueous solvent extraction
methods to the processing of high burnup fuels from ad-
vanced reactors, in particular those of the fast breeder.

Regardless of earlier contrary opinions, these methods have
proven to be extremely flexible and promise further devel-~
opment potential. An important additional argument was the
decision of the fast breeder project in favoxr of combined
core~blanket processing of SNR-fuel. This decision allowed
to drop the idea of a special reprocessing facility for
fast breeder fuel, which may be processed in the WAK or
later in a commercial solvent extraction plant in sequence
with fuels of conventional thermal power reactors.

More generally, the development programme includes the
following subjects:

1. Reprocessing of advanced fuels, in particular
those from fast breedexr reactors,
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2. Recovery and processing of neptunium and
transplutonium elements,

3. Radiocactive waste handling and ultimate
disposal,

4. Improvement of fissile material control
methods,

5. In-line instrumentation and process control.

The following comments are restricted to the first point,
in accoxrdance with the subject of this panel.

Principle subjects and present status of work

The research and development work under the first title of
the programme may be grouped into the following subjects:

1. Head-~end treatment and dissolution of breeder
fuels,

2. Imrrowement of process steps affected by high
burnup and/or short cooling times,

3. Pu-~flowsheet chemistry and Pu-process equipment.

Headend~treatment and dissolution

Fuel elements of the Na-cooled breeder present special hand-
ling problems due to high heat release and sodium adhering
to the surface or trapped in the fission gas plenum of the
fuel pins. Nevertheless, chop-leach processes developed for
light water reactor fuels should be applicable.

A detailed study is being performed to evaluate the optimum
conditions of pre- and post-transport cooling times, choice
of method and coolant for heat removal during fuel trans-

port, storage and disassembly, and of sodium removal. The
results of this study will allow to decide which detailed
development work is required.

The problems associated with the dissolution of mixed
oxide fuel (UOZ/PuOZ) have been studied in cold laboratory
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tests and will be continued with irradiated material next
year. This work will be supplemented by the development
of pretreatment methods of carbide breeder fuels.

2.2.2 Process steps affected by high burnup and short
cooling time '

Fuels of high power density and short cooling time con-
taing significant guantities of I-131, which must be ef-
ficiently removed from dissolution and vessel off-gases.
Plant size experiments in the presence of nitrous fumes
are being performed at present to improve Iodine reten-~

tion.

Feed digestion methods for the removal of Ruthenium as

a volatile Ru-~tetroxide prior to extraction are being
studied and have yielded first practically useful results.

One of the important consequenses of high fuel burnup in
aqueous processing is radiation degradation of the solvent.

Detailed studies have been made on the radiation stability
of TBP/n-Alcane and of its influence on Pu-losses and Ru-
and Zr/Nb-decontamination. These studies will be extended
to other solvents, and evaluated to improve solvent rege-~

neration.

The best way,in our opinion, to reduce the radiation load
on organic solvents is the decrease of contact time by
using fast contactors as extraction equipment. Studies on
the extraction kinetics of Uranium and Plutonium in the
TBP/HNO3 systen have shown, that these short contact times
are sufficient to reach equilibrium. Based on Savannah
River experience, we have developed a centrifugal extractor

unit, which was extensively tested in cold pilot runs for
hydraulic and extraction behavior and is now ready for
plant use. A thirxd extraction cycle, composed of two such
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centrifugal-batteries, is being installed in the WAK
and will start active operation together with the plant
next year.

It is expected, that sufficient plant experience with
this type of fast extractor will be available before
the necessity for breeder processing arises. More de-~
tails about the development of the centrifugal extrac-
tor and its integration into the process scheme will
be given in a separate technical paper by W. Xnoch
and B. Roth.

2.2.3 Plutonium flowsheet-chemistrv and process equipment

The main difference between thermal fuels and fast

reactor fuels is the Plutonium content.

Present light water reactor fuels contain between 0.6
and 0.8% plutonium, a value which will rise to 2 - 3%
in fuels for thermal recycle of plutonivm, and to 10

~ 30% in fast breedex fuel.

The study of Pu-~behavior in the PUREX extraction system
has therefore been extended to flowsheets with hiah

Pu-concentrations. This work was supplemented by the

determination of empirical distribution functions, and
analysis of the extraction mechanism of organophosphorous
coupouncds by nuclear magnetic resonance spetroscopy. Im-
proved knowledge of plutonium extraction chemistry has
lead to the development of a new TLA/'CC].4 extraction
process for the recovery of Plutonium from fuel fabri-
cation-scrap, which will be utilized by the firm ALKEM
in the near future.

-

U/Pu~partitioning has been imprbved by development of

two processes for Pu-reduction, one by the use of
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hydrazine stabilized U(IV)-nitrate, the other by direct
electrolysis with a gold-cathode and titanium-anode.

The future need to handle considerably larger quantities
of plutonium is the main reason for development work on
special Plutonium~précess equipnment, including a pilot
Pu-nitrate evaporator, continuous Plutonium-anion ex-

change purification equipment and a selfvented Plutonium-
nitrate transportation bottle.

More details on the Studies of plutonium flowsheets and
plutonium reduction methods will be presented in a
separate paper by G. Koch et al.



3.1

Reprocessing of Thorium Fuels

In the frame of the German Atomic Programme, the Nuclear
Research Center at Jiilich is collaborating with industry
in the development of advanced reactors, based on the
Th-U-cycle. Priority is assigned to the high-temperature
gas~cooled Thorium Reactor (THTR), whilst the heavy water
moderated and the molten salt Thorium breeder are consi—.
dered as long term alternatives.

In orxder to fully utilize the potential of the Th-U-cycle,
it is necessary to develop suitable reprocessing methods
for Thorium-~-based fuels, which have up to now received
comparatively little attention.

The Jiilich project for reprocessing of Thorium.Fuels

Therefore the Federal Ministry for Scientific Reseaxch
(BMwF) initiated, in 1966, a2 long term R & D project for
the development of Eechnically and economically feasible
methods for reprocessing of Thorium fuels as arising from
the Germag reactor development programme.

This project is directed by the Institute of Chemical Tech-
nology of the Kernforschungsanlage (KfA), Jiilic¢h,and carx-
ried out with the participation of 7 well-known industrial
companies. The first phase of the project (1966 -~ 1968)

was characterized by a relatively broad research and devel-
opment programme on a laboratory scale, leading to the
selection of a few promising methods, which axre now being
realized on pilot plant scale to be examined for their
technical and economic potential.

This second phase of the project (1969 - 1972) will be
concluded with the hot operation of a small pilot plant
with a throughput of 1 - 2 kg/d heavy metal, to be in-
stalled in the hot cell facility of the Jiilich research
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centexr. A pilot élant of this size could handle the fuel

of a 100 M¥-Thorium Reactor on an interim basis. The £inal
decision as to the construction of a largexr prototype plant
specifically designed for Thorium fuels,or the possible
integration of thorium processing campaigns into an indu-
strial reprocessing plant for conventional light water
reactor fuels Qill be made in the light of pilot plant
experience and thorium reprocessing demands.

It may be interesting to note, that in the initial phase

of the Jilich programme, the main effort was directed to-
wards an all non-agqueous process, in agreement with the
widely shared opinion, that agueous methods wexre about to
become obsolete. Fluoride volatility, and to a smaller ex-
tent also pyrometallurgy received primary interest at first.
However, in the light of experimental evidence, in particu-

_ lar some rather discouraging results concerning the appli-

cability of pyrochemical and -metallurical processes, the
attention returned more and more to aqueous solvent ex-
traction, which promises superior flexibility and economy
in the foreseable future.

Present Concept and preliminary results

The present work is concentrating on three principal sub-

jects:
1. Head-end processes for graphite-base fuels
and coated particles,
2. Aqueous solvent extraction methods,
3. Fluoride volatility.
2. and 3. are regarded as alternative separation processes,

both requiring a pretreatment step according to one of the
methods examined under 1.
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3.2.1 Head-end Processés

The grind-leach process, which had been examined original-

ly, is now considered abhsolutely uéeless, the main reason
being the high uranium losses due to adsorption or inclu---
sion in the graphite and the formation of organic graphite-
or carbon compounds, which have a detrimental effect on the
subsequent solvent extraction process. This head—-end method
has therefore been discarded completely.

Chemical and electrolytical disintegration of the spherical

graphite fuel elements received considerable interest. The
reaction of graghite with different metals oxr compounds, in
particular potassium, leads to destruction of the molecular
grid and can be used to separate the heavy metals from the .
bulk moderator graphite. However, because of the inherent
safety problems in handling liqguid alkaline metals and the
slow reaction speed of electrolysis, the disintegration
methods have been abandoned - at least temporarily - in
favor of a combustion or chlorination treatment.

The burn-leach process is now considered the first choise

in view of the fact, that off-gas cleaning methods have
proven to be easiexr than anticipated. SiC~coated particles
require an interim grinding step before leaching. Chlori-
nation, combined with preliminary grinding or disintegra-
tion in a high-temperature furnace has turned out to be an
attractive alternative. At chlorination temperatures of
800 - 1000 °C all Uranium and Thorium as well as most of
the fission products are transformed into volatile chlori-
des, which can be condensed and further treated by agueous
solvent extraction. The graphite residue can be burned or
stored.
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3.2.2 2cueous Solvent Extraction

As mentioned earliex, aqueous solvent extraction has proven
to remain the most attractive process, also for the decon-
tamination of thorium fuels and separation of its consti-
tuents. Available large-scale technical experience and the
possibility to use proven extraction equipment like mixer-
settlers or puised columns provide a firm basis foxr compe-
titiveness.

The use of TBP in a modified THOREX-Process with high U/
Th-feed ratio is of primary interest in the Kernforschungs-
anlage~programme; however, the use of longchain tertiary
amines is also evaluated because of théir higher radiation
stability. .

Protactinium~233 separation will be performed by adsorp-
tion on a Vycorglas or Silicagel column, peferably before
the extraction step, in order to reduce radiation degrada-~
tion of the solvent.

Non—-aqueous Methods

Fluoride wvolatility is retained as an alternative to sol-
vent extraction, but would also be combined with one of the
head-end treatments mentioned before. It is no longer ex-
pected, that such a process would result in substantial
economic advantages as compared to agqueous methods.

Solvent degradation problems have become less important
with the possibility to use fast contactors. The arguments
of compact waste handling and reduced criticality risk have
lost much of their weight,in view of the PUREX waste soli-
dification techniques and the severe throughput limitation
resulting from fissile mass control. )

However, with respect to the predominant role of UFg in
isotopic enrichment, the recovery, purification and handling
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of fissile material in the form of fluorides retains a
certain interest.

