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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 present both 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 23 000 MW(e).

Thisquickprogressinnuclear 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, but also for 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 on nuclear fuel cycle, the International Atomic
Energy Agency convened a panel of experts from 27-30 May 1969 to review
the available information on various aspects of aqeuous 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 this document, include re-
view and topical papers on the development of the reprocessing of highly
irradiated fuels in various countries 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

Pour elements containing altogether 20.95 S °f Plutonium' in the form
of a 10$ Pu plutonium-aluminium alloy were irradiated in the EL3 reactor

ryi ^

up to an integrated flux of 5 * 10 n/cm . The elements were treated in
the "Petrus" cell at 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:
- D̂issolving the annular elements in sodium hydroxide and/or nitric acid;
- Separation of plutonium in two cycles of extraction with TLA

(5 vol.$) in nitric acid medium, each cycle Úeing followed by
re—extraction with a nitrosulphuric solution;

- Separation 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-extraction, of .the transplutonium elements with a lithium nitrate
solution containing diethylenetriaminopenta acetic ions;

- Americium-curium separation by fixation on an anionic resin
followed by elution with a, nitric acid solution containing a
completing agent.

„•

These treatments yielded 2.6 g of plutonium, 150 mg of americium,
15 øâÃ of curium. The total yields of plutonium and transplutonium elements
were 97$ and 90$r respectively. The decontamination factors were higher
than 105.



R e s u m e

Quatre elements contenant en tout 20,95 g de plutonium sous forme
d'alliage plutonium-aluminium a 10 % de Pu ont ete irradies dans

21 2le reacteur EL3 jusqu'a un flux integre de 5.10 n/cm . Leur
traitement a ete effectue dans la cellule "Petrus" de Fontenay-
aux-Roses. L'originalite du precede tient a 1futilisation du milieu
nitrique pour toutes les operations et a 1'emploi de la trilauryl-
amine (TLA) pour la separation du plutonium. Ce traitement comprend
en effet:

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

- une separation du plutonium par deux cycles d'extraction a la
TLA (5 % en volume) en milieu nitrique suivis chacun d'une reex-
traction par une solution nitro-sulfurique.

- une separation des elements transplutoniens par deux cycles d'ex-
traction au D-EHPA (8 % en volume) consistent chacun a extraire
les actinides et les lanthanides d'une solution chargee de nitra-
tes d1aluminium et de lithium, puis a reextraire selectivement
les transplutoniens par une solution de nitrate de lithium conte-
nant des ions diethylene-triaminopenta-acetiques,

- une separation americium/curium par fixation sur une resine
anionique suivie d'une elution par une solution nitrique conte-
nant un agent complexant.

A I'issue de ces tr'aitements on a obtenu 2,6 g de plutonium,
150 mg d'americium et 15 mg de curium, Le rendement global en
plutonium et en transplutoniens a ete respectivement de 97 % et
de 90 %. Les facteurs de decontamination ont ete superieurs a 10 .



I - INTRODUCTION

Depuis quelques annees les besoins en isotopes d'elements trans-
uraniens vont en croissant grSce en particulier a leur utilisation
dans les generateurs autonomes d'energie a des fins medicales ou
pour des missions spatiales.

Des 1959 un programme d 'irradiation de plutonium en vue de 1'obten-
tion de quantites ponderables d'americium et de curium a ete lance
en France. Au fur et a mesure de I'extension de ce programme il
s'est avere souhaitable de mettre au point des methodes d'extrac-
tion et de purification des elements transplutoniens qui puissent
Stre exploitees industriellement dans les appareillages utilises
couramment lors du traitement des combustibles irradies. En parti-
culier nous avons oriente nos recherches vers des precedes de se-
paration par extraction liquide-liquide s'effectuant en milieu
nitrique pour leur plus grande partie. On peut ainsi esperer, par
rapport aux techniques d'echange d'ions que nous avons prealable-
ment utilisees /_ \7 , obtenir plus de souplesse dans les procedes
et d'autre part un rendement de recuperation important et des fac—
teurs de decontamination eleves, tout en beneficiant de conditions
d'exploitation plus aisees.

Le traitement chimique decrit ici constitue done un premier essai,
sur cibles irradiees, d'un mode de purification du plutonium et
des elements transplutoniens dont la theorie a ete faite par ail-
leurs

L'aspect general de ce traitement chimique ayant donne lieu a une
publication anterieure l_ 3̂ /, nous discuterons ici principalement
la partie recuperation du plutonium.

II -' TRAITEMENT CHIMIQUE

Les cibles soumises a 1»irradiation etaient constituees d'alliage
Pu-Al (plutonium 10 % en masse) gaine d'aluminium et mis sous forme
de "ronds de serviette". Ceux-ci, introduits dans le reacteur EL3
en novembre 1960, contenaient au total 20,950 grammes de plutonium.

• 10



Le flux moyen dans le canal de la pile etait de 0,82 x 10
—2 -1n,cm .sec. et au bout de trois ans d'irradiation (29 novembre

1960 au 20 mai 1964) le flux integre recu etait de 0,5 x 1022 n.cm"*2.

Les "ronds de serviette" ont ete traites apres demantelement de
I'assemblage d* irradiation suivi d'un temps de desactivation pro—
longe (29 mois). Le precede utilise comprenait trois etapes :

1 - dissolution
2 - separation et purification du plutonium
3 — separation et purification des elements transplutoniens

Les operations ont ete realisees dans la cellule "Petrus" / 4/ qui
fournissait une protection de 1,20 m de beton, et dans des bo tes
a gants blindees (5 mm de plomb) pour le second cycle de purifica-
tion du plutonium ̂  5/. Les divers appareillages mis en oeuvre ont
ete decrits par ailleurs / á7'.

1 - Dissolution.

Deux types de mise en solution de la cible dint ete essayes : une
attaque sodique de la cible Suivie de la dissolution acide du
residu et une attaque par 1'acide nitrique aboutissant directement
a une solution de nitrates propre a 1'extraction.

Lors de la dissolution mixte le melange NaOH = 4,6 M -
NaN03 =4,1 Ma ete utilise a 80°C pour dissoudre la gains
d'aluminium et desagreger le noyau d'alliage. Apres filtration
et lavage a la soude 1 M, le residu a ete dissous completement
dans le melange HN03 = 6 M - Hg(N03)2 = 0,02 M - NaF = 0,01 M
porte a 1'ebullition.

La dissolution directe de la cible s'est effectuee dans le melange
HN03 = 7,4 M - Hg(N03)2 = 0,02 M - HF = 0,02 M (conditions
finales). La vitesse de dissolution a ete contrfilee par adjonction
soit d*acide, soit de catalyseur au cours de la reaction»
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Dans le premier cas les ronds de serviette etaient introduits dans
une solution bouillante de composition suivante HNO_ = 0,1 M —
Hg(IMO,.)9 = 0,052 M - HF = 0,052 M. On a ensuite introduit a

-1debit constant (2 ml.mn ) de 1'acide nitrique concentre jusqu'a
1'obtention d'une concentration d'acide nitrique de 3,7 M. La vi—
tesse de reaction devint extrSmement lente lorsque tout 1'aluminium
du gainage fut dissous. L'alliage non attaque fut ensuite mis en
solution en amenant 1'acidite a la valeur de 7,4 M et en continuant
1* ebullition.

Dans le second cas la dissolution fut entreprise avec le melange
HN03 7,7 M - HF = 0,021 M a 1'ebullition. On ajouta en continu

une solution de nitrate mercurique jusqu'a 1'obtention d'une con-
++ —5centration en Hg de 4,6 x 10 M. Apres dissolution de la gaine

on a dQ porter la concentration en ions Hg a 2,2 x 1 0~ M pour
achever la dissolution de 1'alliage. On a pu estimer la vitesse
de dissolution de 1'alliage Pu-Al a 20 mg.cm" .h" .

Afin d'eliminer la silice de la solution nitrique on a effectue
un traitement a la gelatine suivi d'une filtration (40 mg de gela-
tine par gramme de plutonium).

2 - Separation et purification du plutonium

Plusieurs solvents sont utilisables pour realiser la separation
du plutonium et sa purification. Notre longue experience des
amines tertiaires /_ ~]J nous a tout naturellement conduits a
utiliser le nitrate de trilaurylammonium en melange avec le
dodecane et l'octanol-2 /_ _§_/.

Les solutions issues de I1attaque chimique de la cible ont ete
ajustees aux conditions suivantes :

HIM03 = 1 M A1(I\I03)3 = 1 ,5 M.

La concentration du plutonium variait entre 0,2 et 0,7 g.l~ •

Le schema du cycle de separation du plutonium est indique sur la
figure 1.
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Apres reextraction du plutonium en solution sulfo-nitrique celle-ci
est ajustee par addition d'acide nitrique et de nitrate de lithium
aux valeurs suivantes :

HN03 = 2 M
H2S04 = 0,0125 M
LiN03 = 1 M

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 HNO.,)
a une concentration de 30 g/1.

, 3 - Separation et purification des elements transplutoniens.

Les phases aqueuses residuelles de 1'extraction du plutonium con-
tiennent les elements transplutoniens et les produits de fission
ainsi que des teneurs elevees en ions Al . La separation des
elements transplutoniens a ete effectuee par extraction liquide-
liquide, le solvant choisi etant 1'acide di-2-ethyl-hexyl-phos-
phorique. En plus d'une bonne stabilite chimique, ce produit com-
mercial, compare a la TLA, permet d'obtenir dans les separations
actinidss-lanthanides (par exemple Am-Eu) des facteurs de separa-
tion plus eleves. Cette separation de groupes est effectuee en
utilisant 1'action complexante de 1'acide ethylene-triamino-
pentacetique (D.T.P.A.). Le schema general de la separation du
couple Am-Cm des produits de fission-terres rares est represente
sur la figure 2.

Le melange americium-curium, apres le 2eme cycle de purification,
a ete ajuste en milieu hydro-alcoolique (80 % en volume d'ethanol)
aux conditions suivantes :

HN4N03 = 1,33 M HN03 = 0,05 - 0,1 N

Cette solution hydro-alcoolique a ete passee sur une colonne de
resine Dowex 1 X 8 . Apres lavage de la colonne avec la solution
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a 80 % d»ethanol : = 1,33 M - HNOq = 0,085 M, 1'elution
du curium a ete effectuee par la mSme solution hydro-alcoolique
contenant en plus 0,025 M de DTPA. Apres elution du curium, I'ame-
ricium fut ensuite elue par HNO^ 1 N.

Ill - RESULTATS ET DISCUSSION

1, - Dissolutions

Des deux precedes de mise en solution de la cible, 1'attaque
sodique fournit un premier effluent qui contient certains produits
de fission solubles en milieu alcalin (Cs). La dissolution des
oxydes residuels aboutit a une solution contenant les elements
transuraniens a une concentration elevee. Dans le cas de la dis-
solution nitrique directe cette concentration est limitee par la
presence de I'aluminium qui se trouve integralement en solution
(voir tableai I), Aucun residu radioactif insoluble n'a ete note
dans lfun ou 1'autre cas.

Tableau I
COMPOSITION DES SOLUTIONS NITRIQUE5 APRES DISSOLUTION

Espece

HN03
A13 +

Pu
activite a

Unite

M
M

g.i~1
r. ,-1Ci.l

DISSOLUTION
mixte

3,6
-

1,1
2,0

acide

2,0
1,2
0,2

0,23

La dissolution mixte presente le desavantage d'imposer la filtra-
tion d'une solution visqueuse, le residu insoluble representant
les matieres a recuperer. Pour une application industrielle, la
dissolution acide serait done preferable.
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-2 -1La vitesse de dissolution de la gaine a ete d'environ 300 mg.cm .h
dans chaque cas. Par contre les vitesses de dissolution du residu
ont ete tres differentes puisque dans un cas ils'agissait surtout
d'oxydes et dans 1'autre d'alliage PuAl. On a obtenu les valeurs
approximatives suivantes :

Precede mixte
Precede acide

-2 -1600 mg.cm .h
2Q è è " (1)

Les gaz formes durant cette operation ont ete pieges, apres dessi-
cation, sur charbon actif. La spectrographie gamma a revele la

* i 85 ixpresence de Kr.

2 - Extraction du plutonium par le nitrate de trilaurylammonium

Les resultats obtenus lors de la separation et de la purification
du plutonium sont resumes dans le tableau II.

Tableau II
SEPARATION DU PLUTONIUM

FACTEURS DE DECONTAMINATION

Facteurs de
decontamination

P globaux
ó
Ru
Am, Cm, Ce, Eu

1 er Cycle
a

5.200
9.000
1 .700

105

b

950
700
370
105

2e Cycle

70
100
160
105

Global

3,2 x 105

7,8 x 105

2,5 x 105

. Þ10

(a) Solution provenant de la dissolution mixte
(b) Solution provenant de la dissolution acide

L'activite specifique de la solution (a) etait plus forte que
cells de la solution (b).

(1) Que 1'attaque soit contrfilee par 1'acidite ou par la concentra-
tion en catalyseur, on n'a pas observe de difference importante :
la dissolution complete a dure 8 h dans le premier cas et 9 hi 5
dans le second.
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Des ecarts assez considerables sont a noter pour les deux solu-
tions en ce qui concerns les facteurs de decontamination relatifs
aux j3, 7 globaux et au Ru lors du premier cycle. En fait les va-
leurs elevees ont ete obtenues dans des conditions anormales de
saturation du solvant, la presence d'une 3eme phase ayant ete
notee. Par centre les valeurs les plus faibles correspondent a
la solution la moins riche en plutonium et en emetteurs (3 ó.
Cette solution ayant ete traitee dans le mSme appareillage d'ex—
tracteurs une contamination est probable.

En ce qui concerne le comportement hydraulique des solutions dans
les extracteurs on doit signaler 1'absence complete de tout preci-
pite dfinterphase.

Les produits des premiers cycles des solutions (a) et (b) ont ete
reunis pour alimenter le second cycle de purification. Celui-ci
fournit des facteurs de decontamination plus faibles mais qui
permettent d'atteindre une decontamination globale acceptable.
Le taus de recuperation du plutonium a ete superieur a 99,9 %.

Cette premiere experience d'utilisation de nitrate de trilauryl-
ammonium en tSte de precede doit e*tre renouvelee, en particulier
dans le cas ou le temps de desactivation est plus court. Une ame-
lioration du facteur de decontamination du plutonium en ruthenium
doit 6tre recherchee. Le facteur saturation du solvant semble a
cet egard jouer un rSle important.
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ABSTRACT

In entrusting Saint-tiobain 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
Úå performed to verify the performance of the method adopted.

The scheme proposed Úó Saint-Gobain was tested in the laboratories
of the Commissariat a 1'Energie Atomique with fuel elements, some of which
were strongly irradiated (about 20 000 MWd/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
zirconium, which accelerates the decay of tributylphosphate. By using
a zirconium 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.

R E S U M E

En confiant a Saint-Gobain Techniques Nouvelles 1'etude dTune
usine de retraitement polyvalente, capable en particulier de
traiter des oxydes d1uranium enrichi, I1Atomic Fuel Corporation
„a demande que soient effectues des essais actifs afin de veri-
fier les performances du procede retenu.
L'etude du schema propose par Saint-Gobain a done fait 1'objet
d'essais dans les laboratoires du Commissariat a 1'Energie Ato-
mique, avec des elements combustibles dont certains etaient
tres irradies (̂  20.ODD MWj/t). Ces experiences ont permis
de determiner les facteurs de decontamination que 1'on pouvait
esperer obtenir dans une installation industrielle et de donner
des indications tres encourageantes sur la purete des produits
finis, le rendement en matiere fissile et les marges de securite
du procede. Elles ant permis aussi de preciser le r61e de cer-
tains elements, en particulier le zirconium qui accelere la
degradation du tributylphosphate, L'utilisation d'un complexant
du zirconium : 1'ion fluorhydrique en faible concentration a
1'extraction, permet d'ameliorer tres sensiblement les resultats
d* exploitation en usine sans amener de modification profonde
dans les installations.
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I - INTRODUCTION

En TTtSme temps qu'elle confiait a Saint-Gobain Techniques Nouvelles
les etudes d'une usine polyvalente capable de traiteir^de. JL'uranium
naturel et des oxydes d1 uranium hautement enrichi / \JL 2/» I1 Ato-
mic Fuel Corporation demandait que soient effectues parallelement
des essais pour verifier les performances du precede retenu. Dans
le cadre d'accords internationaux entre la France et le Japon, le
Commissariat a 1'Energie Atomique a collabore avec Saint-Gobain
Techniques Nouvelles pour I1elaboration du schema de precede et
pour la partie experimentale.
Apres une etude theorique approfondie des differents cycles d'ex-
traction necessaires pour obtenir des facteurs de decontamination
suffisants, on a commence I1experimentation avec des materiaux
non irradies. Ces experiences "a" ont servi a ajuster les schemes
proposes pour limiter au maximum les pertes de produits fissiles
et assurer la securite du precede. Les resultats obtenus ont ete
ensuite confirmes et completes avec des combustibles fortement
irradies ("essais a, y").

II - CONDUITE DES ETUDES

1 - Db.jectifs
On vise des performances elevees avec des pertes de 1'ordre de
0,20 % pour 1'uranium et 0,25 % pour le plutonium, pour 1'ensemble
des extractions. Les specifications retenues po_ur les produits
finis sont celles que preconise 1'U.S.A.E.C. / 3/ :

Uranium : Pu <T10 ppb
Activite ó <: 200 % de 1'activite de U en
equilibre seculaire

Plutonium : Impuretes metalliques ̂ 5000 ppm
Activite p + y<:50.10~6 Ci.g"1

2 — Etude theorique
Le calcul peut determiner a priori la repartition de 1'acide nitri-
que et des matieres fissiles entre les deux phases, ainsi que les
conditions operatoires requises pour atteindre les specifications
souhaitees» Les repartitions de 1'uranium et de 1'acide nitrique
ont ete determinee^. par la methode graphique decrite par J.T. WOOD
et J.A. WJH-L-IAMS /,4/ en uti^lisant les courbes de distribution de
CODDING l_ 5/ et du C.E.A. /_ 6_/. Ensuite, les concentrations du
plutonium ont ete calculees etage par etage a lJ.aj.cLa jde coeffi—
cients de partage choisis dans la litterature / 1/1. 5./ en fonction
de 1'acidite et de la concentration uranium de chaque etage. La
separation uranium—plutonium se fait pajr reduction selective du
plutonium au moyen du nitrate uraneux / 9/.
Le calcul a ete repris ulterieurement pour faire intervenir le
plutonium VI dont la presence a ete mise en evidence au cours des
essais.
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j - Ecuae ðãàòàäèå
Les differentes campagnes d'essais en a et a ó ont eu pour but de
verifier que :

— le schema propose etait correct et les pertes admissibles,
- la separation uranium-plutonium etait suffisamment efficace,
— les facteurs de decontamination permettaient d'une part d'obtenir

des produits finis conformes aux specifications imposees et con—
firmaient d'autre part les hypotheses prises par 5.G.N. pour
calculer les protections biologiques,

- les concentrations maximales de plutonium atteintes en cas de
dereglement ou drerreurs operatoires etaient admissibles pour
la securite du precede.

On a abouti ainsi au schema represent^ par les figures 1, 2 et 3,
qui devrait pouvoir §tre directement applique a 1'echelle indus-
trielle.
De plus, on a cherche a determiner les effets de la degradation
du solvant par les produits tres radioactifs, en recyclant le sol-
vant apres traitement. C'est au cours de ces experiences que 1'on
a mis en evidence les reactions parasites qui se manifestent par
1'abaissement des facteurs et decontamination et par 1'apparition
de precipitations abondantes aux interphases de 1'extraction,
quelle que soit 1'origine du solvant.

Ill - DESCRIPTION DES E5SAIS

Toutes les etudes theoriquss ont ete menees par 1'equipe de Saint-
Gobain mais les essais ont tous ete realises dans le bStiment de
Radiochimie du Centre de Fontenay-aux-Roses, avec la collaboration
du Departement de Chimie du C.E.A.

1 - Installations
Les mises aux points a ont ete menees en boftes a gants, tandis
que les essais à ó (mille curies p -y pour la dissolution) ont ete
realises dans la cellule "Cyrano", cha±ne à ó de 25 cm de plomb __ __
compartant une enceinte totalement etanche en acier inoxydable /.10_/,
Les analyses ont ete realisees dans un laboratoire adjacent com—
portant des bo±tes a gants et la cha±ne g *y "Carmen".______ __
Les essais du Ç¸ãîå cycle (quelques curies p ó) ont ete faits dans
la cellule "Bergerac" etanche a et protegee par 5 cm de plomb.

2 - Appareillaqe et reactifs
Les extractions sont realisees dans de petites batteries de melan—
geurs-decanteurs comportant 16 a 21 etages (capacite : 25 ml par
etage environ).
Tous les reactifs utilises sont identiques a ceux qui sont en
usage dans les installations de retraitement. Pour les essais à ó
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on part d'une dissolution nitrique d'elements "cristal de neige"
(pastilles d'UO^ enrichi a 4 %) gaines en aluminium, irradies dans
le reacteur EL3 jusqu'a environ 20.000 MWj/t""^ et refroidis pendant
275 jours en moyenne. On fait 1'ajustage pour obtenir une activite
de 1'ordre de 250 ci.l""1 (3 ó tout en enrichissant en plutonium pour
Stre proche du type de combustible prevu (1 g de plutonium pour
90 g d'uranium).
Pour operer dans les conditions les plus defavorables, les essais
ont ete effectues avec un solvant usage provenant de Marcoule et
comportant une activite residuelle de 300 y.Ci.l~̂  (Zr + Ru).

3 - ContrSle
Tous les debits et toutes les solutions de sortie sont contrcMes
chaque heure. En fin d'essai, on echantillonne les deux phases en
equilibre dans tous les etages.
Les problemes analytiques se trouvent compliques par le taux de
combustion tres eleve des combustibles traites. En effet, la pre-
sence de quantiteb tres importantes de produits de fission dans la
charge (plusieurs grammes par litre) nous a impose de modifier
certaines methodes d'analyse en usage dans les usines d'exploita~
tion. Par ailleurs, la tres forte radioactivite de certains echan-
tillons (plusieurs curies (3 ó par ml a la dissolution) rend diffi-
cile 1'application des methodes utilisant les resines echangeuses
d'ions ou d'autres matieres organiques sensibles aux rayonnements.
Les analyses chimiques les plus frequentes concernent 1'acidite,
1'uranium, le plutonium et le rapport TBP/dodecane. Les facteurs
de decontamination et 1!activite ó pour chacune des etapes du
traitement sont mesures avec une chaine de spectrometrie compor-
tant un analyseur 400 canaux. La bande d'energie exploree s'etend
de 0 a 1,7 MeV environ, ce qui est suffisant Rpur caracteriser et
analyser les emetteurs Ó rencontres (" Zr + Ó Nb, Ru, °Ru +
106Rh, 137cs, 141Ce, 144Ce, 144pr). L'ensemble hautement stabilise
permet, en passant par un ordinateur IBM 360-50, de realiser un
grand nomnre d'analyses par comparaison avec des etalons.
Au total, les essais ont demande plus de 20.000 dosages et mesures,
3 a 6,000 verifications de debit de pompe, 2.000 releves de tempe-
rature, etc.

4 - Dures des essais
La duree d'un essai est fixee par le temps necessaire pour attein-
dre 1'equilibre dynamique du processus d'extraction, ce qui, pour
les deux premiers cycles essayes en serie, impose plus de 60 heures,
La remise en etat et la collection des resultats d'analyses deman-
dent environ 15 jours pour les essais a et plus d'un mois pour les
essais à ó.

÷

Apres la mise au point theorique du schema, les travaux qui ont
comporte 22 essais - dont 5 a |3 ó - se sont etendus sur une periode
de 14 mois, avec une equipe qui a ete, en moyenne, de 18 personnes
(ingenieurs et techniciens).

25



IV - ETUDE DES EXTRACTIONS

Le schema global du traitement est represente sur les figures
1, 2 et 3. On s'y reporters pour connaitre les caracteristiques
chif frees des diverses extractions examinees.

1 - Premier cycle
Son but est de separer lf uranium et le plutonium des produits de
fission : il comporte une extraction suivie d ' un lavage (I) et
une reextraction simultanee de U et Pu (II).
1.1.
Les conditions choisies doivent etre theoriquement suffisantes poui
assurer 1'extraction de 1'uranium et du plutonium avec un rendemenl
de 99,98 %, mSme si celui-ci se trouve en partie (15 %) sous une
forme moins extractible (PuO,, ). L'elevation de la temperature
favorise 1'extraction du plutonium et augments 1' insolubilite du
TBP en phase aqueuse, mais elle agit en sens contraire sur le par-
tage de 1'uranium. (L1 experience montre quril ne faut pas depasser
35DC). Le debit de lavage (0,2 fois celui du solvant) a ete choisi
pour obtenir une bonne decontamination sans trop diminuer les fac-
teurs dfextraction pour U et Pu.
1.2.
Son but est de reextraire en phase aqueuse le plutonium et 1'ura-
nium en reduisant au maximum le facteur de dilution. II s'agit en
effet de jouer sur tous les parametres pour eviter la concentra-
tion intercycle. On elimine les risques de polymerisation et d'hy-
drolyse du plutonium grSce a une injection d'acide concentre dans
la partie centrale de la batterie.
1.3. F̂ esmltats..
Au cours des diverses experiences à ó , nous avons constate la
formation de precipites abondants au niveau des interphases de
1'extraction I. Pour remedier a ce phenomene, nous avons utilise
deux methodes : 1'une, extrapolation des methodes industrielles,
consiste a chasser periodiquement le precipite par vidange brusque
du pot encrasse; 1'autre fait intervenir 1'acide fluorhydrique, en
petite quantite, pour complexer le zirconium in sdi.tu au cours de
I1 extraction, (voir chapitre V).
Le tableau I indique les principales modifications apportees et
les resultats obtenus.
L-es figures 4 et 5 montrent la repartition des principaux emet-
teurs 7 lorsqu'on elimine mecaniquement les precipites. On remar-
que que la decontamination est essentiellement limitee par les
elements zirconium— niobium.
Les diagrammes de la figure á mettent en evidence 1'evolution des
concentrations des elements U et Pu et de NHOo libre, en fonction
du numero des etages d 'extraction . Pour le premier cycle, on note
une concordance des profils theoriques et pratiques. La difference
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des pentes pour les concentrations du plutonium dans la section
Extraction provient d'un changement de rapport de debit. L'infle-
chissement de la courbe aux etages 1 a 5 est dQ a une mauvaise
efficacite des micro-extracteurs dans les milieux dilues.
Des essais et des mesures similaires ont ete realises sur les au-
tres cycles; les conclusions sont resumees dans les tableaux II
et III.
II faut signaler que les fuites de plutonium en PC 2, dues peut-
etre a la presence de PuD^ peu extractible, devraient dispara±-
tre au stade industriel avec des appareils ayant un meilleur ren-
dement. De m6me, il ne faut pas attacher trop d'importance a la
presence excessive de plutonium dans I1uranium a la fin du 2eme
cycle car 1'injection de nitrate uraneux peut etre realisee d'une
maniere plus rationnelle en usine.
Enfin, le solvant utilise dans le premier cycle a ete traite et
recycle en continu une dizaine de fois par essai; son activite
etait reduite d'un facteur variant de 30 a 100 a chaque traitement,

V - RESULTATS D'EIMSEMBLE

1 — Facteurs de decontamination
Les specifications imposees aux produits finis correspondent a des
facteurs de decontamination de 5.10° pour U et 10? pour Pu. Ces
chiffres, repartis entre les divers cycles par analogie avec les
resultats obtenus dans les usines francaises, figurent dans le
Tableau IV sous la rubrique "Resultats prevus". Les chiffres expe-
fimentaux sont assez differents mais la moyenne des resultats mon—
tre que la decontamination est suffisante. Le tableau V donne les
niveaux d'activite pour chaque etape du processus d'extraction.

2 — Rendement des extractions
Les resultats obtenus (Tableau VI) compares aux chiffres prevus
montrent que le traitement est satisfaisant sur le plan des ren-
dements d'extraction, excepte pour le plutonium a 1'extraction III.
Les performances de cette extraction devraient §tre meilleures avec
des appareils de type industriel.

3 — Rendement des separations U/Pu
ëLa solution de plutonium issue de I1extraction IX titre 1 mg.l

d'U, ce qui est nettement inferieur a la specification exigee.
Par centre, les valeurs trouvees pour les fuites en plutonium
dans 1'uranium sont excessives. Dependant, il ó a quelques doutes
sur ce chiffre experimental, car il est difficile d'assurer 1'ab-
sence totale de contamination sur les echantillons preleves dans
les cellules actives. De toute facon, on aura la possibilite de
parfaire la decontamination en plutonium dans le troisieme cycle U.
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4 - Securite du procede
Afin d'apprecier les marges de securite du procede pour les pertes
en matiere fissile et pour les accumulations eventuelles de pluto—
nium (risques de criticite), on a effectue des essais complemen—
taires de perturbations volontaires de plusieurs parametres (va-
riations d'acidite, variations de debits, presence de Pu VI, etc.,,
Ces essais ont montre que le procede retenu presente de larges
garanties de fonctionnement qui pourront d'ailleurs §tre encore
accrues par un appareillage approprie (doubles mesures de debits
des reactifs importants, compteurs à ó et a neutrons, etc...)

VI - LES PRECIPITES D'INTERPHASES

1 - Etude et observation des precipites
Lors des essais decrits ci-dessus, on a observe 1'apparition d'ag-
glomerats d'interphases de couleur brune ou grisStre, selon que
1'on injecte des charges brutes ou filtrees. Ils s'amoncellent
d'une fagon progressive dans les etages d'extraction et plus par-
ticulierement dans le pot qui regoit la charge. Apres 50 a 60 re-
nouvellements des reactifs dans 1'extracteur, les suspensions de
plus en plus abondantes gagnent tous les etages d'extraction, sont
entraSnees par le solvant dans la section de lavage et finissent
par obstruer les canalisations et perturber le fonctionnement de
I1extraction.
Les analyses font ressortir des accumulations importantes de pro—
duits de fission (Zr, Nb, Ru) dans les pots encrasses. Mais les
bilans effectues sur les solutions entrantes et sortantes montrent
que seul le Zr est retenu notablement dans 1'extracteur et semble
faire^partie integrante des precipites, (Tableau VII).

L'analyse complete de ces dep6ts n'est pas encore achevee mais
on peut affirmer qu'ils sont essentiellement dOs aux impuretes
du combustible (carbone, silice, oxydes insolubles ...) et surtout
a 1'interaction des produits de degradation du TBP avec le Zr
(1'insolubilite des sels formes croissant dans le sens DBP—MBP~
PO..Ho). L'importance de ces reactions augmente avec les dommages
subis par le solvant et la concentration du zirconium. L'un et
1'autre etant eux-me*mes fonctions de 1'activite specifique du
combustible et de la quantite de precipites deja accumules aux
interphases, le phenomene est en quelque sorte autocatalytique.

2 — Recherche d'une methode pour eviter les precipites.

Le procede qui consiste a chasser periodiquement le precipite
permet d'assurer le fonctionnement normal de 1'extracteur et une
decontamination suffisc-nts, mais 1'operation doit 6tre realisee
frequemment et il est a craindre qu'elle s'avere fastidieuse et
difficilement exploitable en usine pour des combustibles tres
irradies.
Le but de ce travail etant de definir un schema d'extraction pre-
sentant la securite de marche maximale, apres avoir rempli nos
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engagements vis-a-vis de SGN pour son contrat avec 1'AFC, nous
avons poursuivi nos travaux en recherchant d'autres methodes ca-
pables de ralentir la formation des precipites, voire cells des
butylphosphates de zirconium.
Deux sortes de moyens pouvaient §tre envisagess:
- mise en oeuvre d'appareils assurant un entrainement continu des
precipites (agitation lente dans les decanteurs, extracteurs cen-
trifuges, colonnes pulsees ...)
- utilisation de reactifs specif iques (gel de silice, acide man-
delique . .A)_pejrrnetta_nt une precipitation du zirconium avant ex-
traction /11//12//13/.
Toutes ces methodes impliquant des modifications importantes de
1 ' appareillage prevu ou imposant des etudes de mise au point
longues et delicates, nous avons cherche un antidote approprie
pour annihiler les effets du zirconium, "in situ" dans 1' extrac-
tion. L'acide fluorhydrique nous a paru repondre a cette condi-
tion, sans exiger de changement fondamental dans 1 'appareillage
ni dans la chimie du precede, malgre les difficultes inherentes
a son emploi et les raisons qui 1'avaient fait exclure jusqu'ici
des installations de retraitement .

3 - Utilisation de 1' acide fluorhydrique
3.1.
On ne donnera pas ici les differents elements theoriques qui nous
permettent de prevoir les meî ljjj:ur_es_ c^ornditions d' emploi; ils ont
ete developpes par ailleurs /1 4//1 .5//.1 6/ . Retenons seulement que77
I'ion fluorure forme des complexes avec a peu pres tous les ca-
tions contenus dans les solutions nitriques constituent la charge,
mais que la force de ces complexes est tres differente suivant le
corps et 1'acidite. _Pratiquement, les fonctions de formation de
tous ces complexes (XM) sont independantes de la concentration de
ces differents corps; mais elles sont reliees entre elles et a la
concentration totale du fluor en phase aqueuse (fig. 7).
Ces graphiques montrent que la force des complexes va en decrois—
sant dans le sens Zr, Pu, Al, U, avec une nette superiorite pour
le zirconium, ce qui justifie les additions fluorhydriques.
L1 experience prouve que, pour une valeur de X Zr comprise entre
1,5 et 2 dans le pot d 'introduction, les precipites d 'interphases
n * apparaissent pratiquement pas. Correlativement les facteurs de
decontamination (surtout celui de Zr) s'ameliorent nettement.
Si on se fixe une valeur pour cet etage en se servant du graphique
(fig. 7) on deduit les coefficients des autres corps.
Ainsi X Zr = 2 impose X Pu = 0,4 X U = 0,04 X Al = 0,15
mais X" Zr = 1,5 impose x" Pu = 0,2 X* U = 0,02 X Al = 0,07
Comme on connait la concentration des principaux cations de la
phase aqueuse on peut calculer la quantite totale de fluor neces-
saire.
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3.2. Ĵ n cpr\y e_ n JL åä t _s .
a) Corrosion — Les etudes menees par le service specialise

du C.E.A. montrent que 1'attaque des aciers inoxydables est prati-
quement nulls a 50° si la concentration en acide f luorhydrique
n'excede pas 10"^ M; on peut, d'ailleurs, limiter encore plus 1'ac-
tion corrosive de cet acide par des additions appropriees d'alumi—
nium. Ce corps intervient assez peu dans les calculs de quantite
de fluor necessaire, quand il est en competition 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 matieres fissiles. Theoriquement I1 aluminium
ajoute avec les reactifs ou dans les etages dilues d'extraction
devrait permettre de neutraliser I'exces de fluor libere par le
depart des matieres fissiles dans le solvant. Toutefois 1'alumi-
nium precipitant en milieu butylpJnosphorique, il faut eviter d ' en
ajouter un exces.

ñ ) Extraction de I'acide fluorhydrigue dans le solvant —
L'acide f luorhydrique a un coefficient de partage de 1'ordre de
0,03 pour des solutions contenant 50 g.l~^ d'U. Si on 1'injecte
avec la solution de lavage, une proportion qui peut ne pas etre
negligeable passe done dans le solvant de reextraction. Ce pheno—
mene peut n'avoir aucune repercussion si 1 ' installation a ete pre—
vue en consequence mais ce n'est pas le cas dans ce schema. De
toute fagon sa presence dans les pieds de colonne du premier cycle
impose d'etudier a nouveau le poste de concentration de ces solu-
tions. Des travaux importants restent encore a faire pour finir de
maitriser tous ces problemes.

3.3. Å_çç_à_13_ñøï 1̂ |òåï t_ air e.3—5̂ —!3. cprnp.lex_ation_du- z.î ĉ nijUrn
a) Essais g

Nous avons reproduit les precipites d'interphase en 1T absence
d'activite p 7 en ajoutant des acides mono et dibutylphosphoriques
dans le solvant et du zirconium dans la charge; de tous les corps
ajoutes pour simuler les impuretes des combustibles irradies (Si,
Mo, Ru, Cs, Al, Zr) seul le zirconium entraine une precipitation
abondante, ce qui corrobore les observations precedentes.
L* experience montre qu'il faut ajouter une_ quantite de fluor telle
que la fonction de formation du complexe X Zr soit superieure a
1,5 pour limiter convenablement la precipitation des butylphos-
phates de zirconium. Pour des valeurs de X Zr qui depassent 2 on
obtient une efficacite accrue, mais le milieu devient trop com-
plexant et on observe une baisse du rendement en matieres fissi—
les (fuite importante de plutonium dans les raffinats). Pour neu-
traliser I'exces de fluor libre dans les parties diluees on peut
ajouter de I1 aluminium qui, par son effet de masse, joue le rSle
d ' un tampon sur le degre de complexation .

b) Essai g ó
Nous n'avons fait qu'un seul essai à ó complementaire (1000 Ci.l
P ó ) . II nous a permis d'apprecier le rQle particulierement spec-
taculaire du fluor contre les precipites d'interphase ainsi que
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la disparition presque complete du zirconium des impuretes restant
dans les matieres fissiles a la sortie de 1'extraction I (fig. 8
et 9). Les resultats chiffres ont ete reportes dans les tableaux
I et VII.