All initial activities in Jiilich, regarding the develop-
ment of pyrochemical methods have been terminated, with

the exeption of the pyrosulfate pretreatment for coated

oxide particles, which appears very attractive and will

be further studied.

From the processes studied in the Thorium reprocessing
project, 4 flowsheet alternatives, one of which is a
non agqueous process, have been selected and will be
further tested in pilot plant equipment.
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Reprocessing of Japan Expcrimental Fast Reactor
Fuel in a Purex Reprocessing Plant
| Sk/ligeru SATO *
Tadaya HOSHINO *
Keiji NAITO ¥
Introduction
Power Reactor and Nuclear Fuel Development Corporation
(PNC) in Japan is promoting an experimental fast breeder reactor
projecé. The reactor, Japan Experimental Fast Reactor (JEFR),
is scheduled to be critical in 1973. The thermal output is set
)
about 100 MW and mixed oxides of uranium and plutonium are
used as fuel and sodium is selected as a coolant.
On the other hand, PNC is proceeding with a spent nuclear
fuel reprocessing project aiming at start of operation in 1973.
Design for the plant based on the Purex process was completed
last January by Saint-Gobain Techniques Nouvelles of France and
the plant is proposed to be Jocated at. Tokai-miura about 120 Km
north-east of Tokyo. The plant will have a capacity of reprocessing
0.7 metric ton of spent fuel per day and is designed to process

two main types of fuel. One is Magnox clad natural uranium

irradiated to 3,900 MWD/t and cooled 155 days.

* Power Reactor and Nuclear Fuel Development Corporation
ks University of Nagoya
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The other is zircaloy or stainless stecl clad 4 per cent enriched
uranium oxide fuel irradiated to 28,000 MWD/t and cooled 180 days.
Process outline of the ‘plant is described in the Appendix.

This paper presents a preliminary feasibility study on reprocess-
ing oi" the JEFR fuel in the plant.

A conceptual design of the JEFR fuel element is shown in Fig. 1

and Table 1.

328



"Chapter 1 Problems in Fast Reactor Fuel Reprocessing

by Solvent Extraction Process

Characteristics of a fast reactor spent fuel in comparison
with a thermal reactor fuel may be outlined as follows:
(2) High burn-up, high specific activity
(b) High specific heat due to high fission product content
(c) A large amount of fission products
(d) Build-up of higher isotopes

)

(e) Short-cooled fuel due to economic demand

Activity and heat generation for a light water reactor (LWR),
the experimental fast reactor (JEFR) and a fast breeder reactor
are shown in Table 2 rvespectively. DBoth the specific activity
and heat generation of a fast ‘reactor are around 4 or 5 times
of those of a light water reactor.
-The following points should be checked beforehand when a fast
reactor fuel is processed in a Purex reprocessing plant which
has been designed for processing of a light water reactor fuel.
(a)  Shielding

¥ shielding and neutron shielding especially after the

the last purification cycle duc to higher isotopes.
(b) Heat removal

Heat removal in_such areas as receiving, head-end and

high level waste facilities.



(c)

(d)

(£)

Critical ity control

Change of criticality control is obliged by higher
plutonium content,
Envirommental limit
The amount of Kr-85 and H-3 among isotopes which
are relecased into the environmnent can be a limiting
factor to deter.mine the piant capacity.

Concerning I - 131, a limit of its release will require
long cooling which conflicts with the cconomical demand
of short cooling.

Adaptability of mechanical handling devices

' Fuel element handling devices and a chopping machine

are necessary to be {it to handle the fuel.

Fission spectrum

Difference of fission spectrum between a light water
reactor and a fast bree.dcr reactor fuel may affect
the solvent extraction and waste treatment processes
in order to achieve necessary decontamination.
Solvent damage

Radiation damage of solvent due to high specific
activity will cause loss of fissile materials, decrease
of the decontamination factor and increase of solvent

replacement.
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There are the following measures to solve problems

mentioned in the preceding section.

(a)

(b)

(c)

Long cooling ,

Problems due to activity such as shielding, heat removal
and environmental limit can be solved by long cooling

of fuel, but it is against economical demand.

Dilution

In dissolution and the following processes, difficulties

due to criticality, specific activity and heat generation
may be avoided by processing the fuel in a diluted system.
This method is however not applicable to the final con-
centration process of products. Processing capacity has to
be decreased.

Blending core with blanket material

A core may be blended with its blanket in the dissolution
process in order to avéid criticality, specific activity

and heat generation problems. However, when a core
contains enriched uranium, the value of enriched uranium
will be lowered.

Process conditions

Modification of process conditions such as acidity and
temperature may be necessary in order to increase the

decontamination factor of a fissiocn product.
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(e) Use of neutron poison
Neutron poison may be used as measures for criticality
control although its use is not popular now.

(f) Removal of Kr and I
It should be considered to install facilities to remove
Kr and I from off-gas when the amounts of those
isotopes are a limiting factor.

(g) Improvement of solvent recovery process

(h) Rapid contactor
Use of a rapid contactor for solvent extraction will
minimize solvent degradation.

Among the above measures, one from (a) to (d) are com-

paratively easily applicable to an existing plant.
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Chapter II Processing of JEFR Fuel
Following the general discussion above, a couple of plans are
examined in this chapter in order to reprocess the JEFR fuel in
the PNC Reprocessing Plan; desc—ribed in the introduction.
1. Daily Throughput
In the case where a certain plant is used to reprocess
a non-specified fuel in the plant design, there might be
several restrictions to the design capacity of the plant.
In this case a daily amount to be treated is decided finally
as 44.4 Kg (4 element-cores only), taking the following two
points into consideration :
- processing capacity of plutonium purification
- criticality control of a batch dissolver
Incidently, an axial blanket part, after chopping, is introduced
separately into another dissolver and is reprocessed after the
core part is processed.
(2) Processing capacity of plutonium purification cycle
Daily processing capacity of plutonium purification cycle
‘of the plant is 7.6 Kg total plutonium. On the other
hand, the amount of plutonium contained in the 4 fuel
element-cores is 10.4 Kg total plutonium and 7.7 Kg is
fissile out of 10.4 Kg total.
Even the total amount of plutonium to ‘be treated™is over

design capacity, the plant will be flexible enough to

accept such an excess.
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From a criticality control point of view the plant,

designed to be safe for treatment of 7.6 Kg fissile

plutonium per day, can also be used for processing

the JEFR fuel without sacrificing the; safety factors

applied in the plant design.

Criticality control of batch dissolver

The proposed quantity of treatments is checked from a

criticality point of view of a batch dissoclver.

In conclusion the dissolver loaded by chopped fuel before

.a dissolution starts can be controlled by mass limitation
)

(note 1), and the dissolver during and after dissolution

may be controlled by a combination of geometry and

concentration. .

A skeleton of the batch dissolver can be seen on Fig., 2.

However, in order to assure safe opcration, it is necessary

to pay close attention to avoid a formation of local
excess concentration and it is worth considering use of

neutron poison.

Setting 4 element-cores as the processing capacity and 180

days as the cooling period, no essential problem may be

found regarding shielding (note 2) and heat removal ability

of the plant and also radioactive gas release such as Kr-85

and I-131. Thesc are given in Table 2.
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Proposed Process

(a)

(b)

Head-end

So far as mechanical dimensions of fuel and its handling
are concerned, no essential problem is expected.

As concerns dissolution of high burned-up oxide fuel, few
knowleadge has bcen obtained so far. FHowever some
difficulties are anticipated.

Solvent extraction

In order to treat the JEFR- fuel by solvent extraction
technique, a process for light water reactor fuel. is
basically applicable.

In this connection, flowsheet No. 1 (similar to flowshcet
for LWR fuel treatment) and flowsheet No. 2 {modified

alternative to No. 1) are proposed. Fig. 3 shows a basic

idea of both processes together with the LWR fuel treat-

ment process.

i) Flowsheet No. 1
Gross flow rate, flow ratio and acid concentaration are
chosen as nearly same as the conditions of LWR fuel

processing.

This flowsheet is characterized apparently in the following

points

- use of 10 % TBP/diluent as a solvent

- a diluted system except plutonium treatment

A relatively low solvent concentration corresponding to

the diluted system is used.



ii)

Such process as described above may have some,

problems as follows -

- low decontamination factor (D, F.) due to a low
solvent saturation by extractable materials.

- necessity of inventory of relatively highly enriched
uranium as a plutonium reductant

Besides these problems, equipment designed for the

PNC plant is well adapted to the present process design,

for example, the number of stages of a mixer-settler

is such that can meet thé requirments of mutual

separation and recovery of materials.

Even when a fuel of high specific activity has to be

treated, a radiation damage of solvent is rather small

(note 3) in comparison with the case of LWR fuel process-

ing because of the diluted system,

As concerns criticality contrel of the solvent extraction
process, this can be assured by the combination of
geometry and concentration limitation.

Flowsheet No. 2

This is proposed to improved the flowsheet No. 1 and
is specified as follows

- use of 3 % TBP/diluent as a solx}ent, instead of

10 % TBP
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(c)

- use.of Fe (II) as a reductant, instead of U (IV)
Fe (II) is conceived in order to avoid the use ;f
enriched uranium,
The occurrence of a salty waste due to the use of
Fe (II) can be justified by the fact that the amount .
to be treated is small.
A performance of the solvent extraction system using
3 % TBP solvent with the present processing target
has not been proved in several aspects, for example,,
a recovery, decontamination’and so on, mainly because

of a shortage of distribution coefficient data.

Plutonium evaporation

No modification of the present plant design will be required.
Denitration of uranium

The facilities of concentration and denitration processes for
enriched uranium product may have to be modified from a
criticality control point of view, so that the nitrate solution
after pre-concentration is suggested to be stored.

Waste treatment and storage

No difficulty can be found in the liquid and solid waste
treatment process. A plutonium fission by fast neutrons
gives high ruthenium (Ru-106) yield and this fact must be
taken into account at the time of process design. In the
present case, however, the total amount of ruthenium is
smaller than.that of the LWR fu;:l.
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"Note 1

Note

Critical mass of the U-Pu mixed system is estimated as 36 Kg
U-Pu (fissile), assuming that ura;lium is equivalent to plutonium
from a nuclear safety point of view and at the condition of
(Ref. 2) ; -
- full water reflection
- H/Pu = 0 (H: Number of hydrogen atom)
(Pu: Number of plutonium atom)
- Pu 240 = 0
)
Taking 0.46 as safety factor, a recormnmended mass is 16.6 Kg
U-Pu fissile (Ref. 6). 4 element-cores contain 14.4 Kg fissile

uranium and plutonium out of 44,4 Kg total uranium and

plutonium.