VII - CONCLUSION

Ces essais nous ont amenes a confronter des etudes theoriques de
schemas d'extractions aux resultats experimentaux. Ils nous ont
permis de definir une installation avec le maximum de securite,
aussi bien pour sa mise en service que pour son exploitation nor-
mals.
Par ailleurs, nous avons pu observer et reduire les effets de la
degradation acceleree du solvant aux tres fortes activites. Les
resultats favorables deja obtenus laissent esperer que nous abou-
tirons prochainement a des solutions qui apporteront une amelio-
ration notable aux installations deja en service tout en presen—
tant un grand interSt pour les futures usines qui traiteront des
combustibles fortement irradies.
Les programmes de recherche et de developpement restent encore
charges - par exemple, apparition de plutonium VI ou regeneration
du solvant - mais deja on peut affirmer que 1'extrapolation du
precede Purex aux combustibles tres irradies est tout a fait pos-
sible, avec des pertes en matieres fissiles et des facteurs de
decontamination compatibles avec une exploitation economique des
usines.
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Tableau I - 1 er CYCLE

Nbre d'etages

Rapport des
volumes

A/0

Raffinats PC 1

Solvant sortant
de reextraction
SR 1

Extraction
Lavage
Reextraction

Extraction
Lavage
Reextraction

U (mg.l~1 )
Pu (rng.l"1 )

U (rag.l"1 )
Pu (mg.l"1 )

Valeurs
theoriques

8
8

11

0,73
0,2
1,05

20
0,7

40
0,4

Essais
actifs (a)

Pu VI 4[]ß,Pu total' 4D/U

8
8

13

0,71
0,2
1,05

0,7
1,2

65
0,2

Essais
actifs (cry)

sans HF

8
8

13

0,68
0,2
1,15

5
1

3
0,2

Solution
retenue pour
1 ' uaine

9
8

12

0,71
0,2
1,15

Essais
actifs (ay)

avec HF

9
8

1.3

0,71
0,2
1,25

5
1

1
0,1

CO



Tableau II - 2eme CYCLE

00
Ol

,

Nombre d'etages

Rapport des
volumes
A/0

Raffinats PC 2

Solvant sortant de
la reextraction SR 2

Extraction
Lavage
Extraction IV
Extraction V

Extraction
Lavage
Extraction V

U (mg.l~1 )
Pu (mg.l"1 )

U (mg.l""1)
Pu (mg.l"1 )

Pu contenu dans U'(p,g.l~ )

U contenu dans Pu (g.l~ )

Valeurs
theoriques

9
7

11
8

1,56
0,125
1,05

10
0,66

24

0,6

-

\ x
Essais

actifs a

14
7

11
8

1,56
0,125
1 ,05

0,7
1

18
0,1

100

2

Essais
actifs ay

14
7

11
11

1,54
0,125
1 ,15

10
2,5

10
0,05

100

0,5

Solution
retenue pour

1'usine
14
7

11
9

1,54
0,125
1,15

1



Tableau III - Ç¸òå CYCLE PLUTONIUM

Nombre d'etages

Raffinats PC 3

Extraction
Lavage
Extraction IX

Pu (mg.l'1 )

U dans Pu (mg.l"1 )

Pu dans le solvant recycle (mg.l"" )

Valeurs
theoriques

9
6

11

0,6

75

Essais
actifs a

9
6

13

0,1

6

0,5

Essais
actifs ay

9
6

13

0,13

1

1,25

Solution
retenue pour
1' usine

9
6

13



Tableau IV - FACTEURS DE DECONTAMINATION MOYEN5
(lorsque les precipites d'interphases de 1'extraction I sont periodiquement chassis)

1 er cycle

2e cycle

1 er et 2e
cycles

3e cycle U

3e cycle Pu

U

Pu
i

Resultats prevus

Zr + Nb

400

400

160.000

75

150

1,2 107

2,4 107

Ru

700

120

84.000

10

10

106

106

Activate
totale

700

500

350.000

20

50

5 106

1 ,5 107

Moyenne des resultats a 20 % pres

Zr + Nb

U-Pu 150

U 2.000

Pu 140

U 300.000

Pu 20.000

Ru + Rh

5.000

40

30

230.000

150.000

Ce + Pr

30.000

60

25

1 .600.000

700.000

Cs

9.000

50

40

400.000

400.000

Activite
totale des
emetteurs

900

600

100

600.000

100.000

L'essai n'a pas ete realise mais, compte tenu d'un
lavage peu acide, on admet un FD de 10

1.200

3 106

2,5 107

100

2,5 106

1 ,5 107

1 .000

1,5 107

7 Þ8

1 .000

4 106

4 108

1 .000

6 106

108

00



Tableau V - NIVEAUX D'ACTIVITE PAR KILOGRAMME DE MATIERE FISSILE

00
CO

Entree 1 er cycle U
(Ci) Pu

Entree 2e cycle U
(Ci) Pu

Entree 3e cycle U
(m Ci)

Entree 3e cycle Pu
(m Ci)

Solutions finales U
(\L Ci) Pu

Zirconium +
Niobium

220
20.000

1,3
115

0,6

760

60
600

Ruthenium

170
16.000

0,04
3,3

0,75

120

70
100

Activite totale
des emstteurs ó

1 .400
120.000

1,4
140

2,3

1 ,300

240
700



Tableau VI - PERTE5 DE NATIERE FISSILE

1 er cycle
Solution epuisie de . I'extraction I PC1
Solvant sortant de I'extraction II SD1

2e cycle
Solution epuisee de 1'extraction III PC2

i Solvant sortant de I'extraction IV
Solvant sortant de I'extraction V

3e cycle U
Solution epuisee de I'extraction VI
Solvant sortant de I'extraction VII

3e cycle Pu.
Solution epuisee de I'extraction VIII
Nitrate de Pu sortant de I'extraction IX

Total

1 1 1 1 1 1
Pertes prevues

Uranium

%

0,020
0,04

0,03
-
0,04

0,03
0,03

0,001
0,005

n ? <ÉU j f- /o

Concen-
tration
mg.l""1

20
40

20
-
24

13
21

1,5
75

Plutonium

%

0,045
0,04

0,13
-

_

0,035

0,25 %

Concen-
tration
mg.l""1

0,71
0,4

0,71

D,6.10~3

0,6

Pertes mesurees
Uranium

*

0,01
0,01

0,01

0,1 %

Concen-
tration
mg.l""1

5 a 10
10

au pot
12

3 a 10

.3
au pot

10 ,

2
1 a 2

Plutonium

*

0,02
0,02

0,43
-

0,001

0,5 %

Concen-
tration
mg.l""1

0,3
0,2

2,5
0,1

0,1
0

CD



Tableau VII - RETENTION DU ZIRCONIUM DANS L!EXTRACTION I
(rapport A/0 = 0,72)

Essais
sans
HF

avec
HF

¹ des
essais ó

1

2

3

4

5

Solution aqueuse
chargee

Solution aqueuse
epuisee

Solvant charge

9 5Zr en curie par litre

65

35

38

44

35

30

15

44

17

35

non dose

0,3

non dose

0,3

neligeable

Pertes de Zr
%

35

40

50

45

0
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EXTRACTION Vffl

t_. temps elf contact
dans te milangeur.

td : temps de contact
dans le decantcvr.

FIG. 2— 3»™ CYCLE Pu
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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 acid. Uranium nitrate and plutonium nitrate are separated from the
fission products in three liquid-liquid extraction cycles and then reprecipi-
tated with ammonia.

This 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 ¹fd/t in Hapsodie.

A plant named "ATI", which can treat one core of Rapsodie per year, has
been built at the La Hague centre. It 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 plutonium and the decontamination factors. The finished products
are well up to the specifications laid down.

R-.E 5 U M E

LB precede retenu pour le traitement des combustibles irradies
dans le coeur de Rapsodie est base sur 1'extraction selective
de 1'uranium et du plutonium par le phosphate tributylique, sans
separation des deux elements. L'oxyde mixte d1uranium et de plu—
tonium est dissous par 1'acide nitrique apres cisaillage des ai-
guilles, Les nitrates d'uranium et de plutonium sont separes des
produits de fission en trois cycles d1extraction liquide-liquide
puis reprecipites ensemble par 1'ammoniaque.
Ce precede a ete experimente et mis au point dans les laboratoi—
res de Fontenay-aux-Roses. Les derniers essais effectues dans la
chaine de cellules blindees "Cyrano" ont ete realises avec du
combustible irradie a 40.ODD MWj/t dans Rapsodie.
Un atelier nomme "ATI è pouvant traiter un coeur de Rapsodie par
an a ete construct au Centre de La Hague. II est entre en fonc-
tionnement en janvier 1969. Malgre quelques difficultes occasion-
nees par la presence de produits de fission insolubles, les re-
sultats obtenus sont tres satisfaisants tant pour le rendement
en uranium enrichi et en plutonium que pour les facteurs de de-
contamination. Les specifications imposees au profuit fini sont
largement respectees.
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I - INTRODUCTION

Les etudes concernant le traitement des combustibles irradies des
reacteurs rapides ont ete commencees en France avec le projet de
construction du reacteur experimental Rapsodie. Le combustible
envisage initialement etait un alliage ternaire U - Pu — Mo. II a
ete abandonne en faveur de 1'oxyde mixte UOo-PuOp gaine d'acier
inoxydable qui est representatif du combustible 3e la filiere par
sa composition s Pu02 25 % - U02 75 %, a I1exception toutefois de
I'enrichissement de I'uranium : 60 %• C'est cette composition qui
a conduit a la realisation, d.1 un atelier pour le traitement separe
du combustible du coeur / 1/. Le taux d'irradiation limite fixe
pour le combustible actuel est 50.000 MWj.t mais certains assem-
blages experimentaux pourront etre plus irradies.
Le precede retenu est derive du precede "Purex" base sur la sepa-
ration des nitrates d'uranyle et de plutonium par extraction au
phosphate tributylique. II a ete estime d'apres les resultats
d*exploitation de 1'usine de Marcoule et les nombreuses publica-
tions etrangeres que trois cycles d'extraction etaient necessaires
pour obtenir un produit suffisamment decontamine. Le souci de sim-
"plicite nous a conduit a mettre au point un precede excluant :
- la separation uranium—plutonium, bien que dans le cadre de la
filiere cette operation apparaisse necessaire surtout si 1'on
traite simultanement le coeur et au moins les couvertures axia—
les. Mais ce probleme de separation est actuellement bien resolu
particulierement en France par 1*utilisation du nitrate uraneux.

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

- les concentrations incertycles par evaporation qui necessitent
des investissements non justifies pour une installation de fai—
ble capacite (1 kg.j ).

Les etudes du precede ont ete realisees dans les laboratoires du
Departement, d_e Chimie a Fontenay-aux—Roses, dans la cellule
"Cyrano" l_ 2/ pour les essais sur combustibles irradies.
L'atelier de traitement du combustible irradie (AT1) est implante
au Centre de La Hague. II a effectue ses premiers essais de retrai—
tement au debut de cette annee sur 25 kilogrammes d'oxydes irradies
dans Rapsodie entre 150 et 40.000 MWj.t"'.
La possibilite d'etudier au laboratoire les problemes qui se posent
dans 1'atelier de retraitement devrait permettre de definir un pro-
cede particulierement bien adapte au combustible de la filiere a
neutrons rapides.
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II - DISSOLUTION Dl) COMBUSTIBLE

2.1 — Vitesse de dissolution
Les vitesses de dissolution ont d'abord ete rnesurees sur des pas-
tilles de ceramique UO?-PuOp non irradiees en fonction de :
- la teneur en PuOp
- la concentration en acide nitrique et en acide fluorhydrique de
la solution d'attaque.
Les resultats obtenus ont ets assez disperses selon les differents
lots de pastilles utilises pour ces essais. Ils ont neanmoins mon—
tre que 1'on pouvait definir des conditions industrielles telles
que la dissolution de 1'oxyde serait totale a 1'ebullition en 6
heures pour :
- une teneur en PuD,, inferieure a 35 %

-1- une concentration en acide nitrique superieure a 8 moles litre ,
L'addition d'acide fluorhydrique dans ces conditions n'est pas ne~
cessaire, cette observation prouvant que, bien qu'utilisant le me-
lange de poudre, le precede de fabrication produit des pastilles
constituees d'une solution solide assez homogene.

Les essais sur des oxydes irradies ont montre que 1'irradiation
augmentait considerablement les vitesses de dissolution. L'une des
causes doit §tre la fragmentation de 1'oxyde irradie. Lors des der-
niers essais realises dans la cellule.. Cyrano sur des aiguilles ir-
radiees dans Rapsodie a 40.000 MWj.t" on a constate que la disso-
lution de 1'oxyde etait totale en moins de trois heures pour des.
concentrations d'acide nitrique comprises entre á et 12 moles.1~
avec ou sans acide fluorhydrique. (figure I)

2.2 - Corrosion des morceaux de qaine pendant la dissolution.
La corrosion des gaines irradiees en presence de sodium a ete ob-
servee la premiere fois sur des echantillons d'oxydes gaines d'a—
cier 304 irradies dans EL.3. Certains morceaux de gaine avaient
subi une corrosion intergranulaire telle qu'on a recueilli une
poudre metallique en fin de dissolution.
Les gaines des aiguillas irradiees de Rapsodie, en acier inoxyda-
ble 316, s'oxydent superficiellement. La ñîøñïå d'oxyde contribue
a la formation de la .poudre insoluble que 1'on retrouve en fin de
dissolution. Celle-ci contient en effet du Mn resultant de 1'ac—
tivation de la gaine.
La corrosion des gaines pendant la dissolution crolt avec le taux
d'irradiation du combustible. Dans AT1, ou les morceaux de gaine
sejournent dans le panier du dissolveur pendant plusieurs dissolu-
tions, une concentration en fer de 20 g/1 a ete mesuree lors de..la
dissolution dfaiguilles irradiees entre 35.000 et 40.000 MWj.t"].
La solution d'attaque avait pour composition :
HF 0,035 mole.l"1, A1(NO-.)., 0,035 mole.l"1 .

HIM03 12 moles.1
3'3
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Au cours de dissolutions d1 aiguilles irradiees a 40.000 MWj .t"~
faites dans Cyrano, on a obtenu 2»5 g.l de fer en 6 heures. Au
bout de ce meme temps, la concentration en fer n'est que 0,5 g/1
pour une gaine non irradiee attaquee a 1Jebullition par une solu-
tion HN03 11 moles.I""1, FNa 0,05 mole 1 , A1(N03) 0,05 mole l"*1 i
La vitesse de corrosion des gaines croit avec la concentration
en acide nitrique et en presence d'acide fluorhydrique, mais sem-
ble diminuer en function du temps. Jusqu'a 40.000 MWj.t" , les
morceaux de gaine restent neanmoins entiers. Ces observations per-
mettent de penser que ce phenomene est lie plus au temps de sejour
des aiguilles dans le sodium a haute temperature qu'a 1'irradiation
neutronique et qu'il serait dQ a une evolution de la surface des
gainss en contact avec le sodium.
Ces resultats obligeront a modifier les conditions de dissolution
pour minimiser 1'attaque des gaines. En effet, des concentrations
elevees en fer accelerent la corrosion de certains aciers inoxyda—
bles austenitiques par 1'acide nitrique a 1'ebullition. C'est le
cas de 1'uranus 65 du dissolveur d'AT1.

2»3 — Comportement des produits de fission
Les concentrations de produits de fission dans le combustible ir—
radie des reacteurs rapides sont elevees : environ 5 % en poids
dans le cas de Rapsodie et on espere atteindre 10 % pour la fi-
liere. A ce niveau, pour les elements dont le rendement de fis-
sion est eleve, on quitte la chimie des traces.
Sur la figure I. on vpit I1evolution de quelques produits de
fission (95Zr, 95Nb, 106Ru, 103Ru, 144Ce ...) au cours de la
dissolution, mesuree par spectrometrie y. Par comparaison aux
concentrations que 1'on devrait obtenir d'apres les rendements
de fission on s'apercoit qu'une grande partie du niobium et du
ruthenium ne se dissout pas. Cette observation a ete confirmee
par les essais actifs d'AT1. Au cours des operations de rincage
qui ont suivi ces essais on a trouve que les concentrations de
ces deux elements sont restees importantes et ont decru beaucoup
moins vite que celle du zirconium. Le rapport des activates de
ces deux elements a egalement peu varie, ce qui ferait penser que
leur limite de solubilite a ete atteinte au cours de la dissolution,
On a signale des jDrjIcipjLtations metalliques dans les combustibles
oxydes irradies /_ "3J/_ 4/ et mentionne que ces alliages de metaux
nobles etaient insolubles dans I1acide nitrique. II n'est done pas
surprenant que 1'on ait un insoluble en fin de dissolution. L'ana-
lyse qualitative de solide par spectrographie d1emission ó a decele
la presence des elements suivants i Mo, Mn, Mb, Ru, Rh, Sn, As, Ag,
5i, Fe, Zr, Cr, Ni, Ji, Pd, Al, Ca, Zn et des traces de quelques
autres. On ó trouve certains elements constituent les precipites
metalliques mais ni plutonium, ni uranium. Le molybdene et le
manganese sont les principaux constituants de cet insoluble.
Le molybdene a un rendement de fission eleve, environ 11 % du
poids de la matiere fissile consommee. Dans les conditions finales
de dissolution auxquelles nous aboutissons - U + Pu - 250 g.l""],
H = 9 N - la concentration en molybdene devrait Stre 1,1 g.l""
pour un taux d'irradiation de 40.000 MWj.t alors que la solubi-
lite de 1'acide molybdique est inferieure a 0,5 g/1.
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Le manganese, decelable egalement par I'emission ó de son isotope
de masse 54 produit par activation, provient de 1'acier des gaines»

2.4 - Clarification de la solution de dissolution

On opere par filtration dans Alt, apres une predilution par de
1'acide nitrique normal qui amene la solution a la composition
suivante : U + Pu = 144 g.l~ , H = 6 N. Le colmatage du filtre
en acier inoxydable fritte est tres rapide, sa capacite de fil-
tration a ete en moyenne de 15 1 dm .
Pour AT1, la clarification est necessaire pour eviter le bouchage
des pieds des elevateurs a air et I1accumulation des insolubles
dans les batteries de melangeurs-decanteurs. Cette accumulation,
outre qu'elle pourrait gener le fonctionnement hydraulique, aurait
pour consequence un accroissement considerable de la dose de rayon—
nement absorbee par le solvant. L'experience de 1'usine de Marcoule
a montre que la dose de rayonnement recue par le phosphate tributy-
ligue, du fait de 1*accumulation de produits de fission precipites
(°3Zr- 5IMb) dans les decanteurs, pouvait §tre beaucoup plus impor-
tante que celle due a la radioactivite de la solution traitee. Ce
phenomene secondaire, surtout important avec des melangeurs-decan-
teurs, fait que les calculs de doses regues par le solvant en te-
nant compte uniquement des produits de fission presents en solution
peuvent §tre assez illusoires.

2.5 - Contr61e des qaines avant re.i'et

L'atelier AT1 est dote d'un dispositif de mesure de la matiere
fissile presente dans les morceaux de gaine a leur sortie du dis-
solveur. II utilise le comptage des neutrons retardes emis par
certains produits de fission apres que le panier contenant les
gaines ait ete irradie par un flux de neutrons.
La source du type (D, T) emet environ 10 neutrons de 14 MeV par
seconde. Ceux—ci sont ralentis par une couronne de grenaille de
polyethylene entourant le panier. Ce dispositif et la methode de
mesure utilises l_ 5/ sont voisins de ceux mis au point a Oak-Ridge
^_ 6_/. La sensibilite maximale obtenue pour un rapport signal/bruit
de fond egal a I'unite correspond a environ 20 mg de ^Çýó^

2.6 — Deqaqement des qaz de fission
On a detecte du krypton dans 1'air de ventilation de la cellule
de cisaillage et des events du dissolveur :
- a 1'ouverture des conteneurs en aluminium soude servant au trans-

port -des aiguilles irradiees (111 aiguilles par conteneur, soit
environ 10 kg d'oxyde)

- au cisaillage des aiguilles
- pendant la dissolution. Le degagement de krypton permet de sui-

vre I1evolution de celle-ci
- pendant le transfert de la solution de dissolution.
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Etant donnee la capacite d'AT1 il n'y a aucun problems de radio-
protection. Mais la dissolution de charges importantes pourrait
provoquer des "bouffees" de forte concentration.

Ill - EXTRACTIONS

3.1 - Schema des extractions (figure II)
3.1,1 - Ccmcen trja truon. .di^solvant^en. hos n.a t e; iribu.t_Y_liq u.ei
Une teneur de 3D % en volume a ete retenue pour les raisons sui-
vantes :
- C'est pour cette composition que 1'on disposait du maximum de

donnees experimentales sur les coefficients de partage de I1 ura-
nium, du plutonium et des produits de fission.

- Elle n'est pas tres eloignee de la valeur 25 a 27 % pour laquelle
nous avions obtenu le_jnaximum de debit d ' uranium a 1 ' engorgement
en colonnes pulsees 2. '

- Le coefficient de partage du plutonium (IV) croissant en fonction
de la concentration en phosphate tributylique avec un exposant
superieur a I1 unite, plus celle-ci est forte plus est petit le
rapport du debit de phosphate tributylique au debit de platonium
necessaire pour obtenir un rendement donne avec un nombre d'eta-
ges donne. Ceci doit diminuer la radiolyse du phosphate tributy-
lique.

II a ete verifie" experimentalement que, avec le schema choisi, il
n'y avait pratiquement aucun risque de demixtion de la phase orga—
nique, les concentrations de plutonium dans cette phase etant suf-
fisamment inferieures a celles auxquelles apparait ce phenomene.
Le diluant habituellement utilise en France - le tetrapropylene
hydrogene appele couramment "dodecane" - a ete conserve, aucune
etude comparative n'ayant prouve la superiorite d ' un autre diluant
tel que le dodecane normal en particulier.
3.1.2 -
Ils ont d'abord ete determines pour 1'extraction du plutonium a
la valence IV» Au fil des essais, nous avons ete amenes a les mo-
difier pour tenir compte de la formation de nitrate de plutonyle
par dismutation au cours de la dissolution et des reextractions
en milieu peu acide principalement . Les debits de solvant ont ete
augmented de mSme que les concentrations en acide nitrique des ex-
tractions.
Les rendements obtenus pour le plutonium au cours des essais ac-
tifs d'AT1 ont ete de 99,999 % au 1 er 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 —
A la sortie du lavage du 1 er cycle le taux de saturation du solvant
est a 55 % de la limite theorique. II est legerement inferieur aux
cycles suivants. Les coefficients de partage des produits de fis-
sion sont pour cette valeur nettement plus eleves que ceux corres-
pontant aux taux de saturation atteints lors du traitement d*ura-
nium naturel ou faiblement enrichi irradie. Cet effet est compense
neanmoins par la dilution plus forte des phases aqueuses qui permet
d'avoir un rapport des debits solvant/phase aqueuse plus faible.
3.2.2 - In f_l L̂ B ricjji .d e__l_|_a c_i di te^
Pour extraire quantitativement le plutonium sans ajustage de va-
lence nous avons ete contraints a augmenter les concentrations en
acide nitrique dans les extractions (HNCU 4 N) et les lavages
(HNO-, 3 l\l). On sait que le coefficient de partage du ruthenium
decro t quand 1'acidite cro±t. Cela est d'autant plus favorable1 n f, •que le rendement en IUDRu lors de la fission du plutonium par les
neutrons rapides est d'environ 10 fois superieur a celui obtenu
lors de la fission de 1'uranium 235 par les neutrons thermiques.
(-'incidence sur les terres rares est plus faible, 1' augmentation
de leur coefficient de partage pouvant §tre compensee en augmen-
tant le debit de lavage du solvant charge.
C'est surtout pour le zirconium qu'une acidite elevee est nefaste,
Mais aux niveaux de radioactivite que 1'on rencontre dans le re~
traitement du combustible des reacteurs rapides ce n'est pas 1'ex-
traction du Zr par le phosphate tributylique qui determine le fac-
teur de decontamination en cet element, ce sont les reactions du
zirconium avec les produits de radiolyse du phosphate tributylique :
acides di- et monobutyl phosphorique.
3.2.3 - onipl.ex.ajtic_n_-diu z_irconiunn .a_r
La comparaison de deux essais au laboratoire du premier cycle d1 ex
traction avec des oxydes mixtes irradies dissous dans un cas sans
acide f luorhydrique, dans 1'autre avec, fait apparaitre une nette
amelioration du facteur de decontamination en zirconium quand la-
solution d ' LJ + Pu contient cet acide /_
Au fur et a mesure que nous avons dispose pour ces essais d'extrac
tion d'oxydes de plus en plus irradies (echantillons d'oxydes mix-
tes irradies pour etude du combustible, elements combustibles
d'EL.3 en uranium enrichi a 4 % irradies a 20 .000. MWj ,t~1 et enfin
d1 aiguilles irradiees ds Rapsodie a 40.000 MWj.t" ) nous avons
obtenu dans la batterie d'extraction des precipites d'interphase
de plus en plus abondants. L'addition d'acide fluorhydrique a la
dissolution permet de reduire considerablement leur vitesse de
formation : il est difficile de dire qu'ils sont totalement sup-
primes car il ó a pratiquement toujours dans toute extraction au
phosphate tributylique en melangeurs-decanteurs accumulation de
solides aux interfaces.
L' etude faite a Savannah River / 9/ sur les complexes du fluor
avec le zirconium, 1'uranium, le plutonium et 1'aluminium a ete
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utilisee pour calculer les quantites de fluor necessaires a une
complexation suffisante du zirconium pour empficher son extraction,
en pres^eiTCjs d_es_ J^rois autres elements et en tenant compte de 1'aci—
dite /10//1 j_//12/• L'aluminium est ajoute pour compenser 1'effet
depressif du fluor sur le coefficient de partage du plutonium dans
les stages d'extraction ou les concentrations sont faibles. Par
ordre de stabilite croissante de leurs complexes fluores on a,
respectivement, 1'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 centre
dans les etages ou la concentration en plutonium est faible I1ac-
tion de masse de 1'aluminium diminue la complexation de cet ele-
ment par le fluor.

Quant a la nature des precipites d'interface formes par le zirco-
nium il est interessant de mentionner qu'il ne s'en forme pas dans
1'extraction quand le solvant contient uniquement de 1'acide dibu—
tylphosphorique mais qu'ils apparaissent des qu'il ó a de 1'acide
monobutylphosphorique. Cela s'explique par la solubilite importante
du dibutylphosphate de zirconium dans le solvant et par le coeffi-
cient de partage tres eleve de 1'acide correspondant en milieu tres
acide. Ceci est a rapprocher du comportement du fer dans I1extrac-
tion. Le dibutylphosohate de fer est tres peu soluble, tant en
phase aqueuse qu'en phase organique. Craignant la precipitation de
ce sel dans les extractions nous avons extrait a contre-courant de
1'uranium d'une solution contenant du nitrate ferrique par un sol-
vent contenant 1,6 g.l~"' d'acide dibutylphosphorique. II ne se
forme pas de precipites, le produit de solubilite n'etant atteint
dans aucune phase, le fer restant en phase aqueuse et 1'acide di—
butylphosphorique en phase organique.

3.3 - Resultats des essais
Us sont groupes dans le tableau 1 pour les essais de laboratoire.
Lors des essais actifs d'AT1 on a obtenu au 1er cycle pendant le
traitement de combustible irradie a 35 - 40.000 MWj.t"" :

F.D. (Ru) : 5 x 1O4
" (Nb) : 4.3 104

Le facteur de decontamination en zirconium etait tel que cet ele-
ment n'etait pas mesurable par spectrometrie ó (Ge-Li) simultane-
ment a la mesure du ruthenium et du niobium. Les deux cycles de
decontamination suivants travaillent dans des conditions plus ha—
bituelles. Le melange d'oxydes^ (DO-, + Pu03) produit contenait2,5 10~2;UCi de 95j\|b et 2,5 10"*>MCi de 103Ru + 106Ru par gramme
d'U + Pu ce qui est nettement inferieur au microcurie par gramme
demande. II n'y a pas ete decele d'autres emetteurs 7.

3.4 - Traitement du solvant
Au 1er cycle d'AT1 il est uniquement alcalin, en cinq etages. Les
essais ont ete de trop courte duree pour en tirer des conclusions.
On note, ce qui n'a rien de surprenant, une accumulation de ruthe*
wium dans le solvant.
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IV - CONCLUSIONS

A la lumiere des nombreux essais realises dans les laboratoires
du Departement de Chimie a Fontenay-aux-Boses et des resultats sa-
tisfaisants des essais actifs de 1'atelier de traitement du combus-
tible irradie de Rapsodie il est legitime de penser que le traite-
ment par voie aqueuse apportera une solution satisfaisante au trai—
tement des oxydes mixtes DO^-PuD^ irradies dans les reacteurs rapi-
des.

Toutefois les etudes en cours doivent etre poursuivies pour amelio-
rer le precede et etendre ses possibilites. En particulier, la di-
minution du temps de refroidissement a une incidence economique
importante.
Nous pensons que les efforts doivent §tre orientes vers la recher-
che des meilleures conditions de dissolution, d' un pretraitement
efficace - qui pourrait etre une clarification, la concentration
de certains produits de fission etant limitee par leur solubilite -
et d'une diminution des effets secondaires dus a la degradation du
solvant par des moyens chimiques ou technologiques.
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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 difficulty 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 higii output.

Independently of the industrial extractors and the nuclear apparatus
developed abroad, the CEA and French industry are engaged in designing an
original type of centrifugal extractor. An eight-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*99̂  and phase entrainments lower than 0.5%).
Its efficiency in the extraction of plutonium and fission product decontamina-
tion will Úå verified by tests on active solutions which are being conducted
'at the Marconie pilot plant.

R E S U M E

Les combustibles a base d'oxydes qui ont subi de hauts niveaux
d*irradiation posent des problemes nouveaux pour leur traite-
ment chimique, par leur nature et par leur forte activite
specifique.
La presence de gaines insolubles dans 1'acide nitrique compli-
que le traitement initial et en particulier la continuite de
la dissolution. Des appareils de dissolution continue sont en
cours d'etudes au Centre de Fontenay-aux-Roses.
L'activite specifique tres forte des solutions Ü purifier est
une menace pour IBS solvents utilises. Cette difficulte peut
Stre surmontee par 1'emploi dfextracteurs S court temps de
contact.
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A 1'encontre des melangeurs-decanteurs et des colonnes pulsees,
IBS extracteurs centrifuges semblent pouvoir concilier IBS
imperatifs de court temps de sejour et de debit eleve.
Independamment des extracteurs industriels et des appareils a
usage nucleaire mis au point a 1'etranger, le CEA et 1'indus-
trie frangaise etudient un extracteur centrifuge original.
Un modele a huit etages a ete longuement essaye pour 1'ex-
traction de I1uranium pur. Les essais ont confirme la valeur
de cet appareil dont 1'efficacite en extraction est superieure
a 99,99 % et les entralnements de phases inferieurs a 0,5 o/oo.
Des essais sur solutions actives a 1'atelier pilote de Marcoule
permettront de verifier son efficacite pour I1extraction du
plutonium et la decontamination en produits de fission.

I - INTRODUCTION

Pour le traitement chimique apres irradiation des combustibles
-ies reacteurs a eau (legere ou lourde) et des surgenerateurs a
-neutrons rapides, il est logique d'envisager le procede classique
aux solvants. En fait, on constate qu'a toutes les etapes de ce
procede se posent de nouveaux problemes qui ont pour origines prin-
cipales la nature et la constitution des combustibles et surtout
leur taux d'irradiation eleve.

II - PROBLEMES POSES PAR LA NATURE DES COMBUSTIBLES

Tous ces combustibles sont constitues d'oxydes denses (frittes
ou compactes) gaines de materiaux assez refractaires (acier inoxy—
dabls ou zircaloy). Ils se presentent sous la forme de faisceaux
d'aiguillBS longues (jusqu'a 4 m) et de faible diametre (6 a 20 mm),
II semble done exclu de separer mecaniquement la gaine Bt le com-
bustible en vue de la premiere etape : la mise en solution.
Le procede le plus frequemment propose est le "decoupage-dissolu~
tion" (chop-leach process) qui consiste a couper les aiguilles en
petits trongons (individuellement ou par faisceaux) que 1'on met
dans un panier amovible a l^nterieur du dissolveur. Seul 1'oxyde
est dissous, les morceaux de gaines etant tout au plus corrodes et
pouvant Stre retires en fin d'operation au moyen du panier. Ce pro-
cede .est. discontinu. II est applique a 1'usine de West Valley de
NFS l_ J_/. Plusieurs moyens pour rendre continue ou quasi-continue
cette etape sont a 1'etude en France.

1 . DI5SDLVEUR "5EMI-CDNTINU"
C*est 1'application au systeme d_iscontinu evoque ci-dessus d'un
appareil deja brevete en 1963 /2/. Le principe est le suivant
(fig. 1) :
Les dissolveurs sont deux recipients tubulaires. Ils contiennent
chacun un panier amovible et sont relies a un reservoir commun,
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par debordement d'une part, par un tube de circulation d'autre
part. La circulation est assuree par une chaudiere qui engendre
de la vapeur au sein de la solution, 1'ensemble fonctionnant comme
un "air lift". Un devesiculeur separe vapeur et solution, cette
derniere retombant dans le dissolveur qui est par ailleurs alimente
regulierement en trongons d'aiguilles et en continu en reactif
(acide nitrique en general). La solution resultante sort en con-
tinu. Pour assurer en permanence I'operation de dissolution, un
seul tube dissolveur est en service. L1enchainement des diverses
phases est resume sur le tableau I.

Phase Dissolveur 1 Dissolveux 2

La solution circule.
Alimentation en combusti-
ble et en reactif

Panier vide disponible

Le panier est plein.
Arret des alimentations

Mise en route des ali-
mentations et de la
circulation

Combustible dissous.
ArrSt de la circulation.
Vidange de la solution
vers le reservoir»
Debut du ringage des
gaines par le reactif.

Vidange de la solution
de rincage vers le re-
servoir.
Sortie et vidange du
panier (Troncjons de
gaine) apres egouttage
Remise en place du
panier vide.

L'alimentation et la
circulation continuent

Le panier est plein.
M6me enchainement en
intervertissant 1 et 2,

Tableau I, - ENCHAINEMENT DES PHASES DE DISSOLUTION

Comme on le voit, il faut soigneusement programmer IBS phases,
L'interSt du systeme de circulation est de permettre I'isole-
ment du dissolveur quand on arrSte la chaudiere. Diverses
solutions sont par ailleurs envisageables pour repondre aux
problemes de vidange des solutions presentes dans les dissol-
veurs et des troncons 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 experimente au cours du
second semestre 1969. II utilise notamment un panier du raSme
models que celui prevu pour un dissoly_eur concu et brevete par
Saint Gobain Techniques Nouvelles l_ 3/ (cet appareil fonctionne
en thermosiphon avec 2 cuves de dissolution et une cuve de rin-
cage). En ce qui concerne le panier, I1evacuation des morceaux
de gaines ó est realisee au moyen d'une trappe laterals dont
1'ouverture est automatiquement obtenue par une action meca-
nique simple en fin de montee du panier. Lrinconvenient de cet
ensemble reside en la complexite de I1enchaSnement des phases
et le risque de fragilite des mecanisroes de sortie de panier
qu'il a d'ailleurs herite des dissolveurs par charges. Peut-on
1'eviter ? L'ideal serait bien sQr un appareil rejetant en con-
tinu les residus 'insolubles.

2. DISSDLVEUR CDNTINU
Diverses possibilites ont deja ete examinees ou experimentees
surtout a Oak Ridge j
"- Appareil a vis d'Archimede /_ 4/
- Appareil a spirale vibrante / 5.7
- Appareil a roue, rappelant le principe de la noxia J_ 6/.
Cette derniere solution, presentee d'ailleurs dans une version
par "charges" a retenu 1'attention et fait 1'objet d'une etude
en vue de la construction d'un prototype qui, dans ses grandes
lignes, se presentera comme suit (Fig. 2) :
Un reservoir plat (pour des raisons de securite nucleaire) con-
tient une roue portee par un arbre moteur. Des plaques perforees
non radiales recoivent les trongons d'aiguilles et apres rota-
tion permettent d'evacuer les morceaux de gaine. La vitesse de
rotation doit Stre calculee pour laisser un temps suffisant a
la dissolution. La rotation peut d'ailleurs n'§tre pas continue.
Pour realiser cet appareil certains problemes geometriques et
,mecanique doivent Stre resolus. Pour ces derniers il convient
de noter qu'ils sont en definitive plus simples que pour les
appareils a panier amovible, puisqu'il s'agit surtout de mettre
au point des paliers inoxydables et etanches pour un axe tour-
nant a faible vitesse.

3. AUTRE5 SOLUTIONS
II a ete dit qu'un degainage mecanique etait pratiquement exclu.
Pourtant les chercheurs n'ont pas renonce a tout moyen de sepa-
rer gaine et combustible. Aux USA est etudie un procede qui
consiste, apre_s__trorigm:rn~a~ge", a griller a 1'oxygene 1'oxyde
combustible ̂  ~]J. Par ce moyen, on pourrait en outre eliminer
la majorite de 1'iode et une partie des produits de fission
donnant des oxydes volatile (Ru, Cs).
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A Fontenay on cherche a raettre au point une separation par un
broyage des trongons d'aiguilles suivi d'un simple tamisage /.8/,
Experiments avec succes sur des aiguilles non irradiees, ce
precede doit Stre verifie sur des echantillons irradies forte-
raent.

Ill - PRDBLEMES POSES PAR LE TAUX D»IRRADIATION

L'emploi generalise de I1extraction par solvant pour separer
uranium et plutonium des produits de fission a permis de re—
soudre convenablement ce probleme du traitement chimique.
Toutefois lfaugmentation continue du taux de combustion et la
reduction souhaitee de la duree de desactivation •des combusti-
bles conduit a un degagement d'energie eleve, sous forme de
radioactivite, dans les solutions a traiter, et aussi a une
teneur importante en elements de fission, notamment de zirco-
nium. Le degagement d'energie et la teneur en zirconium sont
les deux facteurs connus principaux de la degradation du sol-
vant, elle—me*me responsable de mauvais facteurs de decontami-
nation et de la retention de matiere fissile dans le solvant,
Les appareils les plus couramment utilises pour cette opera-
tion sont les melangeurs-decanteurs, dont 1*inconvenient
principal est de menager aux deux phases des temps de sejour,
et done des temps de contact, longs. Ce fait favorise la de-
gradation radiolytique (energie absorbee importante) et la
degradation chimique, notamment par le zirconium extrait,
dont la reaction sur le TBP est assez lente au depart. II est
done d'un interft evident de disposer d'appareils reduisant
considerablement temps de sejour et temps de contact des deux
phases, independamment des moyens physico—chimiques studies
par ailleurs pour supprimer 1'extraction du zirconium.

1. REVUE DES APPAREILS EXI5TANT5
II n'est pas question ici d'insister sur les melangeurs-
decanteurs qui sont surtout utilises pour le traitement de
solutions relativement peu radioactives. Leur avantage prin-
cipal est de ne pas limiter les debits de phase. En revanche
ils favorisent la degradation du solvant, phenoroene deja sen-
sible avec des solutions de combustibles peu irradies.
Les colonnes pulsees sont nettement plus favorables 3 cet
egard. Elles sont utilisees d'ailleurs a NFS / \J et EUROCHEMIC,
Des etudes ont ete effectuees sur le taux__de retention des
phases a 1'atelier pilote de Marcoule /_ 9/. Le calcul montre
ainsi que le temps de sejour du solvant dans la colonne d'ex-
traction est de 1'ordre de 15 minutes centre 3 a 4 fois plus
dans une batterie de melangeurs-decanteurs equivalente, ce qui
constitue un progres important dans la lutte contre la degra-
dation du^solvant.

Un deuxieme avantage ̂ st 1'existence d'une seule interface
solvant - phase aqueuse. Les precipites (dibutylphosphate,
monobutylphosphate et phosphate de zirconium) qui contribuent
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largement a la degradation du solvant, n'existent done qu'en
un seul point de 1'appareil. Si en outre la colonne fonctionne
en phase organique continue, lf interface sera en bas j3t__ce
precipite pourra §tre soutire avec la phase aqueuse /10/ '•
On peut reprocher cependant aux colonnes pulsees les diffi-
cultes qu^lles amenent pour garder une efficacite acceptable
quand leur diametre depasse, 300 ram qui ne permet qu'un debit
total pratique de 1500 l,h~ insuffisant pour les grosses ca-
pacites; ensuite le temps de sejour des phases, bien que re-
duit, ne para±t pas assez faible pour supprimer la precipita-
tion du zirconium avec les produits de degradation. On est
done amene a rechercher des appareils a temps de sejour encore
plus court. Pour cela il faut pouvoir reduire le temps de de-
cantation et on est conduit a utiliser des champs centrifuges.
Des extracteurs centrifuges non specifiquemsnt nucleaires
existent depuis plusieurs annees :
- Podbielnak /1.1/ et une variants amelioree quadronic
Us necessitent 4 joints tournants dont au moins 2 sous pres-
sion, ce qui est un inconvenient notable.
- Luwesta /1lJ7 : Ces appareils ont des etages individualises
mais la multiplicite des passages dans le fQt central imposent
un nombre d*etages maximal de 3 par appareil.
Ces extracteurs ne semblent pas avoir tents les chercheurs
dans le domaine radioactif. Us ont plutdt cherche a mettre au
point des appareils repondant plus specifiquement a leurs pro—
blemes .
A Savannah River /.13/» un modele concu a partir du principe
des melangeurs-decanteurs a ete experimente avec succes mSme
en actif. Le decanteur est centrifuge et actionne par le m§me
moteur que la turbine. II ne semble poser aucun probleroe d'ex—
trapolation pour les gros debits et paralt tres bien adapte au
traitement de solutions d'activite specif ique moyenne. A sa
charge on peut toutefois relever :
- La difficulte de le rendre nucleairement sQr
- Un ensemble mecanique par stage
- La necessite d'un reglage d'interface par air comprime par

Stage
- LTencombrement relativement important
- La complexite des liaisons entre etages.
A Oak-Ridge /14.7» un extracteur centrifuge base sur les sepa-
rateurs cyclones_est a lf etude depuis longtemps. II presente
de nombreux defauts, notamment une mauvaise efficacitl d'etage,
la necessite d'une pompe par stage, une mauvaise separation
des phases et une grande difficulte d1 extrapolation a partir
d'un modele au point.
De tous ces appareils, seul 1'extracteur de Savannah a fait ses
preuves, d'ailleurs en presence dfactivitss spJcifiques moyennes.
Aucun n'a paru vraiment satisfaisant pour les solutions dont, a
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la fois, la concentration en matieres fissiles et 1'activite spe-
cifique sont elevees. Aussi a-t-on ete conduit a entreprendre
1'etude poussee de 1'appareil Dollfus Robatel, dont l'inter§t
principal reside en ses grandes possibilites de debit pour un
volume total tres compact.

2 . EXTRACTEUR CENTRIFUGE DOLLFUS ROBATEL /1*5.7/167
2.1. Äå sc r_i t JLO n. j|t
Get extracteur fonctionne selon le principe suivant (fig. 3 et 4).
II est constitue d'un bol tournant divise en plusieurs chambres
et d'un fQt cylindrique fixe porteur de disques, dont le r61e est
d*assurer par freinage la circulation des phases et par frottement
leur melange. Les deversoirs circulaires des phases dans les com-
partiments de decantation sont fixes et calefies "a priori" pour
un certain domaine de rapports de densite
Deux appareils de ce type ont ete experimentes a Fontenay et plus
particulierement un petit modele permettant d'utiliser des debits
de 30 a 75 l.h • Le bol avait un diametre de 160 mm et comprenait
8 etages. Sa vitesse de rotation pouvait atteindre 5000 t.min"^
donnant ainsi une acceleration maximale de 2200 g a la peripherie»
Que peut-on attendre d'un te.L appareil en ce qui concerne les
temps de sejour ? Dollfus /1.8/ a demontre que pour 2 appareils
de debits egaux et imprimant aux phases des accelerations ó et y r

f
les temps de sejour t et t1 repondent a la relation

6* •% •—t'
t

Si Ó = g (cas du melangeur-decanteur) et y' = 500 g (extracteur
centrifuge)

\ _it» _ ( 1 Ë 11 _ J__
t ~ ̂ 500^ ~ 30

Autrement dit le temps de sejour serait divise par 30 et 1'energie
absorbee par le solvant serait reduite dans le m§me rapport.
2.2. E_ss_ai.s_ef_fectues_._
Les essais realises avec le modele decrit ci-dessus ont ete
particulierement riches en enseignements, en ce sens que la
petite taille de cet appareil a entraine une amplification
des phenomenes parasites. Toutes les difficultes ainsi mises
en evidence ont pu 6tre surmontees. Les principaux resultats
obtenus avec des phases aqueuses nitriques et du TBP a 30 %
dans le dodecane sont exposes ci-apres.

Fonctionnement hydraulique :
Apres des resultats decevants (entralnements de phase aqueuse
dans la phase organique de 5 o/oo a 2 % selon les regimes),
les disques agitateurs ont ete munis d'un dispositif anti-
projection (une simple arete verticale circulaire).
Les consequences ont ete tres bonnes (Fig. 5 et 6). On peut
tirer des resultats les conclusions suivantes :
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- On peut toujours trouver un domains de vitesses de rotation
ou IBS entralnements sont negligeables ( *\0»5 o/oo).

- II n'y a jamais d'entraineraent de phase organique dans la
phase aqueuse.

Essais d1extraction et reextraction d'uranium :
Les premiers essais ont montre que 1'appareil devait §tre
efficace mais il etait difficile d'eviter une teneur dans le
raffinat de 10 a 65 mg.l d'uranium dans les cas ou la solu-
tion aqueuse d1alimentation etait tres concentree (400 g.l )
(Tableau 2). Apres divers t§tonnements, il s'est avers que
1'empilage des stages emboJtes les uns dans les autres n'etait
pas assez etanche et que la teneur relativement elevee du raf-
finat etait due a sa pollution par de legeres fuites de phase
aqueuse riche provenant des etages les plus proches de 1*ali-
mentation. On a done muni cheque stage d'un joint plat mince
(0,05 a 0,2 mm), assurant ainsi une assez bonne etancheite.
La teneur en uranium du raffinat est alors devenue tres infe-
rieure a 1 mg.l". (Tableau 3).
Les conclusions que 1'on peut tirer de ces essais sont les
suivantes :
- L'efficacite de 1'appareil en extraction crott avec le debit
total et decrolt quand la vitesse de rotation croJt. En re-
extraction, elle croit avec le debit et la vitesse de rota-
tion.

- En extraction 1'essai 1 montre que 1'appareil possede un
nombre d'etages theoriques superieur a 7.

Pour les autres essais il est difficile de parler d'etages
theoriques car les possibilites analytiques ne permettent pas
d'en deceler plus de 4. En outre on sait que la teneur en ura-
nium du raffinat est due a une pollution. II est done prefera-
ble de parler de ce qu'on sait mesurer, c'est-a-dire du rende-
ment d*extraction. On voit qu'il est superieur a 99,999 % quand
les conditions de fonctionnement sont bien choisies.
- En reextraction on obtient environ 6 stages theoriques, ce

qui est honorable si, comme certains resultats semblent le
prouver, 1'appareil fonctionne en phase organique continue.

- Le problems de I'stancheite du bol peut §tre resolu par une
bonne finition de 1'usinage des etages et la recherche des
formes d'emboStement approprises. En outre un calcul simple
montre que le risque de pollution doit Stre plus faible pour
un gros appareil. La fuite est a peu pres proportionnelle au
perimetrs du bol st la dilution de la fuite proportionnelle
au debit de phase aqueuse. (La concentration du raffinat est
done inversement proportionnelle a ce m§me debit).

Soit deux appareils de diametres D et D', de debit aqueux A et A*
et x et x1 les concentrations dans le raffinat. On ecrit, a champ
centrifuge egal

x' = Ê ~ x' = x
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Pour 1'appareil etudie on a D = 1 60 mm A 10 l.h~
Pour un gros appareil(en construction) on aura

D = 670 mm A = 600 l.h"1 x' = x y - . ~ 0̂,07 x.
Cette fuite serait divisee par 14 environ. Ce point notamment
pourra etre verifie sur un ensemble df extracteurs industriels
de grande capacite en cours de montage au centre du Bouchet,
qui fonctionnera aussi avec de I1 uranium naturel non irradie.
L'appareil decrit ici est actuellement en cours de montage a
I1 Atelier Pilots de Marcoule ou il sera essaye au premier cycle
d 'extraction . 5on efficacite pour 1'extraction du plutonium et
pour la decontamination vis a vis des produits de fission pourra
Stre ainsi verifiee dans des conditions industrielles .
Un autre appareil semblable doit Stre essaye pour la partition
uranium-plutonium»

IV - AUTRES PROBLEMES

Avec les combustibles de la filiere rapide, le debit de plutonium
sera eleve. Pour les operations ultimes, en particulier la preci-
pitation de 1'oxalate de plutonium, il est important de pouvoir
disposer d'appareils continus de grande capacite.
Le precipitateur continu 1\Ý_/ utilise a 1'usine de La Hague a ete
extrapole jusqu'au diametre nucleairement sQr de 150 mm et expe-
rimente avec de 1'uranium tetravalent. Les resultats s'accordent
assez bien avec les calculs d'extrapolation.
- La capacite qu'on peut atteindre crolt avec la concentration en
plutonium de la solution d'alimentation :

600 a. 800 g.h"~l de Pu pour 20 g.l"l
800 a 1000 g.h~J " - 25 g.l~J

1200 a 1500 g.h~ " - 50 g.l""'
1800 g.h" » - 100 g.l

- Les entrainements de fines par les eaux-meres representent
moins de 0,5 % du plutonium, pourvu que la vitesse ascensionnelle
des eaux-meres soit inferieure a 3 m.h" environ. On peut le re—
gler en agissant sur le debit de lavage.
Le lavage dans le precipitateur devenant faible pour ces debits,
il parait indispensable de le compenser par une filtration avec
lavage sur filtre. Aussi plusieurs modeles de filtres continus
sont-ils experimentes actuellement.
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V - CONCLUSIONS

L'effort important exige par les problemes nouveaux des combusti-
bles tres irradies commence a donner des resultats interessants.
II semble que beaucoup de ces difficultes puissent e*tre surmon-
tees par des creations ou des ameliorations technologiques, no-
tamment 1'elimination continue des gaines apres dissolution du
combustible et surtout le maintien de facteurs de decontamination
eleves par la reduction des temps de sejour dans les extracteurs.
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Tableau II - E5SAI5 DE L'EXTRACTEUR CENTRIFUGE SGN-ROBATEl

Essai
n°

1

2
t-

3

4

5

-
<

6

1

1. Extraction de J.1 uranium par du TBP a 30 %

Phase d1 alimentation
Concentrations

U g.l"1

35

90

i t
*

180

400

400
avec joints
d'etancheite

H!\I03 N

0,5

2

'

2

2

2

Debits

A l.h"1

22

17,5
17,5
17,5
37,5
37,5

12
12
15
15

7
7
9
9

7

0 l.h"1

13

17,5
17,5
17,5
37,5
37,5

23
23
30
30

31
31
40
40

31

0J
0,6

11111
2
2
2
2

4,4
4,4
4,4
4,4

4,4

Vitesse de
rotation
t.min"1

1500
2500

1500
2500
4000
1500
2500

1500
2500
1500
2500

1500
2500
1500
2500

1500
2500
4000

Pertes en U
dana la phass epuisee
mg.l"

170
220

2
0,751
0,10,3

0,6
2,4
0,2
0,5

10-30
40-65
12
24

0,2
0,2-0,4

22

ppm

22
8

566
1
3

3
131
3

25-75
100-160
30
60

0,5
0,5-1

55

Etages
theoriques

7,97

2. Reextraction par 1'acide nitrique 0,01 l\l

70

82

0,2

0,3

20,6
20,6

32,3
32,3
32,3
43
43

14,4
14,4

22,7
22,7
22,7
30
30

0,7

0,7
0,7
0,7
0,7
0,7

2000
4000

3000
4000
5000
4000
5000

17
29

16
173
5,8
3,5

243
413

195
20736
70
43

5,75,4

6
6
6,3
6
6,1
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A 0+ A = 35 l.h
+ 0 + A = 55 l.h

1000 2000 3000 4.000 5000
ø (-tours, min"1)

Fig. 6 ._ Fonctionnement hydrodynamique de I'extracteur
avec disques a arete circulaire.
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ABSTRACT

The treatment of enriched-uranium alloys of the uranium-aluminium or
uranium-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 uranium-aluminium or uranium-
zirconium alloys with increasingly short cooling times — from a few years to
a 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 Pegase

type)-

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

R E S U M E

Le traitement des alliages dfuranium enrichi du type uranium-
aluminium ou uranium-zirconium par volatilisation des fluoru—
res est actuellement en cours d1experimentation, sur combusti-
bles irradies, dans 1'installation ATTILA, au Centre d'Etudes
Nucleaires de Fontenay-aux-Roses.
Apres une breve description de I1installation et un rappel du
schema chimique du precede utilise on expose les resultats des
travaux les plus recents. Ces essais ont porte sur des alliages
uranium-aluminium ou uranium-zirconium irradies, avec des durees
de refroidissement de plus en plus courtes : de quelques annees
a quelques mois. Le dernier essai a mis en jeu une activite p de
plusieurs dizaines de milliers de curies.
Les operations se sont deroulees de facon tout a fait satisfai—
sante et ont confirme aussi bien 1'efficacite du procede que le
bon fonctionnement des appareillages. L1uranium est recupere
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sous forme d'hexafluorure avec d'excellents facteurs de decon-
tamination. Dans le cas d'alliages dont le temps de refroidis-
sement est de 90 jours, on observe une activite due a 1'uranium
237 et a 1'iode 131.
Le rendement de recuperation de I1uranium doit §tre precise
grSce a des essais portant sur des quantites relativement impor-
tantes d'alliage (un element du type Pegase).
Les resultats obtenus, tres encourageants, incitent au develop-
pement du programme d1etude du traitement des combustibles des
reacteurs surregenerateurs par volatilisation des halogenures»

I - INTRODUCTION

L1 etude des precedes de traitement des combustibles irradies
par volatilisation des halogenures a debute en 1957 au Dejjarte-
ment de Chimie du Commissariat a 1'Energie Atomique / 1/Z ^J '•
Depuis 1959, la Societe UGINE KUHLMANN a ete etroitement associee _
au C.E.A. pour ces recherches, au moyen de differents contrats l_ 3/ ,

Apres des recherches effectuees sur I'emploi de fluorures fondus
ou de fluorures d'halogenes comme milieu reactionnel, les etudes
ont ete dirigees vers les precedes en phase gazeuse utilisant la
technique des lits fluidises de particules inertes /~4_7. Ces
precedes se sont rapidement reveles particulierement interes-
sants dans le cas des alliages a base d1 uranium tres enrichi,
comme les alliages uranium-zirconium gaines zircaloy ou uranium-
aluminium gaines aluminium.
A la suite d'essais a 1'echelle laboratoire, le precede a ete
experimente dans une installation pilote a I'echelle du kilo-
granim _d'alliage sur du combustible non irradie (alliages U-Zr)
Z 1// i/- En !962 et 1963, la Societe UGINE-KUHLMANN a construit
et exploite une unite pilote capable de traiter plusieurs ki.10,—
grammes d'alliages uranium-zirconium non irradies par jour /_

Les resultats obtenus ayant ete juges satisf aisants, il a ete
envisage des 1962 de construire une cellule alpha-gamma pour
experimenter ces procedes sur combustibles irradies. Lf etude
de cette realisation a ete confiee sous contrat a la Societe
UGINE KUHLMANN, assistee de 1'OMNIUM TECHNIQUE DE MECANIQUE.
Decidee en avril 1964, la construction de cette installation
appelee "ATTILA" a commence en septembre 1964 pour s'achever
deux ans apres. Le premier essai a ete effectue en mars 1967
sur de 1'alliage uranium-zirconium non irradie. Un an plus tard,
l*installation etait mise en actif, apres une serie de quatre
essais sur des alliages non irradies.
En mai 1969, vient de s'achever le Seme essai sur combustible
irradie. Lf exploitation de 1' installation est assuree par une
equipe mixte CEA-UGINE-KUHLMANN .
Parallelement a cette experimentation se poursuit un programme
d'etudes, lance en 1967» concernant la mise au point d ' un pro-
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cede de traitement, par volatilisation des halogenures, des
combustibles du^tyjpe. oxydes mixtes UO_-PuO gaines d'acier
inoxydable. / B//_ 9/ ^ ^

II - DESCRIPTION GENERALE DE L1INSTALLATION ATTILA

L'ensemble ATTILA est implante au Centre d'Etudes Nucleaires
de Fontenay-aux-Roses, dans le bStiment "Radiochimie" du Depar-
tement de Chimie. II comprend essentiellement une cellule chaude,
etanche et ventilee, protegee gamma, dans laquelle sont loges
les principaux appar.ei.ls necessaires au traitement des alliages
irradies (fig. 1 ) /10/. Les effluents gazeux du procede sont
neutralises dans une cellule annexe ventilee. Pour les analyses
en ligne, un laboratoire a ete amenage sous la cellule principals.
La cellule chaude est constituee d'un caisson en tole d'acier
inoxydable de 10 m de longueur, 4 m de largeur et 5 m de hauteur
environ. La protection gamma est realisee par un empilement de
blocs a redans en beton baryte de 0,85 m d'epaisseur (fig. 2)«
La surveillance des operations est possible grSce a sept hublots
disposes sur trois faces et a un eclairage interieur tres puis-
sant. Deux postes d'observation a 1'aide d'un periscope coude
a vision binoculaire ont ete egalement amenages. Un circuit
ferme de television complete ces dispositifs d'observation.
Lrequipement interieur de manutention et de telenoanipulation
comprend :
- deux telemanipulateurs du type "maftre-esclave Argonne Modele 8n

situes a poste fixe a une extremite de la cellule,
- un robot "General Mills Modele 150"
- un pont roulant de 5 kN
- un palan pneumatique de 5 kN.
L'entree du combustible irradie et 1'evacuation de dechets soli-
des se font en utilisant le systeme de joints a triple effet,
"La Calhene - Licence CEA". Les echantillons de produits a ana-
lyser peuvent etre transferes pneumatiquement vers la chaine
blindee "Candide", implantee dans un laboratoire voisin.
Les appareils sont places de part et d'autre d'une ossature sup-
port situee dans 1'axe longitudinal de la cellule. Us sont tous
en nickel et peuvent etre montes ou dsmontee a 1'aide des engins
et outils de telemanipulation. Toutes les liaisons sont assurees
par des raccords ou prises telemanipulables.
Les utilites et I1alimentation en reactifs se trouvent a 1'exte-
rieur de la cellule. La commande de I1appareillage et le contrfile
de 1'installation se font a partir d'un tableau synoptique.
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Ill - PRINCIPE DU PROCEDE DE TRAITEMENT

Le schema chimiqjue_du> grocede utilise est analogue a celui etudie
aux Etats Unis /. 4//11//12/.
Les principales etapes du traitement sont les suivantes (fig. 3) :

a) - Chloruration i 1'aluminium ou le zirconium sont volatilises
sous forme de chlorure A1C1-, ou ZrCl,, par action de chlorure
d'hydrogene a 30D-400°C. Cette reaction est effectuee dans un
reacteur de 12 cm de diametre au sein d'un lit fluidise d'alumine
de granulometrie 250 y,. L1 uranium reste sous forme de chlorure
non volatil. Les gaz sont filtres a la sortie du reacteur par
passage sur un filtre de mSme diametre comportant un lit statique
d'alumine.
Le chlorure d'aluminium ou de zirconium est ensuite hydrolyse a
400°C dans un reacteur a lit fluidise de sable. Cette operation
conduit aux oxydes, qui sont moins corrosifs et plus faciles a
stockerque les chlorures.
Avant leur neutralisation dans la cellule annexe, les gaz sont
filtres sur des bougies en nickel fritte. A ce stade, les produits
de fission gazeux (Kr, Xe, I) ou donnant des chlorures volatile
(Zr, Nb, Sb) sont elimines au moins partiellement.

b) — Fluoration : le chlorure d'uranium present dans le lit fluidise
et le filtre, est transform^ en hexafluorure par action de fluor
dilue dans de 1'azote. Cette reaction est faite sans fluidisation
en enrichissant progressivement le melange en fluor (de 5 a 90 %)
a des temperatures croissantes (30-500°C).
L1hexafluorure d'uranium accompagne des fluorures volatils des
produits de fission est piege a 100°C sur deux colonnes en serie,
de 5 cm de diametre, garnies de pastilles de fluorure de sodium.

c) - Desorption de 1'hexafluorure d'uranium : lfhexafluorure d'ura-
nium est purifie par desorption selective en portant a 400°C la
temperature des colonnes de fluorure de sodium. L1hexafluorure
d'uranium desorbe sous un faible debit de fluor est recueilli
dans un piege refroidi a -100°C d'ou il pourra Stre transfere
par sublimation dans un pot place dans une bolte a gants du labo-
ratoire en sous-sol.

IV - CONDUITE ET DEROULEMENT DES ESSAIS

La charge d'alliage irradie est introduite dans le reacteur d'at-
taque sous la forme de plaquettes d'environ 80 mm de long, 30 mm
de large et quelques millimetres d'epaisseur, provenant du decou-
page des plaques constituant les elements de combustible. Ce de-
coupage est effectue au Laboratoire d'Etudes des Combustibles
Irradies de Cadarache (LECA). Apres fermeture des appareils,
I'etancheite de 1'ensemble de 1'appareillage est alors verifiee.
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Pour IBS quatre premiers essais actifs, tous les appareils n'ont
ete vidanges qu'a la fin du 2eme et du 4eme essais. Seules sont
changees, apres chaque essai, les colonnes d'alumine activee.
De mSme, le pot de recette des oxydes place sous les filtres du
reacteur de pyrohydrolyse est vide en fin de chaque operation.
Le tableau I donne les conditions operatoires des cinq essais
effectues sur combustibles irradies. Ces conditions operatoires
avaient ete deja etudiees et definies sur des alliages non irra—
dies dans 1'installation ATTILA ainsi que dans une installation
anterieure /13 à 1Ä/.

a) - Chloruration.
Elle est suivie par analyse en ligne de 1'hydrogene forme. Les
gaz sont preleves dans la cellule annexe avant la colonne de
neutralisation. Apres piegeage de 1'eau et de 1'acide chlorhy-
drique, la concentration en hydrogene dans le melange azote-
hydrogene est donnee par la difference de conductivite thermique
avant et apres elimination de 1'hydrogene par oxydation sur
oxyde de cuivre a 300°C et condensation de 1'eau formee /19,7.
Le dosage du tritium dans cette eau permet de conna tre la quan-
tite de cet element degagee pendant la chloruration.

A partir de 1'essai A 2, nous avons pu suivre egalement cette
etape gr9ce a la detection du krypton 85 dans la ventilation par
les appareils du Service de Protection centre les Rayonnements.
La figure n° 4 montre 1'evolution des differents parametres enre-
gistres au cours de la chloruration de 1'essai A 2.
A 450°C, avec des debits de gaz de 1000 1/h de chlorure d'hydro-
gene et 800 1/h d'azote, on observe des vitesses de reaction qui
peuvent atteindre 1 kg/h pour les alliages uranium-zirconium et
0,4 kg/h pour les alliages uranium-aluminium.
Malgre la presence de quantites importantes de zirconium 95 et
de niobium 95 (pour I'essai A 4, respectivement 1250 et 1850 Ci),
ces deux elements ne sont pas detectes dans la solution sodique
de neutralisation du chlorure d'hydrogene» Ceci prouve la tres
qrande efficacite des bougies filtrantes en nickel fritte placees
apres le reacteur de pyrohydrolyse.
A la fin de chaque chloruration, on observe une augmentation de
1'activite dans la solution de neutralisation due a 1'antimoine
125 dont le pentachlorure ne reagit pas avec la vapeur d'eau a
400°C.
Au cours de I'essai A 4 pour lequel le temps de refroidissement
du combustible n'etait que de 90 .jours, le rejet total en iode 131
dans la ventilation a pu §tre evalue a 1 mCi environ, alors que
la quantite calculee dans la charge etait voisine de 1 Ci. Ce re-
jet correspondait a des doses inferieures a 1 CMA population
dans 1'air de la ventilation de I'installation. Pour cet essai,
la solution sodique contenait en fin de chloruration 70 mCi
d'iode 131, soit 7 % de la quantite calculee dans la charge
et 250 mCi d'antimoine 125, soit environ 8 % de la quantite
totale calculee.
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(-•operation de chloruration est la plus delicate a conduire,
le zirconium ou I1aluminium representant la majeure partie de
1'alliage. D'autre part la temperature relativement elevee de
sublimation des chlorures, et notamment du tetrachlorure de
zirconium (331 °C) necessite une attention toute particuliere
au chauffage des appareils et des tuyauteries afin d'eviter les
bouchages par condensation.

b) - Fluoration. (fig. 5)
Cette deuxieme etape e_st suivie egalement par analyse en ligne
des composes formes /19/ : Par chromatographie en phase gazeuse,
il est possible de suivre 1'evolution des produits tels que
^2* ̂ 2* C1F, ^-^3» ClO^F, C1CUF et d'agir en consequence sur
la conauite de cette reaction en modifiant la temperature et
la concentration en fluor. Pour cette analyse, les gaz sont
preleves apres les deux colonnes de fluorure de sodium.
II est egalement possible de suivre 1'evolution de 1'activite
specifique des gaz avant et apres les colonnes de fluorure de
sodium, grSce a des analyseurs specialement mis au point a cet
effet : les gaz preleves a 1'aide d'un robinet echantillonneur
de chromatographe sont hydrolysis par de 1'air humide. Les pro-
duits provenant de 1'hydrolyse des fluorures. volatils radioactifs
sont filtres sur papier filtre et comptes /,12.7. Par comptage
alpha, on peut egalement suivre le comportement de I1uranium.
Au cours de cette etape, il n'est pas observe de rejet de com-
poses radioactifs dans les effluents gazeux. En consequence,
I'hexafluorure de tellure est totalement fixe sur 1'alumine _
activee, confirmant les resultats de nos etudes anterieures /13/,

c) - Desorption de 1'hexafluorure d'uranium.
Elle est suivie par analyse en ligne (comptage alpha et gamma),
les prelevements etant effectues apres les colonnes de fluorure
de sodium, apres le cristallisoir et apres la colonne de garde
de fluorure de sodium.

d) - Recuperation de 1'hexafluorure d'uranium.
L*hexafluorure d'uranium est transfers dans des pots places
dans une bolte a gants logie dans le laboratoire sous la cellule.
Ce transfert est effectue avec un balayage d'azote (50 1/h) en
rechauffant le cristallisoir.
L*hexafluorure est ensuite purifie par pompage sous vide a -80°C
dans un pot en KelF puis hydrolyse dans ce pot au moyen d'une
solution nitrique afin de faciliter les analyses.

e) - Echantillonnaqe et analyse des produits solides.
Apres les essais A 2 et A 4, tous les appareils ont ete vidaiages
et leur contenu echarrtillonne au moyen d'un echantillonneur a
ecoulement special /1J/- Les echantillons sont ensuite transferes
dans la cellule Candide pour ó subir divers traitements (broyage,
fusion alcaline, dissolution) destines a les mettre sous une
forme convenant aux laboratoires d'analyse.
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Dependant, afin d'obtenir plus rapidement des resultats, nous
developpons actuellement des methodes d'analyse directe sur les
produits solides apres broyage, pax fluorescence X pour le dosage
de 1'uranium, et par spectrometrie gamma, avec collimation, pour
le dosage des radionucleides. Nous ne disposons des resultats
complete que pour les essais A 1 et A 2.

V - RESULTATS

1 — Facteurs de decontamination
Pour les -quatre essais, nous avons obtenu des facteurs de decon-
tamination excellents : 1'activite totale due aux produits de

_fission emetteurs b§ta^ gamma_retrouvee dans 1'hexafluorure
d'uranium recueilli est inferieure ou eqale a

î5.10" Ci/g d'uranium
Pour les deux essais A 1 A 2, correspondant a du combustible tres
refroidi, 1'activite beta gamma due aux produits de fission n'est
pas detectable par spectrometrie avec une diode Ge (Li), ce qui
correspond a moins de

3.1D~B Ci/q d'uranium
Pour 1'essai A 3 portant sur de 1'alliage uranium-zirconium,
refroidi plus de 18 mois, et sur 10 g d'alliage uranium-aluminium
refroidi 275 jours, nous avons retrouve dans 1'hexafluorure d'ura-
nium :

137Cs : 3.1D"8 Ci/g U soit un F.D = 1D8
95Zr : 5.10"9 Ci/g U F.D = 107
95Nb : 10~8 Ci/g U F.D = 107

Pour 1'essai A 4 portant sur une plaque d'alliage U-A1 "Pegase"
(375 g) refroidie 90 .jours et sur 165 g d'alliage U-Al "Pegase"
refroidi 31D jours, nous avons recueilli sous forme d1hexafluorure
21,4 g d'uranium dont 1'analyse par spectrometrie gamma a revele
la presence de

5 mCi d'iode 131
et 28,Â mCi d'uranium 23?

Apres decroissance de 1'iode et de 1'uranium 237, 1'analyse mon-
tre que 1'uranium recueilli contient moins de 1 D"° Ci de '"-'°Ru +lu°Rh, soit moins de

5.1D"8 Ci 106Ru + 1D6Rh/q U
Le facteur de decontamination pour ces deux elements est done
superieur a 10"»
L'activite totale 8 ó calculee dans la charge etant de 1'ordre
de 11.000 Ci, le facteur de decontamination global obtenu est
superieur a 10 .
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II faut cependant remarquer que, comme nous le supposions, 1'ura-
nium recueilli contient une quantite non negligeable de molybdene
(7 a 8.000 ppm pour les essais A 1 et A 2).

2 - Bilan uranium
Nous ne possedons actuellement que le bilan complet pour I1 en-
semble des essais A 1 et A 2.
La quantite totale d'uranium transferee sous forme d*hexafluorure
du cristallisoir represente 88,45 % de la quantite totale compta-
bilisee (87,41 % sous forme d'UFg purifie + 1,04 % retrouve sur
les pieges du circuit de purification). Afin de tirer le maximum
de renseignements possible, nous avons ete conduits a prelever
pour les analyses en ligne, une fraction non negligeable des gaz
pendant les etapes de fluoration et de desorption : I1uranium
ainsi preleve represente 8,85 % de la quantite totale.
Apres desorption de 1'hexafluorure d'uranium, il ne reste que
0,25 % de la quantite totale d'uranium sur 1'ensemble des pas-
tilles de fluorure de sodium des trois colonnes. Get uranium ne
doit pas §tre considere comme perdu, les pastilles de fluorure
de sodium pouvant §tre reutilisees plusieurs fois.

Les pertes en uranium s'elevent done a 2,7 %. Elles proviennent
presque exclusivement de la retention sur les lits du reacteur
d'attaque (1,9 %) et du filtre statique (0,8 %). Elles peuvent
s'expliquer par le fait que la temperature maximum de fluoration
a ete fixee a 400°C afin de menager I1appareillage. On remarquera
aussi que la quantite d'uranium mis en jeu (quelques dizaines de
grammes) est relativement faible eu egard aux dimensions de 1'ap-
pareillage.

Dans le but d'etablir de facjon plus precise un bilan uranium,
nous venons d'entreprendre un essai (A 5) sur un element complet
du reacteur Pegase (24 plaques d'alliage uranium-aluminium d'un
poids total voisin de 6 kg, refroidies 5 mois, 1'activite totale
(3 ó calculee etant superieure a 75.000 Ci).

3 — Comportement des produits de fission
La repartition des produits de fission dans les differents appa-
reils est donnee, pour les essais A 1 et A 2, dans le tableau II.
L'activite des elements a vie courte tels que °̂ Zr et °^IMb etant
faible devant 1'activite totale, le bilan pour ces deux elements
n'a qu'une valeur indicative.
On constate que pour les elements ayant une activite significa-
tive (Ru - Rh - Co - Ce - Pr) la plus grande partie d'entre eux
(90 %) reste concentree dans le reacteur d'attaque.

VI - CONCLUSIONS

Les resultats obtenus a ce jour sont tres encourageants, tant sur
le plan de la decontamination de 1*uranium que sur le plan tech—
nologique. Nos efforts portent actuellement sur 1'amelioration
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du rendement de recuperation de I'uranium qui, compte tenu des
resultats obtenus sur combustibles ïîï irradies, devrait pouvoir
depasser 99 % dans le cas de charges importantes.
Ces resultats nous encouragent egalement a poursuivre notre pro-
gramme pour le traitement des combustibles de la filiere a neu-
trons rapides. Des etudes sont en cours, a la fois, au Centre de
Recherches de Lyon de la Societe UGINE KUHLMANN, pour la mise au
point d'un schema de traitement sur oxyde d'uranium seul, et au
Departement de Chimie du CEA a Fontenay-aux-Roses, pour 1'expe-
rimentation sur des aiguilles non irradiees d'oxydes mixtes
U02-PuD2 (installation CLOVI5).

Ce precede pourra Stre experimente ulterieurement sur des combus-
tibles irradies dans 1'installation "ATTILA" moyennant la modifi-
cation de 1'appareillage interieur existant.
La Societe UGINE KUHLMANN a egalement ete chargee sous contrat
d'une etude economique d'un tel precede dans le cas d'une usine
d'une capacite de 40 kg/jour (U + Pu) d'oxydes mixtes UO?-PuO,jgaines acier inoxydable /Ä0.7.
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Tableau I

CONDITIONS OPERATOIRE5

Essai n°

Nature de 1'alliage

Poids dfalliage charge(g)

Duree de refroidissement

Activite globale 6 ó

Chloruration
. duree (h)
. temperature ( °C )
. debit total des_gaz,.

N2 + HC1 (m .h )
. concentration HC1

(% volume)

Fluoration
. duree (h)
. temperature (°C)
. debit total des gaz

. concentration F2
(% volume)

Desorption UFg fixe
sur NaF
. duree (h)
. temperature (°C)
. debit F2 (l.h~1 )

A 1

U Zr

1955

> 1 an

300

8
400-450

1,8-2

30-90

14,5
30-400

100-200

20-90

5,5
30-400
50

A 2

U Zr

1727

> 1 an

230

12>-
400-450

1,8-2

30-90

15,5
30-400

100-200

20-90

6,5
30-400
50

A 3
I

UZr+(UAl)

2290+MO)
23,00

>1an 275J

1100

10,5
400-450

1,8

30-55

8,25
30-500

100-200

20-90

5
30-400
50

A 4

U Al

375+165
540

90 j 31 1j

11 .000

6,5
400-450

1,8

30-55

9
30-500

100-200

20-90

5
30-400
50

A 5

U Al

6280

150J

77.000

36,.65
400-450

1,8

15-55

19,50
30-500

100

20-90

9,15
30-500

50
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Tableau II
REPARTITION DES PRODUITS DE FISSION DANS LES SOLIDES SOUTIRES

APRES LES ESSAI5 A 1 ET A 2
(Les resultats sont sxprimes en pourcentage de 1'activite totale comptabilisee

pour chaque radionucleide
ND = non decele par spectrometrie gamma)

Reacteur d'attaque

Filtre a lit statique

Reacteur de pyrohydrolyse

Filtres de pyrohydrolyae

Colonnee de NaF n° 1
n° 2
n° 3

(garde)
Colonnes d'alumine actives

n° 1
n° 2

Colonne de neutralisation
a solution de soude
Activite retrouvee
(% de la quantite calculee)

95Zr
98,84

ND
0,58

0,46

ND
0,10
0,04

0,04
0,08

ND

412

95Nb
95,36

ND

0,91

3,50

ND

0,19

0,01
0,01

ND

48,4

1D6Ru+
106Rh

98,41

ND
1,53

0,01

0,01
0,02
0,002

0,006
0,0002

ND

25

125Sb

ND

ND

21,76

40,00

ND
ND
ND

ND
ND

38,24

3

134Cs
99,18

0,80

0,006

0,0007

0,00005
0,008
0,0004

0,0001
0,00006

ND

137Cs
90,39

9,43
0,07
0,0008

ND
0,10
0,005

0,001
0,0007

ND

90,4

144Ce+144Pz
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ABSTRACT

The ÑÅË'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
ATI 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 MWd/t in the EL3

reactor (aqueous processing at Pontenay);
- The UOg - PuOg mixed oxide irradiated up to 45 000 MWd/t in

Rapsodie (aqueous processing at Fontenay and then at the ATI plant);
.- The UA1 alloy of the Pegase reactor and the UZr alloy of the submarine-

engine prototype (dry processing at Fontenay);
- Tha PuAl alloy of the reactor Celestin (aqueous processing at

Fontenay and tljen at Marcoule pilot plant);
- PuAl 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.

R E S U M E

[.'experience du CEA sur le traitement des combustibles fortement
irradies est relativement recente et n'a pas encore depasse le
stade des etudes de laboratoire et des campagnes experimentales.
Elle a ete acquise et continue de se developper dans les labora-
toires de radiochimie de Fontenayx-aux-Roses, a 1'atelier pilote
de Marcoule et a 1'atelier "ATI" de La Hague (destine a traiter
le combustible irradie du coeur de la pile Rapsodie), installa-
tions qui dependent toutes des Services de Chimie des Combusti-
bles Irradies du Departement de Chimie.
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Cette experience ports sur les combustibles irradies suivants :
- oxydes d'uranium enrichi irradie jusqu'a 20,000 MWj/t dans le

reacteur EL3 (Voie aqueuse - Fontenay),
- oxyde mixte L)Op-PuO? irradie jusqu'a 45.000 MWj/t dans Rapsodie

(Voie aqueuse - Fontenay puis atelier AT1),
- alliages UA1 du reacteur Pegase et UZr du prototype de moteur

de sous-marin (Voie seche — Fontenay)
- alliage PuAl du reacteur Celestin (Voie aqueuse - Fontenay puis

atelier pilote de Marcoule),
- cibles PuAl pour la production d'elements transplutoniens (Voie

aqueuse - Fontenay).
Ces etudes de precede sont completees par des etudes de genie chi-
mique portant notamrnent sur les appareils d1 extraction a temps de
contact court (extracteurs centrifuges 5Gl\l-Robatel) .
Les recherches se poursuivent d'une part en vue de reculer les
limites de la voie aqueuse (taux de combustion plus eleves et
temps de refroidissement plus courts) et d'autre part pour de-
terminer les possibilites techniques et economiques de la voie
seche.
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I - INTRODUCTION

(.'experience industrielle du traitement des combustibles irradies
acquise par le CEA gra*ce a lf exploitation des usines de Marcoule
et de La Hague est assez ancienne, mais elle porte sur des niveaux
d * irradiation qui n'ont guere encore depasse 2.000 MWj/t. Par con—
tre des essais de laboratoire et des traitements a caractere pilote
relativement varies et nombreux ont ete effectues sur des combusti-
bles a forte activite specifique par les services de recherche spe-
cialises du Departement de Chimie. L' experience ainsi acquise par
ces services porte sur les combustibles suivants ;
- oxyde UO,-, enrichi irradie jusqu'a 20.000 MWj/t dans le reacteur

EL3,
- oxyde mixte U02-Pu02 irradie jusqu'a 45.000 MWj/t dans Rapsodie,
~ alliages UA1 du reacteur Pegase et UZr du prototype de moteur de

sous-marin,
- alliage PuAl du reacteur Celestin,
- cibles PuAl pour la production d'elements transplutoniens .