2
As concerns the shieldings, in any event the JEFR fuel does
not exceed the value set up for the LWR f{fuel processing. A

few examples are shown below :

LWR fuel JEFR fuel
(Cooling-1804d)

Mechanical 3 . 3
1 .

Handling 5 x 10° Ci/em 2.6 x 10° Ci/ecm

bissolution 1.8 x 103 Ci/l 5.9 x 102 Ci/l

. 338



Note 3

-

Radiation dose in the case of processing the JEFR fuel is

estimated as follows:
Mixer

Settler

In the case of LWR fuel processing,

will be nearly 6 times.
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Piogram in Future
. Nuclear power plants in Japan are expected to have a total
ge;x;érating capacity of 10> MW in twenty years and fast breeder

rg_ai:tors will account for one-fifth of the capacity. The annual

demand for processing of their cores will be around 300 metric

i

tonf %hd its economical reprocessing will become an important
taslé." o ‘

A wet reprocessing method will be predominant in the near
future for the processing of fast reactor fuels although a dry process
h;é a fofgntiality in the far future.

Subjects to be developed for a wet process are listed below.
..ti-;'s.nsportation, head-end process (decladding, dissolution, design

of dissdiyer'), rapid contactor, new solvent, criticality control by

neutron-poison, solvent regeneration, off-gas treatment.
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Q«-Appenduc . Process Description of PNC Plant ( Ref. I )

1= Codpling and Head-End

-

Following a‘period of cooling in reactor ponds, fuels wili be
transferrecli' to thel cooling pond in our plant and stored to achieve
an acceptable radioactive level for reprocessing.

Separate head end facilities will be provided for the two main
fuel types. In one head-end, the Magnox fuel will be mechanically
decladded under water. In this step, appendages such as end-plug
will also be 1;emoved. -The removed Magnox can will then be
collected into a flask and be transferred to an ultimate storage silo.
The decladded fuel will be dissolved continuously by nitric acid in a
dissolver to produce feed for the extraction section of the plant.

The enriched fuel head-end treating system will consist :f
equipment to mechanically reduce the fuel elements into short
sections by chopping and to leach the uranium and plutonium by ‘

nitric acid from the chopped fuel in a batch operation. The leached

hulls will be transferred to the storage silo.

2. Solvent Extraction

The recovery and purification of the uranium and plutonium
prod;mts will be accomplished Sy use of the well—k‘nown solvent ex-
traction.pz:t‘)cess using I;O% TBP in dodecane. - The solvent extraction
ope.?ations‘ w111 be performed in countercurrent rﬁixer-s;ettler con-

tactors.
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i #4d= 'The combined dissolver stream will be decontaminated thfough *

uer e <

- a

two extractions before the uranium and plutonium are separated from

r
-

each other Each product will be given an additional purification
cycle after the partition to further purify the product from fission

products and from contamination by the other product The plutonium

nitrate product will be concentrated and stored in liquid form

3. Denitration of Uranium
The uranyl nitrate product of the solvent extraction system will
be concentrated by evaporation and converted by denitration into solid

UO3 and stored in the UO3 storage

4 L1qhid Wastes Treatment and Storage

High active liquid waste from the first extraction cycle will be
segregated and concentrated in an evaporation system and stored after
volume reduction.

Medium active liquid wastes from the second extraction cycle,
the,purification cycle etc will be concentrated by evaporation The
concentrate will be transferred to the high active evaporator and
nitric acid will be recovered from the condensate

A low active liquid waste treatment system will consist of
evaporation and flocculation processes The treated effluent will be

discharged into the sea after being monitored

5 - Solid Waste Treatment

-
-

High active solid wastes generated primarily in the Magnox

decladding and enriched fuel chopping operations will be stored in

%
v

4’3:.. - ) . "_ E oy
tghe’,,éhxgh active solid waste storage facility

N
I . 4 0, -
o
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Burnable low active solid wastes will be burned in aincinerator
and noninflammable wastes will be incorporated into concrete. The

concrete block will be stored
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BRCOKMM OBAEYIEHMEM METOJOM HCTPAKIAH

MEBYEHKO B.5.

HHCTHTYT ATOMHOR OHEPTYH
me, H.B. EYPIATORA

XAPARTZ P TBall NEPCIEKTHBHHX
PEAKTOPOB HA TEIJOBHX ¥ BHCTPHX

HEATPOHAX

Handonee xaparrepHsMz TBOL peakTOpoB Ha TR0~
BuX Heitrpoxax /I/ sexspres TBAL HoBo~ Bopomexcko#t sAexTpo-
crasime ( BBSP ), TBOM, mrmmop 2,5 M B HAPYRHEEM ZEAMETDOM
8,8 MM, sadoXHeH TalNerkaMy KS clOedeHHo} ABYOKHCH ypaHa

235 a0 2,5 - 3%. TBI o0semnHeHH B

Cc oforames®eM o U
cOoprn amameTpoM 144 .

B raxgpoit cGopkre pacuoxaraercs 127 TB3I mo
rpeyroyiephol pemeTre ¢ marom 12,3 mm. [IORDHTHE 2jAeMeHTOB,
TAKXE KaK M CTEHOK COODOK, BHIOXHEHO M3 IADKOHNA, AGTHDO=
BaHHOI'0 HMOOHeM. 3a kamnasmw 1,5 - 2 rogma Rocruraercs
Buropanre 20,000 - 30,000 MBT. CyTEE /2/2/.

Ha Benoapckoff 9AeKTPOCTAHIEAR HpuMensercs TBOI
( AMB ) rpycuaroi KOHCTPYKUHMH, MMENmHe BHOEHHE H

BHYTDEeHHNE TDYOKM HS HepXaBemued cTaid. B KOABISBOM
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3830pe BaxoI®TCA Kpyura cnjnasg U - Mo. Cozepxamme Mo
Iocreraer 9%. Kpymxa mmchnepraposasa B Marsmm ( 12% Bec ).
Q6oramen®e ypaHa OO0 [ 235 JocTHraer ~3%, BRI'OPSHES
- 20.000 MBT. CYTRE/T.

TB3X pearropoB Ha GHCTpHX Heitrpomax (FH) ( axrus-
HAag 3088 ) CYIyT cocTodTh K3 XBYORHCHE ypana (00oraméBHo-
re mo U 232 5o 20% ) B peamTOpAX ~ KOHBEPTODAX HEM RS
CMEeCR IBYOKECE ypaHe ¢ 0% IByOKHCH DIyTOHES B Deakropaz-
oprixepax:TBAI oSrexEnspTcH B COOPKRM, OConouxa TBII =
KOKYyX COODEE HSIOTABARBADTCS M3 Eepxamepmed cramx. B
peakTope - OpUIIepe K4k B SKTHBHOE 30HE , T4X E B PKpaHe
OpEMeHAETCA OCeIHEHHEN ypaHe. BeropaHme Oyiet MCOCTHIETE
I00.000 mBT. CyYTER/T.

B mazrHejfimem B EayecTBe roprdero MORET OBTE
HECEOXLB0BAE MOHOXADOHE YPaHS B DAYTOHAA.

B racdxene I nmpmpeneHs HAHHHE Yo AKTHBHOCTE R
HaERoUZeHHD NPOAYHETOR IeneHRA Has peaxtrops BBIP-II HoBo-
Bopousxcroil CTEHNRRE.

Crenyer otmerEtTh, 970 B TBOX TaKOI XQPURTEDRCEPZ—

KR COyEer HOBEMSHHOE COXEpRAHME Np , Anx24I,Am 243, 03344,

Ilp® BpeMeHE OXIRKNGHES DEBHOMY 1 IOAY, BRTUBHOCYE
oo 8 - EBAYYSHED cocraBmr 2,2.10° KDpY/T ® DO
Y~ 2.10° r - k8. Ra /x, OpH OXJaxjesmy B reveHme 90 el
B - @RTEBEOCTS XocrEruer 6.I0° xopu/vr, B wevenme 160 mmei
- 4.70° EDDE/T.

Xaparrepucrura TBSI peaxTopos HA GRCTPRX HeXTpo-
HAX AMSSTCH B ERTEDATyps /3.,4/.
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TAORATR o
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AaC

-

%5 #roron ] BBIP-I

A/% Wacca (rya) A p(zwpsfz ) Alr.owsRe/m)

I:ge3 21 8,70C

2 . Kr 440

3 Sy 89 0,33 8,600

4 ' gp N0 620 , 86 000

5 ' Sr 12{)0

6. 2r B 1,7 37 000 19 000

7 | Zr A400

g m ¥ 2,0 79 000 43 000

9 | Mo B[00

I | Te __ II00

I 02 g068 2,100 740

Iz | ru 106 g 200 00D

I3 ! Fu 2400

14 mi0® g5 51075 200 000 29 000

15 Rb 430

16 | Pa - 1400

mi 3 320

18 | e 5100 |

I9 |y +pemxme 13500 1400 000 . 57 000

' semmm ‘
20 |Boe ocra- 8200 748 000 78 000
| ZDHHS . R s

2L | E 42000 ~ 2206 000 ~ 200 00D
ViernHas Momsocts - 235 M3y
Brropasne - 27000 mBT-7E/%
Havwarpmee oforemenne - 3%
Oxnaxiermes ~ I rex
ToUXERG - UGz
Keunagn ~ 770 maci
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ARTHEHOCT) NPOAYEYOB JIeAGHRS NDE BRI'OPSHHE
80.000 mBT.CyrsR/T R OXJI&XKeHENM B Teuenxe IC0 cyrox
cocraBaser No g~ E3AysenEn 21.200 xppr x e

§ - msxyvenmp 10.I60 r - K. Ra Ha I Er JAS ORACHOIrS

ropoYerc axXTEBHOR 30HN,A KOAMYECTBO HX paBHo 82,8 KX/ 7.
HamGoxee BAaxHEMH ONeparRAME, KOTODHE BOSHHKIEE N
PaAcCMOTPEHME BONpPOCA B nepepafoTKe BHCOEOOOXyYSHEHEX TBIA
B HS8 XOTOPHX MH XOTS8XH OR OCTAHOBEThECH, UBAADYCS CRENyE~
MHEe : DPRENRO BCKpHTRY TBII ® HepeBoX Iopmisro B DAcYRop;
OOXTOTORKA DAacTB0pa K SKCTDAXIHE; BHOOD FCAOBRE SKCYpaR-

UMM ¥ DOBeJieHRE HEEOTODHX NDPOXYKTOB HACGNEHES.