En raison de 1'ampleur des programmes et grSce aux moyens corres-
pondents mis en oeuvre, ces etudes sont actuellement en plein de-
veloppement. La plus grosse partie des recherches se rapporte au
precede d1extraction par solvant (voie aqueuse) mais les alliages
UA1 et UZr ont fait 1'objet d'essais du precede de volatilisation
(voie seche).

II - DEVELOPPEMENT DES ETUDES

Les etudes sur le traitement des combustibles irradies sont menees
dans trois Centres du CEA : Fontenay-aux-Roses, Marcoule et La
Hague. Les recherches sont lancees a Fontenay-aux-Roses, dans le
bStiment de "Radiochimie", equipe pour travailler en laboratoire
sur forte activite (3y et-a 1'echelle semi-industrielle en presence
de faible activite pY, Les precedes sont ensuite soumis a 1'epreuve
d*essais prolonges en presence de forte activite et dans des condi-
tions d1exploitation quasi industrielles a 1'atelier pilote de
Marcoule. Un second atelier pilote, appele AT1, situe a La Hague,
a ete construct pour traiter le combustible irradie de Rapsodie
et pour experimenter les precedes destines aux combustibles des
futurs surgenerateurs. Ces installations dependent toutes des Ser-
vices de Chimie des Combustibles Irradies du Departement de Chimie.
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1 - VDIE AQUEU5E
Les etudes de laboratoire se font en general en trois etapes :
essais inactifs, essais a (en presence de plutanium) et essais a(3y
(en presence de plutonium et de produits de fission). Ces derniers
sont les plus importants car c'est seulement quand on travaille
en presence de tous les parametres reunis que 1'on peut connaitre
et resoudre les difficultes reelles. Ces essais sont realises dans
des chaSnes de cellules blindees et etanches, parmi lesquelles on
peut citer : "Cyrano", "Carmen", "Gascogne" , etc...
Les etudes de genie chimique suivent la mSrne voie que les etudes
de laboratoire mais,- pour des raisons pratiques, 1'etape interme-
diate des essais purement a est souvent court-circuitee. L'etape
«P| de ces etudes est constituee par les essais prolonges en ate-
lier pilote. Ces campagnes sont irremplagables, aussi bien pour
experimenter les precedes en actif que pour eprouver les appareil-
lages et les techniques d'intervention (telemanipulation, deconta-
mination, etc...). En outre elles peuvent mettre en evidence a la
longue certains phenomenes qui etaient passes inapergus au labora-
toire.
L ' atelier pilote de Marcoule fonctionne depuis plus de six ans et
a deja rendu de grands services pour I1 etude de 1'extraction du
plutonium a partir d'uranium naturel. Son equipement, maintenant
complete par une chalne speciale pour le traitement des combusti-
bles enrichis, lui permet de recevoir presque tous les types de
combustibles qui vont se presenter au cours des prochaines annees
et, en particulier, les alliages riches en matiere fissile forte-
ment irradies.
Lf atelier AT1 de La Hague ne peut recevoir que des aiguilles du
coeur de Rapsodie et ne les traiter qu'a raison d'un kilogramme
par jour. Neanmoins, son exploitation doit apporter de precieux
renseignements sur la chimie du traitement des oxydes tres irra-
dies. Son experimentation recente en actif a deja donne des indi-
cations tres utiles sur les difficultes auxquelles il fallait
s ' attendre.

SECHE
Les etudes de voie seche se poursuivent depuis plus de dix ans
a Fontenay-aux— Roses, en collaboration avec la Societe Ugine
Kuhlmann. Elles portent sur le procede utilisant la volatilite
des hexafluorures d'uranium et de plutonium.
Apres plusieurs annees d 1 essais avec de lf uranium et du plutonium
non irradies ou en presence de traceurs et sur differents types
de combustibles, on a construit une grosse cellule blindee capable
d'experimenter le procede sur combustibles irradies. Cette cellule,
nommee "A'ttila", fonctionne en actif depuis la fin de 1968 et a
fourni tout dernierement des resultats tres interessants en trai-
tant des plaques d'alliage UA1 a 1'echelle de plusieurs dizaines
de milliers curies d'activite (Çó . Une installation de taille plus
modeste et uniquement ttct", baptisee "Clovis", permet d'etudier
I1 application du procede aux oxydes mixtes UO?-PuOp.
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Ill - EXPERIENCE ACQUI5E 5UR DIFFERENTS COMBUSTIBLES

1 - DXYDE UP,, IRRADIE A 20.ODD MW.I/t
Les essais de traitement effectues de la fin de 1965 au debut de
1968 dans la cha ne "Cyrano" ont d'abord ete alimentee par de
1'oxyde mixte UO?-PuO~ (11 % de Pu) irradie dans le reacteur EL3
de Saclay (2 essais) puis par 1'oxyde lICU constituant le combus-
tible de ce reacteur (7 essais}. Ce dernier, appele "cristal de
neige" a cause de sa forme, contenait initialement 4 % d1uranium
235. Les tauic de combustion moyens etaient de 15.000 a 20,000 MWj/t
dans les deux cas.
Les essais effectues a partir de ces combustibles ont porte sur
deux schemas de precede :
- celui de 1'atelier AT1
- celui du projet d'usine japonaise elabore en commun par SGIM et

le CEA.
Les temps de desactivation etaient de 275 a 3DO jours pour les
essais "Japon" et de 40 a 60 jours pour les essais "ATI". Ainsi
1'activite specifique des solutions soumises aux extractions
variait, suivant les cas, de 200 a 950 curies par litre.
Le fait le plus important releve au cours des essais est 1*appa-
rition de precipites abondants se formant et s'accumulant a la
surface de separation des deux liquides (interphase) dans les eta-
ges d'extraction du premier cycle. En raison de la petitesse des
batteries de melangeurs-decanteurs utilisees dans les cellules
chaudes, ces precipites perturbent le fonctionnement des extrac-
teurs et ont tendance a obstruer les orifices de passage des so-
lutions, risquant ainsi de compromettre 1'experience en cours et
me"me de la paralyser completement. Ces precipites apparaitraient
certainement moins rapidement dans des batteries industrielles
mais ils ne manqueraient pas de creer quand meme de graves diffi-
cultes aux exploitants. Ils ont d'ailleurs ete deja signales dans
les usines de Marcoule et de Windscale, qui traitent pourtant des
combustibles beaucoup moins irradies.
On a pu continuer les essais et obtenir des facteurs de deconta-
mination acc'eptables en chassant periodiquement le precipite par
vidange brusque des pots encrasses, mais cette methode, applica-,,>
ble a la rigueur en usine si le phenomene n'est pas trop intense
ne peut Stre recommandEe pour une exploitation suivie sur combus-
tibles fortement irradies. La methode suivante nous est apparue
autrement rationnelle et efficace.
On avait observe que les facteurs de decontamination en rutheniumj
en cerium et surtout en zirconium, etaient bien meilleurs quand

(1) Elle est effectivement utilisee a 1'usine de Marcoule.
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les solutions traitees avaient ete obtenues en utilisant un peu
d'acide fluorhydrique pour accelerer 1'attaque des oxydes Ï'.
Cette difference s'expliquant par I'action fortement complexante
de 1'acide fluorhydrique vis a vis du zirconium, on en vint a
envisager 1'emploi systematique de cet acide pour ameliorer les
conditions de I1extraction.
Les precipites d'interphases, en effet, semblent dQs en grande
partie aux combinaisons insolubles du zirconium avec les produits
de degradation du TBP (MBP - PO .(-Ö ) , degradation qui est d'aillcur
acceleree par le zirconium lui-m me. Ces phosphates de zirconium
constituent vraisemblablement 1'infrastructure du prficipite sur
lequel viennent se fixer d'autres produits de fission et des sus-
pensions solides (impuretes insolubles) ou colloidales (silice).
L'accumulation de ces precipites tres radioactifs au contact du
TBP aggrave encore la decomposition radiolytique de celui-ci,
tandis que 1'entrainement d'une partie de ces impuretes en phase
organique abaisse les facteurs de decontamination. Celui du zir-
conium, notamment, est tres affecte, non seulement par les entral-
nements, mais par la formation du dibutylphosphate, soluble dans
le solvant.
Ainsi le zirconium est apparu comme le principal responsable des
difficultcs chimiques et hydrauliques rsncontrees au cours des
extractions. Quand on a ajoute de 1'acide fiuorhydrique dans la
charge ou au lavage (ou dans les deux) ces difficultes ont presqun
completement disparu : les precipites ont diminue considerablarnent
et le facteur de decontamination en Zr s'est ameliore de facon
spectaculaire.
D'autres points notes au cours de ces essais, quoique moins impor—
tants, meritent d'Stre signales :

- la filtration des solutions avant extraction diminue notablement
le volume des precipites d'interphasss ou du moins retards leur
formation. Cette operation ne semble pas determinante mais ellc
agit sans conteste dans un sens favorable.

- la forte activite specifique des solutions se traduit pas un
echauffement important qui peut provoquer leur concentration soon-
tanee si elles ne sont pas conservees en vase clos, Ce phenomene,
previsible mais sous-estime, a quelqus peu faussc le demarrage
d'un des premiers essais.
- on ne trouve que de faibles proportions de plutonium hexavalent
dans les solutions tres actives. II s'en forme done peu, ou bien
il se reduit spontansment sous 1'action des rayonnements.

(1) Cette precaution, inspiree par des essais sur echantillons
inactifs, n'est d'ailleurs pas indispensable : les oxydes irra-
dies se dissolvent beaucoup plus vite, m me sans acide fluorhy~
drique, que les oxydes non irradies.
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2 - DXYDE UO^-PuD^ IRRADIE A 40,000 MW.I/t———————^———^____________————— —
2.1 — Chains Cyrano
L'oxyde du reacteur EL3, utilise pour les essais "Japan" et, faute
de mieux, pour 1'etude du schema d'AT1, a ete abandonne des que
Rapsodie a pu fournir des aiguilles irradiees a des taux de com-
bustion significatifs. En mai 1968 on a travaille ainsi sur du
combustible a 20.000 MWj/t. Depuis janvier 1969 on peut disposer
d_'aiguilles irradiees jusqu'a 40.000 et ò¸ïå 50.000 MWj/t.

Malgre 1'activite elevee des solutions (400 a 700 curies par litre
suivant 1ý temps de desactivation) et un spectre de produits de
fission different (beaucoup plus de ruthenium notamment), les ex-
tractions se sont deroulees sans difficulte importante, gr§ce a
la methode aux ions fluorures. En revanche, c'est aux dissolutions
quo 1'on a vu apparaitre des phenomenes inquietants. Quand on at-
taque des oxydes a 40.000 MWj/t la dissolution est tres rapide
(1 a 2 heures, sans HF) mais il rests un depot noir relativement
abondant. Tres fin, difficile a filtrer, cet insoluble contient
essentiellement du molybdene, mais aussi d'autres metaux nobles
(ruthenium, rhodium, niobium, technetium), du manganese (provenant
des gaines) et beaucoup d'autres elements en plus faible concen-
tration. Les premiers essais actifs de 1'atelier AT1 ont encore
mieux mis ces difficultes en evidence.

2.2 - Atelier AT1
L'atelier pilote AT1 a ete experimente en actif au debut de 1969,
avec le traitement de 220 aiguilles de Rapsodie, soit 25 kg d'oxydc
U02-Pu02 irradic a des taux variant de 150 a 40.000 MWj/t.
Bien que la moyenne n'ait pas depasse 18.000 MWj/t, on a retrouve
les phenomenes observes dans "Cyrano" et dOs aux fortes concentra-
tions en produits de fission : des produits insolublfss (ou repre—
cipites apres dissolution) ont frequemment colmate les filtres,
imposant des interventions nombreuses et delicates afin d'eviter
1'arrSt de 1'atelier.
On a egalement observe une attaque partielle desgaines par 1'acide
nitriqueH). Cette sensibilisation de 1'acier inoxydable au cours
du sejour en pile est assez inquietante car le fer ainsi mis en
solution est un agent de corrosion actif pour le dissolveur.
A part les ennuis de filtration et des difficultes analytiques
resultant de la forte activite des solutions, les operations se
sont deroulees sans incident notable et le rendernent du precede
a ete largement superieur a 99 %.

(1) Ce phenomene avait deja ete observe en 1965 dans "Cyrano" sur
des aiguilles irradiees en bain de sodium dans EL3. II avait ete
attribue au mode de nettoyage des gaines mais il est dd plus vrai-
semblablement a 1'action prolongee du sodium a haute temperature
ou peut-etre a 1' irradiation neutronique elle-me*me.
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Malgre une activite |3 initiale atteignant parfois 6 curies par
gramme, 1'activite residuaire du produit final a toujours ete
inferieure a 0,1 microcurie par gramme, ce qui represente un fac-
teur de decontamination global superieur a 6.10? pour IBS lots
les plus actifs. Ces excellents resultats s'expliquent en grande
partie par 1'efficacite du procede a 1'acide fluorhydrique qui
fait "coup double" : d'une part il retient le zirconium en solu-
tion aqueuse et d'autre part, en permettant ainsi de travailler
en milieu tres acide (4 l\l) il contribue aussi a retenir le ruthe-
nium.

3 - ALLIAGE5 D'URANIUM TRES ENRICHI
Les alliages LJA1 des reacteurs de recherche du type "MTR" subis-
sent des taux de combustion de I'ordre de 3D %. Les alliages UZr
qui alimentent les moteurs de sous-marins sont encore plus irra—
dies .

En vue du traitement de ces combustibles, des etudes ont ete
faites en laboratoire et en atelier semi-industriel sur des pla-
ques inactives . L'atelier pilote de Marcoule, equipe depuis 1968
pour recevoir les combustibles enrichisH) est prSt a entrepren—
dre des campagnes experimentales des que des essais actifs auront
complete ces etudes mais, en raison des possibilites offertes par
1'etranger, ces recherches ne sont pas considerees comme priori—
taires en France.

Ces alliages posent d'ailleurs des problemes techniques et sur-
tout economiques serieux a la voie aqueuse (dissolution des UZr,
manutention et stockage de gros volumes, corrosion, criticite,
etc...)î En revanche ce sont des combustibles ideaux pour mettre
la voie seche a 1'epreuve. Us sont en effet depourvus de gaine
en acier inoxydable et de plutonium qui tous deux, pour des rai-
sons fort differentes, compliquent 1'application du procede.

La cellule "Attila" a deja traite plusieurs lots irradies de cos
alliages. L'avant-dernier essai, effectue en janvier 1969, a porte
sur plusieurs plaques d'alliage UA1 provenant de la pile Pegase de
Cadarache, refroidies 100 jours. L'activite |3y de ce combustible
s'elevait a 11.000 curies pour 20 g d'uranium. A 1'issue du trai-
tement et apres decroissance de 1'iode 131 et de 1'uranium 237»
on ne decelait plus dans 1'hexafluorure d'uranium recupere qu'une
activite residuaire d' un microcurie, (soit 0,05 y,Ci par gramme),
ce qui represente un facteur de decontamination de 10.

Le dernier essai, entrepris au mois de mai, porte sur un element
entier du m§me reacteur, soit 360 g d'ursnium et 75.000 curies de
produits de fission. Le depouillement de I1essai, en cours au mo-
ment ou 1'on redige cet article, laisse presager des resultats
analogues.

(1) Cet equipement porte le nom de chatne EEEP ou "3 EP" : expe-
rimentation d'elements enrichis au pilote.
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Ces excellents resultats demontrent que la plupart des difficultes
soulevees par la conjonction de la temperature, de la forte acti-
vite, de produits pulverulents et de reactifs aussi agressifs que
le fluor et 1'acide chlorhydriqus sont maintenant maitrisees.

4 - ALLIAGE5 PLUTONIUM-ALUMINIUM
4.1 — Cibles pour la production d1elements transplutoniens.
Les cibles d'alliage PuAl destinees a produirs des elements trans-
plutoniens (americiurn, curium, etc...) sont soumises a des taux dc
combustion bien superieurs a ceux de n1imports quel combustible
puisqu'on pousse 1firradiation jusqu'a disparition presque totale
de toute matiere fissile.

Le traitement qu'elles subissent est assez different de celui que
1'on applique aux combustibles classiques, mais il peut donner
lieu, surtout dans ses premieres phases, a des observations qui
interessent les combustibles tres irradies en general.
C'est ainsi que 1'on a pu noter les points suivants :

— L'alliage PuAl se dissout beaucoup plus lentement que la gaine
en aluminium dans 1'acide nitrique en presence de catalyseurs
(Hn = Î . Ï ? M p.t. F~ = Ï . Ï ? Ml ò ÿ ò ÿ -i 1 ÏÐ. Ò ÿ ò ñ ñ ä ÿïãìï - ãð÷òÍï= 0,02
solids.

M et F = 0,02 M) mais il ne laisse aucun residu

~ La trilaurylamine, utilisee pour un premier cycle d'extraction
en milieu nitrique, semble se comporter trss bien en presence de
fortes activites specifiques. En particulier, elle ne produit pas
de precipites d ' interphases .

4.2 - Combustible de Celestin

Les reacteurs tritigenes Celestin fournissent des elements en
alliage PuAl qui ant subi des niveaux d ' irradiation eleves. On a
etudie un precede de traitement pour en recuperer le plutonium
et, eventuellement , I'americium.

Les etudes ont suivi la filiere habituelle : essais a en boltes
a gants, essais a^y dans la chains "Cyrano" et enfin essais ac-
tifs a grande echfille a 1' atelier pilots de Marcoule. Les prin—
cipaux resultats sont les suivants :

a ) D.i
Contrairement a toute attente, la dissolution de ces alliages dans
1'acide nitriqua s'est revelee relativement aisee, mSme en presenct
de concentrations tres basses en nitrate mercurique (10*"̂  a
5.10 4 M) e-t en absencs d'acids f luorhydrique . Les resultats obte—
nus a Fontenay sur petits echantillons ont ete assez discordants,
probablement a cause des inegalites de flux integres, mais a
1'atelier pilote, ou 1'on operait sur plaques entieres, on a
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observe des vitesses d'attaque plus regulieres. Celles-ci sont
telles que 1'on pourrait me*me, si c'etait necessaire, se passer
completement de tout catalyseur. Dans ce cas la dissolution dura-
rait 12 a 15 heures au lieu de 8 a 10 en presence de mercure.

Que 1'on opere en presence d'uranium ou non, on obtient au pre-
mier cycle des resultats assez semblables dans leurs grandes li-
gnes :
- le rendement d'extraction du plutonium est tres bon,
- les facteurs de decontamination sont mediocres.
Ce dernier point peut s'expliquer par un defaut de saturation du
solvant (par erainte du Pu VI), mais plus vraisemblablement par
1'effet relargant du nitrate d'aluminium. Des facteurs de decon-
tamination tout a fait acceptables sont d'ailleurs attaints sans
peine si 1'on fait appel, une fois de plus, a 1'acide fluorhydri-
que en faible concentration.

IV - PERSPECTIVES D'AVENIR

Uuelle que soit la fillers choisie oar le CEA et 1'EDF pour suc-
ceder aux reacteurs graphite-gaz et pour preceder les surgenera—
teurs a neutrons rapides, il faudra etre pret a traiter des com-
bustibles forternent irradies : les reacteurs a eau lourde fourni-
ront des oxydes a 10 ou 12.000 MWj/t; avec les reacteurs a eau
on atteindre au mains 30 à 40.000 MWj/t; avec les reacteurs a
neutrons rapides enfin, on montera sans doute jusqu'a 100.000 MWj/i

Dans tous les cas les combustibles se presenteront sous la forme
- nouvelle en France - de faisceaux d'aiguilles d'oxyde et on aura
affaire a de tres fortes activites specifiquss ainsi qu'a des con-
centrations elevees en produits de fission. Ces caracteristiques
posent des problemes difficiles qui appellent des solutions ine-
dites . (1 )

1 - LES PRDBLEME5

On ne mentionne ici que les problemes qui se poseront a court ou
moyen terme, c'est-a-dire pour la voie aqueuse. La voie seche en
ignorera une partie mais retrouvera 1'autre, quoique sous une
forrne differente.

(1) Le traitement de ces divers oxydes est envisage a La Hague,
gra"ce a une extension de 1'usine qui permettrait de recevoir ces
combustibles, de les decouper, de les dissoudre et de les soumet-
tre a un premier cycle d'extraction. C'est le projet "HAD" (Haute
Activite Oxydes).
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1 . 1 — La forme des elements combustibles et la cohesion des oxydes
avec leur gaine rendant un degainage mecanique difficilement prati-
cable, il faut trongonner les aiguilles, une par une ou par fais—
ceaux entiers. Ensuite il faut dissoudre 1'oxyde en presence des
morceaux de gaine et assurer 1'evacuation de ces derniers, opera-
tions que 1'on sait realiser en discontinu mais que 1'on aurait
avantage a rendre continues.

1.2 - La forte activite specifique amplifiera considerablement la
degradation du TBP et la formation des precipitcs d'interphases.
En outre la temperature des solutions, proportionnelle a leur ac-
tivite, jouera aussi un r61e defavorable en accelerant les reac-
tions chimiques.

1.3 - Les teneurs elevees en produits de fission creeront une
situation nouvelle pour la chimie du retraiternent car beaucoup
de ces elements se trouveront a des concentrations se chiffrant
en grammes par litre. L'experience recemrnent acquiss a AT1 a mon-
tre le role nefaste que peuvent jouer ces impuretes. Pour des toux
de combustion plus eleves, il faut s'attsndre a les voir provoquer
des reactions parasites dont il est difficile de prevoir les ef-
fets car la chimie de ces elements 1çç uns en presence des autres
est encore assez mal connue. On peut craindre des precipitations,
des formations de complexes (iode stable et TBP, par exemple),
des corrosions, peut-etre des reactions d!oxydo-reduction, etc...

Les produits de fission gazeux (iode, krypton, tritium) que 1'on
verra aussi apparaitre en quantites importantes susciteront ega-
lement de nouvellss preoccupations pour les rejets d'effluents.

1.4 - Les combustibles des reacteurs a neutrons rapides pr sen-
tent toutes ces complications au plus haut degre et, en plus,
celles qui resultent de teneurs elevees en plutonium : risques
de criticite, importance accrue des rendements en matiere fissile,
chimie des milieux concentres en plutonium.
Une autre particularite propre a ces combustibles sera d'exiger
des temps de desactivation aussi courts que passible, afin oe litni-
ter au maximum la quantite de plutonium a investir dans le cycle
du combustible. Cette exigence conduit a des activites spscifiques
encore plus fortes et oblige a tenir compte de certains isotopes
a vie courte (iode 131, xenon 133, uranium 237) negliges jusqu'ici.
L'icde 131, en particulier, risque de s'averer particulierement
genant a cause de la facilite avec loquslle il peut revetir diver-
ses formes chimiques, liee a une grande nocivite.

1.5 - Les combustibles fortement irradics contiennent des qunnti-
tes relativernsnt impo^tantes d"elaments transuranicns. Les appli-
cations de ces isotopes etant en plein developpement, il faut
prevoir leur recuperation par des precedes susceptibles d'etre
exploites dans des installations a caractere industriel.
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LE5 5DLUTIDM5

Les travaux en cours et 1'experience acquise en laboratoire et
en atelier pilots inspirent evidemment un certain nombre de repon-
ses a tous ces problemes, mais les etudes ne sont pas encore assez
avancees pour que des solutions soient en vue pour chacun d'entre
eux .
2.1 - Voie aqueuse

Pour le traibement initial des combustibles (trongonnage, dissolu-
tion) et oour le traiternent final du plutonium (precipitation, etc)
dlrferentes techniques sont a 1'etude en vus de rendre les opera-
tions aussi continues qus passible. On vise a nettre au point des
appsreils capables d'assurer de fortes capacites tout en respectant
les exigences de la sucurite nucleaire.

Pour oarer aux dommages causes par les fortes activites specifi-
ques, on poursuit, bien entendu, les travaux sur la complexation
du zirconium par 1'acide fluorhydrique. Cette methode a fourni des
preuves incontestables de son efficacite mais son emploi exige de
rjrandes precautions : les ions fluorhydriques complexent aussi la
plupart des autres cations et notammsnt le plutonium, d'ou le ris-
que de chute du rendement a 1'extraction• D'autre part 1'acide
f luorhydrique est assez corrosif, me"me aux dilutions preconisces,
si 1'on depasse la temperature de 5Q a 60°. En outre, cornme il
est relativement soluble dans les solvents, on risque de le re-
trouver dans un° partie de 1'usine ou 11 est indesirable. Enfin,
si J'on doit pratiquer des concentrations par evaporation, sa
volatilite est egalement gSnante.

La plupart de ces inconvenients peuvent stre evites si on ajoute
assez d'aluminium pour complexer 1'exces d'ions F , mais le jeu
des equilibres entre les diffcrents complexes devient alors assez
cornplique et, pratiquement, il faut calculer et experimenter le
"mode d'emploi" de la methode dans chaque cas particulier.
Cette methode etant encore loin de pouvoir etre proposee comme
une panacee, on a cherche a limiter les effets de la radiolyse
en faisant appel a des appareils d'extraction capables d'assurer
a la fois des temps de contact courts et des debits eleves. Ainsi
Saint-Gobain Techniques Nouvelles et la Societe Robatel ont mis
au point un type original d'extracteur centrifuge nucleaire dont
un petit modele a ete eprouve sur uranium a Fontenay-aux-Roses
et va etre experimente en actif a 1'atelier pilote de Marcoule.
La plus grosse inconnue pour toutes ces solutions reste le com—
portement des produits de fission en for~e concentration. Les
etudes sur ce chapitre ne font que debuter et un programme im-
portant est envisage : etude des produits de fission "nobles",
de 1'iode, du tritium, etc...
A cSte de ces etudes de chimie et de genie chimique, il faut signa-
ler les travaux entrepris en vue d' autoi7iatiser le contrSle des
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precedes par I1utilisation d'appareils d'analyse branches direc-
tement sur les circuits de fabrication (contrSle "en ligne"). En
preparant I'automatisation complete des operations, ces etudes
annoncent un veritable renouvellement de la technologie du re-
traitement.
2.2 - Voie seche
Toutes les recherches que 1'on vient d'evoquer visent a reculer
Ãåç limites de la voie aqueuse et a la rendre applicable aux
combustibles de plus en plus irradies et de moins en moins re-
froidis. Parallelement a cet effort, on poursuit 1'etude du pro-
cede de volatilisation, d'une part sur les alliages UA1 et UZr,
d'autre part sur les oxydes mixtes UO^-PuO^.

II reste a resoudre, dans le cas de ces derniers, certains pro—
blemes poses par 1'elimination des gaines en acier inoxydable,
la retention possible de matiere fissile dans les "lits fluidises",
la separation quantitative des hexafluorures 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 particulierement en France — mais cette mefiance sem—
bis tenir moins aux difficultes intrinseques du procede qu'a
1'avance prise par la voie aqueuse. Incontestablement, la volati-
lisation devra fournir des preuvss solides de sa rentabilite et
de sa fiabilite, mais nous pensons que, gr§ce a ses avantages im-
portants sur le plan de 1'economie et de la securite, elle finira
par s'imposer pour les combustibles a tres forbe activite specifi-
que qui sont aussi les plus riches en matiere fissile et par con-
sequent les plus chers.

V - CONCLUSION

Malgre une experience appreciable sur le traitement chimique des
combustibles fortement irradies, il reste encore au CEA beaucoup
a apprendre en ce domaine, done beaucoup d 1etudes a entreprendre
et a mener a bien.
On peut distinguer deux phases dans 1'execution de ce programme.
La premiere est 1'experimentation sur combustibles reels qui est
indispensable : en deux ou trois ans d'exploitation de la chalne
"Cyrano" on en a appris beaucoup plus qu'en dix ans de manipula-
tions sur produits ïîï irradies. Les combustibles a hauts niveaux
d'irradiation qui sont maintenant a notre disposition, grSce no—
tamment a Rapsodie, vont done permettre d'etendre et d'approfondir
notre experience au cours des prochaines annees. Ces etudes, ainsi
que 1'exploitation du pilote de procedes AT1 , ne vont pas seule—
ment contribuer a resoudre les problemes que 1'on entrevoit aujour
d'hui, elles vont sans doute en reveler aussi de nouveaux, pour
lesquels il faudra egalement trouver des solutions.
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Quel que soit le succes que 1'on puisse esperer de ces travaux a
petite echelle - AT1, rappelons-le, n'a qu'une capacite d'un kilo
par jour - il faudra ensuite extrapoler les resultats aux instal-
lations industrielles. Ce passage du laboratoire a 1'usine ou, si
1'on veut, de la science a la technologie, constituera la deuxieme
phase de nos recherches. Ce sera la tSche des ingenieurs de genie
chimique et de ceux qui exoloitent 1'atelier pilots de Marcoule.

Pour le precede de volatilisation, le processus sera sensiblemerrb
le ò¸òå, a ceci pres qu'en raison de la modicite des effectifs,
c'est la me*me equipe qui examinera les deux aspects des problsmes.

D'ailleurs, en pratique st ïëåãëå pour la voie aqueuse, ces deux
phases dependent etroitsrnont 1'une de 1'autre et c'est par une
collaboration constante entre tous les interesses - auxquels il
faut, bien entendu, associer les constructeurs, les futurs ex-
ploitants et aussi les economistes - que 1'on parviendra a maa-
triser tous les problemes qua posent aux chimistes les combusti-
bles fortement irradies.
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Status of orlc in the United Kingdom
By

Abstract B.F, EARNER

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 design
and operational experience in the processing of M.T.R. and
Experimental Past Reactor fuel at Dounreay. It briefly indicates
areas in which the major problems of processing Fast Reactor and
Advanced Thermal Reactor fuels are likely to be met.

Technical Manager, \7indscale "Jorks
U.K.A.E.A.

1. Organisation
The U.K.A.E.A. is the only organisation in the U.K. authorised to

engage in the development, design and operation of reprocessing plants.
The major reprocessing complex is at YJindscale and at D.E.R.E. a 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.3.R.E. in the fields of basic chemistry and chemical
engineering studies»

The design work for the plants is carried out by the Chemical Plant
Design Office, Risley.

2. Reactor Programme
The UiK. reprocessing plant requirements are dictated mainly by the

U.K. reactor programme, but it has proved technically and economically
feasible to provide capacity for overseas reprocessing contracts.

It is common experience in all countries that projections of reactor
programmes require constant revision as economic and technological changes
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 Ñapaci ty Approximate Year
MS7(e)

Magnox Reactors 5,000 1970
Dounreay Past Reactor 60 ¹7(h) On Stream
M.T.R. Reactors - On Stream
A.G.R. Reactors 8,000 1975
Advanced Thermal Reactors 20,000 1985
Sodium Cooled Past Reactors 20,000 1985

The Magnox reactors will be complete when tfylfa is brought on stream
in 1970, and of the A.G-.R. reactors, 5,000 Mv?(e) have already been
sanctioned. (Dungeness B, Hinlcley B, Hunterston Â and Hartlepools). 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 U.K. Reprocessing Plants

The facilities that are available to date are: (i) the Second
\Iindscale Plant; (ii) The V/indscale Head End Plant for Oxide Fuel; (iii)
The D.E.R.E. Fast Reactor and M.T.R. Plant. Thus the existing facilities
provide capacity for the Magnox, early Advanced Gas Cooled and Steam
Generating Heavy YJater Reactors, overseas B.17.R. and P.17.R. and the
experimental D.F.R. and M.T.R. reactors.

3.1 The Second "gindscale Plant
This is the centre of reprocessing operations at Y/indscale and,

originally designed to process 1500 t.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.H.TC.R., B.Y/.R.,
P.F.R. and P.T7.R. reactors.

A general outline of the plant and its flow diagram is provided
in Refs. 7, 3 a*»d 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. Fuel Receipt and Storage Ponds
2. Fuel Decanning Caves
3. Continuous Fumeless Dissolvers
4. Mixer-settler, 3 Cycle, Late - separation, Solvent Extraction Plant
5. UN Solution Evaporators and Themal Denitrators
6. Pu Evaporators and Storage Plant
7. H.A. Waste Evaporator and Storage Plant
8. MJU V7aste Evaporator and Delay Storage Plant
9. L.A. Effluent Treatment and Storage Plant

The plant has operated since 196̂ -, has given very satisfactory
service and has required a minimum of modification 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 Magnox 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.F., B.7/.R. and P.W.R. reactors can 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 different design of A.G-.R.
fuels. The continuous dissolvers were unsuitable for operation with
low enriched U oxide fuel for a variety of reasons - nuclear safety
control, lack of means of removing cladding debris and the available
feed mechanisms being among the more important ones. The first cycle

~ of solvent extraction, with long residence time mixer-settlers, would
give poor decontamination factors for primary purification of high
bum-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 TJorks. 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 plant, to feed
a first cycle of extraction, scrub, and backwash existing in the First
V/indscale Separation Plant vrfiich is based on the Butex process, Ref. 5»
The processing of the low enriched fuels demanded separate "campaigns"
to ensure no loss of separative work on the uranium product.

3«2 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 modifications
made to the highly active cells.

The plant now consists 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 Cbncentration Cell (based on the

Butex process)
It is not proposed to detail the design of plant, but it is relevant
to discuss the broad principles and the reasons for their choice irt
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 dismantling to single pins and single pin chopping
(iv) Complete dissolution of fuel and cladding
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An early assessment of storage costs of the highly active liquor waste
arising from total fuel element dissolution ruled out this technique and
consideration was then given to the alternative 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 balance to be struck, for each fuel element design,
between the multi-stage, complex equipment required for fuel dismantling
and feeding to a single pin shear and the comparatively simple feed system
of whole elements 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 that the shearing of vfoole fuel elements in a
large shear, in which the feed envelope and shear pack components could
be readily changed to meet a range of element cross-sections, lengths and
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 current designs of
B.F.R. and P.F.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 subsequent experience
shows this to be desirable.
Dissolver 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 debris from the shear in a large perforated basket. A conventional
leaching cycle is used, consisting of heating the feed acid, leaching, liquor
transfer and basket washing.

The nuclear safety of the unit was ensured by special design features,
which ensured freedom from restrictive mass control* The dissolver product
liquor is transferred to two storage tanks, nuclearly safe by concentrationi
Solvent Extraction Cycle

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

Because TButex', when thermally or radiolytically degraded does not
produce significant levels of complexing agents which could lead to losses
of Pu or U, its use with high bum-up fuels is particularly suitable.
However, it does have one demerit, in that it gives a low decontamination
factor for Ru. Insofar as U and Pu product qualify is concerned, this is
not important if the product is subsequently fed to a 3-cycle ÒÁÐ process.
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The activity of the salt-bearing solvent wash is however, higher than it
would Úå with a TBP cycle and this demands storage and effluent treatment
before final disposal.
Processing of Head Htod Plant Product Through thejSecond Windscale
Reprocessing Plant

The product from the first (Butex) cycle, after concentration, has
uranium and plutonium concentrations which are in the' range universally
accepted as feed for a tri-butyl phosphate process i.e. 200-350 gU/litre,
the Pu content depending on the fuel processed, but in the range of 1 s/litre
to 3-5 g/litre. The feed activity has been reduced by the elimination of
all fission products other than Ru, Zr, and Kb and these are at greatly
reduced concentrations. Thus the performance required of the TBP 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, only 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 Evaporation and Storage

The highly active raffinate from the 1st Butex cycle will be concen-
trated in.the kettle evaporators provided for the 1st Separation plant,
further concentrated in new evaporators and sent to permanent storage as
concentrated fission product nitrates in standard tanks where they will
be mixed with wastes from the H.A. magnox reprocessing campaigns. The
wastes from the TBP cycle will be concentrated in new evaporators and
directed to H.A. waste storage whilst the medium active raffinates are
stored, floe treated and discharged in the normal way.
Aerial Effluents

The only new problem 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 mid-summer of this year,

3»3 Reprocessing ..of Irradiated Fuels from Material Testing Reactors
A small plant for the U.K. and overseas I-UT.R.s was built at D.E.H.E.

and was brought on stream in 1958.
The facility permits the following operations to be carried out:
After irradiation, the elements are stored for a period of 120 days

at the reactor sites to allow the short-lived fission products and U236 t°
decay. Appendages at the ends of the elements are removed before transport
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 tw.o-cycle counter-current solvent
extraction process, to separate the uranium from the fission products and
small amounts of plutonium. The uranyl nitrate product is then pimped
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to the Billet Production Plant, where ammonium diuranate is precipitated, and
then converted through fluoride and a reduction operation to uranium ingots
which are recycled to fuel element manufacture» 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
after 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
number 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 pond by pushing
them from their individual compartments. Criticality control is achieved
in the breakdown pond by mass limitation. A channel key system limits
the number of elements which can be discharged from the container into
the pond. Underwater manipulators are used to pick up each element, place
and clamp it in position on the milling machine table, with the brazed
aluminium 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. More aluminium is removed by cropping and each plate is then
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. Mercuric nitrate is added as a catalyst. The
dissolver is criticality cleared for double batching, and interlocks on
the elevator and dissolver seal plug ensure that only a fixed number of
coiled plates can be fed at any one time. After each dissolution is
complete the 1*235 content of the liquor is compared with that anticipated
from the irradiation 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 a vacuum transfer system. This
feeder, of a similar type to that used in the first plant at V/indscalej
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. l.'iixing 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 contactor the interfaces in the
settlers of all other stages are fixed. The contactors are designed were
criticality cleared on the basis of a concentrated limited system, the 11335
concentration being maintained below the safe "infinite sea" concentration.
It is now known that these contactors are "safe" to much higher concentrations.

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 plutonium 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 vTas
found that with this concentration the ratio of fission products to uranium
extracting into the solvent is a minimum. The aqueous raffinate retains
the bulk of the fission products and flows to the Highly Active Storage
Plant without volume reduction. The solvent extract is stripped with an
aXuminium nitrate/nitric acid solution to improve fission product
decontamination and finally the uranium and plutonium are backwashed from
the solvent into a dilute nitric acid solution. A decontamination factor
of 1 x ÊÃ" 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 nitric acid and the plutonium
reduced to the less extractable trivalent form by the addition of ferrous
sulphamate. The conditioned liquor is then fed to the second cycle
extraction strip and backwash section by means of a piston displacement
constant volume feeder. The solvent used in this cycle is again 5/2 TBP
odourless kerosene. The medium active aqueous raffinate from this cycle
containing the plutonium flows to effluent treatment. The product solution
containing less than 200 ppm impurities and trace fission products is
pumped to the storage section of the Billet Production Plant. The overall
decontamination factor for activity over both cycles is 2 x 10 ,

Originally, the solvent from the first and second cycle was combined
and washed into two Holley Mott 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 Plant is fed to
geometrically safe continuous evaporators, where a uranium concentration of
200 g/1 is achieved. The concentrated uranyl nitrate 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 supernatant liquor is then decanted, and the
slurry run into a tray for further settling before final decantation of
residual liquor. Thereafter criticality control is by batch limitation
through the main process line.