BCKPRTVE TBSX ¥ NEPEBOJ] TOPIMETO B PACTBOP

XumMpIecKEe METCHH YHSXSHHES O00R0YEX B COODOE
TBAI tana BBOP, AMb » B, BEEOXHeHHBX R3 HepEasemmel
CTANE AXR IPXOHHJ, AGFRPOBAHHOY'0 HHEOOHEM, TEXHCHOPAYBEIH
CHOXHE H DHKOHOMHYECESR He OnpaBlapt. OCHOBHHE HPUEHOM
BOKDHTRA tCOoPoxX TBOX R yhaxemmsa O00HOYSE ABARSTCH EBX
DesKa ¢ NoCXeXyDauM BRMEXXSIEBAEAeM ropmasre /5/. Mexaws-
YecKAS DPeSKA HPEMOHAeTCH 3 HACTOSNEe BPeKs Ea 38BOKS
Yacr-Bexux /6/.

Ha ycrarosrax HeOGoxbEof NPOESBOIETEXBHOCTE
pepell DesKOil BOBMOXHO NPORIBOMXTE SUISICHNE OTHEIBHHEX
TBAX n3 COOPOK, N4A BABOXOB ¢ GOALMOR IDOHS3BONHTEALEO--
CTHD ISXSCOO0DASHO NOCKES YIANeHRA KOHIOB COOPOE OGYme—

CTBAATH DOSKY BC6H SOOPKR OMBOBPOMEHHO
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Bropui NepCHEETHBHNM METONOM JA8JAEHRA OGOCACYEXR
%S HeDESBCTGHEE 7 UMDKCHAA ABAAETCA MeToJ onaaszeHns /7/.

Coopra TB3IL ¢ oxHCHHM IODNURM Ce3 HpelBapéTeXbHOR
pasjeAKA HATDeBaeTcHE Jo TemuepaType 1670-1720°C, crams-
HEe LeTAHRA IDX 3ToM INAPATCE R CTAEEADTCHA OF ANEPBOreC
FONAEBE , DOTEPR KOTODOr'0 cocraBiser Mence 0,054, C
ronNRBOK ocraercs MeHee 0,5% craxu. B Opomecce BCKpRThA
IPORCXOGANY BHILAGHRE KEXOTODHX NeYyIUX HDOLYKTOR JelNe-
HMA, PIABREM 00Dasom OASPCDPOUHHX I'@30B.

DEmeZaY@BaENEe TOPUNEre B3 EEDEBAEHAX XYCRO®R THOX
MOEEY OCYMeCTBAATHCA B 8INADHTAX — DACTRODUTERAY, KYIS
EJCKE LOCYYIARNT 28 XoHTelBeDH 8 DOCHe BAME FIURBSRRs
ropwYerc O0Re3RE 000KodYer YIUAARTCH U3 aNN&DaTE UEEHMETR-
wecxn /5/.

Heoe Ho XOHCTDYXIER DOHEHEE 38J24E DACTECDEHRS
POpPINEro NpPUMEHAETCR B& NPYTEX 3asofex /6/. Hapesammue
RYCREE IODOYSTD BETPYRSMTCA B KODSEAH, KOTODHE Saver
mocrynaws B SUNApAT - DECTBODETEAs, e Ioprsee RRHMe IgYs--
BaeTCH, 8 OUDEBKE 00OX0YER BMEcTe C KOpPSEHO# yianspres
B3 AIMIADETE.

P 9¥EX MeTCHSX RCHOALSYDTCH RNUAPATHE HEeDROIHYECKO-
TO SEMSPBRE, ROTODHE XADAKTEDR3YOTCH HEBHCOKOE HDURIBONN
PERTL WLLH. ANE 0COraBERHOre ypaHoM ~230 HIM ULV TCHHESK
IOPUIeTo NpeXCcradisny SoNpmOi HMTepec annapaTi — pactTBopp-
TOMY 3ONpepHBHOro JelicTBEk, B KOTOPEX as¥epHad desonac—

HOCTH Iipopecca coueTaeTcs ¢ BHCOROR NPCHSBOIMTEAREOCTLD.
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Crenyer yYRTHBSTE, YTO LPR pecrBoDeHER TBII 8RTHBHO::
20BN BB CMEeCH OERCAOB ypaHa B INJNYTOHHS, B3TOTORJEHEDL
MeTONOM TAOXeTHPOBAHES B 830THOE RRCEOTS OKOXO 1% oxyzoBmS
pcrasTcs B HepDAacTBODEEHOM BRIe /8/. 31Ot OCTATOR MOXeT OHTEH
OTHPEBZEGE E8 XpaEeHEEe HIR nepepaﬁorén OTIENbHO JPYTI MR
METOJAMN, HRODEMED, PACTBOPOEHEeM B CMECH 830THOR B NXaBHRC~
BoR mECnoT. OJHaKo,K Ax8 pacoTH C TAREMR pacTBOpaME  rpedyer-

cd cremmazsHEit MarepmaX I8 aOnaparToB.

TIOJTOTOBKA PACTBOPOB K FKCTPAKUMK
[IpE BHCOKOM YPOBHE DAIMAIME R KECIOTHOCTE HCXOXHOIO

PacTBOpa NpPaRTHEYECKM Bech OAYTOHEN H okozo 80% HeNTyHE:A
HaXoudrcs B SKCTparEpyeMon ThP cocrosfHAM. OfHaAKe, RexonsHurf
pacTBOp Nepel BHCTPaKuEel HeoGXOIUMO THMATEABRHO OCBETIATE

0T MEIERX 00pesKOoB OCOKOYKE, XPDEMHEKUCEOTH ¥ rpadmra,KoTOpPHE
SHAYHTEABHO OCHOXHAPT OPOHECC BKCTPAKUME. KpeMHEKECAOTE,
MOHAA CBOR GopMt Bo BPSMEHR R NOX BARAHEEM TeMIepaTyDH,
CKZOHHAE X oopasénagnm MexpasHHX ONEHOK; rpadt Zerwo QIOTE-
pyercA pacrsoprTenes ( OH HBXONRTCS B pAaCTBOPGX, HOAyIasMuX
IpE PACTBODEHMH OKRCHOr'O I'OpuYero, HIFOTABIAMBAEMOI'0 METCIOM
radXeTHpOBARMA ). Ha mpomecc sKcrparmmm OrR43HBADT BAMAHEE
OPOXYKTH KODPOBER, HEMSOMMECHA B pacTBOpe, ¥ IDEMECR B
OpeMeHgeMHX pearesraX. lpx pacriopernu TBAI, oOSAYYEHRHHX

xo 100,000 mBr. cyrre/T, Xo KoHneHTpama® ypasa 300 r/r B
OCa&ZOK BHOANSET K0 5% UPOAYETOB JAGREHHA, B TOM UACHE

- GEPROHAR, nazzajfmit, MOXMOIEH, YACTHYHO 3aXBATHBAVmEE U B Pu .
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BBEAY YyRA38HHEX NDEMHEE B JKCTPAKTOPAEX B EKOMMYHERESIRHY
HaXEOFEBARTCA OCAlRH, KOTODHE COBMECTHO C MeXDa3HEMHR NAECHKS-
MY BEpymawT IAIDPOIWHAMEKY SKCTPAKUWM ¥ IDUBOEAT X OCTABOR-
Kam IDOUeCCd.

Kpome rtoro, upH BaauMoleHCTBEE UDPOXYETOB HeNOHAS
{ Z2r , Pd B ID. ) C couepiamumucid B TE® HPOAYKTAMA DaIKO=
auwse { MB®. ILB®, OyTanon ) Tak®e o0pasyLrcs OCANKE,
CIioco6CTBYDMMEe 00Da30Bavuy Mex(Da3HEX NNeHOK. lpmMeHeEme
OeHTPRIYIRPOBAHAR ¢ OCHWYHHM YHKCIOM OCOPOTOB HE yCYpaHses
BCEX UpRYME oCpas0BaHus MexDaBHHX OCAHKOB, T.Ko HOXHOR
OYUCTEY DPACTBODE OT MENKO- KHUCHEDCHHX B3pecefi OHO Re JaeTr,
Iage eCcId DPACTBOD IpeABApHTENbEO 006DPAcCOTAH ROArY ASHTEME

{ EenaTmEHOR B L.

JECTPAKIMONEAS TIEPEPASGTRA TBAl
PEAXTOPOR HA TEINIOBHX HENTPOHAX

Ha ¢nuzajimpe ol OCHOBHBM 3KCTPAIEHTOM, ACDONL3YE—

MHM [ODK SECTDAKIMOHHON NepepaloTHe oCIYYEHEOIC IOpLYerc,
ocraercyd Tho. Uz pusbasmrenef B HEWMX VCAOBHAX HEROOEES
JCTONYHBHM #BAACTCH NOLEKAH HIN CYALDEPOBAHHER CEHTHH
( cHHTESMPOBAHHES CMeCh napafmd€oB, cofepRamasd 0% H-napedE-
HOB ¥ 107 wm3onapaduHOB, ¢ TeMneparypoi XKumesHs 170-270% «
Patoramp bsrpacaprsna X.C. » bapexxe E.B. noxasauo,
qT0 OCDABYOIMECHE IDR KOoHTaKTHpoBanuz THBO B CYALOMPOBEHHON
ciagruae ¢ 3M HNC3 npe oGAyYeHun Fosolt, paBHok 29,6 B¥ uac/z,
aporyste pagncarsz Th Oozee cyumecrBeHHO MOFYT BARSTH HA
NPOLECC SKCTPAKLEHA, YeM IPOIYKTE D&JMAOAX38 CYAEDHPOBAREOID

CHHTHHE, 4YT0 BUAHO U3 TAORRIK <.

-~
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TaGanma 2

HaronzeH#e NPOJYETOD PAIHOXX3a KPR o0XyIo-—-
HER MOEHOCTHO XO3H 29,6 BT 4/A & KOATSKTEDORG-~

¥Ed ¢ 3 HXD,.

Pearene ; moxexyx Ha 100 eV
 murpocoeA-| SpmpH | opupH " KapBoHo-
:BCHM f HNOZ BNO3 gge ERACHO—

Ko IEXaK C0 L0 0,27 1,02

Cy n1dEpPOBAR,. '

cnnrnapo 0,1 0 0,33 1,2

TES B CY b ;

(DHUp.CHHTREE 0,23 -0 0,21 1,14

Hlo mMEeHuD aBTCPOB, B 3TUX YCHAOBRAX KOAMIECTBO

o3palypuRxca HATpocoedMHEHMA 38 cuYér pazuomsa THR

SORIMEpUMO HIE [peBHmaeT KOMM4ecTBO HHUTpocoeruHenalt,

06pasypmuxcs 3a c4éT CYyArPEpOBAHHOT'O CHHTAHA R TeM OoXee

HOPMABNBHOI'O JOLEK&8HA.