The highly active first cycle aqueous raffinate contains the bulk of
the fission products and the aluminium from the alloyed fuel plates* Only
a small evaporation factor would be possible on this solution due to its
high salt content and because of the relatively small volume arising, this
raffinate is routed through a low level active duct to the underground
highly active storage tanks. The remaining medium/low active effluents
are not segregated from each other and following neutralisation these
relatively small volume arisings are sent to holding tanks for sampling
and bulk discharge to sea, well within the permitted site discharge formulae.
Operational Experience

Operation of the machines in the breakdown pond has been very
successful. Difficulties have been experienced \7ith 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 pond and transferred to
permanent solid wast storage. Good housekeeping ensures 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 Y monitor installed at the top of the dissolver chute has been
useful in indicating any small amounts of active material held up on the
chute. After each campaign the pond is cleaned down and emptied with strict
control of personnel radiation exposure and spread of contamination. The
equipment^ is then checked and made ready for the next campaign.

During active operations trouble was experienced at higher throughput
rates with incipient flooding in the first extraction cycle contactors.
This was found to be due to solids accumulation and back pressure from
the stirring operation in a mixing compartment impeding the flow of the
viscous active feed liquor through a pipe connecting the extraction 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. À ne-7 titanium dissolver was subsequently installed
in this cell and modification to improve liquor flow were made to the
extraction equipment. This standby line has now been in use for some time
and has proved capable of a higher throughput than the original plant design»
One ocher modification carried out has been the complete separation of the
first and second cycle solvent treatment. This was found necessary because
of high retention of zirconium and ruthenium in the first cycle solvent
arising from the processing of higher burn-up fuel. Two additional Holley
Kott mixer-settlers were fitted and means of heating all four Holley Motts
was added. This modification has considerably improved the solvent treatment»

Further progress has been made in achieving a higher operational
efficiency for M.T.R. fuels in that the dissolver product can ïîò? be fed to
the Dounreay Past Seactor Reprocessing Plant (vide infra) with some minor
flowsheet modifications to match the process and plant. 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 Dounreay Past Reactor, fuelled with enriched U/Mo alloy, was
provided with its own small reprocessing plant to permit the recycle of
unbumt 11235 and to export the Pu to "Jindscale. 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 in shielded containers from the reactor cooling
pond to the breakdown cave in the Fast Reactor Chemical Separation Plant.
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 fission products. The uranium product is pumped in the
Billet Production Plant for conversion to metal. The plutonium product
is passed to an evaporation section for concentration, and then transported
to the Plutonium Finishing Plant at the Vindscale Vorks. 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 outer niobium tube and the top and bottom sections
are of stainless steel» The gap between 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 in a can with metallic lead. This is
heated to melt the lead and it is then 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 Past 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 ̂  *on («5 tonne) crane. The can top is removed by a remotely-
operated cutting machine on top of the furnace, the lead is then melted
and the element withdrawn from the can using the crane. The element is
then placed in a sealed tube and replaced in the furnace, where the tube
is purged with argon, heated and subjected to vacuum. 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 after cooling, and is in a suitable condition for breakdown
in an air atmosphere» The removal of the sodium is a precaution against
the possibility of a uranium fire. The element is then 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 then sheared off in a simple hydraulic
shear machine. The enriched uranium pieces on the vanadium inner tube are
then passed to a hydraulic press, where the pieces are cracked away from
the tube. The enriched uranium pieces are then weighed, and fed by means
of a bucket conveyor, 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 v7indscale Tforks for plutonium recovery.
Scrap is removed from the cave into shielded containers and transferred
to active solid waste storage.

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, oentrifugeand constant volume feeder have
been designed on a safe-by-geometry basis»
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The solvent extraction process is carried out in in-line air pulsed
counter-current mixer settler contactors. These ñohtactors"have been ?
designedpSo that they can be -considered as infinite cylinders of 13 in,
(83*9 cm ) cross-sectional area, and .are positioned .on a ~2 ft. 6 in.
-(76,2 cm) minimum dimension rectangular lattice. In this, array, they are
safe for concentrations of 2jOOO g.TtT235/litre. In this first cycle, the
uranium and plutonium are extracted into a solution of 20/5 KBP in odourless
kerosene. The aqueous 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 plutonium are then baclcwashed from the solvent
with nitric acid. •

The aqueous extract, containing uranium and plutonium from the first
cycle, flows through a conditioner, -where the aqidity is adjusted and then
passes to the second cycle for further r.emoval: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 plutoniumrfrom the second cycle, is then
adjusted in a conditioner before'passing to. the third extraction and strip
operation. The aqueous raffinate from this section passes to the effluent
tanks for discharge to 'sea-, and the solvent, loaded with plutonium and
uranium, passes to the "splitter" boxj -where, the plutonium is reduced to the
inextricable trivalent state, and passes^into the aqueous phase, the
uranium remaining in the solvent. The uranium is then backwashed from the
solvent with nitric' acid and is then pumped to the Billet .Production Plant.
The aqueous solution containing plutonium from the third cycle then passes
to a conditioner, where it is converted to Pu(lV) by treatment with sodium
nitrite, and flows to the fourth cycle, where it is freed from iron^ and
the last traces of fission products. : The plutonium 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 \7indscale tfdries, for conversion to metal*

The- uranyl nitrate solution from the third cycle is-processed to metal
in the.Billet Production Plant, as already described in Section III, and
the metal then is sent to the Fast Reactor/Fuel Fabrication Plant.

There are' two solvent treatment processes» TJashing of the first
cycle solvent is carried out in four, horizontal-,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 solvents are treated in. ;two.. similar mixer settlers being
first washed with sodium carbonate, and then nitric acid solution. The
aqueous waste passes to effluent tanks for discharge to sea. The aqueous
"ra'ffinates from the first and seco~nd.,cycles, flow through.pipes in an
underground duct-to the Hdghlj1- Active -"Evaporation and Storage Plant. This
plant is constructed to the same standards, as the Evaporation Plant at
Y/indscale, already described in Section II.
Operational Experience

As originally1 designed and installed, .the operations in the breakdown
cave; after lead melting and element withdrawal̂  were carried put in a
water tank'to preclude any possibility of a. uranium.'fire'initiated 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
àë air atmosphere. Operation of the breakdown cave under active conditions
has been generally satisfactory. The operation of the continuous 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 process. The new fuel has a
high molybdenum content and to prevent precipitation of molybdenum compounds
during dissolution a batch dissolving process is required. It was decided,
therefore, to install a titanium batch dissolver in 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 consuming operation in the breakdown cave is the
removal of uranium from the vanadium inner tube. Vanadium must be removed
from the fuel to prevent accelerated corrosion of the stainless steel
dissolver. The use of titanium for the new batch dissolver allows the
vanadium tubes to be fed to the dissolving process eliminating the need
for this fuel preparation step. This plant, like the Material Testing
Reactor Separation Plant, depends on process sampling for its control.

The in-line pulsed mixer-settlers in the solvent extraction process
present no operational difficulties, This equipment can be arranged with
economy in building space and all the ossociated moving parts requiring
maintenance can be placed in easily-accessible positions in the amber area.

In the original installation, two monitors were positioned in the 2nd
and 3rd cycle raffinate lines, to detect any loss of uranium from the plant.
These could only detect 0*1 g 11235/!., and as a result small quantities of
fissile material could be lost. Later two Y sbsorptiometers were installed
to show any trend of variation in the concentration 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 occur* 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 when, to prevent
the precipitation of Mo at the dissolution stage, the feed solution is
adjusted to about 1M in Fe+* .

The overall decontamination factors achieved, Ref. 6, are somewhat
better than those predicted from development work, e.g. the Cycle 1 DFy
ranges from 14- x HH and, in contrast to general experience in TBP
systems, the DF for the first cycle is not strongly dependent on feed
activity. As pointed out in Hef. 6, this could be due to the competitive
complexing of DBF by iron. As found on the Uindscale plant̂  a fall-
off in DFy in the first cycle is compensated for to some extent by
improvement in the second cycle.

The Future Programme Requirements
4*1 The Fast Reactor Programme

The nominal programme predicts that 20,000 Mtf(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 paramenters) « The annual
turn round of Pu is about 30 tes,

The reprocessing of such large quantities of valuable fissile material,
demands special consideration of plant reliability. Because the supply
of fissile material is a limiting factor in the number of fast reactors
that can 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
uneconomic 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 eiiiier one of these facilities would have a serious
effect on the national economy.

It is therefore of paramount importance that plants should give high
utilization factors and 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.

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 process designer.

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

(i) Fuel Transport
(ii) Puel Breakdown
(iii) Reprocessing Routes - Solvent Extraction, Pyroreetallurgical

and Fluoride Volatility
(iv) H.A. "\7aste Storage
(v) Liquid and Aerial Bffluent Treatments

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 nuclear 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 economy.

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

The work is not sufficiently 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:

126



(i) Fuel Transport
Reliable containment and cooling even in accident
condition

(ii) Fuel Breakdown
- (iii) Fuel Dissolution - the need for high throughput nuclearly

safe equipment
(iv) Solvent Extraction - suitable short residence time

contactors cf high reliability
(v) Iodine suppression or removal

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

(vii) H.A. 4aste - Evaporation and permanent Storage
These major items will require study for both oxide and carbide fuels

and must take into account the possible evolution of fuel element design.
»2 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 confidently be predicted that the
principles of a successful process can now be set down.

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

This new plant 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 End facilities for each category of
fuel, followed by a common reprocessing plant, designed to facilitate
segregation of enrichment 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 are:

(i) Grind - Leach - Filtration
(ii) Burn - G-rind - Leach

(iii) Chemical Attack
vShen the R. & D. programme is launched, all three of these routes,

together with others being assessed, will be evaluated to narrow the
field. Meanwhile, only limited amount of work is proceeding in this
field.
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STATUS REPORT ON FUEL REPROCESSING EXPERIENCE

ÀØ) REVIEW OF PROGRAMME IN INDIA

N. Srinivasan , India

Abstract.

Experience in rapmcessing natural uranium metallic fuel
fro» a heavy water moderator research ««actor has been gained in
a deeonetration plant at Trombay. A 50O kilogrssa per day plant for
reprocessing BWR and Candu type fuels is ander construction. A
demonstration reprocessing plant for fast reactor fuel ie planned*
Development work on a inodeet scale Is in progress on direct chlorl-
nation volatility process, recovery of neptunium free power reactor
fuel, use of trilauryl amine for solvent extraction of plutoniura,
investigations on suitable partition agents and separation of
uranium 233 from irradiated 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 irradiated in the CIRUS, a
40 MW heavy water moderated research reactor» This plant has been
in operation since 1965 „ 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
power programme also includes the setting up of a fast breeder
test reactor at Kalpakkara0 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
(2)power reactors is conditioned by the urgent need for plutonium

for the fast reactor programmes 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
account 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
lines impose limitations for rail transport of irra^ated 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 suitable nuclear power stations appears
to be the solution at least for the present, transporting
irradiated fuel from nearby nuclear power stations wherever
transportation 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 àÜîòå 1 tonne per day capacity, according to present
day prices and skilled labour costs. The capital investment for
an aqueous reprocessing plant follows the approximate relation
Êç„ 75 x !06<MT/day)°°4 (Rs. 7.50 = $1). Cost of reprocessing
one kg uranium in India follows approximately the relation
Rs. 66 (MT/day)K °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 O.17 p/Kwh when the capacity is increased from 10O kg to 500 kg
per day. Thereafter the decrease is marginal: O.12 p/Kwh for aO-Ofefe1 tonne & day plant and ̂ ifwj p/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
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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 available 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 a location from where transportation of fuel should be
feasible. By the present analysiss transportation to this
plant should be feasible from a power station accessible by
road from a railhead in Central or Northern India. Similarly
transportation 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 28000 MWe installed capacity
can be processed.

The research jtnd development programme in fuel reprocessing
has been on a rather modest scale. Apart from collection of
equilibrium data and stagewise separation information pertaining
to the co°extraction of uranium and plutonium from fuel solution

(31obtained from BWRVJ' and CANDU type irradiated fuel, the work
so far carried out and in progress includes investigations on the
oxidative deeladding of zircaloy clad uranium oxide fuel elements

o-v\dL
the preparation j>fthe use of uranous nitrate for the partition
of plutonium from uranium , the use of TLA for extraction of
plutonium , the recovery of neptunium from irradiated fuel
solutions and the direct chlorination volatility separation of
uranium and thorium on the one hand and uranium and plutonium on

...the other
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the other from their oxide mixtures . 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 ch1î ride vo1a t i1 i ty
process have been carried out with sintered UO ThO pellets
both unirradiated and irradiated» The procedure involves
chlorination of the mixture ̂ifter oxidising uranium dioxide to
èë)_ââé4 oh1urination with a mixture of chlorine, carbon tetra
chloride vapor and nitrogen in the ratio of 4;1|1 at 7OO to 750°C.
The chloride vapours volatilising out of the chlorination zone
pass through an alumina bed at 300 to 350 Ñ followed by another
alumina bed &t 200 Ñ and finally on to a sodium chloride bed
at 250 to 300°C. Thorium chloride was absorbed in the first
alumina bed and uranium 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
rutheniuir chlorides were held in the first alumina bed and
zirconiums molybdenum and niobium chlorides reached the sodium
chloride bed. Only zirconium chloride was absorbed on the
sodium chloride bed at 250°C but at 3OO°C more than half
escaped absorption,, Protoactinium chloride was held quantitatively
in the sodiym chloride bed î The decontamination factors obtained
were encouraging.

In similar experiments carried out with 00 =PuO , the
little amount of plutonium chloride formed was retained in the
alumina bed and separation factors of 2000 for plutonium in
uranium were obtained» Recovery and purification of plutoniura
by chlorination was not attempted.

The investigations on the recovery of neptunium in
in Purex process included the effect of acidity and nitrite
concentration 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,
very little neptunium follows the plutonium. Further
investigations in this area are directed towards the possibi-
lity 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 oxide8 dissolution of the pellet powdered
to minus 200 mesh in boiling 13M HNO - P.04 M HF was
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 60 g plutonium/litre.

The studies on the oxidation of zircaloy included
the influence of moisture and temperature on the time
for completion of the oxidation. In the oxidation of sintered pelle-
ts ©f- U0_ to U,0 the optimum temperature was found to be2 3 î
500°C9 the reaction being slower at lower or higher temperatures.

Investigations on trijauryl amine as an extraction
_agent for plutoniyju generally confirmed the published informa-
tion. The aliphatic ""Shellsol Ò" and xylene were used as diluents.
With an aqueous phase acidity of 2M HNO and 20% TLA, Kd values
of 700 and 300 respectively were obtained. Limiting concentra-
tion of 5 g Pu/1 in the organic phase was obtained with
Shellsol Ò as diluent whereas with 27 g Pu/1 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 pltstonium oxalate
from acetic acid-nitric acid or sulphuric-nitric acid medium, more
than 99 % recovery was obtained with throughputs of 180 and 600 g

.o.Pu/hr
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Pu/hr in a 6 cm diameter precipitation column (height between
slurry outlet and supernatant outlet 25 cm). The carryover
of precipitate in the supernatant was less than 1 % 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 thorium have led
to the 'design of a small semi-pilot plant for the recovery of
uranium 233 from irradiated thorium and thorium oxide* This
semi = pi lot plant will be erected shortly.

Among the development projects planned for the immediate
future &T& 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 reprocessing, Work is in progress

on in-line measurement of uranium (colorimetry) plutonium (neutron

counting^, and fission products (gamma spectrometry)0
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"Reprocessing of highly Irradiated fuels - some altcrnatlvee"

N« Srlnivaean, India»

Abstract,

The paper discusses- the problems of the presently
known methods of reprocessing» both aqueous and nonaqueoue
and presents A hybrid flowsheet selecting the most suited
process for each step of the flowsheet. The flowsheet suggests
shearing of the fuel, oxidative removal of volatile fission
products, nitric acid dissolution, emlne extraction of plute-
niun and fluoride volatility decontamination of uranium
consigning high active waste to the fluorinator solid
residue.

137



Historically fuel reprocessing has gone through a wide spectrum
of conceptual evolution. The "Bismuth phosphate process" served its
immediate purpose of providing atleast one method of separating the
plutonium formed by the irradiation 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^) »
Progressively ether and hexone were replaced by tributyl phosphate
as the solvent and the oaPurex process" using TBP in a suitable diluent
is almost the universal aqueous process for fuel reprocessing. The
limitations of this process due to solvent damage in intense radiation
fields and the problems of criticality and the fact that the fissile
material has to be dissolved and then reformed! to 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 uranium and plutonium
between a molten salt mixture and metal alloys. Extensive
operational experience in reprocessing of thermal reactor fuels

.a.irradiated

*Íåà<19 Fuel Reprocessing Division, Bhabha Atomic Research
Centre, Trombay» Bombay-85 AS
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irradiated upto 209000 MWd/te has established the economic
acceptability and technological superiority of the Purex
process (with modifications to suit 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
reprccessingo The irradiated fuel loading for the liquid metal
cooled fast breeder reactors (IWFBR) 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
che interest on fuel inventory,, Short cooling decreases doubling
time also» On the other hand 30 days cooled LMFBR fuel
irradiated to 1O09000 MWD/T at 200 kw/kg will have a total heat
generation rate of 310 watts/kg compared to 805 watts/kg from a
150 days cooled LWR fuel irradiated to 20000 MWD/T at a
specifie power of 15 kw/kge This influences the processing
method due to the anticipated degradation of process reagents
in this 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 Douareay processing high burn up

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

built a plant based on aqueous processing for reprocessing
plutoniura 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 Laboratory9U.S0A,

Considerable stress is being laid on the radiation
and heat generation problems in shipping irradiated fuel after
cooling for only 20 days. Heat generation is 40-50 times that
for LWR fuels cooled for 3=4 months» Criticality considerations
restrict quantity shipped and the storage facilities may require
sodium coolingo Hence on-site reprocessing by dry methods and
offsite refabrication are considered advantageous. These problems
are however common for all methods once the need for short cooling
is established. Studies have shown that on site reprocessing by
aqueous methods will also be economical for fast fuels unlike for
thermal reactor fueIs9 the difference arising mainly out of the
higher cost of transport of irradiated fast reactor fuel.

It is contended that the problem of radiation and heat
generation cannot be alleviated 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 is entirely
feasible. Further, mixing of isotopes is of no major significance
for recycling the plutonium.

..«Comparison
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Comparison of aqueous and dry processes

The special problems of aqueous processing of fast fuels
are the head end preparation of the fuei9 solvent degradation,
criticality problems and the disposal of Iodine 131 and xenon
133 and the problem of tritiuro in the waste stored in aqueous
processes. Fiuoride 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 containment required for fiuorides and fluorinating agents
the cell volumes are less and the overall cost is expected to be
6O-90 % of aqueous processes for oxide and carbide for 0,08-0.8
tonnes per day» Tha 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
to plutonium bearing fuel are those of handling and behaviour
of plutonium in plant scale equipment, the insufficient informa-
tion on decontamination factors for plutonium and engineering
components for the process» Solutions to the clogging of off
gas filters in plant scale equipments decontamination of
plutonium from fission productsý the separation of plutoniura
from uranium and its quantitative recovery and the behaviour
of ruthenium may not be as near as assumed. While theoretically
many schemes are possible for solving these problems none are
developed enough 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
aqueous processes merits serious attention.

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

available in literature is conflicting as parameters have not

..been properly
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been properly isolated and normalised and the procedure 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. It appears that upto a dose of 1 whr/1 there
is no significant retention of plutonium in the solvent nor any
appreciable fall in decontamination factors. Experiments
where the solvent was subjected to 20 whr/1 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/litre/cycle) and can be reduced
further by operating a dilute flowsheet with 15 1 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 reprocessing
short cooled LMFBR 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.

Suggested flowsheet and alternatives

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

(Ä)A trend has already been set by the "Aquafluor" process and this
can well be the forerunner for flowsheets which combine aqueous
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

..volatility
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volatility process is eminently suitable for uranium processing
and is capable of high decontamination factors, but the problems
with plutonium separation and purification are not so simple.
The salt transfer processes apart from being less well demon-
strated have lower decontamination performance than the fluoride
volatility 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
remove the disadvantages of the aqueous method. Accepting solvent
damage as a significant limitation, one could find ways of mini-
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 1009000 MWD/t« cooled for 30 days and
that of LWR fuels irradiated to 20S000 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 .

It is reported that the radiation degradation products
from amines are less troublesome than those of TBP. 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
solutions» 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 plutonium. No aqueous high active wastes are

...generated
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generated as the fission product removal is confined to the
dry part of the flow sheet*

A conceptual flowsheet with different alternatives for
each step is shown in Figure 1. In addition to the steps
discussed earlier,, an additional 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 pyrochemicai reprocessing. Chop leach process is well
established and compact shears are being developed for the fast
reactor fuels . The problem of criticality at the dissolution
stage can be surmounted by fixed poisons. While fuel containing
less than 25 % PtiO dissolves without difficulty in nitric
acid an intermediate step of oxidation may well improve the
dissolution. Such a step may also enable the release and
containment of the volatile fission products in a small volume

8̂)suitable for storage and disposal
The feed pretre&tment with permanganate and manganous

salts leading to the precipitation of manganese dioxide and
•che. scavenging of zirconium-niobium 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 precipitate 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 so successfully used in Frances other amines as for instance
di(tridecyl) amine are found to have superior properties especially
for application to high burnup fuels

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 fluoride 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 premature to attempt any economic

evaluation of such a conceptual flow sheet some semi-quantitative
statements can be made on the cost aspects based on available
information. Adopting the figures in ANL 7137 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 $ 408 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 aqueous plant. By an extension of the same reasoning
operating costs will be Intermediate between those for the two
processes probably closer to that claimed for the volatility
plant.

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

...capital
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capital 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 % 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 between 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 reprocessing of highly irradiated fuels.

References
1. S.M. Stoller and R.B. Richard, Ed., Reactor Hand Book, Second

Edition, Vol. II, Fuel Reprocessing 1961 - p.227.
2. R.H. Ailardice, "Reprocessing of Fast Breeder Fuels by Aqueous

Methods Part I - Reprocessing of Fuel from Dounreay Fast
Reactor", Kjeller Report KR-126.

3. C.A. Blake Jr. "Solvent Stability in Nuclear Fuel Reprocessing"
ORNL - 4212

4. W.H. Reas "The Aquafluor* process", Kjeller Report KR - 126.

3. R.C. Weber "The Removal of Radioactive Zirconium and Ruthenium
from process solutions: Permanganate treatment" Prog, in
Nucl. Energy Series III Process Chemistry (Vol. 2), 1958.

6. D.E. Ferguson et al Chemical Technology Division. Annual 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

...Ibid

146



8. Ibid p-41
9. Ibid p-54
10. Mo Levenson, et al.9 "Comparative cost study of the processing

of fast breeder reactor fuels by aqueous volatility and
pyrochemical methods" - ANL - 7137.

147



Fig. 1. A conceptual flowsheet for reprocessing highly irradiated fuels
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ABSTRACT

A FyrochGKtical Separation of Plutonium from
Irradiated Fuels

M ÓÇßA< Avogadro*, J»Go Wurra"

Ths described pyrochemical flow sheet is based on a hybrid molten
salt-aqueous fual cycle for the separation of plutonium in high buruup
fuelsc A plutoniuin concentrate is extracted on the reactor site by weans
of a molten, salt madia and its final purification is achieved by an aqueous
teat hod,

Ths pyrocheirdcal reactions involved proceed in two steps :
- the chopped or dacladded fuel is first submitted to an oxydatlon-

desagregation á'ñåð with molten NO,Na in which iiisolubls urauafces and
plutcnates are foriaed

« in the second step the uranates and plutonates in suspension in a
chloride flux (MgCl^-NaCl) are submitted to an ÏÑ1 + 0„ oxy-chlorinatic;
reaction which transforms the uranate into soluble ØËÑ1„ and the plutos
into insoluble PuO_« This latter is separated by filtration and purifif
through an aqueous method. The uranium is recovered as UO. through an
MgO precipitation.

The hybrid fuel cycle corebines all the advantages of dry and aqueous
methods together and ruinimizes their respective disadvantages. Therefore th<
pyrochemical Head End combined with an aqueous process for final purificatioi
opens the way to shorter cooling times ; reduced fual 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 irradiated Fast Breeder Fuels, Both ways ar«
described and discussed*
x CCR Euratom Ispra, Italy
ê» CCR Euratora, present address, C.E.N.-S,C»K*, Mol, Belgium

Head of the Reprocessing Project
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In this communication we would like to analyze an aspect of the reactor
fuel cycle which, concerns the recycling of the produced plutoniuau We will
consider only the part of this cycle outside the reactor, between unloading
of the spent fuel eleisent and returning of a new purified and regenerated
element in the reactor.

Figure 1 illustrates schematically the succession of the steps
constituting the actualljr envisaged fuel cycle : the fuel, unloaded from
the reactor, is submitted to a cooling period of 3 to 4 months arid is then
sent to the central reprocessing factory where uraaiuia and plutonium are
decontaminated by organic solvent. After uranium separation, plutoniuci
passes on to the next step, consisting in mixing Pu with natural or slightly
enriched U and in refabrication of the fuel eleaente The depleted uranium,
of which the fissile value equals zero, is separated from the cycle and
stored.

Figure 2 represents the fuel cycle considered in this study and based
ou a ndxed treatment system^ This system is constituted of a first stage of
extraction and pyrochemical concentration of plutoniutn, executed on the
reactor site after a short cooling period (about 1 month), followed before
refabrication of the fuel element, by a final Pu purification ia a specializec
plant. We want to demonstrate 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 suramarizes the most
important advantages and disadvantages of both reprocessing msthods4 The
main handicaps of aqueous reprocessing are the duration of the operation
cycle and solvent degradation. On the contrary, a hybrid system ; a ccmbinec
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 fluorination

Since the dry and aqueous treatments are mutually independent, they
can be performed at two different places,. As an illustration, tv?c typical
cases for which the Pu extraction at the site of the reactor is "a priori''
economically interesting, can be cited»

rrc actor s

Fuai discharged from these reactors contains appreciable PuO, quantities
(0*5 - 1 70) justifying recovery, while uranium, having a negligible fissile
value, nay be separated froa the cycle and stored* This problem i« of
interest for those countries constructing power reactors of this type but
which do not dispose of a processing plant or perhaps only one central plant
but far away from the power reactor. In order to recover small quantities
of Pu, the fuel elements will have to be transported over great distances and
consequently the cost price of Pu will he considerably influenced.

2, Fast reactors

Tha problem of fast reactor fuel differs from the foregoing. Indeed,
these fuels contain about 20 7* Pu and consequently the inventory costs are
very high when the recycling time is long. The cooling time must be kept
as short as possiblee Moreover, the fuels have been submitted to a high
burnup and to a high specific power. Consequently tha radiation intensity,
the generated heat, the high fission product concentration, the presence of
sodium either attached or accidently inside the fuel cans, the presence of
large amounts of iodine and tritium as well as volatile fission products and
nevertheless the high plutonium concentration of the fuel create a series of
new problems if the fuel is to be processed by an aqueous method.
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Therefore a pyrochemical 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 aqueous purification of an already
predecontamir.ated 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 / 1_/ ]_ 2_/.

In summarizing we can say that the choice of the proposed hybrid fuel
processing depends on local economic conditions which are different in every
country,

In this paper only a technical approach of the hybrid method is given.
An economic investigation 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 a reaction of selective
chlorination o the fuel» The whole of the separation flow sheet is based
on the following three unit operations (see Fig. 3).

The first unit operation consists in a complete fuel disaggregation
(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 a finely dispersed product, compos*
of alcaline uranates and plutonates which are insoluble in this bath. The
foregoing reaction can be schematized as follows :

—— » Óà2Ø4 (Na2pu(V + 2Ø2

At a relatively low temperature, this oxidizing disaggregation presents
several advantages :
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The reaction is selective with respect to the fuel ; therefore the cladd:
(stainless steel or Zr alloy) is not attacked. This phenomenon can be
used for combining disaggregation with decladding,
The cladding &ad fuel separation is facilitated by the fact that the
oxidation reaction is accompanied by an in.crea e of the fuel volume
detaching completely the fuel from the previously sheared ñàï* The
emptied hulls can easily be withdrawn from the bath by raeans of a
perforated basket.

This decladding and disaggregation phase is followed by a separation
of precipitate and solvent. After being readjusted in nitrates or peroxides,
this solvent can be recycled several times. The uranate-plutonate precipitat
is than suspended in another solvent composed of molt<m chlorides (e«g- KCl"
LiCl or MgCl?-NaCl) and is thus ready for chloriixationo This second operatic
consists in transforming the uranate into a soluble oxichloride by a. selecti\
reaction leaving Pu in the batch as an insoluble precipitate. The latter cai
be recovered by simple filtration» This transformation is realised by a
gaseous mixture of KCl and 0» solubilizing uranium following reaction (2)
and trans forming Pu into PuO? following reaction (3) :

(2) Na2UO^ + 4 ÈÑ1 —— * 2NaCl + U°2C12 + 2H2°
(3) Ka2Pu04 + 4 KCl (02) —— * 2NaCl + Pu02 + C12(02> + 21^0

Indeed, according to the realized experiraents, reaction (3) can be
explained as being the result of two stages : in a first stage, an intermedia
oxichloride type soluble compound of Pu is obtained ; in a second stage, this
compound, which is not stable in presence of a high partial 0. pressure
decomposes completely into PuG- + C1-. 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 sGXxture resulting from chemical disaggregation by nitrates is
brought in an ideal physical and chemical state for the next chlorination
stage. Indeed, the finely dispersed fuel is better adapted to the reaction
heterogeneous chlorinatiou solid gas. On the other hand, from the point of
view of chemical theraodynamicsuranote is more easily chlorinated by HC1 tha
U0«, while Pu remains insoluble in the chosen chlorination conditions. As s<
as uranate is completely solubilized, the Pu precipitate is recovered by
filtration.

The last operation consists in recovering uranium from the filtrate and
precipitate as fin insoluble oxide. This precipitation was realized by reduc'
of the uranyl with ammonia at 700 °C or, even better, by precipitation with
MgO at 450 *C.

+ 6KG1 + .3W,,

U02C12 + MgO —— » Ø3 + MgCl2

This second precipitation is the most advantageous one avoiding a gaseoi
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 operations with
uranium only, simulating Pu by Th or Ce. At the Euratom Trans Uranium Ins tit
at Karlsruhe we controlled Pu behaviour in the same working conditions. Sint
pellets, on basis of oxides (10 to 20 % Pu09) have been used as starting
product for these experiments.

During the phas<? of disaggregation with nitrates, the behaviour of IKL-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 reaction time (90 rain).
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Separation of the fuel from the sheared can by this reaction, must stil
be confirmed with a really irradiated fuel. It can however be guaranteed tl-
this oxidation reaction can be realized at 450 *C, within a reasonable time
( ̂  90 min) > for any composition of the fuel, on basis of mixed oxides at the
reactor outleto We did not perform any experiment with mixed carbides
(UC-PuC)» The experiments done with UC only however showed chat the reactic
of carbide with the molten bath of nitrates is very violent, Consequently
the nitrates have to be diluted in order to control the reaction and to keep
the temperature of the batch below 500 °C. As a bath for disaggregation aud
decanning of the carbides we used the molten mixture KaOH-NaNO.,, or even bet.
the TQolteu eutectic LiCl-KCl to which was added the quantity of nitrate
required for oxidation. This second possibility offers the great advantage
of permitting to realise the first two operations (disaggregation and dissol
of U) in the same vessel and with the. same solvent. The product of the rcsc
of carbides with the oxidising bath is the same as the one of the oxides,
carbon contained in the carbide is indeed completely burnt by the molten bat

Up to now 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 / 3_/ effectuated by reaction of PuCL in a 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 KCl 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 fi
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 à ÍÑ1-0„ mixture as chlorination agent.
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Fig. 5 shows the dissolution rate of uranate. for increasing CLairounts in the
gaseous mixture, VJe can see that, with a sufficient speed, it is still poss
to dissolve uranate even at 90 % CL, we have chosen 80 % 0 concentration to
perform the U-Pu separation tests. Two tests, with 15 % and 20 7, PuO?
respectively in solid solution and mechanical mixture, confirmed total
solubility of urr.nate after a reaction of 90 rnirt. parallel^ analysis of Put
soluble in saltSj, was above the measurement limit. In order to verify
solubility of plutonium in molten salts, we proceeded to supplementary
disaggreg.ation and oxichlorination experiments with PuO only. After attack
of the nitrates, solubility of Pu in the excess salts was 80 ppra ; after
oxichloriuation in normal conditions, 1,050 ppm Pu were still detected in th
chloride bath. It is estimated that this phenomenon is largely due to the
PuO~ fir.aly dispersed in suspension in the bath and which passes through the
filter (porous glass)» An addition of Al 0 powder into the melt reduced to
Pu values to less than 500 ppm. Therefore the presence of the Pu in. the me I
was rather due to a dispersion of small Pu insoluble particules. The last
stage of the flow sheet consists in separating uranium in oxide form. This
separation can be performed by electrochemical methods which consist in
depositing Ø„ at the cathode of an electrolyticai cell ]_ 4_/ J_ 5_/^
Precipitation, of U0? in molten salts by reduction with H or dissociated NU
has also been studied by several authors ]_ 6_/. VJe did not perform any
particular test on these already well known and experimented methods. On tlv
contrary, we studied the possibility of precipitating uranium under form of
U0_ by addition of an oxide.

Fig. 6 gives two examples with MgO and ZnO. It can be 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<
(UO ), 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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la the preceding, we presented the pyrochemical step which constitutes
in fact the original and new part of Lhis hybrid method. This jriethod is
mainly conceived in order to realize a quick and efficient separation between
Pa and U. It is understood that the so separated Pu ir.ust undergo a final
purification in order to avoid remote re fabrication» The stage of final
purification of Pu can be realized without any other modification either by
known and experimented aqueous methods or by fluorination.» Since the pluLcnii
concentrate is already partially decontaminated, the final treatment is
distinctly simplified,, Indeed, durii'ig the analyzed flow nheefc, we obtain a
partial decontamination at each operation. In the disaggregation phase the
volatile fission products (Xe, Kr, Ru, I^and Òå) are eliminated. In the
chlorination phase, certain fission products (rare earths, Cs and Sr) are
soluble in the molten bath, separating this way froai the plutonium precipitate
The other fission products can be precipitated vith uranium 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 I

PROCESS ADVANTAGES DISADVANTAGES

Dry process

enî

very short cycle
compact installation (can be integrated
with the reactor), radioactive
effluents under solid form, small volume-
and easy storage
no radiolysis problems
reduction of cooling time
very limited iirmobilization costs
limited criticality problems

incomplete decontamination
(refabrication after the protections)
more difficult choice of materials
necessity of controlled atmosphere

Aqueous
process

excellent decontamination
no great material problems
the decontaminated fuel is already
prepared for reconversion
(coprecipitation, sol gel, etc.)

radiolysis of solvents
and long cooling time
important costs for immobilization
of fissile material
long operation cycle
rather important investment and
exploitation cost
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FIG, 3 FLOW ÇÚÒÅÒ IK THREE STEPS
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FIG. 4 : BEHAVIOUR OF URAHATE AND PLUTOMATE DURING CKLC3 NATION IN KCl - LiCl AT 400 9C
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FIG. 6 : U03 PRECIPITATION
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ABSTRACT

LIQUID METAL DECAYING OF HIGI2.Y- IRRADIATED
U02-Pu02/STAIi:LESS STEEL CLAD FUELS

û WMJ«G. Wurnf , 11* Payricsat

A new decanning process for fast breeder fuels of the U02-Pu02 /stainless stee
type has been investigated»

The method is based on a selective dissolution of the stainless steel claddin
material in a liquid raetal solvent composed of Sb-Cu (23 wt.7,) at temperatures
between ßÎÎ « 950 *C0 The stainless steel dissolution rates, x^hich vary between
40 and 60 wt.% are strongly temperature dependent. The crucible material is
composed of graphite. The fuel UO.-PuO- is separated from the liquid solvent all
by filtration* Kicroprobe examinations have shown that after solidification the
structure of the solvent alloy including stainless steel is rather uniform*

The dissolution rates of different nuclear stainless steel types and nickel
alloys have been investigated and are compared,

This liquid metal dissolution process offers ïàïó potential advantages
the mechanical or chemical decladdding methods, particularly for highly- irradiated
fuels.

The presence of Ka would not be of great concern since Na is slightly soluble
in the Sb-Cu alloy.

The canning dissolution can be performed directly without disassembling the
fuel eleraento Therefore the costly fuel element preparation steps will be rhort

Furthermore, the fission gases are evacuated and condensed in minimum volumes
Also the solvent alloy Sb~Cu loaded with a maximum of stainless steel is easily
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 Euratora, present address, C.E.Ne-S.C«K,, Mol, Belgium
Head of the Reprocessing Project

jot CCR Euratom Ispra, Italy
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INTRODUCTION

Reprocessing of highly-irradiated fuel introduces a series of new problems
which uust be solved with newly developed techniques (1),(2).

In view of high burn-up and short cooling tir^es of the fast breeder fuelsy
this is of particular importance for the cievci&pr.ient. of new head end processes»

In such a context, fuel decanning holds a key position» At the time the
present work was initiated, it was already foreseeable that decanniitg of fast
breeder fuels by conventional methods might be a very difficult task.

Considering the problem of heat generation and the presence of sodiura, eithei
attached or present as a thermal bonding, we therefore ruled out mechanical
decladding. After careful examination of the existing possibilities we decided t.i
investigate the problem from the metallurgical point of view. Therefore the purp<
of our programme was to search for a solvent octal or even better, a liquid seta!
solvent alloy for the dissolution of stainless steel and the higher nickel alloys.
Shortly after the work was started, Argonne National Laboratory mentioned in thai?
conceptual flow sheet of the "Salt Transport" the use of zinc for the stainleca
steel decladding (3).

A Russian team : Novoselov and al (4) described a thermal method for
decladding stainless steel canned fuel elements. By this method the fuel element
is heated up to 1700 *C and the molten stainless steel is separated from the fuel
by filtration. However its scaling up has still to overcome very severe material
problems at these high operating temperatures.

Our first approach went through a theoretical investigation of the liquid
mstal 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,70,
The dissolution temperature had to be inferior to 1000 *C in order to minimi2
engineering problems such as e.g. furnace construction.
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The dissolution kinetic had to be fast enough.
The liquid netal solvent had to be selective for the canning material
(a chemical attack of the fuel could not be tolerated).