OGmyuas pacTBOpDH, MoJeIRpynmdAe HepepadoTky TBAIL
»ana BB3P meronmoM oxcTpaknEE THY B Cy XMDEpPOBAHHOM
CHHTKHE, aBTODH HaWwam, 49TO NpH HadaldbHOK Xose OCAYISHHEA,

ausmBanenrroft 5000 xmpz/n,B TEeUYeHHe Jaca He OrIo o0HAPY-

XSHO 3HAY..TENBHHX OCJ/OXHEeHH# Ha crammn SKCTDarKInz .,

HsopepuBHuE BosBpaT opraHuvdeckoit $ass BIIOTH L0 RHTEIDANb~

Hofi NosH o6myuenms 200 Br. 4/4 DOATBEPIMA BOBMOXHOCTE

OpoRoNEMTEIEHOY pacoTH 6e3 OCOOHX 3aTpyRHEeRHMft, XoTd

BIRAHME KNCIHX OPOAYKTOB pajuommsa THP Ha SKCTDEKIED zr

R Ru CKasHBaeTcsl yke OpR HAYanxsEol xose I Br.d/X.
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OxHaxo, RARanXMBapaMecs B OpraHEYecKoR @ase HPOAYETH
HATPOBAHES — OKHCAGHEN CYHECTBEHHO BEWADT HA CKROPOCTDH PaCCAAR-
BaENf X BHSHBADT OGPABOBAHHNG BeChMB NXOTHHX OMYALCHEE B KOHIE
XaMIaHER.

Ypemmdenue XosH oGiydenma xo 10.000 xwpm/x B TedsHume
4908, YTO COOTBETCTBYET YCAOBEMM Nepepacorkd TB3H OHCTPHX
PEARTOPOB C rAYCOKHM BHI'ODAHHEM M KODPOTEHK BDOMOH6M OXNARIS-
HRS MeTOMNOM SKCTpaximd TED® B CyArPHpOBAHHOM CHHTHHE, NPWBOIMT
X OGpasSOBAHED B pacTBOpe, coZepEames po 200 r/x ypema, OAyYo-
HH¥ B MOEKDOODHMOCR, EMATHDYDINEE KONMYSCTBEOHAD CHEXTD IPOIYRe~
708 fejeHns, mexDa3HEX OCAHKOB H CCAXKOB B Boxuol (fase. B
cocraBe OCAfKkoB oCHapyxeHo Jo 30% 2r, IEAYATEALEHE KOXA-
YecrBa P4 ; Mo B ocaigge He OCHapyEeH. [ponecc SRCTDPEEIRM X
paszieneHnsa a3 B rarkofk chcrTeMe 3arDyJlHeK.

Cymumpys EMevmiics oln?T Io nepepadorke TBOUI mMerToxoM
SRCTPaKIBRE, MOKHO CIeXaTh BHBoOX, 49t0 IAd THY® 5 B-IofeRSHe
A pasCaBHtele TENE CYAb(HPOBAHHOrO CHHTEHA TEXHOMOI'KYECKH
BOBMOEOH HPOLECC HpU aKTHBHOCTE MCXOJHOTO BOIHOIO DACTBODA,

He IpeBRmanmeil 5,109 - 6.103 KOPA/KI' ypaHa, 4To NPEEMIEMO
Jns pacrsopond TB3A runa BBOP.

IIEPEPABOTKA TB3 PEAKTOPOB HA
BHCTPHY HEATPOHAX (PEH).

OcymecTBrenyne mporpaMMd CTPORTENLCTBa Phil, KAk 2TC
HaMeueHo, HaUpmMep, JAAA peaxkropa tuoa BH-350, OyAeT npoxo-
IMTE Yepes cTajum pPacoTH PESKTOpPa B PEREM@ pearkrTopa -
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xouBepropa ( ropwdee -~ Ha oCHOBe oCoraménmoff mo U =H

o 20% IOByORACR ypaHa ) H DPearTopa - DasMHOXBTeHEd, Koropul
CyIer padorarh HA CMEEAHHOM ypaH -~ NAyTOHEEBOM Toniuse. B
SyoymeM BO3SMGXZeH mepexox Ha TBIMA, mMenmux B EKAYeCTBE
Topriero KapomRiH.

B xmmmueckoit nepepaGorre TBIE, nmo —BHIMMOMY , CHONY-
eT paziwdarh TAaEKxe IBA 9Tala.

Ha pepBoM srame TBAI peaxTopoB — KOHBEPTOPOB CYINYT
nepepadaTHBaTLCA Ha yEe JeliCcTBYDHEX YCTAHOBEAX IIo HepepadorT-
ke TB3J pezrropoB HA TennoBEX He#irpoHax. 3r0 HOATBEpXEAETCH
2 mMacmracoM nepepadoTER. Ha raxym# MuIH KHAOBATT SAECKTPHISC~
KO MONHOCTH DESKTODPOB HA OHCTHX He#TpPOHAX HE XHMHYECKYD
nepepadoTky Oyler mocryunars B roX 6-8 * TBAI axruBHO} SOHH
¥ 20-25 r 30HH 3KpaHa.

Iipm nmepepadorre roposero axTaBHON 30HH Ha HelicTBYD~
MEX yCTAHOBKAX MOXHO DEXOMEeHHOBATH cAelykijie MEepOIDHaTAsd:

I. Cpor oxnaxpenms TB3I npuumMarr He MeHee 150 mmeit,
9T0 JUKTyercd pacoamom U 237.
2. CHA3RETH aKTRBHOCTH HCXOHHOTO PacTBopa IPEMEDHO B
nATy pa&3 pasCaBIeHHEeM pacTBOpa A0 KOHIEHTDPAME ypaHa
~60 r/n. Pazcaprenne ON8roTBOPHO CKameTCcs HA NOBSJEGHMH
B pacTBODE MarponpmMece® HOPONYKTOB JIeNSHHA.
OCnyuénnoe ropmiee DESKTOpPOB - pasMHOXETEXEH,
BClelCTBHE BHCOKOI'0 COJNEpXAHAS INYTOHRAS B HCXONHOM uarépnane
( ropuwiee coZepsmr oCefHEHHHYE ypa® ® jo 20% nxyTomREd)
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nepepadaThBarh Ha XeACTBYOHAX YCTAaHOBRAX CYH6T 3ATPYJIHE-
T ALHO .
TpedoBaHne CHCTPOrO BO3Bpara HAYTOHEA HE UO3BOAHT

yBeMMuETE Cpok oxiaxfieErd TBAOI, rem Goxee, 4F0 HAFHINS

11237 He AEMHETHEDyE? 3TOT CPOK, T.K., BSroroBieHze TBII
fyZeT OPraEms0BAHO IFACTAHIMOHHO.

Bosmoxnne nmyTR pemenms 3ayedm nepepacdorkd stmx TBOA

Mory?T OHTH CHEIYDIEE:

1. Cunmenme BpeMeHE IpeCHBaEMA OpPraHWYeCKoE Qass B 30HE
KOHTEKTA C SKTHABHEM DAcTBOPOM. KapIAMHAABHCE pEHEHWEe 3TOro
BoIpoCA CBOJRTCHS K COSHAHED SKCTPAKTOPOB C MaiHM BpEMEHEM
KOHTaxTHpoBaHEs ¢asz. B CCCP, Tak®e K&R m B APYIHX CTpaHsXx,
BeyTca ncnnranmz'neurpeﬁexaﬂx 3KCTPAKTOPOB. Pe3yAbTaTH
paGor oOHajexmBammie, OJHAXKO HpRIETCHA DPUNOERTH MHOI'O yCi-
m o CO3JAHED HE OCHOBE OTHX neHrpHyr Hajz8zuol cXems
SRCTPAXIHOEHOTO Iporecca.

2. Bomee mpocrolli M IPAKRTHUESCKE OCYHECTBaMEHE (€3 GOABEAX
38Tpar OyTh - OOLSIMHEHREe HpHE HepepaldorTxe ropwierc axKTHMBHOR
SOEH ¥ SKpaH&, XO0TopHE HOCTyNADT HA NepepaloTRY LPH COOTHO—
MeHMX aXTHBHAA 30HA : -59KpaH = I1:3.

PaszGapnexre pactTBopa X0 KOHLEHTpaIHE ypaHa
80 - I00 r/x moHESHT aKTHBHOCTH B 4 pasa, UTO HO3BOJAHT
pacdorath B DeXMMaX NepepaGOTHE ropydero peaKToOpoB EHAE
TENNOBHNX HeETPORaX.

3. CTpeM/ieHEe DEeSKOro CHEXeHAS aETABHOCTH DacTBODOB
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TB3lIl PEH B roxoBe IpPOHSCC& ¢ MNomMomeR HEOPraHHYeCKBX COpder-
T0B, 00A&IapEEX BHIOKOf EMKOCTHR E pacdoTaxmiX B XHCAHX
cpelaX, IOK& He HOKE3aN8 YROBAGTBODATEARHHX DSBYIBTATOB.

4, IpmMederne Goxee yCTolIWBHX B TEXHOMOLHYECRN
npzemaeMax GocPHopoPraBRIECKUX SKCTPATEHTOB, CONEDRAMAY
$eERNbEYD TDPYONOy, HaopuMmep, IRTEKCEAOBOrO sPups enumpocdo-
noBof#f Kmcmory - 19D,

Poser A.M. B Hmxoxotoma 3.H /I2/, Penaxgn B.B. &
Ip. /10/ npomemm RcGReNoBANEE SKCGTDAKNROHEWX cBoHCTS 3POINO
SXCTpareH®s H NORa3&8/M, €YTO:

a) II'0P srcTpar®pyeT YPaH HECROJIBRO SPPerTHBHES,
yem Th? ( RORCTaHTS BKCTDAKHEX Bume B 3 pasa ) a as0THYD
KACJIOTY LIpEMEpPHO TaKke, Karx E TBHO,

6) xoodduruenT pacnpefeionns Lias Pu (IV) cpasumm ¢
KodGpuLReATOM pacupenenerra Pu (I¥) azg TED,a mxs Pu (M) -
BHme, Yem B cixyuae ¢ THD,

B) sHaveHHs Ko3(pHiMeHTCB pacnpele/ieHHs 2Zr B Ru
HECKOXBKO BHmEe, 4eM n1a THO, oIHaro, yuUuTHBag Oolee )
ofppexTUBEYD SKCTpPaKmMp ypana JI'0P, uew TH®, o4rcyRa of
IAPEOHAA LOAKHE CHTH HE TOM Xe YPOoBEE, YPO I PR SKCTPAK-
mn THd.

A~ropaMr CIelaB BHEBOJL O BOSMOXHOCTE VCOESMHOIG
Acloxb30BaEud JUGD 418 SKCTDAKIEOHHOTO OTIENSHUA YpsHa R
UMy TOEMA 0T NPOIYKTOB HAENCHHA.

Pajmampnommas ycrokamsocrs H'G0 B B pana pume, uem
v Tb2.
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TlofgooHaa padorta CHJa BenonAeRa B ClIA ¢ srCTparenToOM
CXOJIHOY CTDYRTYDR — IB-E~OyTRAbeHmmbochomaroM — l-n- BIE /9/.
5, bonee pPaIRaNRORED YCTOMUMBHME SBAARTCH a830TOCOJEpR&H-
MUe OpreHNdecKWe SKOTDAreHTs, HAUDUMeD, TDETHYEHEe SMEHH. KX
paimanpoHias JeTofidaBoCTE Buiie yeroiumsocrn Hochopoprani-
YeCKEX IKCTPAreETOB HA NopANoR. MCHOXAL30BAHAE TPETHIHEX
aMzHoB A Hepepadorki TBUI axTuBHOA 30HH PEEKTOPOB — PABMHO-

XuTenell CO CMEMSHEHM Tonn®BoM ( YpaH I OAyTonuli ) BB3WBaew
OonbmO¥ TETEDEC.

YpaH, IOpEMeHSeMui B DESKTepax -~ PaBMHOKKATE 14X, KIK

B 2KTHUBHOL B30Ee, TaK » 3 3upade, OyLe? O(¢lAeEHHM HOCHe

Iupdy 3MOHHOIC IpoIecca. oHeLscH ero ACCT2"0SHH M HeT HyRI:

B ero OHCTDOU DEeTIMDPES ASI4E B TOXALBHOM IMXAS /i./-

T ‘e - . T~ A e - - NCE. P s r ey~
nali ASBCHREHM., IT ECLpell ~ LXG4E BhBEACdle: 74 T1-

L1

in

T
&

ey

CRE3pEEPT DeaIhi: L BOBMOEEODTE

b LTLENEHER OIYTuxk. 7

<

paz

m

% NPOIFETOE LAAEHRA 3& OLMH [MRY OKCTPAKLMR TPETHESho—

MY AMEHEME « CMegs: CLC”GiZ J B pasCaBprerne TRIa NOARBIKUT -

ternsoma { IABY/ , OCnazgnmuMy 1Py KoHnedrpauwr TAR oo

EMEOCTBE II0 OAYTOHAL = 18 I/i. USUCTKE X =& Ciye 1wns

—

X) 99% Im-¥ TpE-nponmadenscng u 1% wmoHONIC-
mponnndexHsoaa.,
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DKCTPAKLME B OCAXJeHHS OKCRROTE NAYTOHHA NOCTRIae? 106, 70
BOOMHE JIOCTaTOYHO NPE KACTAHIEOHHOM K3roroBnenuy TB3L. B
cryYae HeOOXONEMOCTA HONHo# OUMCTKA HNNYTORWA OF HPORYKTOB
ZEeAeEHA JIOCTATOSHO NPOBENERAs BYOPOTO IMKAA SKCTPaKIHH
amuyuama /3/,

Papmuar, coXepramuili oderzHeHHHH¥ YpaH ¥ HPORYKTH JeAe-
HAS, MOZHO XDAHRTH MIA CHEXEHAA AKTHBHOCTE ZO HDAEMAOMOIO
yPOBHSA, LOC/AS Yero ypaH MOEHO E3BAEKATh H3BECTHHMA BSRCTDEKIHe
OHHEMA METORAMH.

Bax H.A., Mexgsenobcrkuit B.W. » pp. HCcHEeJOBANE

paiuanRCHEHE 3 DKCTDAKIMOHHBE CBORCTBA TPeTHIHHX AMHHOB
( TprorTmiamux - TOA ), cmech Tpmamkmaamuuos - TAA {Cpq-Cin)
B apoMarmueckor pasdaBmrene ( H~-CyTRACEHZ0A ).

YcTaHOBAEHO, UTO NPY MONHOCTE HOSH Ko 50 9%33
RC3DPHIMEHTH pacOpefiefieHUs NAYTOHAS OCTaWTCH HOCTATOYHO
BHCOKAMA, 8 DEJKCTDPAKIAS er'0 M3 OpraHavdeckofi f@sH pac TBODE-~
ME YRCYCHOJ KMCHOTH DDOTEKaeTr yLOBASTBODATENLHO, Kark IpDH
CIHOKDAaTHOM, TaKk M MHOTOKDATHOM ( IMKIMYECKOM ) KCIONHL30Ba~—
HAR 3KcTparenra. lpa pannHeflmeM yBeAmueHMM AO3H OGAyUYEHHA B
CHCTSME HAGNLAAeTCs yMEHhmedme KodpbuIpeHTa pacHpejiensHus
iy TORUA M YXYINEHRE €I'0 PESKCTPAKIMH.

Kospduument pacnpeleneHus IPOAYKTOR IeAeHHSA
“Zr nRu) BO3psCTAET C YBENMYEHMEM JOSH OCAYYEHMS, OLHO-
BPEMEHHO yXyauaeTcsd WX DPEBKCTPAKIMSA C OAyToHMeM. Hosdhduiga—

€HT paclOpelieeHRd IUPROHKA M DPyTEHHMA He 33BUCHT OT %X
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ROHISHTDANEA B KMCXONEOM PACTBOpE, A& OHpeIsHHeTCA TOMABKO
HorAOMeHEON SKCTpPArTeHTOM 3Heprameil ® He JipeBHMAET 1073102,

HarganneBamim@ecs B BKCTPArenfTe BTODHYHHE W IeDBAYHHE
aMEAY OPAXKTEIECKM EE€ OKASHBADT BARAHAA Ha SKCTPAKIMK NAYTO-
HEd ¥ OYHCTKY €rc oT ypaua.

Opr mHoTrorparHOE 000paYMBASMOCTH YKCTDAreHTa HE CHJMO
3aMeYEHO 0o0pa30BaHRA KARMX~-AHO0 SMyABCHE HJAX OCAIROB, 3
BpeMAa paccramBaEusa $as OpaktTHyecKM He HIMEHAXOCE.

Oreaxo Opn ACOOAL3OBEHEEK B KadeCctBe pasdaBuvens Lus
TPeTAYNHY 8MHHOB CMECH CYILPMDOBAHHOI'0 CHHTHHE M OKTUIOBOLC
CTIEpPTA B CHCTEME YEE€ HDM Joze ofxayderumsa 5-I0 gzﬁg- ¢Opazyur-
Cs NPOIYKTH DARJIOReHMR, DE3KO CHMRANMHE SKCTPaKUME NAYTOHLS,

N0 —BHJWMOMY, DEPEBOXd &ro B 3~L BAIBHTHOE COCTORELE,

TIOBFAERVE HEKOTOFHX HPOIYETOB
JIEIERNE B [POIECCE SKCTPAKIMN

TnyGoXoe BHT'ODEEES rOpKYErs CBABAHO ¢ HuKONNSLLEH

B HEM 3HAYMTEIHPHEX XOMAYECTB CTAOCMABHEX B DaIAOANTEBEEX

HSOTONOB, WX KOAWYECTBEEHHE DOCT CBA3AH TAKKE C USMEHSLHE:

[wR el 24

COSKTPA.

Hamaume B oOayu&npux TBAI neTyYuX NpOMYKTOB ReAeny:
X r85, g3l B TPHTRS yCHOMHAEY? AUNapatypHoe oJopM/ASHIE
onepanul BCKPHTHA ¥ DACTBOPEHES CEDABYHEKOB, CUMCTHI
OTXOHSNEY Ya30B Ko CAHMTADHEX HOpDM DOTpeCyer JHAUMTeNBHEX
youaAnd .

beclogoficTso Be3WBacT HoBEHcHEE JI31, KO TOpuH

npEMepRo Ha 0% srcrparupyercd TEQ B awmHam, OpHIEM
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NPSKTHYECKE He DeSHCTPar#pyerTcd ¢ YPaHOM B IIyTOHHEM, HE
BHMHBSETCHA B3 Oprasnmdecxol gass Ipm IpoMEBKE e& KapOoHAaTOM
RaTpud ¥ JMACTEAnAORM. IpoMuBKa opraHudeckoll gasH MeAOIBD
HECKONBRO yBelInmyueaeT ylaneHme ftofa. Bo3moruo, NpRIETCA
R5BOIMTE M3 Oporecca pacTBOPUTENb HA CpPOK, ONpependemuit
BpeMeHEM pacmaja J 131. OnHako, 9Ta olepaima HDorpelyer
RONONHETENbHEX EMKOcTE# JUid XpaHeHRd pacTBOPOB, YTO HECROMb-—
KO TAOPOXAET TOINMBHHI IMKZ.

XoTg B TOWIJNKEBE peaKTOPOB Ha OHCTPHX HEJTPOHAEX MOXEeT
HsKanamBarsci Zr Jo 6,5 Kr/T ypaHa, IMAA DAIMOAKTEBEOTO
INADKOHHMA B ofmeM CHeKTpe NPOIYETOB JeNeHAf CHEBHTCH. LoaTOMY
O9HCTHA ypaHA B NJIYTOHEA OT DANUOAKTHBHOIO IIDKOHMA HeE
IPEeLCTARET SOABMEX, Yer B HacTOsAMmee BpeMs ToyIHocTei.

Hapsazy ¢ panMOBKTEBHEM IMPEOEMEM B DacTBope GYHET HAXOIUTHCH
3RsaTdreIbHOoe KOJMYESCTBO CTAOMABHOrC #30Tona, OCHOBHOE
0eCHOKOICTE0 KAK O CTACHIBHCM, TaK H O DENMOAKTHBHOM IMDKOHMH
. GyueT BH3WBATHECA TE€M, UTO OH Oyler IaBaTh C NpPOIYKTaMB
pPsImBo/IN38 CoelfHEHHd, o0paszymiMe Mex(asHHE OCamKh.

) Jond pyTeHMd B oCmeM CHeXTpe HpoIXYKTOB IeAeHMUS,
RaotopoT, PEe3RO Bo3pacraeT. EcAm yiecTs, YTO B Ipomecce
SKCTPAXOUOHHOA nepepaCoTHKR I'ODPYEro B HaCTOAmee BpeMms
HauOOJBIYD YDYOHGCTEL OpeliCTABASET OYMCTKE YPIHA M INYTOHRA
OT DyTEHHMs, TO IpE HepepadoTie Ioppdero ¢ T'JyGOKWM BHI'ODa—
H¥eM 5TR TPy IHOCTA YBEAMYATCH.