-The nv&ltir.g point had to be low and the fluidity good enough for separating
purposes from the fuel,
Volatile ratals had to be excluded»
The solidified solvent alloy had to be appropriate for easy storage.,
The price had to be inferior to 1 $ / kg,

Considerin3 these severe selection criteria, it was obvious that the number
of metals to be retained was restricted. Therefore we discarded all alcaline,
alcaline earth, rare earth and noble raetals» Ue discarded also zinc and nagnesi
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 insoluble. Finally we retained fou
basic metals :

Al - Cu - Mn - Sb
0 « «

Then we compared the phase diagram of each basic metal with Fe-Cr-Nie We
concluded that ËI 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 jSb revealed itself as an ideal solvent for stainless steel and
we retained it as our first priority solvent rs&tal. Hoxvever, since stainless st
has a simple austenitic structure, but must be considered as a raulticoniptment al
with many other additions such as Kb. and Mo, it was obvious that Sb alone could
not provide an optimum solution, Ë binary or even ternary liquid ir.atal solvent
could more easily be optimized and promised to be more flexible for dissolution
of the different stainless steel varieties and nickel alloys to be considered 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 arc summarized in Table I*

In the present work we consider only the binary alloys Al-Cu and Sb-Cu ;
all other binary alloys are less efficient* The phase diagram Al-Cu is very

complex on the Ñè-rich side and therefore we consider only the Al-rich side aroun

the eutectic with 67 wt.Z of Al (Fig, 1).

The phase diagram Sb-Cu presents almost an ideal situation. Ou the Sb-rich
side the solidus line goes from 50 wt.% Sb to pure Sb at 526 "C with a wide open.
liquidus line over it. The eutectic at 76,5 wt.% will be the "working area" for

the liquid metal solvent (Fig. 2).
I

Two ternary alloys are of interest :

(a) the ̂ b-Cu-Al with Sb as the major component ;
(b) the Al_-Cu-Sb 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 a Heraeus vacuum furnace (Fig. 3)
with water-cooled walls. A vacuum of 10 Ton can be obtained through a diffuoio
pump (D 2000), a root pump (Rg 350) and a DK 5 primary pump connected in series.
The induction heating system (Fig. 4) (10 k "Hz) is connected to a rotating ?TEL
generator of 50 kW, The crucible, containing the liquid metal solvent is msde 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, measurements are carried out under ar,
atmosphere at normal pressure. Once the Sb-Ct? solvent is molten, the temperature
is maintained at a fixed point : the stainless steel sample is lowered into the
liquid metal solvent and rotated. After a fixed tine (nin) the stainless steel
sample is retracted from the colt en bath and cooled to roon; temperature. Ths wei<
difference gives the dissolution rate at a given tine interval.

RESULTS ATO DISCUSSIONS

Three liquid metal alloys, Sb-Cu 10 wt,%, 15 wt.% and 23.5 wt.70 have been
investigated at three temperature levels, 850, 900, 1000 °C. The stainless steel
AISI 304 L cane from Ugine-Xuhlmann (corresponding type NS 22S)«

The experiincntal results given in Table II are represented graphically on
Fig. 6 and 7« The dissolution rates are plotted in vt.% of stainless eteel in the
Sb-Cu alloy against dissolution titr , at different temperatures. Beside the 304 I
type it was interesting to know the behaviour of sone other potential stainless
steel types and nickel alloys such as AISI 310, 42C, 431, 316, 309 SCE and 330.
The results of these experiments given in Table III are also shown graphically
in Fig. 8, 9, 10 with three basic liquid tcetal solvent alloys : 10, 15 and 23,5 wt
Cu at 1000 °Ce The curves from Fig, 6 and 7 recall a very normal dissolution
procedure. For a given temperature, the dissolution rate at the start is almost
linear 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 reproducibility of these curves can only be obtained if the exper Iner.t
are carried out under similar conditions. In the vicinity of the stainless steel
sample in the liquid metal bath, a concentration gradient is very rapidly establis
Since diffusion of the liquid raetal solvent into stainless steel is rather 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 becomes
indispensible. Rotating of the sample was chosen for simplification of the
experimental set-up. In all experir.«nts rotating speed, geometry and ir.mvers«d sur
of the sample have been kept identical.
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From Fig. 6 and 7 it becomes evident that t*«?o main factors have a narked
effect on the dissolution kinetics and the saturation point : first the bath
temperature and second the liquid alloy composition.

Tgr.iperr.tu.ru

The temperature influence on the dissolution kinetics is mare accentuated
in the upper temperature region as it is shown by the following «cample,
For the Sb-Cu (10 wt.%) solvent alloy and the 304 L sample a temperature ri:
of 50 *C between 850 and 900 *C increases the dissolution rats only by 5 'L
but a temperature rise of 100 °C between 900 and 1000 "C increases the
diesolution rate by almost 20 %. In practice, a reasonable temperature rag:
for an acceptable dissolution rate o GO \;t.% will be between 950 and 1000 '

However, short tine temperature excursions up to 1050 "C or even 1100 °C
should even be more favourable for the dissolution if the furnace coastjruct:
allows so,

Competition 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 v,'t.73) solvent alloy»

The influence of the solvent alloy composition on the dissolution rates is
even better illustrated by Fig» 8, 9 and 10, which give a comparison of
various stainless steel types.

In Fig. 8 for example, with a Sb-Cu (10 wt«%) at 1000 "C, the lower nickel
stainless steel types such as 309 SCB, 304 Ls 316 L and 431 have a very good
dissolution perforraance(^60 wt.%). The inediua nickel stainless steel types
such as 420 and 310 reach their saturation point between 40 and 50 wt,^, an<J
the type 330 high nickel alloy reaches ite saturation point even at 20 vt.%.
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In Fig, 9 with a Sb~Cu (IS %) solvent alloy at 1000 °C the dissolution tate;
of the low nickel stainless types 309 SCIi, 316 L, 310 S and 304 L decrease
slightly. On the coiitrary the dissolution rates of the high nickel alloys
-420 and 320 arc improved.

In Fig, 10 with a Sb-Cu (23,5 7.) solvent alloy at 1000 °C the shift of the
dissolution rates is even niore accentuated so that the 330 type reaches its
saturation point only at 40 wt.%.

From these results it can be concluded that Cu, in the presence of Sb, is a
more specific solvent for niche!„ This is not surprising since from the
Ni-Cu phase diagram we know that there exists a continuous solid solution
between both metals, however well over 1000 °C.

In regard to the dissolution procedure, the fuel structural materials could
be divided into three different classes,

- For normal stainless steel types with S-15 wt.% Kl such as :
AISI 309 SCB, 304 L, 316 L and 431 the Sb-Cu 10 7, solvent alloy performs
best.

- For stainless steels with 15-25 wt.% N'i such as the ÇÞ type the Sb-Cu
(15 *%) solvent alloy would be more adequate.

- For higher Hi alloys (>40 vt,7« Ki) such as type 330 the Sb-Cu (23«5 7»)
solvent alloy is recommended.

This difference in dissolution rates could have practical consequences., If
the fuel element is composed of two different structural materials for ex-imp
304 L, for the cladding and 330 Ni alloy for the hexagonal wrapper, a prefer
tial and fast dissolution of the cladding could be obtained with the Sb~Cu
(10 7«) 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 the structural material.
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DISSOLUTION MECHANISM

Fig« 11 shows tvo samples of a cylindrical bar 0 10 nan stainless steel 304
before and after dissolutioa. The bar was rotated (15 rpm) and continuously
lowered into the solvent bath0

Fig. 12 shows a metallographic view of a stainless steel 304 sample in the
early dissolution stage» There exists a progressing front of the. liquid m^tal
solvent into the austenitic stainless steel phase. Sb-Cu penetrates along the
grain bounderies and the picture looks much like an intergranular corrosion, Thi
way, individual grains are detached from the main austenitic body and are carried
away in the agitated liquid rastal 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 phenomenon is not significant
before the temperature reaches 850 to 900 °C.
The individual grains arc partially dissolved around their boundaries, but
the dissolution stops as soon as the saturation point is reached. At this
moment the grains are detached from austenitic body through the eroding
effect of the solvent alloy stream.
Once the grains are completely free and removed from the interface, they
will be quickly dissolved in the non-saturated solvent alloy.

This diffusion erosion dissolution mechanism emphasizes the necessity of
agitating the solvent alloy.

METALLOGRAPHY

In order to reach a good phase separation between the irradiated fuel pellet
and the stainless steel saturated solvent alloy, this latter must be homogeneous.
Any precipitation of intermctallic compounds should therefore be avoided.
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We examined therefore the Sb-Cu ingots with variable stainless steel addlti'
Samples were taken at the top, in the middle and at the bottom of the ingots, Ò
was no apparent difference between the samples.

Fig, 14 represents a micrograph fron a Gb-Cu (23.5 %) sample in which
25 wt«7o of 304 stainless steel was dissolved at 900 °C. The structure is couple
homogeneous and f>"ce of any ititennetallic precipitation.

Fig. 15 represents a micrograph of Sb-Cu (23.5 ") sample in which 37 è .ë> î
304 stainless steel was dissolved at 900 *C.

This sample was submitted to a microprobe analysis for identification of tb
different solid phases. The results are given in Table IV.

Four different structures have been identified.

Ë dendritic structure of black colour corresponding to a first solidificacii
which is composed mainly of Fe and Cr. This interinetallic compound of Fe-Ñç
is however present in a very small amount and its distribution in the sair:pl<
is rather uniform. It should not be of great concern for the fuel separati<
A whlce globular structure of second solidification with Sb as a major
component (60,5 /0 and Fe, Cr, Ni in uornial proportions but poor in C^0
A white intergranular structure surrounding Â uith only 45.9 7» Sb and 15,75
A dark intergranular structure also surrounding Á, rich in Cu (38.26 %} and
Hi (4,6 %) bu with almost no iron.

This raicroprobe analysis confirms that Fe and Cr dissolve prtferentially in
a Sb-rich phase and that ÃË has a preference for the Ñè-rich phase. Other
metallographic examinations have shovm that a Sb-Cu Þ "L sample loaded with even
64 wt.% of 304 stainless steel did not show any major inhor-iogeneity.

Only the first solidification structure of Fe-Cr was more abundant, but stil
homogeneously distributed.
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Fig» 15 represents a micrograph of the interface solvent alloy - PuCL,

The purpose of this te;-;t was to show that no chemical interaction would occur
between the fuel and the solvent alloy. Therefore, à PuO,, sample was irorarsed itit
the solvent alloy for 5 h at 900 *Ce Êî chemical reaction could be detected, as
is also evident froca the micrograph*

PRACTICAL COL'S ITERATIONS AiID COICCLUSIOKS

In the more general description of the liquid ratal decanning process, as
given above, the emphasis was laid on the investigation of the fundatnental aspects
of the problem. Ë technological description of the details associated with scalir;
up problems will be tha purpose of snouher paper.

However, a conceptual flow sheet of the liquid r.stal decladding is
in. Fig<. 16, The unit steps are carried out in the following order. After ç.
cooling period of at least 30 days, the fuel element is introduced directly into
the decladding furnace which contains already the molten solvent alloya Ir: sosia
cases a laolten salt flux on. top of the solvent alloy might be useful. Once the
stainless steel structural material has been dissolved, the fuel pellets are
separated from the molten solvent alloy by filtration on porous graphite*

Finally ths declad fuel is transferred to the processing plant either aquaous
or non aqueous.

Incide the framework of this flow sheet, many orientations are still possible

decladding on the reactor site ;
decladding at the reprocessing plant ;
decladding coupled with an extended ðóã î chemical head end.
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Whatever the orientations will be, there are some inherent problems which tr:uc
be considered in every case :

the heat flux generated from the fuel clement (possibly 50 kH/fuel _•?the presence of fission gases under prescure (evaluated to 80-100 kg ci.i " ) ;
the presence of Na either attached or locked inside a damaged pin ;
the criticality problem due to the high plutoniura content once the georuetry
of the fuel element Ls destroyed,,

As far as the dissolution procedure is concerned two ways are possible :

the progressive inversion under rotation of the fuel element into the molten
solvent alloy with complete dissolution, of all structural material and
separation of the liberated fuel by filtration ;
dissolution of the cladding material only, leaving the hexagonal wrapper
practically undissolved, in this case the solvent alloy would be pushed by
gas pressure inside the "wrapper"»

The latter case would have our preference since the fuel will be cooled by
the liquid solvent alloy curing dissolution ; furthermore since only the cladding
is dissolved our furnace charge could be used for two dissolutions before
saturation is reached and consequently the solid waste will be reduced*

Na problem
With liquid matal decladding, Na removal either inside or outside the fuel
clement is not necessary. Preliminary laboratory experiments have shown thau
Ka will be dissolved in the molten solvent alloy (1-2 wt.%). Therefore the
fuel element can be transferred directly from the storage tank into the-
decladding furnace and a costly Ka reiao\;al equipment ia not necessary.
On the other hand the already mentioned salt flux could alao provide an
answer for Na removal» Ë halide slagging with a properly chosen molten salt
such as eeg. PbCl? (+NaCl) would remove all metallic sodium according to the
following equation

PbCl2 4- Na —— * Had + Pb
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Heat removal ðãîÛåø
I-Icat retrieval during dissolution vi.ll be assured partially by the molten solve
alloy itself and if necessary also by the nolten salt flurc. Therefore it i&
obvious that r.he dissolution furnace must be provided vith & very efficient
temperature regulating system. ?,esic!c the- heating device which could be base
on low frequency induction heating, an appropriate cooling device would be
desirable*

Fuel separation
After canning dissolution, the fusl must bo properly separated from the molts
solvent alloy. Losses of the highly valuable UO?-PuQ0 jel are note toierabl
The technique considered is a simple filtration of the solvent alloy on porcv
graphite filters. This was successfully tested in the I&pra Laboratory
equipment v?ith small ñ1èòæã/ stainless steel cl?d 1"0„ fuel elements»
Further experimenting is still necessary to optimise the filtration process^
Tha vetting properties of the colvc-nt in re;>ird to its stainless stcfil conten
must also be ex^viincd raorc thoroughly»
Ë éîãå practical approach to the fuel separation problem could be the followr
before the actual filtration is started tns "bulk" of the UO_-PuO« is2. .
retracted from the molten solvent alloy by reaaus of a perforated basket Icavi:
only the fines for filtration. This way the heat problem would be eliminated
froa the filtration equipment and the "bulk" fuel could be transferred in its
basket directly to the acid dissolver.

Preliminary experiments have already shovm that 7u or T could be a satisfacti
material for the perforated basket, Ë research programr-a is scill ;oing on to r.i.\
an economic structural material which doas not dissolve in the solvent alloy.

SUMMARY

From the results obtained in the laboratory 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-cooled fuels. In regard to the various cannin;
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materials the process offers a great deal of flexibility going from the classical
stainless stcelc to the higher nickel alloys.

The decladding equipment eflg. the dissolution furnace will be very ñîòàðàct
and if necessary it could evsn be set up on the reactor sifcCo Sodium reiaoval
and dismantling of the fuel element prior to deciadding is not necessary, and
this is a major plus point compared to other rr^thods.

The high dissolution rates, a fast kinetic and the yield of a concentrated
solid waste, guarantee optinrain operating conditions,

j
i
Finally the Sb-Cu dacr.nning process is a universal head end adaptable as well

to aqueous as to non aqueous processing.

The authors are indebted to Mr J» Borda for his valuable contribution ia the
laboratory experiments and Mr Stoppa for the micrographs.

They appreciated also the contribution of Dr D. Quataert and J» Leaaitre for
the microprobe analyses.
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Detection of binary solvent alloys
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TABLE II
Results : Dissolution rates of 304 L stainlesr, steel

Solvent Sb-Cu (10 % Cu)

850 eC

Tirae
min

4

8

14

18
24

Rate
wt .Z

20

29,8
32.4

38

38

900 °C

Tine
min

2

6

10

18

Rate
wt.7»

26 ,2

37
42

42

1000 *C

Tb'c
inin

2

4

7

11

15
22
32

Rate
wt.7.

31-1
42.1
43.6

54.3
56.6
60^6

61.4

Solvent Sb-Cu (15 % Cu)

850 "C

Time
rvin

4

8
12

20

30

60

Rate
wt//L

8

21.8
22,2
28,2
30,2

33.6

900 "C

Tine
min

2

5
10

20

30

Rate
v/t.7.

17,2

31

33.4

36.8
36.8

1000 "C

Tirr-c
min

4

7
12

20

35

53

R<Tte
wt,%

32.5
40.2

44,3

49
54.8

57.2

Solvent Sb-Cu (23,5 % Cu)

850 °C

Tin:c-
miu

8
18

36
64

R'Ttc
wt. 'L

13.8

20

30.7
31,7

900 "C

Time
IT. in

8
18
31
40

H.-tc
wt.. 'L

29.3

32.7
34,5
36.5

1000 °C

Ti-'TTe
1Ã:ÕÃ.

7
9

19
24

l^te
vt«7.

33
36

37.8

40.75



TABLE III
Results Dissolution rates at 1000 °C of different

stainless steel types

Stainless
steel
AISI

309 SCB

I

1

310 S

304 I,

330

310

420

431

Sb-Cu 1

Time
min

1
3
6

10
20

1
3
6

10
20

5
15
30

3
8

18
30
45
60
75

3
8

19
31
46
66

3
8

18
28

0 %

wt.7.
dissoi.

21
33,5
52
58,5
66.25

20
35.25
43.75
52,5
57,75

3,75
14,25
19.25

4,25
16.25
24,5
26,5
32,75
38.25
41

7,25
14,75
25.25
39,25
47,26
55

21.5
33,75
50.5
57,5

Sb-Cu

Tirae
min

1
3
8

3.5
8.5

13,5
33.5

1
3
6

10
20

4
14

5
15
38
68

15 7.

wt. •;
dissoi.

21
36.5
45.5

29 ,75
41,25
47.25
57.5

17,75
2 2 , 7 5
41
47
51.5

13
22.5

8,7
16.25
34.75
40,2

Sb-Cu

Time

min

3
8

18
30
45

5
15
25

3
8

18
30
45
65
85

'23 ,5 ^

èÑË
dissoi»

24 ,5
30,5
40.7
43,5
46,25

7,5
28,75
ÀÎ. 75

4,25
9,5

25
31.5
32,25
46.25
53,75
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TABLE IV

Results of the rcicroprobe analysis
(Micrograph of Fig. 15)

Structure A
First solidification

Structure Â
Second solidification

Structure Ñ
Intcrgranular surrounding Â
(clear)

Structure D
Intorgranular surrounding Â
(dark)

Fe 7.

70

14

14.9

0.5

Cr 7,

14

3.5

2.15

1.14

Ki "

0.61

2.19

1.23

4.61

Cu %

0.64

4.28

15.75

38.26

Sb 7,

2.63

60.5

46.9

40.6

P.S. THE MICROPROBE ANALYSES ARE A CONTRIBUTION FROM Dr D. QUATAERT
AND J. LEMAITRE OF THE METALLURGY DIVISION EURATOM ISPRA
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FIG. 3 : PHOTOGRAPH OF THE HERAEUS VACUUM FURNACE



EXPERIMENTAL SETUP

1. Joint
2. Rotating bar
3. Valve ; Argon Inlet
4. Sample (stainless sr.eel)
5. Inductor (10 k Hz)
6. Graphite crucible
7. Refractory crucible
8. Liquid metal solvent alloy
9. Connection to vacuum pump
10. Thermocouple
11. Vertical adjustracnt FIG, 4
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FIG. 5 STAINLESS STEEL BARS BEFORE AND AFTER DISSOLUTION
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FIG. If MICROGRAPH OF THE INTERPHASE SOLVENT ALLOY - STAINLESS STEEL
Magnif. 210 X
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1. STAEnZSS STEEL AUSTENITIC STRUCTURE
2. IKTEP.CRANULAR DIFFUSION 2KHS

3. EROSION ZONE

4. LIQUID 1IETAL SCLVZ3T ALLOY
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FIG. 13 MICROGRAPH OF A SAMPLE Sb-Cu (23 ,5 "0 WITH 25 wt 70

STAINLESS STEEL
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FIG. 14 : MICROGRAPH OF A SAMPLE Sb-Cu 23,5 % VffTH 37 wt
STAINLESS STEEL

SPOTS AT A, B, C, D HAVE BEEN SUBMITTED TO A
MICROPROBE ANALYSIS
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FIG. 15 MICROGRAPH OF THE INTERFACE SOLVENT ALLOY - PuO,
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Fig, 16 LIQUID METAL DECLADDIKG CONCEPTUAL FLO.-,1 SHEET
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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 JOLICH GMBH
Institut fiir Chemische Technologie

517 Julich/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 Julich GmbH (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-Julich, 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 sponsored 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 is 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 Jiilich 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 inaugurated 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 ±s given in table 1.
Table 1: Survey of Project Program for Reprocessing Thorium-Contain-

ning Fuel-Elements

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-Julich GmbH

JFarbwerke
Illoechst AGi
iKFA-Jul ich GmbH

Burning of HTGR fuel elements in
a shaft-furnace
Off-gas treatment and purification

Dissolving of burning residues in
THOREX-reagent
Isolation of ''Pa by an adsorption
technique
Aqueous solvent extraction with
tri-n-butylphosphate
Grind-burn-leach process for SiC-
coated fuel oarticles

KFA-TBP 23/25-
Process

KFA-Julich GmbH

an adsorp-

Farbenfabriken
Bayer AG_______

Burning of crushed HTGR-fuel-ele-
ments in a fluidized solids fur-
nace
Dissolution of resulting mixed-
oxide particles in a
Isolation of 2^3pa b
tion technique
Concentrating with thorium-prese-
paration and feed-adjustment
Aqueous uranium-extraction-cycle
with tri-n-butylphosphate (and
possibly long chain amines
(Off-gas- treatment)

ombined dry
hlorination

and aqueous sol-
vent-extraction
process
(CHLOREX)

KFA-Julich GmbH

Extended head-
end alternative

Gelsenkirchener
Bergwerks-AG

Fried. Krupp
GmbH

'.Mechanical crushing and grinding
.'of HTGR fuel elements
jChlorination in a fluidized-bed
reactor with chloride condensation
Dissolution in water and adsorptive
protactinium isolation
Aqueous separation and purification
by solvent extraction with TBP or
long chain tertiary amines_______
High-temperature treatment of HTGR
fuel elements in an induction fur-
nace at 2500 to 3000 °C
Chlorination of the resulting pro-
ducts and chloride condensation

Reprocessing by
fluorination

Farbenfabriken
Bayer AG
Kali-Chemie AG

Fused-salt fluoride volatility
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 reactor.

Outline of the Process
Based on the above considerations the flowsheet shown in figure 1
was developed.

HEAD-END URANIUM RECOVERV AND PURIFICATION

HTGR FUEL-ELEMENTS

BURNING IN A FLUIDIZED-
SOLIOS FURNACE

SPARINGLY SOLUBLE FISSION ^
PRODUCT-SULPHATES

(Th.U)Oz

FISSION PRODUCTS

K2S20,-SALT-MELT DIOESTION
DISSOLUTION OF THE SALT-MELT
IN WATER

PffOTACTINIUM-OAALATC

OIL SULFURIC AGIO
PROCESS-SOLUTION

ABSORPTIVE PROTACTINIUM -
SEPARATION

POTASSIUM-SULPHA TO-THORATE
(-ZIRCONATE AND -CERATE )

HNO, AKNOib

I I 1
CONCENTRATING AND
FEED ADJUSTMENT

FEED SOLUTION

7 URANIUM

EXTRACTION-CYCLE

WASTE TREATMENT
AND STORAGE

2 URANIUM
EXTRACTION-CYCLE

URANIUM TAiL- ND

URANYL-NlTRATE

Figure 1; KFA-TBP 23/25-Process; Schematic Process-Flowsheet
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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-
cess,

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.

U. 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-900til most of the °Th 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-
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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/1; it is
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 achieved
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 is 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 otherwise 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 THOREX-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 yum
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]
Residue [%]

1,6 1,0 0,63 0,32 0,16 0,10 0,05
9,2 28,8 41,5 59,8 72,9 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 A1203, 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 C02. 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 Ñ are shown in figure 2.

16

12

0.2 0,6 0,8 1.0

Figure 2; Off-gas composition as function of burning-gas composition

Salt-Melt-Dissolution
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
Th02
FP(oxide) •FP(sulphate)ã Ï

S0

nK0SO,

1)

2)
3)

but also the degree of thermal decomposition of the potassium
pyrosulphate

so
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 Ñ. Under these conditions the pyrolysis of K2$207 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-Isolation 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/1. Naturally, the content of fissile material is comparably
low too, and amounts to approx. 1 g/1 with fuel particles having
a thorium : uranium ratio of 5 : 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/1 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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I AF I AX

URANIUM

ACID
AI(N03)3

SULPHATE
VOL

20 G/L
2,5 MOL/L

1 MOL/L
rOSMOL/L
100

TBP 5 JO.
VO- 180

EXTRACTION-SCRUB UNIT

[ 1
I AS I AW

HN03 5 MOL/L URANIUM - 0 0 1 %
VOL 27 ACID 2.97 MOL/L

A1(N03 )3 078

SULPHATE = 0 4

VOL 127

MOL/L
MOL/L

I AU

TBP 5 VOL*/.
URANIUM 11 G/L
HN03 8.7-Þ-2 MOL/L
VOL 180

STRIPPING-UNIT

I CX I CU
HN03 10"2MOL/L

VOL 72

URANIUM 27 5 G/L
HN03 2.3 ID"1 MOL/L

1

I CW
VOL 72

TBP 5 VOLV.

URANIUM - 0,01 V.

HN03 - 10~2 MOL/L
VOL 180

SOLVENT RECOVERY

SECOND SOLVENT-
EXTRAC ' lON CYCLE

RECYCLE SOLVENT TO
EX TRACTION-SCRUB UNIT

Figure 3: KFA-TBP 23/25-Process; Chemical Flowsheet for First
Uranium Solvent-Extraction Cycle
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The following operation conditions were chosen: feed solution with
an uranium content of 20 g/1, l mol aluminum-nitrate, 2,5 mol/1
of free acid and a sulphate concentration of ̂  0,5 mol/1. The exact
sulphate concentration depends on the uranium to thorium ratio of
the dissolved (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/1, which together with the acid
from the scrub section results in a total acid concentration of
3 mol/1 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.

SCRUB-SECTION EQUILIBRIUM LINE
SCRUB-SECTION OPERATING LINE

EXIRACJION-SECTI(TRACTII
3UU.18REQUILIBRIUM LINE

:TRAC1ION SECTION OPERATING UNE =07

xO.av.L05S
tf' þ' þ' è°

AQUEOUS PHASE URANIUM CONCENTRATION (g/l) ———

Figure 4; KFA-TBP 23/25-Process; Theoretical McCabe-Thiele
Diagram for Extraction-Scrub-Unit
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concentration of 0,5 mol/1 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/1, 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.

Î)

ÎI—
à:
øî
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EXTRACTION-SECTION
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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 5 > 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 23/25-
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.

Ö. No serious problems are encountered in case of processing silicon
carbide containing fuel particles, since easily volatile SiCl^ 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
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Uranium + Protactinium
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Pa - Adsorption

Solvent -Extraction

Refabncation by
Sol-Gel- Technique

Off-gas Treatment

Waste Storage
uranium-free

Storage
pa

Waste Storage

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 /urn with only a small fraction
of fines below 50 /urn. Thus all coated particles (with a diameter
from 500 to 800 yum) are broken up. The radioactive 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 Ñ reactions like
the following occur at a high rate.

Th00 + 2 Ñ + 2 Cl, -» ThCl4 + 2 CO.

The heavy metals are removed out of the fluidized bed without any
residue. The remaining graphite may be discarded and stored

215



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 Ö2,4 % 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
mm

0
0
0

,315
,160
,100

0

-
-
-
,05

size

0
0
0

,160
,100
,050

Portion
%

19
20
30
30

,1
,8
,0
,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 Ñ is

3 20.3 to 0.5 Ncm /cm «sec chlorine. According to the very different
densities of the components - the density of graphite amounts to3nearly 2, this of heavy metal oxide nearly 10 g/cm - 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 coating 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 l

Th°2(s) + 2 C(graphite) + 2 C12———ThC4(g) + 2 C0

H1000°C = ~ + 2Ö kcal

is an endotherme reaction. The reaction proceeds very quickly. In2the 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 4-00 /urn and 1
part of graphite of a sieve fraction from 400 to 800 /am in a fixed2bed. The feed rate of chlorine was 6 1/h • cm .
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 Ñ 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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0.08
Eè
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ñî
î
1Ë
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1000/Ò [Ê -1 ]
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Ò
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800

ÃÑ]

900 1000

Figure 7; Chlorination P.ate 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°Ct 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 uranium
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 U: Decontamination of Condensated CHorides

Fission Product

Zr
Mb
Mo
Ru
Sn
Sb
Òå
Cs
Ba
La
Ce

Decontamin
Th-Fraction

100
100
100

2
50

2000
100
1,2
3
3
2

ation Factors
U-Fraction

2
2,5

100
10
100
17
3
50
200
250
2000

Silicon tetrachloride resulting from the chlorination of silicon
carbide coatings passed the condensator and was found in the off-gas.

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 °C. 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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ground 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_2is very low. The abrasion amounts to 0.30 to 0.35 and 0.15 mg»cm_^month 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.
However, 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,

-2 -1for instance shows a weight gain of approximately 0.6 mg«cm «h
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Table 5: Corrosion of Ceramics at 1000 °C

Ceramics

Pire Clay

Sillimanite
Alumina
Porcelain
3uartz
Maxial HH
Didier SN
Steuler TU-S

Weight loss n
without chlorides

0.08

0.12
0.75
0.06
0.03
0.90
2.1

-2 -1Tg*cm *h
with chlorides

C.3
13.0
14. 8
0.07
0.03

39. ×
17 Ë
7.2

Remarks

mechanical
stable

è
u

II
II

not stable
stable
stable only In
absence of
chlorides
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STATUS OF REPROCESSING OF HIGHLY
RADIOACTIVE FUELS IN THE USA

by

J. A. Buckham

A B S T R A C T

Much of the current fuel reprocessing development work in the USA is directed
toward reprocessing fuels that are highly radioactive—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 radioactivity 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 radioactive 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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Table I. Comparison of Typical LMFBR and LWR Fuels
LMFBR LWR

Composition
Core U02-20# Pu02 U02-l$ Pu02
Blanket U02- 2% Pu02
Cladding Stainless Steel Zircaloy

Average Burnup (MWd/ton)
Core 100,000 30,000
Blanket lU,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, LMFBR fuels will present additional heat dissipation
problems during all handling, processing, and waste disposal operations. Also,
radiation damage to organic materials such as solvents will be greater.

2. Higher Plutonium 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. Critical!ty
problems will also be greater, especially in the plutoniuc cleanup steps.
Greater use of fixed and soluble poisons may be required.

3- Sodium Bonding Agents—The possible presence of sodium bonding agents between
.- . 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 any decision for
prompt 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. Additional heat dissipation problems
2. Additional solvent damage problems
3. Control of short-lived 1-131 releases
U. Control of short-lived Xe-133 releases.
The possible magnitude of these problems can be estimated from "able 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.

227



LMFBR Core (30d)
8 x 105
1 x 106
1 x 104

U.5 x 107

LWR (150d)
2

<0.1
5 x 103

2.U x 106

Table II. Fission Products in Typical LMFBR and LWR Fuels

Curies/ton
LMFBR Core (3(

Iodine-131
Xenon-133
Krypton-85
Total P.P. Curies

An inherent difference between LMFBR and LWB fuels also exists in the handling of
the plutonium product from the respective plants. The LMFBR fuels will contain high
concentrations "of various plutonium isotopes other than Pu-239 (including Pu-236,
-238, -2UO, -2Ul, and -2U2) and the daughter products. The fact that the activity
due to these daughter products will build back rapidly following plutonium decon-
tp«nj.nation means that rapid means of fuel refabrication will be needed if refabrica-

i is 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 may not be important.

AQUEOUS FUEL PROCESSIMG 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
construction at Morris, Illinois, by the General Electric Company, is also a one-ton/
d/"1 plant and will employ shear-leach and solvent extraction for the initial processing
s ŝ, followed 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-day 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 197**. 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 LMFBR 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 LMFBR fuels. The problems involved in adapting existing plants or
designing new aqueous plants for such tasks are discussed in the following subsections
along with the status of development of pertinent technology.
Aqueous 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 is dissolved

. vertical position has been installed at the Savannah River Plant
a norizontally oriented/ electrolytic 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 all 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 (5) for shear- leach processing of Pu02-U02
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 1 . This 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 tine, 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 upon 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 could 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
operation from the upstream receiving facilities and from the downstream operations
wo*"""" be required.

Figure 2. Receiving and handling of LMFBR fuel.
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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 (>U50°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 106 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 3̂ ).
Aqueous Dissolution
The effects of irradiation on the dissolution characteristics of various 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
mat«"4als of continuing importance. Table III gives the effect of irradiation on
difc 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
solution 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,

50*

Figure 3. Conceptual mechanical head-end processing facility
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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

Alloy
Aluminum-
35? Uranium
Aluminum-
1% Plutonium
Zirconium-
k% Uranium
Zircaloy-2
cladding on
preceding alloy
Stainless Steel
Òóäå 30U

Dissolution
Process

HN03-Hg(N03)2

HN03-Hg(N03)2-HF

HF

HF

Irradiation
Level
BU

of U-235
60 & 99% BU
of Pu-239
0-50% BU
of U-235
Irradiation
as above

5 x 1022 n/cm2
(fast)

Effect of Irradiation
on Dissolution Rate
Passive

Decrease in Rate
as BU increased
2005? Increase

decrease

No change in
reactivity

Table IV. Summary of the Effects of Irradiation on the
Dissolution Rate of Oxide Fuel Materials

Fuel
U02-20# Pu02
(solid solution)

U02- 0.5$ Pu02
(r' -ture)

U02

Dissolution
Process
HN03

HN03-HF-Al(N03):

Irradiation
Level MWd/T
0-99,000

0-5,000

0-98,000

Effect of Irradiation
on Dissolution Rate
None

Rate increased as
solid solution formed
in reactor
Rate increased
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the dissolution rate; for the cladding decreased while the rate for the fuel alloy
increased following irradiation. Galvanostatic measurements on Type 30l* 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 1-131 within the plant. The most
ff~~* inent plant-scale experience along this line is that of the ICPP during the RaLa
p'i -.cess operations. 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 1-131 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.
Solvent Extraction
The primary problem introduced into the solvent extraction operation by processing of
highly radioactive 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
and 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
extrapolation. In addition, the extrapolation calculation is not readily done, and
uncertainties-therein were probably most frequently estimated on the pessimistic
side. Qnphasis was placed on the stabilizing effect of the use of a high purity
diluent—eg, ii-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 use of alternate contactors such as stacked clonesd®> or
centrifugal contactors'11' can be 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.
In̂ the reprocessing of LMFBR fuels, the shorter lived isotopes of plutonium will be
mT prominent than they have been in the reprocessing of LWR or production reactor
fuels. 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
LMFBR'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 pyrochemical technology.
ÐèåÄ. 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-II 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 siirconia crucible for one to three hours at
1300-lUOO°C under a high purity argon atmosphere'1̂ ). 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 U illustrates the principal features of the melt refining process.
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VOLATILE PRODUCTS (IODINE, XENON)

POROUS CUP OF AMORPHOUS
ALUMINA-SILICA FIBER

CONDENSIBLE PRODUCTS
(CESIUM, IODINE)

LIME-STABILIZED
ZIRCONIA CRUCIBLE
CHOPPED FUEL IS MELTED
& HELD AT 1400°Ñ FOR
SEVERAL HOURS
OXIDES DEPOSITED IN
ZIRCONIA CRUCIBLE (YTTRIUM,
STRONTIUM, BARIUM )

REFINED FUEL MATERIAL 90-95% YIELD (APPROX.
99% DECONTAMINATION FROM ABOVE IMPURITIES)

Figure h. EBR-II Melt Refining
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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 uopoured 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
(12)The Salt Transport Process , currently under development at Argonne National Labora-

tory, is aimed at stainless steel-clad, uranium-plutonium oxide LMFBR 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 106 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 at
at''"'1; 800-850°C; uranium and plutoniuin oxides are not soluble in the melt. Fission
pi^aucts released to the off-gas are collected in the argon cover gas and confined
for decay and further processing.
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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 CaCl2-CaF2 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 MgCl2 C*7 mol percent),
NaCl (30 mol percent), KC1 (20 mol percent), and MgF2 (3 mol percent); each contact
stage gives a decontamination factor of approximately 100. In the salt phase, the
MgCl2 provides the required distribution coefficient for separation, the NaCl and KC1
lower the melting point to the desired temperature (600-650 C),̂ and the MgF2 promotesdisengagement 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
studies of a conceptual design for a one-ton/day plant for LMFBR core and blanket
fuel̂  * indicate that two decladding-reduction vessels would be required, each
approximately 200 cm tall and U5 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.

FLUQRIDE 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
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 recovery from low-enriched
LWR fuels has been proposed and flowsheets have been developed^/. 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 fluidî ed bed volatility
processing of LWR fuels has been effectively summarized by Jonke' . This process
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consists of a four-step operation involving, sequentially, (l) decladding in HC1 gas at
350°C, (2) air oxidation at U50°C to convert the fuel to powdered oxides, (3) fluorina-
tion of uranium at 300°C with BrFs, and (U) plutonium recovery by fluorination with F
at 300-550°C. A conceptual flowsheet for this process is shown in Figure 6*2).

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
fluidized alumina, the cladding would be removed by reaction with gaseous HC1 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 U50°C.
Partial fluorination of.the fuel oxides would then be accomplished by addition of
BrFs Sas to tne fluidized bed at 300°C; volatile UFe would be removed from the vessel
while non-volatile PuF̂  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 PuFg which is removed and condensed.
Final purification and decontamination of uranium and plutonium can be accomplished
by adsorption-desorption techniques, or by fractional distillation. The latter is
preferred because it is more compact.

LMFBR 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 LMFBR 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 F2 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 where 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 radioactive 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 fprmulated.
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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

A B S T R A C T

The ICPP has routinely operated a process for recovery, within a 2̂ -hour
period, of 50,000 curies of barium-lUO 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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COHTROL OF FISSION PRODUCT ACTIVITY DURING SHORT-COOLED FUEL
PROCESSING CONNECTED WITH THE ICPP RALA PROCESS

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 ÌÍÅ 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 radioactive ..÷
barium—and ultimately, radioactive lanthanum, its daughter—from ORNL fuel slugs .
F' .her developments by Oak Ridge National Laboratory, American Cyanamid Company at
Idaho Falls, 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-lUO within 2h hours of receipt of the element, and
controlling the possible release of 25,000 curies of 1-131 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
oy«^ 50,000 curies of Ba-lUO. Processing of the fuel is accompanied by release of
aA .oximately 25,000 curies of 1-131 which must be trapped and confined. Since the
Ba-lUO has a relatively short half life, it is necessary that the processing be
completed approximately 2k 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 normally
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 76-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
avoid 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 nitric acid con-
taining 0.001 molar mercuric nitrate and 0.001 molar mercurous nitrate. This absor- /„÷
ber solution was selected after considerable testing and rejection of other solutions

The initial choice for the scrubbing solution had been Ø sodium hydroxide con-
taining 0.1 molar sodium thiosulfate, a quite effective combination for absorbing
iodine. However, it was found that finely 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 radioactive 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 both as desired,
could be used to process the 15 to 20 scfm of off-gas from the process'2»3)_ Average
velocity of gas through the beds was approximately 0.2 ft/sec and minimum capacity
of each bed was 5áÎ curies of 1-131 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 removal of iodine which may be carried
through the bed on fine particulate material^).