IIlpr mepepaGoTKe roppdero C BHCOKEM BHI'ODEGHHEM

- 'BOBMOEHH OCJOEHEHHA HpOIECCA SKCTPaKIHH, CBsSaHHHE R C
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npncyrcrsnéu B pacTBopax nanzaxus, Xoropull Haxamamsaercs
B TBAI PBH mo 5 xr/TH.
PaGorolt, BunommenHo# Jymmuxmuo# K.ll., PenaprmoM 9.B.
7 Ip. IOoKazaHo, 4T0 Oaanamai yHOBAETBODHTEILHO SKCTDArEpPYyeT-
cA 3 HETpartHO# cpem ( HNO,NaNOp) pacesopam TBHR, JAMGK
( mmmzoamuiosuit afup Metmabochonosodl rucxoTH), TOA, HRSTLK
( ma—-(2- ormarexcmz ) Hochopmas xKmcaoTa ).
KosjpuropeHTH paclupelieneHds Nanizaxus B cucremax: 25% TBD -~
- H.Jexan - 0,5 M HNO3 ; 1042 TOA - nmoTHAGEHSOX - 2 M BNOg;
40% JR2°TPK - mmarmndenson — 0,05 M HN0g ~ 0,5 M Nan(y
cocTaBiip? coorBercTBeHHo ~0,3 ; ~ 1,3 m ~ 4,5,
JKCTDaKOEA HaAj8lIRs BOSpACTAeT C YMEHbHEEHHEM KHCIOTHO~
cT® BoIHOX a3, yMEeHLIOHMEM KOHIEHTDBIEHA SKCTDALKpPYEMHX
aXTHRAULOB WX HaANafis B CUCTeMe, yBEAWUSHHEEM KOHIEHTDaIAy
Ndé —~ MOHOB B Bofuok ase ® B pAXY SKcrparentTon: TEE &
<JROIPK < JIAMOK < TOA. B yciaoBEAX OPHOCHTEABHO BHCOROE XMCAOTHO~
CTHR BoJXHOR Pasu ¥ HpE BHCOKOM HACHHSHAM YDPAEOM OPraHEYeCKol
$Pasn, T.x. npm srcrpaxmmonHoi ( TBP ) mepepadoTRe DACTBCDOE
OOMYy9EHHOTO I'OPwIEro skcrpaxuns nannapua OyIeT UPaKTRUECKE
HoJaB/eHa. ‘
B chydae SRCTPARIMY HAYTOHHS GMHHAMH OYACTHa &Tv
OT nannarAs Oyner 3arpyiHeHa U3—-38 BHCOKOH# 3KCTPATHPYEMOCTH
naanajus. JKCTpaxmEp nDaxnamus B TBP ' TOA momaszapT -
RoMujexcooCpasoparenan ( maBeneBas KHcaoTa, TPRAOE b, LTHA )
IpR BBEJEHEM HX B BONHHA DacTBOD.
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epeme it P opranmdecxkyw $asy naxxammi nerszo BocCTE-—
HABAMBAeTcA CHEpraMp ( OyTuAosuit, MBcaMEIOBEHE, OKTHEAOBHE )
IO MeTanna, ABNAACH, BOBMOXHO, ONHO{ M3 HNPXIMR OOPA3OBREAA
Mexpas3HHX [NEHOK.

PesrcrTparngn naxrainds M3 opraBMIecKRX pPac TBOPOB MORHO
OCYMECTBATE CHAGOKNCHHNME DAaCTBOPSMA KOMINEKCOHOB, NEPEKECED
Bogoposia ( conoBu# EaAr Kucau#l pacrsop ).

Hanmape nannanus He BIHfeT HE LOoXyIeHAe BIYTOREA B
4~X BANGHTHOM COCTOSHRH.

B pezrMe BKCTDSKIME TPEXBaJeHTHHX DPEREMX 3eMenbh R
SXTHHRNOB H3 CHACGOKACINX BHCOKROCOAeBHX padmunarop I=ro mmxia

0yIeT H3BAEKATHCS ¥ nanaajguii.
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THE CHEMICAL PROCESSING OF HIGHLY IRRADIATED FUELS

by

Maurizio Zifferero
Comitato Nazionale per 1l'Energia Nucleare
Rome - Italy

The problem of reprocessing highly irradiated fuels is
today largely associated with the fast reactor fuel cycle, even
if other types of fuels exist (the family of high temperature gas
reactor fuels) which in principle should request attention for
analogous reasons.

Experience in the aqueous processing of fast reactor
“uels is still very limited and appears to be concentrated in UK
and in PFrance since these two countries have made a timely effort
in this direction and are operating pilot plants to process the
fuel discharged from their experimental fast reactors. Obviously
this experience is very valuable and will assist in isolating
areas needing further research and developments, bearing in mind
the fact that experimental fast reactors in operation do not yet
achieve the fuel performances anticipated for the future fast
breeder power plants.

Assessing problems and difficulties to be met with the
processing of these highly rated fuels of the future is also an
exercise of speculation which keeps busy many people in different
countries and organizations involved in fast reactor programs: at
present we in Italy belong to this phylum but a limited experi-
mental program is under way as we shall see later.
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Thermal versus fast fuels: consequences of fuel rating

"Highly irradiated" is a more accurate definition than
"high burnup" fuels and the Agency should be commended for having
chosen the appropriate term in convening this Panel. In fact
reprocessing experience acquired with natural uranium or light
water reactor fuels has accustomed reprocessing technologists to
correlate fission products activity with fuel burnup. This is
Justified by the fact that a relatively long cooling period is
allowed for and the specific power density of today reactors is
limited.

This situation is however changing and increasing
importance in evaluating f.p. activity must be attributed to the
specific power density even in the case of the LWR fuels of more
advanced design. FBR fuels in addition must reduce to a very
minimum the out-of-pile fuel cycle time to save on the interest
of working capital. Therefore a pressure exists to shorten every
step including the cooling period before processing.

Present values and target values for LWR and FBR principal
irradiation parameters are compared in Table I to give order to
magnitude figures. These data indicate that core power density in
FBR is expected to be 4 to 5 times greater than in future LWR and
therefore almost an order of magnitude higher of today's LWR. The
corresponding increase in burnup is not as impressive.

What the effect of this situation is on fission products
activities in the spent fuel is shown in Table II for FBR and in
Table III for LWR.

It can be verified from Table II (circled figures) that
f.p. activity in a fuel discharged after an exposure of 50,000
MWa/t is 45% higher than the activity of a fuel discharged after
100,000 MW4d/t at half as much power density.
Purthermore the effect of exposure on f.p. activity is increasingly
less significant when the cooling time is shortened.

Data of Table III also indicate that, for LWR, commercial
reprocessing plant can expect in the early future a threefold
increase at maximum of ‘the specific activity level they are handling
today.

Key features of FBR fuels reprocessing

Usually advocates of non agueous processing stop their
analysis at this point and start evaluating the consequences of
such activity levels on organic solvents degradation, fission
products insolubility, plutonium valence state, just to mention a
few. ’
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Table I

Present value and target value for

LWR and FBR fuel irradiation parameters

R’

now target

Core power density 15 30-40

(kW/kg of fuel)
" Burn-up (Mwa,/t) 15-20,000 ~40,000

Cooling time (days) >120 100-120

1) Average PWR-BWR
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FBR
now target
~+100 150-200
35-50,000 100,000
g0 30(?)%-60



Table II

Effect of specific power density, burnup

and cooling time on f.p. activity (Watts/kg of fuel)”

50,000 MW4/t 100,000 MWa/%
days of cooling 60 90 160 60 90 160
at 100 xW/kg 89 68 42 99 @ 51
at 200 kW/kg 149 @ 66 177 136 87

1)Calculated by Phoebe ORNL code
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Table III

F.P. activities (in Watts/kg of fuel) in LWR fuels

Today Future values
Core power density 15 30—40
(in xW/kg)

b.u. (MWa/t) 20,000 35-40,000
F.P. activity:

(in Watts/kg)
- after 90 days 12 27=35
- after 160 days 8,5 19-25
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Table IV

Relevant reprocessing data for a typical

FBR power plant1)

Case a Case b
Average power density 70 32
(kW /kg of fuel)
Average b.u. (MWa/t) 41,000 19,000
Average f.p. activity
in Watt/kg after:
- 60 days 98 44
- 90 days 75 34
- 160 days 54 24

case a: processing together core + axial blanket

case b : processing together core + axial + radial blanket
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Table V

Chemical composition of FBR power

plant fuel following case a and b R
Annual discharge: case & case b
Total U (in kg of UOZ) 14,120 36,346
Total Pu (in kg of Pu02) 1,885 2,090
F.P. (in kg) 734 754
w/0 Pu in the fuel 11.2 5.35

(average)

1)

case a: processing together core + axiasl blanket

case b: processing together core + axial + radial blanket
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-

From this analysis we can conclude the following:

- future processing of FBR plant fuels will be less difficult
if core and blanket element are treated at the same time and
will approach the nature and the extent of the difficulties
involved in reprocessing future LWR fuels;

- shortening cooling time below 60 days from discharge may sub-
stantially increase the problems and, therefore, the costs of
reprocessing operations. A detailed analysis of the expected
cost increase vs cooling time reduction has to be made and
must be supplied to economists. In turn this increase should
be balanced against savings in working capital interest.

Another important point is the choice of a model for FBR
fuel reprocessing: should one try to adapt existing reprocessing
plants or should one start developing "ad hoc" facilities, optimized
on fast fuels? This basic option will likely shape the research and
development program and should therefore be taken at the beginning.
Our opinion is in favour of using existing facilities until enough
reprocessing services are needed to justify a large central plant
_specifically designed and optimized for fast fuels. But, of course,
this is a matter of distant future.

Lists of anticipated problems in fast fuel processing
have been reviewed by many authors recently and papers contributed
to this Panel will provide an up-to-date reference to this litera-
ture. Many of these problems will be shared by LWR fuels of advarced
design. Some of them however will be typical of fast reactors and
therefore deserve priority.

Prior to the dissolution and to the benefit of dilution
with the blanket material the fast fuel assembly with its high heat
release rate creates problems with transport, removal of transport
cask coolant (if different from water), mechanical disassembling
and shearing of fuel pins. The closely packed geometry and large
heat evolution will adversely effect the possibility of air cooling
during shearing operations and will cause high temperatures in the
shear feed system. Possible solutions to overcome this difficulty
are an automatic high speed pin-by-pin chopper, or interspersing
blanket pins with core pins and shearing the resulting mixed bundle.
In either way a disassembling operation is necessary and expensive
hot cell type work and installations .could be needed.