(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 1-131 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 radioactive iodine, 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 JTrom the centrifuge. These steps, involving the repeated use of concentrated
n .'ic acid, generate most of the gaseous iodine released to the 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 recirculation 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 iodine release during these necessary processing steps, a number of
precautions were instituted and made part of the operating procedures as experience
was gained. Table I records significant process improvements in the course of the
RaLa operation and lists 1-131 availability and release figures to demonstrate what
was accomplished. In brief: (l) low concentrations of mercuric nitrate (0.001 to
0.005 molar Hg) were added to nitric acid solutions to help complex 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 and were carried out
with lowest practicable jetting or sparging pressures; and (M sampling of solutions
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TABLE I
RELEASE OF 1-131 DURING

Runs

1 to 5
6 to 15

16 & 17
18 to 23
24

25 & 26

27 to 40

41 to 51

52 to 62toåë
CO

63 to 74

75 & 76

77 to 79

Curies 1-131
Available ̂ a ;

16,810
20,676
14,794
22,102

22,382

22,373

22,993

25,817

25,635

24J15

25,778

Curies 1-131 /,\
Released to Stack1 ;

172.6
131.4

51.5
49.4
40.5
4.1

3.53

1.77

1.85

2.19

12.76

0.86

Release

1.03
0.64
0.35
0.22
0.18
0,018

0.015

0.007

0.007

0.009

0.05

0.003

RALA OPERAT1 )

Scrubbing
Solution

NaOH
NaOH
NaOH
NaOH
Acid'c)

Acid

Acid

Acid

Acid

Acid

Acid

Acid

Procedure/Equipment Changes

Improved seal on centrifuge
Charcoal beds installed
Reduced sampling
Changed scrubbing solution
Discontinued heading of centrifuge
jacket. Added Hg(N03/2 to final
supernate receiver.
Added Hg(NOs)2 to uranium supernate
receiver.
Added cooling water to centrifuge
jacket.
Added Hg(NOs)2 to acid used in initial
supernate waste receiver.
Added Hg(N03)2 "o acid used to dissolve
centrifuge cake. Installed isokinetic
sampler at CPP stack.
"Crash" decontamination required
after Run 76.
Application of all precautions

(a) Average curies available per run.
(b) Average curies released during a run and subsequent cleanup period.
(c) Acid scrubbing solution composition is 0.846 M HN03, 0.001 M Hg+, 0.001 M Hg"*



was reduced to the Úàãå 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 MTR element containing 25,000 curies of 1-131 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 MTR fuel elements in 8 14 NaOH and, under normal circumstances, these
gases are released directly to the 76-meter high stack for diffusion 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 to a 280 cubic meter gas holder (located behind an earth-
embankment shield) for temporary storage during weather conditions when the gas clouds
might be expected to hover near the ground and give a high radiation background. As
soon as weather conditions permit, the gas is released to the stack and no 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, AM) SPECIAL HANDLING EQUIPMENT*1 ̂
Radiation levels within the cell containing the processing equipment are on the order
of 109 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 other materials when windows,
slide valves, etc, penetrate the wall). This permits a two-day cooled MTR element
to be handled with less than 1 mr/hr radiation outside the cell wall.
Individual pieces of equipment inside the cell are shielded with from four to twelve
inches of lead to permit entry into the cell with a minimum cf equipment 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 MTR 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 cooling, as desired. Calibrated skimmers permit
controlled removal of supernate solutions.
The MTR fuel element charger is shielded with iMg inches of lead and holds the
element in a water- filled chamber; cooling 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 cooled 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-lUO within 2k 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
1-131 to the stack. Specific conclusions with respect to radioactive iodine control
are:
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(1) 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.

(2) 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.

(3) Carbon adsorber beds are effective cleanup devices for gaseous iodine following
major removal of iodine in a scrubber system.

(lj) Carbon adsorber beds are not effective devices for trapping iodine activity which
is incorporated in finely divided solids which may reach the adsorber beds.

(5) 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.

(f̂  Process solutions containing iodine should be kept at as low a temperature as
process requirements permit.

(T) 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. Ponde
J. A. Buckham

A B S T R A C T

Reactor irradiation can have significant effect on the dissolution rates of
fuel and cladding materials in various aq_ueous 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-1*^ uranium alloy becomes more reactive, while Zircaloy-2 cladding
on the alloy becomes slightly less reactive. The reactivity of Type 30̂
stainl'̂ js nteol ñèàãùåç very little witii fast neutron irradiation. Uranium
oxide-plutonium oxide and thorium oxide-uranium oxide appear to change little
or become more reactive.

('fork performed under the auspices of the Atomic Energy Commission under
UOIU-U.L .'''(10-J )- 1?30)
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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.
Soir"*. fuels become so passive to chemical attack that conventional aqueous dissolution
te dques 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
available 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-
catalyzed dissolution of aluminum-uranium alloys in nitric acid, a series of experiments
ex^ jring the effects of acid and catalyst concentrations on the dissolution rate of
highly irradiated fuel was undertaken at the Idaho Chemical Processing Plant'-'-'. The
effect of catalyst concentration on the dissolution rate for the irradiated alloy can be
compared to the effects on various unirradiated alloys which were studied earlier^ '.
Because no dissolution rate rapid enough for economic plant use could be achieved with
acid, dissolution in sodium hydroxide also was tried î
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 19&3 showed approximately k$ percent burnup and were very
slow to dissolve in mercury-catalyzed nitric acid'3) 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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For the acid dissolution, reagents of h 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
.̂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 U. All dissolutions were per-
formed at the boiling point of the reagents at about 650 mm of mercury. Table I gives
the 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<T*an increased disso-
lution rate. However, this had no significant effect upon the time*required for total
dissolution. The data provide no basis for choice between the leve®3 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 v/ould 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 II 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
•fith 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 further 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
charged and dissolution initiated in 5.5 M
"dtric acid-0.05 M mercuric nitrate. The
reagent was added and product removed in four
cuts having volumes of 600, 600, 300, and 250
liters. As in the past, the cladding and end
pieces dissolved rapidly in both dissolvers
as shown in Figure 1, and the dissolution of
the uranium-aluminum alloy was extremely slow
even with contact activation. ,

\
The data shown in Figure 1 indicate a possible
marginal rate advantage for the batch of slugs
in contact with the foil, but no effect of
process significance. Calculation of the
uranium-235 burnup in the various cuts from
the two batches of slugs suggests a significant

- WITH CONTACT
ACTIVATION •49 %

(COMPOSITE)

WITHOUT ACTIVATION

•PERCENTAGE FIGURES ON CURVES
REPRESENT AVERAGE BURNUP OF
THE U-233 DISSOLVED IN THE
DISSOLUTION INTERVAL ENDING
AT THAT POINT.

DISSOLUTION INTERVALS OR 'CUTS'

ÜË^Ü——-Ë—-~d.
30 100 ISO

DISSOLUTION TIME (HOURS)

Figure 1
Dissolution of Chalk River fuel.
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TABLE 1
BATCH DISSOLUTION TIMES FOR WAFERS

OF HIGHLY IRRADIATED ALUMINUM-URANIUM ALLOY
Time for Time for.
75* 100*

, , Dissolution Dissolution
______Reagentlaj______ (min) (min)
UM HN03; U.8 moles/mcle Al
07005M Hg(N03)2 1220 2750
Ø HN03; UC8 moles/mole Al
o7o5M Hg(N03)2 600 2360
6M HN03; 4,8 moles/mole Ai
"" 5M Hg(N03)2 1110 2530
áÌ HN03i U.8 moles/mole Ai
0.05M Hg(N03)2 730 * 2200
5M NaOHi U moles/mole Al 21 65
.SM.NaOH; U moles/mole Al 23 220
TTlTests were performed at the boiling point of the reagents.

TABLE 11
EFFECT OF CATALYST CONCENTRATION ON
RATE OF DISSOLUTION OF ALUMINUM ALLOYS

Alloy

Al-3* trb^ (irradiated fuel;
Al-3c5* Cu (1033)
A1-U,8* Cu-lu2* Si (1091;
Al-2,9* Si (77̂ )̂ ^
Al-1* Ni (8001Ã0-'
Al (unalloyed)

Time for f5* DissolutionlaJ (min)
0.005M Hg(N03)2

1110
700
350
1U60
1600
10

0.05M Hg(N03)2
730
>300
3̂00
15
15
10

[a]Tests were conducted in boiling 6M nitric acid.
[b]Composition after_ about i»5* burnup of the original U-235 in the '90* enriched

fuel.
[c]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
Ul 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.

PLUTONIUM-ALUMINUM ALLOY

The dissolution rate of highly irradiated 7 percent plutpnium-aluminum alloy in nitric
acid has been reported by the Savannah River Laboratory' ̂»5 / o At about 60 percent
burnup of the plutonium-239 » a rate of 11 mg/(cm2) (min) was experienced in 5 M ÍÈÎç-
0.05 M. Hg(N03)2-Oo02 M_ HF0 At 99 percent burnup the rate was about 0.5 mg/(cm2) (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 ÍÆÜ-Í§(Æ)ç)2 solutions were measured for Plutonium
Recycle Test Reactor (PRTR) fuel of 1.8 weight percent plutonium, 2 percent nickel,
and either type 13̂ 5* or Type 8001** aluminum(b),
Pu-Al alloys irradiated to 28-̂ 8 percent burnup of their initial Pu-239 content, as
well as unirradiated Pu-Al alloys, were studied in 0.002 to 0.02 Ì_ ̂ (N03)2 solution
at ÍÍÎç concentrations as high as h M. Irradiated material was found to activate only
in dilute (approximately 1 M) ÍÌÎç solutions.,
A key property of irradiated PRTR Pu-Al alloys was that, after activation in dilute
ÍÒÎç was achieved, concentrated ÞÞç could be added to the dissolvent to adjust its
acidity to k to á Ì 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 ALLOYjgJELS

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 dissolution for meat (~k% uranium after irradiation) and cladding
alloys were determined '?' in a typical dissolvent, 5»2 M hydrofluoric acid, 0.3̂  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 Wi
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alloys„ At about 95°C (with an insignificant amount of zirconium dissolved) the
approximate initial dissolution rates were;

Unirradiated; cladding - 80 mg/(cm2) (min); meat - l6d mg/(cm^} (min)
Irradiated- cladding - 25 mg/(cm2) (min)j meat - 500 mg/(cm2) (min)

Interestingly, irradiation caused a decrease in the dissolution rate of the Zircaloy
cladding hut an increase in the dissolution 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 0D05 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,,

STAIMLESS^STEEL^CLADDINGANDJ3TAIHLESS STEEL-CLADJFUELS

Galvanostatic measurements on irradiated and unirradiated Type 30^ stainless steel made
in 5 M Î SOlj. at 25°C have been evaluated for indication of effects of irradiation on
either the chemical or electrochemical dissolutionv ', All irradiated specimens were
from a single UO-inch long tube irradiated in EBR-II,. The portion of the tube in the
highest fast flux had been exposed to an integral fast neutron flux of about 5 x 1022
n/cm2 at about UOO°C over a period of 900 days* Cobalt-58 and manganese-5^ were the
most significant activation 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 flux more important, as evidenced by the predominance of cobalt-6i
over cobalt-580 For all specimens, unirradiated and the two types of irradiated
materialsç the passive region on the current density-potential plot extended from
-0,28 to +1.12 volts 5 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 dissolution in sulfuric acid or in electr
chemical dissolution»

Fully irradiated EBR-II fuel (2 percent burnup of uranium-235 in 52 percent enriched
uranium) has been dissolved in nitric acid in a small scale electrolytic dissolver(9) o
All aspects of the dissolution proceeded as readily with the irradiated material as
with similar unirradiated material*

PLUTONIUM OXIDE-URANIUM OXIDE

The dissolution of U02-0U5 percent Pu02'10'1 and U02~20 percent Pu02 has been report
by Pacific Northwest Laboratory and Oak Ridge National Laboratory, respectively. In 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 Pu02 in U02, the Pu02 can be dis
solved with the U02 in nitric acid without added fluorideD If a solid solution has not
been formed, fluoride is required to insure dissolution of Pu02o This effect appears t
be more significant than any effect of irradiation in determining the ease of dissoluti
of this mixture î

In the work at Pacific Northwest Laboratory, it was specifically noted that with U02-0,
percent Pu02 mixtures the plutonium became more completely soluble in nitric acid alone
as the irradiation time of the fuel was increased. However, for general application
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wherein complete conversion 3f Pu02 to a solid solution with UC>2 could not Úå guaranteed
flowsheets using about 10 M nitric acid with about 00i M NHl^F were used» Successful dis
solution of both unirradiated and irradiated (to 5000 MWd/ton) oxide was achieved»
Stainless steel clad UOg'-SO percent PuO- was used in the work done at ORNL» Irradiation
levels ranged up to 99,COO MWd/ ton. It was found that snearing the elements into short
pieces and then dissolving the oxide with nitric acid was preferable to chemical decladd
with sulfuric acid solutions becaase Ñ.Ã excessive ii.,5%; losses cf uranium and plutoniuir
Also, about 60 percent ci the fissicr.-prcduct cesium dissolved in the sulfuric acid, crea
a waste management problem Mere than 99 percent ci the PuG2-U02 dissolved in less thar
five hours in all concentrations zi nitric acid greater than 3 Ì„ Wo fluoride was needs
to accelerate the reaction

THORIUM^OXIDE-^URAMIIJM OXIDE
* ë f~\ i

Tests at Oak Ridge National Laboratory v X > with sol-gel derived Th02-^ percent UOg
boiling 13 M ØÎç-OoOU M NaF-0_OU M Al.NGjo indicated that irradiation increased the
dissolution rate over that for the uriirradiated oxides „ Up to 95 percent of the oxides
were in solution at eight hours and 99-8 percent at 2b hours.. Irradiation levels
varied from 3000 to 98 s 000 MWd per ten 21 heavy metal,,

DCNCUJ SIGNS

The effects of neutron irradiation on these eight important luel or cladding materials
are summarized in Table III, Exposure in a reactor can result in heat treatingj
changes in chemical composition- snd damage to the structure of fjei or cladding on
an atomic or macro scale. In some cases the change in dissolution behavior can be
readily associated with one 01 tnese effects„ The increase in ease of dissolution
of PuU2 as it more completely lorms a 53.Lid somtion with U02 en prolonged exposure
in the reactor is a good example, In ether jases wnere the changes in composition
or metallurgy are less clearly understood, the reason for the changes in dissolution
characteristics with irradiation cannot be easily explained» No overall generaliza-
tion among the various alleys or oxides appears reasonable from the data: but there
is good agreement in the results iroai various iabcratcries working with the same
alloys or oxides„ A more complete understanding ci tne effects 01 irradiation on
the chemical reactivity ci these ai^oys and oxides appears dependent upon a greater
understanding of the fundamental rhanges in composition and structure which occur on
irradiation.,
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TABLE III

SuMMARi OF EFFECT OF' IRRADIATION ON THE
DISSOLUTION RATE OF FUEL OR CLADDING MATERIALS

Fuel or
Cladding
Alloy

Aluminum-
3% uranium

Aluminum-
7% plutonium

Zirconium-
h% uranium

3is^olutxon
- " -~"b

HNO—Hgv N0jv2
i Ñ -L ̂1. + Od

HNC^-Hg'. N03, '2
HF sc-ution

HF solution

Irradiation
Leva!

÷ 5% b'J

60 & 99% 3U
cf Pu-259

-50% BU

Effect of Irradiation
Upon Dissolution

Rate
Passivated^ even at 0„0'
Hg(NOo)2 catalystj comp;
to unirradiated alloy
Large decrease in react
between 60 and 99% BU
200% increase in dissoli
rate

Zircaloy-2

Stainless
steel Type-30U

(Solid solution;

PuO?
(Mixture f

-LL% U02

HF sc^

HN03

l-iM HNJy-0,

Cladding on mel
above

(f as t;

0-59-000 MWd/T

0-5,000 mid/Ò

0-98-000 MWd,T

70% decrease in rate

Galvanoatatic measure-
ments show no tendency
increased passivation

None

Rate increased as exposi
in-reactor led to solid
solution
Dissolution rate increa:
with irradiation
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USAEC Report IDO-14606

J. R. Bower, (ed),, Chemical Prcpessu-ng^Technology Qua rterly^lPrggress ̂Report 8 July-
.- USAEC Report I.DO-1U625 U963),

hr W, C, Perkins, Ð13Áî1 Ñ,1äï_ñÃ_Ðè-À1_À11î^_» USAEC Report DP-702 (1962) „

5, W, Cc PerKins. Dissolving ,,_Higbi/ ̂ Irradiated _ _P^~A1__ Alloy , USAEC Report DP-8T^ (196U)

60 V/o W, Schultza Aqueous _Declad.d.ing and
guels , USAEC

J. Ro Bower, (ed), ChemicgLl_Proce_ssing Te^^glg^y_Quarte ly_Progress
June_1963., USAEC Report "iDO ~ " " "

80 Lo C0 Lewis and B, C, Musgrave, E^e_c^rpjjrt.:i.c_Behavior^ of_Cladding^Alloys for_^Nuclea:
Fuels, USAEC Report 1ÃÌ295 (1969),

9, Â„ Ñ„ Musgrave; (ed)-.
USAEC Report IN-1285 ,

10, W, W, Schultz, Aqiieoja^_Dec^adding_and I)^ _solut^g^^g^^Pl^
^ ' " ~ ~ " ' ~

11, J. H, Goode. Hg^- ej.l_Di^sOjL_ution_ of _Highly Irradiated 20^ _P\qQp
' USAEC Report ÎÐÍÜ-ÇÒÇ1* (Îñãî'ü¸ã 19á5 ) .

12. J, H Goode and J. R. Flanary, Dissolution ;
_ . - - . -Pelleti zed_5_ Ar c-Fused _ and^SGl-Gel-Derived _0xides_g USAEC Report ORNL-3725

1965 ) -

266



Fast Contactors In The WAK

By V. Knoch and B. Roth
Gesellschaft zur Wiederaufarbeitung von Kernbrennstoffen mbH
Leopoldshafen bei Karlsruhe (Germany)

Gesellschaft fur Kernforschung
Institut fur Heisse Cnemie
Leopoldshafen bei Karlsruhe (Germany)

Abstract

A centrifugal extractor test facility will be
integrated into the VAX reprocessing plant (Wieder-
aufarbeitungsanlage Karlsruhe). Q?he extractor is
described and the results of extensive laboratory
•tests are presented. Plow-sheets and the installation
of equipment are briefly discussed.
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Introduction

The first German reprocessing plant ÷ ' - WAX - with
a nominal throughput of 4O 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 aqueous
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 Úååï designed
and will Úå 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 advantageous 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
tail-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 (see below) gave satisfactory 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 extensive testing during
plant operation a replacement of the conventional
mixer-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 to 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 reducing 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

2}United States. ' The design principle of a compact WAK
centrifugal contactor stage is shown in Fig. 3.

Its main components are a mixing chamber, a rotating
bowl to separate the mixture 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 intensely 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 mixture 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 phases leave the rotor through radial bores
at its 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 easily exchangeable
rotary seal. Compressed air (0 - 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

•5̂completely disengaged ^'.

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 contactors were investigated using
a 12-stage battery. Fig. 4- shows the stages arranged
in a rectangle.
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Characteristic data of a prototype 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 systemi\\as well '.

Hydr aul i ñ Ñ àð àñ it ó

The maximum total throughput of the centrifugal
contactor depends on the

- size of the contactor
- mass flow ratio of aqueous and organic phase
- speed of mixer and rotor
- density ratio of the phases
- viscosity, temperature, and emulsibility of
the phases

Fig. 5 shows the dependence of the maximum throughput
on the mass flow ratio q /q at various impellerL Î
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 Ò - 1 M ÍÆè and a flow
ratio of 1/1.

Control
Interface Control by means of compressed air requires
an additional circular weir and a sealing baffle to
prevent the escape of air through the aqueous. outlet

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 (r~ - r ). 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 Ò - 0.1 M HNO*/
1 M NaNO, is plotted in Fig. ?• The throughput curve
holds for a constant rotor speed of 5-000 rpm and an
optimum air control pressure p , 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, p-^ 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 bet\veen 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 VAK.
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a)_Uranium_Extraction_^Three_Stages)>

The uranium distribution is shown in Pig. 8.
Aqueous feed: 0.198 M U/2.5 M ØÎ^
Organic feed: 30 Vol# TBP/Shellsol 0?
Slope of the operation line: 1.53
Contact time per stage : 14.1 sec.
After about six -ninutes steady state was established
in the three s ~es with an overall throughput of
215 1/h.

The uranium distribution is plotted in a Me Gabe-Thiele
diagram (Fig. 9).
Aqueous feed: 0.22 M ÍÞ*
Organic feed: 30 Vol# TBP/Shellsol Ò - 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
ab out e ight minut e s .

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 % \tfere achieved in the stripping
operation. This is possibly due to slow transfer kinetics.
The stripping temperature was 22 °C compared to 50-60 Ñ
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 wouldi\have to be raised by a factor of 10 for processing
highly active solutions.

The product solution of the second cycle is collected
in a pair of feed adjustment vessels and fed by
air-lift 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 start-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

rotor (diameter)
rotor (length)
r * (organic weir)
r * (aqueous weir)3L

r * (aqueous weir with air control)ˆL

hold up, mixer
hold up, settler
hold up, overall
centrifugal field
power requirement per stage
rotor speed
material (SS) -•

80 mm
130 mm
16 mm
19 mm
26 mm
0.12 liters
0.72 "
0.84- "

400 g
500 W
3000 rpm
DIN 14-54-1
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Fig. 1 - Schematic flow sheet of WAK extraction cycles
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Fig. 2 - Third uranium extraction cycle withcentrifugal extractor test batteries
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Fig. 4- - Centrifugal extractor model and
Laboratory test battery
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Fig. 10 - Sectional view of cell with centrifugalextraction, battery.(1) Removable shielding, (2) steel
shieldingã (3) motor, (4) extractor,(5) recipient.
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Flowsheet Studies on Processing of Plutonium Fuels by Solvent
Extraction

By G. Koch, W. Ochsenfeld, and E. Schwind
Kernforschungszentrum Karlsruhe (Germany),
Institut fur Heisse Chemie

Abstract
t

Nuclear fuels 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 flowsheets
for the processing of such fuels has been studied. For the repro-
cessing of irradiated fast breeder reactor fuels, studies on plu-
tonium behaviour in first-cycle coextraction (HA contactor) and on
partitioning by uranium(IV) reduction (IB contactor) were done
using 20 vol.% TBP as the extractant» The interdependence of ura-
nium (VI) and plutonium (IV) distribution coefficients at macro
concentrations has been studied, and empirical functions have îçåï
developed which allow for the numerical calculation of distribution
coefficients in the system TBP'-n-dodecane-PuOlO-K - U02(NO,)2-
HNO,-H20. A process for the partitioning of uranium and plutonium
in Purex-type systems by the direct electrolytic reduction of plu-
tonium in the above two-phase system has been worked out, and has
successfully been demonstrated in laboratory counter-current runs.
For the recovery of plutonium from non-irradiated fuel fabrication
scrap, a process using"15 vol.JJ TLA/CClj. has been developed.
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One of the problems arising in the processing of power reactor
fuels lies in the fact that plutonium is considered as the
fissile material in a number of advanced reactor designs.
In particular, fast breeder reactors (with plutonium enrich-
ments of about 15 - 20 % in the original core and of the order
of 5 % in a final core-plus-blanket mixture) and thermal
plutonium-recycle reactors (with original plutonium enrichments
îÃ the order of 1 - 3 %) will provide fuels with rather high
plutonium concentrations. The chemical flowsheets used in the
processing of these fuels must be adapted to this fact. A
number of studies has been carried out in Karlsruhe, of which
results on solvent extraction flowsheets are summarized in this
report.

I. Reprocessing of Fast Breeder Reactor Fuels

Purex-type processes are usually used In modern reprocessing
plants and will perhaps remain in use for a rather long period
of time because of economic, reliability, and know-how reasons.
The German reprocessing prototype plant WAK , which is near
to completion at Karlsruhe, will use a 30 vol.# TBP flowsheet
to recover uranium and plutonium from slightly enriched uranium.
A study made in the frame of a long-range development program
commonly executed by Gesellschaft fur Kernforschung (owner of
WAK) and Gesellschaft zur Wiederaufarbeltung von Kernbrennstoffen
(operator of WAK), led to the conclusion that adaptation of this
plant to reprocessing of fast breeder fuel elements will be
possible if, among other things, a common core-blanket management
is done and a "dilute" extraction flowsheet is applied.

1. Interdependence of Uranium and Plutonium Distribution
Coefficients

As-a basis for flowsheet optimization, the distribution of uranl-
um(VI) and plutonlum(IV) between aqueous nitric acid and 20 vol.#

290



2)TBP/n-dodecane was studied for the single metals as well as
for mixtures of the two metals . The dependence of the distri-
bution of plutonium on the organic uranium loading at a total
nitric acid concentration of 3-25 M is presented in fig. 1,
while fig. 2 shows the distribution of uranium as a function of
the organic plutonium loading for the same system. Empirical
functions were derived from such data which allow for the
calculation of the distribution coefficients In these multi-
component systems. In order to do this, the apparent equilibrium
constants Ê of the equilibria

(1) Mm+ + mNO" + n TBP =v=*M(N03)m(TBP)n
(i»!(NO,) (TBP) )

(2) Ê (Ì ) = — m n

(ÒÂÐ)Ï

where ( ) = concentration,
M = UOp , Pu , or H

were expressed as functions of the total ionic strength J of the
aqueous phase:

(3) Ko (Pu4*) = 12.163 - 9.033 J + 2.230 J2 - 0.163 J3

Kann(U02+) = 8.791 + 6.071 J - 6.176 J2 + 1.579 J°-vv <-

while a similar expression (equ. 5) from Jury and Whatley ' was
used for the extraction of nitric acid.

(5) Kapp(H+) = 0.385 - 0.155 J + 0.024 J2

These equations are valid in the concentration ranges 20 - 30
vol. ß TBP, 0.1-0.6 M U(VI), 0.01 - 0.2 M Pu(IV), and 0'.6-3 M
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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.
Work is now under way to develop a computer program for the
calculation and optimization of counter-current flowsheets.

2. Counter-Current Studies of the HA Contactor
It is a woll-knovm 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 (cf, 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 organic product solution. Such a "recycle"
flowsheet-*' is shown in fig, 3. If the loading of the organic
phase is lowered, the plutonium accumulation becomes less important,e \as is shown in the "coextraction" flowsheet of fig, 4°> . 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"
flovfsheet 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. Nevertheless,
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, 5 may be chosen for existing plants.

3» Uranium-Plutonium Partitioning in the 13 Contactor" Using
Uranium(IV) as the Reductant

In the WAK , the partitioning (IB) bank is included into the
first extraction cycle, Uranium(IV) nitrate will be used to
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reduce plutonium to plutoniura(III)« A number of laboratoryv fi ̂counter-current runs was performed ' 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 HNO,j the organic phase (13P)
introduced into the IB contactor was in this case identical with
the organic product solution (ÍËÐ) of the "dilute" flowsheet
run shown in fig, 5« The plutonium product (IBP) contained 1 %hof uranium, corresponding to a decontamination factor of ca, 1O ,
The plutonium content in the uranium product stream (1BU) was
O.O'I % of the total plutonium which corresponds to a decontamina-
tion factor of ca, 5»10 »

Prom 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 s'tage 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 13XS solution at the uranium product
exit stage - likewise did not give a major effect. As to be expect-
ed, uranium decontamination of the IBP plutonium product stream
was best with high-acidity flowsheets,

II. Direct Electrolytic Reduction of Plutonium in the IB Contactor

Large amounts of reductant are required in the IB contactor if
fuels with a high plutonium content are processed, This will
perhaps prevent the use of ferrous sulfamate in the reprocessing
of, e.g,, fast breeder reactor fuels, and is at least' not convenient
even if uranium(IV) nitrate is used as the reductant. Thus a study
was carried out to develop a direct electrolytic in-line reduction

7)of the plutonium in the mixed-phase system of the IB contactor1'.
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One condition for such a process is that the Pu(IY)/(III) reduc-
tion rate is sufficiently high. In particular, the influence
of the cathode potential applied and of the solution partners
on the reduction rate was of interest. Nitric acid in concen-
trations of 0.3 - 1.5 M did not influence the reduction rate.
Hydrazine, which would be added as a scavanger for nitrous
acid, lowered the time necessary for quantitative reduction.
The dependence of the reduction rate on the uranium(VI) concentra-
tion and on the cathode potential applied can be seen from
fig. 7 which presents a potential - current diagram. In the
potential range of the Pu(IV)/(III) limiting current, i.e. between
ca. + 400 and -100 mV versus SCE, the reduction rate is pro-
portional to the Pu(IV) concentration. If the reduction is carried
out in the potential range of the U(VI)/(IV) stage, i.e. between
ca. -100 and -500 mV versus SCE, uranium(IV) is formed in
addition to the directly formed Pu(III). This U(IV) reduces, in
its turn, immediately any Pu(IV) present, so that the total
Pu(IV)/(III) reduction rate is raised by this "indirect" reduction
via U(IV). This offers the possibility of regulating, by varying
the potential applied, the reduction rate in a counter-current
system.

Counter-current runs were carried out using a l6-stage plexiglass
laboratory mixer-settler equipped with gold cathodes in 8 mixer
chambers and platinized titanium anodes in the corresponding
settler chambers. The organic urariium-plutonium feed solution
(IBP) was introduced into stage No. 8, while the aqueous phase
(1BX, nitric acid + hydrazine) was introduced into stage Ho. 1
and the organic scrub solution (IBS) into stage Ho. 16. Table
1 shows the flowsheet conditions of three runs, one of them
(No.l) having a plutonlum:uranium ratio typical of fast breeder
fuels and two of them (No.2 and 3) having plutonium:uranium ratios
typical of light-water reactor fuels. In runs No. 1 and 2, the
anodes in the mixer-settler were shielded by clay diaphragms
in order to prevent re-oxidation of the plutonium and any degra-
dation of the solvent, while in run No. 3 the dlaphr»agms were
removed. The uranlum-plutonium separations attained in these
runs were equivalent to those experienced with uranlum(IV) re-
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auction. As an example, concentration profiles for run Ho. 2 are
shown In fig. 8. Engineering studies are now under way for a
pilot mixer-settler unit for plant use.

Table 1. Flowsheet conditions for three runs of an electrolytic
13 mixer-settler.

Run No. 1 BP 1 BU 1 BP
240 ml/h
4,5 S Pu/1
48,2 g U/l

350 ml/h
0,002 g Pu/1
38,0 g U/l

480 ml/h
0,34 g Pu/1
77,0 g U/l

551 ml/h,
0,004 g Pu/1
69,1 g U/l

66 ml/h
21,2 g Pu/1
<0,01 g U/l

4 ml/h
3,74 g Pu/1
0,01 g U/l

400 ml/h 471 ml/h
0,5 g Pu/1 <0,002 g Pu/1

73,4 g U/l 61,5 g

44 ml/h
3,4 g Pu/
0,006 g U/l

III. Recovery of Plutonium from Non-Irradiated Fuel Fabrication
Scrap

A process has been developed for the recovery of plutonium from
the scrap which arises during the fabrication of power reactor

ft \fuels enriched in plutonium '. Such fuels usually consist of
a UOp-PuOp-mixture. Anion exchange is often used for recovery of
the plutonium from this scrap. However, the capacity of the anion
exchange resin for plutonium is lowered in the presence of uranium,
which is of particular importance in the case of the low-enriched
thermal plutonlum-recycle fuels where uranium is present in a
large excess. Thus a solvent extraction process was developed
which, as a major requirement, was to use a non-inflammable solvent.
A 15 vol.% trilaurylamlne (TLA) solution 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-lnflammabillt
of the CCl^ diluent.
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After dissolution of the scrap, the aqueous feed solution is adjusted
to ca. 2 M nitric acid. Valency adjustment of the plutonlura to the
+Ö state is necessary if any Pu(VI) should have been formed during
dissolution. Extraction isothermes for the extraction of plutonium(iv;
by 15 vol.# (ca. 0.2*1 M) TLA/CCljj from 2 Ê nitric acid as a function
of the uranium concentration are shown in fig. 9, while fig.10.
presents the extraction of uranium under the same conditions as a
function of the plutonium concentration. It can be seen from these
figures that the plutonium distribution coefficients and the
plutonium-uranlum separation factors remain high enough even at
high uranium concentrations to guarantee a good separation of the
two metals with 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, back-
wash by solutions based on acetic acid was considered, which is
however known to be a slow reaction (cf. ).

The kinetics of backwash of plutonium(IV) by 1 Ê acetic/0.05 M nitric
acid from 15 vol.# TLA/CCl^ 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 is of the
order of several minutes. Still better (lower) distribution
coefficients and faster kinetics can be reached by the addition of
ascorbic acid as a reductant for plutonium, as is demonstrated by
curve 2 of fig.11. The latter solution was adopted for practical use.

On the basis of the above results, a counter-current flowsheet
consisting of 6 extraction, 4 scrub, and 1 backwash stages was
developed. A geometrically safe test facility using centrifugal
contactors in extraction and scrub and a one-stage mixer-settler10)with long residence time for backvfash is now under construction '.
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Pî  1, Plutonium (IV) extraction isothermss for various organic
uranium loadings. 20 vol,# TBP/n-dodecane, 3.25 M total
HNO,, Ò = 25°C.

Fiĝ J?»,. Uranium (VI) extraction isothermes for various organic
Plutonium loadings. 20 vol.55 TBP/n-dodecane, 3.25 M total
HNO,, Ò = 25°C.

Fig. 3,.. "Plutonium recycle" flowsheet with >90 % saturation of
the organic phase.

fr^ "Plutonium coextraction" flowsheet with ca. 80 % satura-
tion of tho organic phase,

5. "Dilute" flov.'sheet with ca. 50 % saturation of- the
organic phase.

Fig. 6. Partitioning flowsheet, using as feed (1 BP) the organic
product (HAP) of fig. 5.

Fig. 7«, Potential- current diagram for the electrolytic reduction
of Pu (IV) in the presence of uranyl nitrate.

Fig. 8. Concentration profiles for direct electrolytic reduction
of plutonium in the 1 Â mixer-settler, run Ho. 2 (cf.
table 1).

Pig. . «, Extraction of tetravalent plutonium by 15 vol. TLA/CCl^
from 2 M HNO, as a function of the uranium concentration.
Ò = 25°C.
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~À2ë Extraction of hexavalent uranium by 15 vol.#
from 2 M HNO, as a function of the plutonium concen-
tration. Ò = 25°G.

Fig. Ã1r Kinetics of backwash of ca. 5 g/1 plutonium (IV) from
15 vol.j5 TLA/CCl^ (equilibrated with 2 M aqueous nitric
acid). Curve 1: 2 M 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
Potential-current curve of a solution of
0,08 M Pu(IV) 0,1 M U (VI) 0,4 M HN03 0,01 M N2H5OH
at the gold cathode
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Present Status and Organisation of Advanced
Fuel Reprocessing in the Federal Republic
of Germany

By W. Schiiller
Gesellschaft zur V7iederaufar?oeitung
von Kernbrennstoffen mbH
Leopoldshafen bei Karlsruhe (Germany)

Abstract

The second German Atomic Energy Programme (19S3-1S72) directs
major attention to the technical development of the rvaclcr.r
fuel cycle in the Federetl Republic. Research and development
effort in the field of fuel reprocessing is shared between
the Nuclear Research Centers of Karlsruhe (GfK) and G'ulich
(KfA) .

The Karlsruhe work is mainly directed towards the- adaptation
of aqueous solvent extraction, methods to the prcccsslrg of
high burnup Urard/om/?lutonium-fuels of advanced thermal and
fast breeder reactors. The center of Julich is working on
reprocessing of Thorium-fuels for high temperature gas-
cooled reactors, for which Thorex or non-aqueous processing
methods are considered as alternatives.

Germany's first reprocessing plant (WAX) with a capacity
of 20O kg U02/day is under construction next to the Karls-
ruhe Center and will start trial operation this year. This
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prototype plant, erected from government funds and
operated Úó industry (ÑßÊ) will aid in the training
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 for
advanced fuels.

Close collaboration between government-owned research
centers and industry is assured by long term develop-
ment programmes on fuel reprocessing, one carried out
at Karlsruhe between GfK and GS3X, the other by an
association between K A, JtiTich, and several industrial
companies. The main lines and present status of research
and development work are briefly outlined.
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1. Introdxiction
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 techniqxies be improved or new
methods be developed, which must take account of increasing
fuel burnup, reduced cooling time and new types of fuel in-
trodxiced by advanced converter or breeder reactors.

Realizing the gre.at importance of fuel supply and of fis-
sile material recycle for the development of nuclear ener-
gy, the Federal Government, in the 2nd German Atomic Ener-
gy Programme (1968-1972), has directed special attention totthe technical development of the fuel cycle in the Federal
Republic.

> t

In the field of fuel reprocessing, research and development
effort is mainly shared between the government-owned Nuclear
Research Centers of Karlsruhe (Gesellschaft fur Kernfor-
schung mbH, GfK) and JUlich (Kernforschungsanlage, KfA),
which both collaborate closely with industry. The following
diagram indicates the organisation of reprocessing activi-
ties in the Federal Republic of Germany.

Considering that fast breeder development is the predom-
inant project at Karlsruhe, the development in fuel re-
processing is concentrated on the adaptation of aqueous
solvent extraction methods to the treatment of Uranium/
Plutonium fuels for advanced thermal and fast breeder
reactors.
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On the other hand, the center of Jtilich, 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 Karlsruhe center. Erected from government funds,
this plant is owned by Gesellschaft fur Kernforschung
mbH (GfK) and will be operated by Gesellschaft zur Wie-
deraufarbeitung von Kernbrennstoffen rabH (GWK), a subsid-
iary of 4 German industrial companies, interested in the
fuel cycle. The WAK has a throughput of 2OO kg UO2/day and
will start trial operation this year.

Reprocessing of Uranium-Plutonium Fuels
Probably the most important reactor development in the
German Atomic Energy Programme 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 boon actively worked for some
time on the development of suitable methods for fast bree-
der fuel reprocessing.

With the WAK plant nearing completion, 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 preparation 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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vicinity 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.

•

2.1 The Karlsruhe development programme for aqueous/
fuel reprocessing
At the end of 1967, GfK and GWK 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 Bundesminister
fiir 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 programra 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 favor 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 breeder reactors,
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2. Recovery and processing of neptunium and
transplutonium elements,

3. Radioactive 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 accordance with the subject of this panel.

2.2 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. Improvement of process steps affected by high
burnup and/or short cooling times,

3. Pu-flowsheet chemistry and Pu-process equipment.

2.2.1 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 (UO2/PuO2> 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-
tain* significant quantities of 1-131, 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 conseqxxenses 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 system 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 third 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. Knoch
and B. Roth.