Symmetrically to head end, tail end operations on fast
fuels ask for special attention. In this phase plutonium eventually
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gathers in large quantities: at the same processing rates of LWR
the plutonium quantities involved would be 10 to 20 times higher.
Apart from criticality this calls for a revision of processing
equipment and storage capacity. Furthermore as pointed out by
many authors the plutonium product will require shielding and a
remote refabrication.

Also the uranium side of the tail end offers problems since short
cooled fuels will contain enough U-237 to require a shielded
storage and allow this 6.75 days half life nuclide to decay.

Head ends and tail end operations are therefore the key,
cost intensive steps requiring modifications in existing aqueous
reprocessing plants to suit fast fuel processing. Actually the
widely quoted report by Nicholson on NFS amenability to process
FBR fuels includes a gross cost estimate where the main items refer
to head end and tail end equipment and cell modifications.

A third problem mostly relevant to FBR fuel processing
is the release of iodine 131 during fuel dissolution. As everyone
knows the extent of the problem strongly depends on the cooling
period. For very short cooled fuels (30 days) the need will arise
inevitably for a special and separate treatment in order to remove
this isotope (and possibly Xe, Kr and H isotopes) since the quanti
ties involved differ for orders of magnitude from those handled
today in processing plants.

Table VI compares the iodine-131 content per ton of fuel
in different cases. With fast fuels, even assuming a relatively
high cooling time (60 days) and processing in the highest dilution,
a normal 1 ton per day operation would result in the release to the
off gas system of 7500 Ci of iodine against the 1.8 Ci of LWR fuel.

Ordinarily health and safety regulations allow to dis
charge very limited amounts of iodine through the stack; the order
of magnitude being 100 (Ci/day. In particular cases this figure can
reach the millicurie. With ordinary LWR fuels this implies a
scrubbing efficiency for iodine in the off gas system of 99.9 to
99.99% With future FBR fuels unless specifications are relaxed
this efficiency should be increased by a factor of a thousand and
this 1s not going to be an easy job.

The problems associated with the other gaseous fission
products are comparatively lower with the possible exception of
Xe—-133 in short cooled fuels.

In our opinion the Oak Ridge approach of dry oxidation
of U0, to U,0, to favor the release of gaseous products prior to
dissoiution and facilitate their processing or storage .sounds very
interesting and could be the only way in the long range to over-
come many troubles. In the short range existing processing plant
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Teble VI

Iodine - 131 content (in Ci/t of fuel)
1)

in different cases

FBR active core: Ci-I131/t
- 30 days of cooling 2.4 x 105
- 60 days of cooling 1.8 x 104
- 150 days of cooling 8

FBR core + blankets:

— 30 days of cooling 9.8 x 104
- 60 days of cooling 7.5 x 103
- 150 days of cooling 2.4
LWR - 150 days of cooling 1.8

1)FBR reference fuel is the same assumed in case a and b of

table 4 and 5
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can cope with this problem only by extending the cooling period of
the fuel.

Other secondary consequences of the high fission products
concentration are .often mentioned but it is generally felt that
they are not such as to impair solvent extraction processes.

Solvent stability to radiation damage, presence of inso-
luble fission product noble metals, plutonium IV reduction (if a
plutonium partition is needed) are the main recurring items of
concern. No doubt, these points represent areas of future research
and development on flowsheets and equipment design; but we attribute
a great importance to the encouraging results which were reported
at the Dounreay and La Hague pilot plants.

After so many negative consequences a word should be spent
on possible positive consequences due to high irradiation levels.
Since plutonium is going to be refabricated remotely and mixed with
uranium,emphasis on uranium-plutonium separation in the plutonium
stream and on high decontamination factors on plutonium product. is
likely to be decreased. This fact is bound to effect favorably the
plutonium partitioning step and, possibly, in the long range the
number of extraction cycles.

CNEN programs and activities related to highly irradiated
fuels processing

A program of research and development on fast reactors is
under way in Italy.

For the purposes of this Panel the objectives of our
activities can be summarized as follows:

- an experimental program based on the design, construction and
operation of a fast flux testing reactor (P.E.C.) supplied
with three separate closed loops suitable for irradiation
testing of fast reactor fuel assemblies. The santicipated
thermal p?ger will be around 140 MW at an average loop flux
of 3 x 10 7. The driver fuel is enriched (--+30%) uranium
oxide with an axial blanket of natural uranium c¢xide. The
reactor fuel loading is approximately 1 ton.

Detailed design is under way and the construction should

start before the end of this year at the selected site, approx.
30 mi south of Bologna. The first irradiated fuel should be
unloaded not earlier than 1975

- a technical and economical study on a large prototype fast
reactor coupled with an experimental program based on the
development of fast reactor fuels.

No decision has been taken so far on the comnstruction schedule
of the prototype. Our hypothesis are based on the possibility
of having such large a reactor on line after 1980.
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Summaxry and Rebommendations of the Panel on

Reprocessing of Highly Irradiated Fuels to the IAEA

1. ) The Panel placed the main emphasis on the reprocessing of
irradiated fuels from fast reactors, Some consideration was also given

to fuel from advanced types'of thermal reactors including HTGR. It appears
that the major reprocessing problems of HTGR fuels will be associated
with the head-end operation, whilst existing solvent extraction technology

is adeguate for remainder of process.

2, The Panel was of the opinion that despite the problems listed
below, aqueous reprocessing methods are feasible for fast reactor fuels,
even at short cooling periods., The Panel noted that so far such methods
have generzlly proved themselves very reliable, and that this will be one
importent advantage to avoid delays in reprocessing at a time of plutonium

scarcity,

3. In the near future, when fast reactors are few in number and long
cooling is possible because plutonium is in abundant supply, it is likely
that reprocessing can be carried out largely in existing plants with only
limited modificationa affecting head-end and tail-end, later it will
presumably be necessary to build new reprocessing plants, one of whose

main functions will be to deal with short-cooled fast reactor fuels,

4 In processing fast reactor fuels, a number of problems become
significant, which are less important in existing thermal fuel reprocessing
rlants, The following problems may arise with highly irradiated fuels
irrespective of its cooling period, '

(i) . The possibility of sodium being present in the fuelj
(i1) The effect of high plutonium concentrations on the
. chemistry; _
(iii) Criticality and'accountability problems arising from
bigh plutonium concentrations;
(iv) The behaviour of fission products at high (chemical)
concentrationss
(v) The formation of insoluble fission product inclusions

in the fuels, affecting feed clarification and the
l :

recovery of fissile materialy
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(vi) The control of gaseous radioactive fission products;

(vii) The need for high recoveries of plutonium in the
fuel cycle as a whole;

(viii) Solvent and diluent degradation problems with
effects on fission product decontamination, forma-

tion of precipitates and losses of fissile material.

In addition the féllowing problems become severe at short cooling periods:

i)’ fThe control of short-lived volatile

(1131

fission products s Xe isotopes);

ii) Heat release in the fuel, which is significant
in transportation, fuel storage, the head-end
part of a reprocessing plant ‘and highly active
?aste management. o
iii) Increased solvent and diluent dééradationJ
5 As noted above, none of these problems are expected to introduce
ény insuperable technical difficulties into agqueous reprocessing but the
consequent costs have yet to be assessed.
The use of amines 1o remove the plutonium and purify it immediately,
leaving the uranium and fission products to age before separation by tributyl

phosphate was considered to be worthy of further study.

6. The Panel also gave atitention to alternative non-aqueous processes,
such as fluoride volatility, molten salt extraction and molten alloy decladding.

The relative advantages claimed for the fluoride volatility
approach have diminished in view of the progress of solvent extraction technology
and the reduced interest in the recovery and re-~enrichment of the depleted
uranium, The opinion of the Panel regarding the volatility process is that
it may offer a potential advantage in the case of controlling gaseoué fission
products and in simplifying highly active waste solidification, especially
if it were necessary to reduce drastically the coolirig time, These advantages
must in {turn be weighed against the prohleﬁ of quantitative plutonium

recovery which is as yet to be solved.
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Only limited quantities of irradiated fuel unloaded from a fast
reactor are therefore expected in the early future. The reprocessing
need of the PEC reactor will amount to some 500 kg per year of en-
riched uranium oxide at an expected b.u. of 60,000 MWd/%.

If we base our evaluation on the hypothesis that a large prototype
will be in operation fifteen years from now the need will arise to
process an yearly average of ten tons of core + axial blanket fuel
to which additional five to ten tons of radial blanket fuel (depeng
ing on the rate of discharge) should be added. In terms of fissile
material these figures correspond to the processing of around 700
kg per year. The average b.u. of the core + axial blanket fuel
should be around 50,000 MWd/t.

Two experimental reprocessing plants are approaching the
operation stage in Italy: EUREX and PCUT; originally meant for
highly enriched uranium fuel EUREX has been progressively adapted
for the experimental processing of a large variety of fuels including
power reactor fuels. Recent additions to this plant include a shearing
machine and a plutonium tail end. PCUT plant has been conceived for
Th-U fuels and involves a remote fabrication facility.

Although no decision has been taken where to send irradiated PEC
fuels my personal opinion is that EUREX is very appropriate for this
job.

A research program is under way at Casaccia to determine optimal
process condition in view of this possibility.

It might be worth mentioning that a large program of
research and development on typical problems related to fast
reactor fuel processing will be included in CNEN third quinquennial
program, due to start in 1970. This program is now in the brain-
storming stage and will cover such items as head end and tail end
process development, iodine removal, plutonium and transplutoniun
chemistry, high speed contactors and waste conditioning. This Panel
is for us therefore a very timely occasion to confront points of
view and to listen to foreign experience.
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The other processes were at an early stage of development

and their technical and economic viability could not be assessed.

Recommendations to the Agency

-

le . The Panel recommend that a detailed analysis be carried out
on apecific problems connected with very short-cooled fuel

transportation in relation to exlsting regulations.

2. The problem associated with the radioactive wastes produced
in plant operation should similarly be assessed. In particular
this refers to highly active ligquid and solid wastes, low
active liquid effluents and gaseous wastes, In this assessment
particular emphasis should be placed on 1131, X6133, Kr85 and H3.
3. In view of the present state of development, the Panel did not
consider it appropriate to make a guantitative statement on
the cost of fast breeder reactor fuel processing relative to
those of thermal fuels, nor on the sconomic coﬁsequences of
reducing the cooling time,
It is suggested, however, that on this aspect a fruitful meeting

could be held in the future,

4o Some specific areas which deserve priority and could be the

subject of Agency sponsored research activities include:

- Bagic aspects of head-end processes such as the control

during head-end operations of gaseous fission products;

- Plutonium process chemistry and in particular those problems
assooiated with the high concentration of plutonium in fast

reactor fuels;

—~ Chemistry of fission products in macro amounts in process

conditions.
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