2.2.3 Plutonium flowsheet-chemistry and process equipment
The main difference between thermal fuels and fast
reactor fuels is the Plutonium content.

Present light water reactor fuels contain between O.6
and O.8% plutonium, a value which will rise to 2 - 3%
in fuels for thermal, recycle of plutonium, and to 1O
- 3O% in fast breeder fuel.

The study of Pu-behavior in the PUKEX extraction system
has therefore been extended to flowsheets with high
Pu-concentrations. This work was supplemented by the
determination of empirical distribution functions, and
analysis of the extraction mechanism of organophosphorous
coupoundsby nuclear magnetic resonance spetroscopy. Im-
proved knowledge of plutoniura extraction chemistry has
lead to the development of a new TLA/CC14 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-partitioninq has been improved 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 plutoniura is the main reason for development work on
special Plutonium-process equipment, 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 flox\rsheets and
plutonium reduction methods will be presented in a
separate paper by G. Koch et al.



Reprocessing of'Thorium Fuels
In the frame of the German Atomic Programme, the Nuclear
Research Center at Julich 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 order 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.

3.1 The Jxilich project for reprocessing of Thorium.. Fuels
Therefore the Federal Ministry for Scientific Research
(BMwF) initiated, in 1966, a long term R & D project for
the development of technically and economically feasible
methods for reprocessing of Thorium fuels as arising from
the German reactor development programme.

f

This project is directed by the Institute of Chemical Tech-
nology of the Kernforschungsanlage (KfA) , Julich,and-car-
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 are 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 lcg/d heavy metal, to be in-
stalled in the hot cell facility of the Julich research
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center* A pilot plant of this size could handle the fuel
of a 1OO ¹*7-Thorium Reactor on an interim basis. The final
decision as to the construction of a larger prototype plant
specifically designed for Thorium fuels, or the possibJ.e
integration of thorium processing campaigns into an indu-
strial reprocessing plant for conventional light water

*
reactor fuels will 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 Julich programme, the main effort was directed to-
wards an all non-aqueous process, in agreement with the
widely shared opinion, that aqueous methods were 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.

3.2 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. Pluoride 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 Processes
The grind-leach process, which had been examined original-
ly, is now considered absolutely useless, 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 disinteqration of the spherical
graphite fuel elements received considerable interest. The
reaction of graphite with different metals or compounds, in
particular potassium, leads to destruction of the molecular
grid and can be used to separate the heavy metals from the i
bulk moderator graphite. However, because of the inherent
safety problems in handling liquid 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 choiee
in view of the fact, that off-gas cleaning methods have
proven to be easier than anticipated. SiC-coated particles
require an interim grinding step before leaching. Chlori-
nation, combined v/ith preliminary grinding or disintegra-
tion in a high-temperature furnace has turned out to be an
attractive alternative. At chlorination temperatures of
80O - 1OOO °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 aqueous
solvent extraction. The graphite residue can be burned or
stored.
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3.2,2 Acrueous Solvent Extraction
As mentioned earlier, 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 lilce mixer-
settlers or pulsed columns provide a firm basis for 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 their 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.

3.2.3 Non-aqueous Methods
Fluoride volatility 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 aqueous 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 Jtilich, 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 aqueous process, have been selected and will be
further tested in pilot plant equipment.
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Reprocessing of Japan Experimental Fast Reactor

Fuel in a Purex Reprocessing Plant
/

I Shigeru SATO *

Tadaya HOSHINO *

Keiji NAITO **

Introduction

Power Reactor and Nuclear Fuel Development Corporation

(PNC) in Japan is promoting an experimental fast breeder reactor

project. 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 located at< Tokai-rvura 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

** University of Nagoya
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The other is zircaloy or stainless steel 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 of the JEFR. fuel in the plant.

A conceptual design of the JEFR fuel element is shown in Fig. 1

and Table 1.
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Chapter I Problems in Fast Reactor Fuel Reprocessing

by Solvent Extraction Process

1. Characteristics of a fast reactor spent fuel in comparison

with a thermal reactor fuel may be outlined as follows:

(a) 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

2. 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 respectively. Both the specific activity

and heat generation of a fast reactor are around 4 or 5 times

of those of a light water reactor.

3. 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

"ft shielding and neutron shielding especially af ter the

the last purification cycle due to higher isotopes.

(b) Heat removal

Heat removal in such areas as receiving, head-end and

high level uabte facilities.



(c) Critical ity control

Change of criticality control is obliged by higher

plutonium content.

(d) Environmental limit

The amount of Kr-85 and H-3 among isotopes which

are released into the environment can be a limiting

factor to determine the plant capacity.

Concerning I - 131, a limit of its release will require

long cooling which conflicts with the economical demand

of short cooling.

(e) Adaptability of mechanical handling devices

Fuel element handling devices and a chopping machine

are necessary to be fit to handle the fuel.

(f) Fission spectrum

Difference of fission spectrum between a light water

reactor and a fast breeder reactor fuel may affect

the solvent extraction and waste treatment processes

in order to achieve necessary decontamination.

(g) 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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4. There are the following measures to solve problems

mentioned in the preceding section.

(a) 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.

(b) 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.

(c) Blending core with blanket material

A core may be blended with its blanket in the dissolution

process in order to avoid criticality, specific activity

and heat generation problems. However, when a core

contains enriched uranium, the value of enriched uranium

will be lowered.

(d) Process conditions

Modification of process conditions such as acidity and

temperature may be necessary in order to increase the

decontamination factor of a f ission 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 Plant described 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.

(a) 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 t rea ted~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,

(b) Criticality control of batch dissolver

The proposed quantity of treatments is checked from a

criticality point of view of a batch dissolver.

In conclusion the dissolver loaded by chopped fuel before

a dissolution starts can be controlled by mass limitation
j

(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 operation, it is necessary

to pay close attention to avoid a formation of local

excess concentration and it is worth considering use of

neutron poison.

2. 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 1-131. These are given in Table 2.



Proposed Process

(a) 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 been obtained so far. However some

difficulties are anticipated.

(b) 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 flowsheet

for LWR fuel treatment) and flowsheet No. Z (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 characterised 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.



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 the 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 control of the solvent extraction

process, this can be assured by the combination of

geometry and concentration limitation,

ii) Flowsheet No. 2

This is proposed to improved the flowsheet No. 1 and

is specified as follows :

- use of 3 % TBP/diluent as a solvent, instead of

10 % TBP
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- use of Fe (II) as a reductant, instead of U (IV)

Fe (II) is conceived in order to avoid the use of

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.

(c) Plutonium evaporation

No modification of the present plant design will be required.

(d) 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.

(e) 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 Imust 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 fuel.
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Note 1

Critical mass of the U-Pu mixed system is estimated as 36 Kg
÷

U-Pu (fissile), assuming that uranium is equivalent to plutonium

from a. nuclear safety point of view and at the condition of

(Ref. 2) ;

- full water reflection

- H/Pu = Î (Í: Number of hydrogen atom)

(Pu: Number of plutonium atom)

- Pu 240 = 0
j

Taking 0.46 as safety factor, a recommended 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.

Note 2

As c'oncerns the shieldings, in any event the JEFR fuel does

not exceed the value set up for the L.WR fuel processing. A

few examples are shown below :

LWR fuel JEFR fuel
(Cooling-180d)

Mechanical 3 , , 3 /
TT ... 5 x 10J Ci/cm 2. 6 x 10 Ci/cmHandling '

Dissolution 1. 8 x 103 Ci/1 5. 9 x 102 Ci/1
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Note 3

Radiation dose in the case of processing the JEFR fuel is

estimated as follows:

Mixer 0. 02 wh/1

Settler 0. 04 wh/1

In the case of LWR fuel processing, corresponding radiation dose

will be nearly 6 times.
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•*:*•••• F
'*ii-\
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. : . .
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• . ' ' ••• ;-.•• . • •" ' :.f~i?f,'" '•*. • ' ' • , ; . '• .>.
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':'.'-r>' .' ,
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1 '••' • .,'* • • " . • , * ' • • *

"'-•'"•' Weight
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II III • IV
.. .

! . • •
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. . . . . . . . . . . - .

?>, 020 mm
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.... . ,: . , t. .;. -i irijj. ,35»"*

.
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• '•' - •••'~:"f*'J>'
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' .*
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2 4 1 ' '

. '. • • ' 242
' " ' . / •

;..}.':[ .U-235 .
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: . 1 (0 . is)
0 .5 iO . 06}

15. 4 (1. 68)
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l i . l kg
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0. 7
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Oxide

14. 11

6.95

1. 56

0.84

76. 54

Oxide

0.3
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Burn up Characteristecs ' I
i

Pu/U Fission Ratio j
/i . ' u '

"'. /• Burn Up • .. 38, OOOMWD/t,u
' ' ' ' !• Specific Power i 35 MW/t, u

• • ,; Irradiation Time | 800 days» * • i
t

' r . ' , " . . . . . . - r
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ò ' i

J •• ë • < r';t • ;.-:•'W.(-
- ^ ".,^Ã-'ü

o/0 :.V-,'-^
-,100, OOOMWD/t,UrPU-i
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•'
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.".
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Activity and- Heat Generation * ) Cooling

^•ô-ÜÃëê* '- !
r ' '-(?•, -»-> a«»6
^ -""— 'j.1* tf '-.

!•' '^ ?$•*'•' ' '.

•ifi&e'actor
'™py .-.; -X / ., .

. vy. . ,.

^ ä "Cooling.itime(d)
'P -/" v -? i' - • ' • " "j •/•** '".•'••'';«•
-1.:;- (Total Activity
^ ; ; •"(> ClAg)
•'I ** " 'v ' ' *

;J:;v,v;Kr 85

- ' '. I 129

i , . - " " . • f

_ i f . Ru 103

« 1 j Ph 103m
CO i
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' ., , Ce 141
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: zr 95
1

Nb 95

Sr 89

; - S r . 90
, .Cs 137 ; '

' . U 237 g/kg

i,
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4. 6õÞ3
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Program in Future

; Nuclear power plants in Japan are expected to have a total

generating capacity of 10^ MW in twenty years and fast breeder

reactors will account for one-fifth of the capacity. The annual

demand for processing of their cores will be around 300 metric

tons and its economical reprocessing will become an important

task.

A wet reprocessing method will be predominant in the near

future for the processing of fast reactor fuels although a dry process

has a potentiality in the far future.

Subjects to be developed for a wet process are listed below,

„transportation, head-end process (decladding, dissolution, design

of dissolver), rapid contactor, new solvent, criticality control by

neutron • poison, solvent regeneration, off-gas treatment.
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• "^s. 'The combined dissolver stream will be decontaminated though J*
' * <. "

two extractions before the uranium and plutonium are separated frorn
ò

each other Each product will be given an additional purification

cycle after the partition to further purify the product from fission

product s 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

UO and stored in the UO storage

4 Liquid 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
', ? *'̂ , .. * -/

e^ high active solid waste storage facility
- ' * '^* -
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Burnable low active solid wastes will be burned in a incinerator

and noninflammable wastes will be incorporated into concrete. The

concrete block will be stored
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ÂÂÑÎÊØ ÎÁËÓ×ÅÍÈÅÌ ÌÅÒÎÄÎÌ ÝÊÑÒÐÀÊÖÈÈ

1Ø&ØÍÎ Â.Á.

ÈÍÑÒÈÒÓÒ ÀÒÎÌÍÎÉ ÝÍÅÐÃÈÉ
ÿì» È.Â. ÊÓÐ×ÀÒÎÂÀ.

ÕÀÐÀÊÊ^ÐÈÑÒÈÊË ÒÂÝÄ ÏÅÐÑÏÅÊÒÈÂÍÛÕ
ÐÅÀÊÒÎÐÎÂ ÍÀ ÒÈÃÖÏÒÇÃÊ è ØÑÒÐÛÕ
ØÒÐÎÍÀ1

Íàèáîëåå õàðàêòåðíûìè ÒÂÝ ðåàêòîðîâ âà òåïëî-
âûõ íåéòðîíàõ /I/ ÿâëÿþòñÿ ÒÂÝÈ Íîâî*- Âîðîíåæñêîé ýëåêòðî-
ñòàíöèè ( ÂÂÝÐ ). ÒÂÝÄ, äëàâîþ 2,5 ì è íàðóæíûì äèàìåòðîì
3,6 ìì, çàïîëíåí òàáëåòêàìè èç ñïå÷åííîé äâóîêèñè óðàíà
ñ îáîãàùåíèåì ïî U 235 äî 2,5 - 3$. ÒÂÝÄ îáúåäèíåíû â
ñáîðêè äèàìåòðîì 144 ìè.

5 êàæäîé ñáîðêå ðàñïîëàãàåòñÿ 127 ÒÂÝ1 ïî
òðåóãîëüíîé ðåøåòêå ñ øàãîì 12,3 ìì, Ïîêøòÿå ýëåìåíòîâ,
òàêæå êàê è ñòåíîê ñáîðîê, âûïîëíåíî èç öèðêîíèÿ» ëåãèðî-
âàííîãî íèîáèåì* Çà êàìïàíèþ 1,5-2 ãîäà äîñòèãàåòñÿ
âûãîðàíèå 20.000 - 30*000 ìâò. ñóòêè /ò/2/»

Íà Áåëîÿðåêîé ýëåêòðîñòàíöèè ïðèìåíÿåòñÿ ÒÂÝ1
( ÀÌÁ } òðóá÷àòîé êîíñòðóêöèè, èìåþùèå âíåøíèå è
âíóòðåííèå òðóáêè èâ íåðæàâåþùåé ñòàëè* Â êîëüöåâîì
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çàçîðå íàõîäÿòñÿ êðóïêà ñïëàâà è - Ìî. Ñîäåðæàíèå Ìî
äîñòèãàåò 9 . Êðóïêà äèñïåðãèðîâàíà â ìàãíèè ( 125* âåñ ).
Îáîãàùåíèå óðàíà ïî è 235 äîñòèãàåò ^-3 , âûãîðàíèå
- 20.000 ìâò. ñóòêè/ò.

TB3I ðåàêòîðîâ íà áûñòðûõ íåéòðîíàõ (ÁÍ) ( àêòèâ-
íàÿ çîíà ) áóäóò ñîñòîÿòü èç äâóîêèñè óðàíà (îáîãàù¸ííî-
ãî äî è 235 äî 20/ ) â ðåàêòîðàõ - êîíâåðòîðàõ èëè èâ
ñìåñè äâóîêèñè óðàíà ñ 2Q% äâóîêèñè ïëóòîíèÿ â ðåàêòîðàì-
áðèääåðàõ^ÒÂÝË îáúåäèíÿþòñÿ â ñáîðêè, îáîëî÷êà ÒÂÇË æ
êîæóõ ñáîðêè èçãîòàâëèâàþòñÿ èç íåðæàâåþùåé ñòàëè. Â
ðåàêòîðå - áðèääåðå êàê â àêòèâíîé çîíå , òàê è â ýêðàíå
ïðèìåíÿåòñÿ îáåäí¸ííûé óðàí* Âéãîðàíèå áóäåò äîñòèãàòü
100.000 êâò. ñóòêè/ò.

Â äàëüíåéøåì â êà÷åñòâå ãîðøåãî ìîêåò îíòü
èñâîõüýîâàí ìîíîêàðáèä óðàíà æ ïëóòîíèÿ.

Â òàáëèöå I ïðèâåäåíû äàííûå ëî àêòèâíîñòè çà
íàêîïëåíèþ ïðîäóêòîâ äåëåíèÿ äëÿ ðåàêòîðà ÂÂÇÐ-É Èîâî-
Âîðîíåæñêîé ñòàíöèé.

Ñëåäóåò îòìåòàòü, ÷òî â ÒÂÝË òàêîé õàðàêòåðèñòè-
êà áóäåò ïîâûøåííîå ñîäåðæàíèå Np , .Àø ,1» , ñ*.

Ïðè âðåìåíè îõëàæäåíèÿfðàâíîìó I ãîäó,àêòèâíîñòü
Àïî å - èçëó÷åíèþ ñîñòàâèò 2,2.10 êþðè/ò è ïî

Ã- 2.10° ã -ýêâ. à /ò, ïðè îõëàæäåíèè â òå÷åíèå 90~äíåé
å - àêòèâíîñòü äîñòèãíåò 6Ë06 êþðè/ò, â òå÷åíèå 160 äíå!
- 4ËÎ° êþðè/ò.

Õàðàêòåðèñòèêà ÒÂÝË ðåàêòîðîâ íà áàñòðàõ
íàõ èìååòñÿ â ëèòåðàòóðå /3,4/.
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Àêòèâíîñòü ïðîäóêòîâ äåæåííÿ ïðè âûãîðàíèé
80.000 þò.ñóòêè/ò è îõëàæäåíèè â òå÷åíèå 100 ñóòîê
ñîñòàâëÿåò ïî å- âçëó÷åíèþ 21.200 êþðè è ïî

Ã- èçëó÷åíèþ 10.160 ã-ýêâ. Ra íà I êã äëÿ îêÿñíîãñ
ãîðþ÷åãî àêòèâíîé çîíà,à êîëè÷åñòâî èõ ðàâíî 82,8 êã/ò*

Íàèáîëåå âàæíûìè îïåðàöèÿìè, êîòîðûå âîãêèêæà ïðè
ðàññìîòðåíèè âîïðîñà â ïåðåðàáîòêå âûñîêîîáäó÷¸ííâõ TB3I
è íà êîòîðàÿ ìû õîòåëè áâ îñòàíîâèòüñÿ, ÿâëÿþòñÿ ñêåäà®-
øèå: ïðèíöèï âñêðûòèÿ ÒÂÝÈ è ïåðåâîä ãîðøåãî â ðàñòâîð;
ïîäãîòîâêà ðàñòâîðà ê ýêñòðàêöèè; âûáîð óñëîâèé ýêñòðàê-
öèè è ïîâåäåíèå íåêîòîðûõ ïðîäóêòîâ äåÿåííÿ.

ÂÑÊÐÛÒÈÅ ÒÇÇË. È ÏÅÐÅÂÎÄ ÃÎÐØÅÃÎ Â ÐÀÑÒØÐ
Õèìè÷åñêèå ìåòîäå óäàëåíèÿ îáîëî÷åê è ñáîðîê

ÒÂÇÄ òèïà ÅÂÝÐ, ÀÌÁ è Åé, çíâîëíåííûõ èç ÿåðêàçåâäåé
ñòàëè èëè öèðêîíèÿ, ëåãèðîâàííîãî íèîáèåì„ òåõíîàîãè÷âã^
ñëîæèâ è ýêîíîìè÷åñêè íå îïðàâäàíû. Îñíîâíûì ïðè¸ìîê
âñêðûòèÿ ñáîðîê ÒÂÝË è óäàëåíèÿ îáîëî÷åê ÿâëÿåòñÿ þ^
ðåçêà ñ ïîñëåäóþùèé âûùåëà÷èâàíèåì ãîðþ÷åãî /5/. Ìåõàíè-
÷åñêàÿ ðåçêà ïðèìåíÿåòñÿ â íàñòîÿùåå âðåìÿ íà çàâîäå
Óýñò-Âåæäè /6/.

Íà óñòàíîâêàõ íåáîëüøîé äðîìçâîäàòåæüíññòÅ
ïåðåä ðåçêîé ÁÎÇÌÎÊÍÎ ïðîèçâîäèòü âûäåëåíèå îòäåëüíûõ
ÒÂÝ5 èç ñáîðîê, äëÿ çàâîäîâ ñ áîëüøîé ïðîèçâîäèòåëüíî-
îòû> öåëåñîîáðàçíî ïîñëå óäàëåíèÿ êîíöîâ ñáîðîê îñóùå-
ñòâëÿòü ðåçêó âñåé îáîðêè îäíîâðåìåííî»
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Âòîðèì ïåðñïåêòèâíûì ìåòîäîì óäàëåíèÿ îáîëî÷åê
èç âåðæàâñòàÿè è öèðêîíèÿ ÿâëÿåòñÿ ìåòîä îïÿàâÿåíèÿ /7/.

Ñáîðêà ÒÂÝØ. ñ îêèñíûì ãîðþ÷øâ áåç ïðåäâàðèòåÅÚÍÎÉ
ðàçäåÿêè íàãðåâàåòñÿ äî òåíäåðàòóðè 1670-Ã720°Ñ, åòàäú-
ûêå äåòàëè ïðè ýòîì ïëàâÿòñÿ è îòäåëÿþòñÿ îò ÿäåðíîãî
òîïëèâà, ïîòåðÿ êîòîðîãî ñîñòàâëÿåò ìåíåå 0505? ,* Ñ
òîïäÿâîê îñòàåòñÿ ìåíåå 0,5$ åòàÿè» Â ïðîöåññå âñêðûòàÿ
ïðîèñõîäèò âíäåäåíéå íåêîòîðûõ ÿå-ãóòàõ ïðîäóêòîâ äåëå-
íèÿ, ãëàâíûé îáðàçîê áëàãîðîäíûõ ãàçîâ.

Âûùåëà÷èâàíèå ãîðþ÷åãî is íàðåçàííûõ êóñêîâ ÒÞË.
ìîæåò îñóùåñòâëÿòüñÿ â àïïàðàòàõ - ðàñòâîðèòåäÿõ, êóäà
Ê5ÑÇØ ïîñòóïàþò èâ êîíòåéíåðà»à àîñíå âíùåÿà÷éâàíàÿ
ãîðþ÷åãî îáðåçêà îáîëî÷åê óäàëÿåòñÿ! èç àïïàðàòà ïíåâìàãé.--
÷åñêã /5/»

Èíîå ïî êîíåòð^õïäè ðåøåíèå çàäà÷à ðàñòâîðåíèÿ
ãîðíÿåãî ïðèìåíÿåòñÿ íà äðóãèõ çàâîäàõ /6/. Íàðåçàííûå
êóñêà ãîðþ÷åãî âàãðóêàþãñÿ â êîðçàÿâ» êîòîðûå âçòåê
ïîñòóèàâê1 â àïïàðàò - ðàñòâîðèòåëü, ãäå ãîðêãàåå âàùåàà÷é-
âàâòñÿ, à îáðåâêè îáîäî÷åê í«åñòå ñ êîðçèíîé óäàëÿþòñÿ
æâ àïïàðàòå.

Â ââä^ ìåòîäàõ èñïîëüçóþòñÿ àïïàðàòà ïåðèîäè÷åñêî-
ãî äåéñòâèÿ, êîòîðîå õàðàêòåðèçóþòñÿ íåâûñîêîé
òåä^è'÷^úþ. ääÿ îáîãàù¸ííîãî óðàíîì -235 èäè
ãîðþ÷åãî ïðåäñòàâëÿþ? áîíüøîé èíòåðåñ àïïàðàòû ~ ðàñòâîðè-
òå ëè íåïðåðûâíîãî äåéñòâèÿ, â êîòîðûõ ÿäåðíàÿ áåçîïàñ-
íîñòü ïðîöåññà ñî÷åòàåòñÿ î âûñîêî! ïðîèçâîäèòåäüêîñòúâ.
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Ñëåäóåò ó÷èòûâàòü, ÷òî ïðè ðàñòâîðåíèÿ ÒÂÝË àêòèâíî;;
çîâ» èâ ñìåñè îêèñëîâ óðàíà è ïëóòîíèÿ, èçãîòîâëåííûå
ìåòîäîì òàáäàòèðîâàíèÿ,â àçîòíîé êèñëîòå îêîëî 1% ïëóòîíèÿ
îñòàåòñÿ â íåðàñòâîð¸ííîì âèäå /8/. Ýòîò îñòàòîê.ìîæåò áûòü
îòïðàâëåí íà õðàíåíèå èëà ïåðåðàáîòàí îòäåëüíî äðóãèìè
ìåòîäàì», íàïðèìåð, ðàñòâîðåíèåì â ñìåñè àçîòíîé â ïëàâèêî-
âîé êèñëîò. Îäíàêî,äëÿ ðàáîòà ñ òàêèìè ðàñòâîðàìè òðåáóåò-
ñÿ ñïåöèàëüíûé ìàòåðèàë äëÿ àïïàðàòîâ.

ÏÎÄÃÎÒÎÂÊÀ ÐÀÑÒÂÎÐÎÂ Ê ÝÊÑÒÐÀÊÖÈÈ
Ïðè âûñîêîì óðîâíå ðàäèàöèè è êèñëîòíîñòè èñõîäíîãî

ðàñòâîðà ïðàêòè÷åñêè âåñü ïëóòîíèé è îêîëî 80$ íåïòóíèÿ
íàõîäÿòñÿ â ýêñòðàãèðóåìîì Òé> ñîñòîÿíèè. Îäíàêî, èñõîäíûé
ðàñòâîð ïåðåä ýêñòðàêöèåé íåîáõîäèìî òùàòåëüíî îñâåòëÿòü
îò ìåëêèõ îáðåçêîâ îáîëî÷êè, êðåìíåêèñëîì è ãðàôèòà,êîòîðûå
çíà÷èòåëüíî îñëîæíÿþò ïðîöåññ ýêñòðàêöèè. Êðåìíåêèñëîòà.
ìåíÿÿ ñâîè ôîðìû âî âðåìåíè è ïîä âëèÿíèåì òåìïåðàòóðû,
ñêëîííà ê îáðàçîâàíèþ ìåæôàçíûõ ïë¸íîê^ ãðàôèò ëåãêî ôëîòê-
ðóåòñÿ ðàñòâîðèòåëåì ( îí íàõîäèòñÿ â ðàñòâîðàõ, ïîëó÷àåøü
ïðè ðàñòâîðåíèè îêèñíîãî ãîðþ÷åãî, èçãîòàâëèâàåìîãî ìåòîäîì
òàáäåòèðîâàíèÿ). Íà ïðîöåññ ýêñòðàêöèè îêàçûâàþò âëèÿíèå
ïðîäóêòû êîððîçèè, èìåþùèåñÿ â ðàñòâîðå, è ïðèìåñè â
ïðèìåíÿåìûõ ðåàãåíòàõ. Ïðè ðàñòâîðåíèè ÒÂÝß, îáëó÷¸ííûõ
äî 100.000 ìâò. ñóòêè/ò, äî êîíöåíòðàöèè óðàíà 300 ã/ë â
îñàäîê âûïàäàåò äî 5# ïðîäóêòîâ äåëåíèÿ, â òîì ÷èñëå
öèðêîíèé, ïàëëàäèé, ìîëèáäåí, ÷àñòè÷íî çàõâàòûâàþùèå è è
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Ââèäó óêàçàííûõ ïðè÷èí â ýêñòðàêòîðàõ è êîììóíèêàöèÿõ
íàêàïëèâàþòñÿ îñàäêè, êîòîðûå ñîâìåñòíî ñ ìåÿôàçíûìà ïë¸íêà-
ìè íàðóøàþò ãèäðîäèíàìèêó ýêñòðàêöèè è ïðèâîäÿò ê îñòàíîâ-
êàì ïðîöåññà.

Êðîìå òîãî, ïðè âçàèìîäåéñòâèè ïðîäóêòîâ äåäåíàÿ
( Zr . Pd è äð. ) ñ ñîäåðæàùèìèñÿ â ÒÁÔ ïðîäóêòàìè ðàäàî*»
ëèçå ( ÌÂÔ. ÙÇÔ, áóòàíîë ) òàêæå îáðàçóþòñÿ îñàäêè,
ñïîñîáñòâóþùèå îáðàçîâàíèþ ìåêôàçíûõ ïëåíîê. Ïðèìåíåíèå
öåíòðèôóãèðîâàíèÿ ñ îáû÷íûì ÷èñëîì îáîðîòîâ íå óñòðàíÿâ?
âñåõ ïðè÷èí îáðàçîâàíèÿ ìåæôàçíûõ îñàäêîâ, ò.êâ ïîëíîé
î÷èñòêè ðàñòâîðà îò ìåëêî- äèñïåðñíûõ âçâåñåé îíî íå äàåò,
äàæå åñëè ðàñòâîð ïðåäâàðèòåëüíî îáðàáîòàí êîàãóÿÿíòàø
( æåëàòèíîé è äð.,

ÝÊÑÒÐÀÊÖÈÎÍÍÀß ÏÅÐÅÐÀÁÎÒÊÀ òâýä
ÐÅÀÊÒÎÐÎÂ ÍÀ ÒÅÏËÎÂÛÕ ÍÅÉÒÐÎÍÀ!

Íà áÿèæàéøàå ãîäû îñíîâíûì çêñòðàãåíòîì, àñâîëüç^å-
ìûì ïðè ýêñòðàêöèîííîé ïåðåðàáîòêå îáëó÷åííîãî ãîðþ÷åãî,
îñòàåòñÿ ÒÂ?. Èç ðàçáàâèòåëåé â íàøèõ óñëîâàÿç: íåéáîêåå
óñòîé÷èâûì ÿâëÿåòñÿ äîäåêàí èëè ñóëüôèðîâàííûé åâíòèí
( ñèíòåçèðîâàííàÿ ñìåñü ïàðàôèíîâ, ñîäåðæàùàÿ Ø^ í-ïàðàôæ-
íîâ è 10/0 èçîïàðàôèíîâ, ñ òåìïåðàòóðîé êèïåíèÿ 170-270°)*

Ðàáîòàì? Áàãäàñàðüÿíà Õ,Ñ. è Áàðåëêî Á.Â» ïîêàçàíî»
÷òî îáðàçóþùèåñÿ ïðè êîíòàêòèðîâàíèè ÒÁÔ â ñóëüôèðîâàííîì „

ñ ÇÌ HNOq ïðè îáëó÷åíèè äîçîé, ðàâíîé 29,6 âò ÷àñ/ä»
ðàäàñëèçà ÒÁÔ áîëåå ñóùåñòâåííî ûîòóó âëæàòü íà

ïðîöåññ ýêñòðàêöèè, ÷åì ïðîäóêòû ðàäàîëèçà ñóÿüôèðîâààíîãî
ñèíòèíà, ÷òî âèäíî èç òàáëèöû 2.
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Òàáëèöà 2
Íàêîïëåíèå ïðîäóêòîâ ðàäèîäèçà ïðÿ îáãó÷å-

íèè ìîùíîñòüþ äîçû 29,6 âò ÷/ë z êîíòàêòèðîâà-
íèè ñ ÇÌ Íâ03.

Ðåàãåíò ìîäåìà íà 100

i íåíèÿ
i

äîäåêàÿ ;

ñóëüôèðîâàí.
ñèíòèí
ÒÁÔ â ñóëü-
ôèð.ñèíòèíå

0

0,1

0,23

! ýôèðà

: 0
i

0

' 0

. ýôèðû

0,27

0,33

0,21

êàðáîíî-âûå êèñëî-òû
1,02

1,2
1,14

Ïî ìíåíèþ àâòîðîâ, â ýòèõ óñëîâèÿõ êîëè÷åñòâî
îáðàçóþùèõñÿ íèòðîñîåäèíåíèé çà ñ÷¸ò ðàäèîëèçà ÒÁÔ
çîèñ'Ìâðèìî èëè ïðåâûøàåò êîëè÷åñòâî íèòðîñîåäèíåíàé,
îáðàçóþùèõñÿ çà ñ÷¸ò ñóëüôèðîâàííîãî ñèíòèíà è òåì áîëåå
íîðìàëüíîãî äîäåêàíà.

Îáëó÷àÿ ðàñòâîðû, ìîäåëèðóþùèå ïåðåðàáîòêó ÒÂÝÄ
ò?,ëà ÂÂÝÐ ìåòîäîì ýêñòðàêöèè ÒÁÔ â ñóëüôèðîâàííîì
ñèíòèíå, àâòîðû íàøëè, ÷òî ïðè íà÷àëüíîé äîçå îáëó÷åíèë»
ýêâèâàëåíòíîé 5000 êþðè/ë, â òå÷åíèå ÷àñà íå áíëî îáíàðó-
æåíî çíà÷èòåëüíûõ îñëîæíåíèé íà ñòàäèè ýêñòðàêöèè.
Íåïðåðûâíûé âîçâðàò îðãàíè÷åñêîé ôàçû âïëîòü äî èíòåãðàëü-
íîé äîçû îáëó÷åíèÿ 200 âò. ÷/ë ïîäòâåðäèë âîçìîæíîñòü
ïðîäîëæèòåëüíîé ðàáîòû áåç îñîáûõ çàòðóäíåíèé, õîòÿ
âëèÿíèå êèñëûõ ïðîäóêòîâ ðàäèîëèçà ÒÁÔ íà ýêñòðàêöèþ zr
è RU ñêàçûâàåòñÿ óæå ïðè íà÷àëüíîé äîçå I
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Îäíàêî, íàêàïëèâàþùèåñÿ â îðãàíè÷åñêîé ôàçå ïðîäóêòû
íèòðîâàíèÿ - îêèñëåíèÿ ñóùåñòâåííî âëèÿþò íà ñêîðîñòü ðàññëàè-
âàíèÿ è âûçûâàþò îáðàçîâàíèå âåñüìà ïëîòíûõ ýìóëüñèé â êîíöå
êàìïàíèè.

Óâåëè÷åíèå äîçû îáëó÷åíèÿ äî 10.000 êþðè/ë â òå÷åíèå
÷àñà, ÷òî ñîîòâåòñòâóåò óñëîâèÿì ïåðåðàáîòêè ÒÂÝË áûñòðûõ
ðåàêòîðîâ ñ ãëóáîêèì âûãîðàíèåì è êîðîòêèì âðåìåíåì îõëàæäå-
íèÿ ìåòîäîì ýêñòðàêöèè ÒÁÔ â ñóëüôèðîâàííîì ñèíòøå, ïðèâîäèò
ê îáðàçîâàíèþ â ðàñòâîðå, ñîäåðæàùåì äî 200 ã/ÿ óðàíà, ïëóòî-
íèé è ìàêðîïðèìåñè, èìèòèðóþùèå êîëè÷åñòâåííî ñïåêòð ïðîäóê-
òîâ äåëåíèÿ, ìåæôàçíâõ îñàäêîâ è îñàäêîâ â âîäíîé ôàçå» Â
ñîñòàâå îñàäêîâ îáíàðóæåíî äî 30$ Zr , çíà÷èòåëüíûå êîëè-
÷åñòâà Ð d ; Mo â îñàäêå íå îáíàðóæåí. Ïðîöåññ ýêñòðàêöèè è
ðàçäåëåíèÿ ôàç â òàêîé ñèñòåìå çàòðóäíåí.

Ñóììèðóÿ èìåþùèéñÿ îïûò ïî ïåðåðàáîòêå ÒÂÝË ìåòîäîì
ýêñòðàêöèè, ìîæíî ñäåëàòü âûâîä, ÷òî äëÿ ÒÁÔ â è~äîäåêàíå
èëè ðàçáàâèòåëå òèïà ñóëüôèðîâàííîãî ñèíòèíà òåõíîëîãè÷åñêè
âîçìîæåí ïðîöåññ ïðè àêòèâíîñòè èñõîäíîãî âîäíîãî ðàñòâîðà,
íå ïðåâûøàîäåé 5ÄÎ3 - 6,10 êþðè/êã óðàíà, ÷òî ïðèåìëåìî
äëÿ ðàñòâîðîâ ÒÂÝÅ òèïà ÂÂÝÐ.

ÏÅÐÅÐÀÁÎÒÊÀ ÒÁÝÄ ÐÅÀÊÒÎÐÎÂ ÍÀ
ÁÛÑÒÐÛÕ ÍÅÉÒÐÎÍÀ! (ÐÁÍ).

Îñóùåñòâëåíèå ïðîãðàììû ñòðîèòåëüñòâà ?Ø, êàê ýòî
íàìå÷åíî, íàïðèìåð, äëÿ ðåàêòîðà òàëà ÁÉ-350, áóäåò ïðîõî-
äèòü ÷åðåç ñòàäèþ ðàáîòû ðåàêòîðà â ðåæèìå ðåàêòîðà -
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êîíâåðòîðà ( ãîðþ÷åå ~ íà îñíîâå îáîãàù̧ ííîé ïî U ™"
äî 20% äâóîêèñè óðàíà ) ÿ ðåàêòîðà - ðàçìíîæèòåëÿ, ÿîòîðíé
áóäåò ðàáîòàòü íà ñìåøàííîì óðàí - ïëóòîíèåâîì òîïëèâå. Â
áóäóùåì âîçìîæåí ïåðåõîä íà ÒÂÝÄ, èìåþùèõ â êà÷åñòâå
ãîðþ÷åãî êàðáèäû.

Â õèìè÷åñêîé ïåðåðàáîòêå TB3S, ïî -âèäèìîìó , ñëåäó-
åò ðàçëè÷àòü òàêæå äâà ýòàïà.

Íà ïåðâîì ýòàïå ÒÂÝË ðåàêòîðîâ «- êîíâåðòîðîâ áóäóò
ïåðåðàáàòûâàòüñÿ íà yze äåéñòâóþùèõ óñòàíîâêàõ ïî ïåðåðàáîò-
êå ÒÂÝË. ðåàêòîðîâ íà òåïëîââõ íåéòðîíàõ. Ýòî ïîäòâåðæäàåòñÿ
è ìàñøòàáîì ïåðåðàáîòêè. Íà êàæäûé ìÿí êèëîâàòò ýëåêòðè÷åñ-
êîé ìîùíîñòè ðåàêòîðîâ íà áûñòðûõ íåéòðîíàõ íà õèìè÷åñêóþ
ïåðåðàáîòêó áóäåò ïîñòóïàòü â ãîä 6-8 ò ÒÂÝÄ àêòèâíîé çîíû
ê 20-25 ò çîíû ýêðàíà.

Ïðè ïåðåðàáîòêå ãîðþ÷åãî àêòèâíîé çîíû íà äåéñòâóþ-
ùèõ óñòàíîâêàõ ìîæíî ðåêîìåíäîâàòü ñëåäóþùèå ìåðîïðèÿòèÿ:

1. Ñðîê îõëàæäåíèÿ ÒÂÝË ïðèíèìàòü íå ìåíåå 150 äíåé,
oq7 e÷òî äèêòóåòñÿ ðàñïàäîì è ̂ .

2. Ñíèçèòü àêòèâíîñòü èñõîäíîãî ðàñòâîðà ïðèìåðíî â
ïÿòü ðàç ðàçáàâëåíèåì ðàñòâîðà äî êîíöåíòðàöèè óðàíà
~-60 ã/ë. Ðàçáàâëåíèå áëàãîòâîðíî ñêàæåòñÿ íà ïîâåäåíèå

â ðàñòâîðå ìàêðîïðèìåñåé ïðîäóêòîâ äåëåíèÿ.
Îáëó÷¸ííîå ãîðþ÷åå ðåàêòîðîâ - ðàçìíîæèòåëåé,

âñëåäñòâèå âûñîêîãî ñîäåðæàíèÿ ïëóòîíèÿ â èñõîäíîì ìàòåðèàëå
( ãîðþ÷åå ñîäåðæèò îáåäí¸ííûé óðàí ÿ äî 20% ïëóòîíèÿ)
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ïåðåðàáàòûâàòü íà äåéñòâóþùèõ óñòàíîâêàõ áóäåò çàòðóäíè-
òåëüíî.

Òðåáîâàíèå áûñòðîãî âîçâðàòà ïëóòîíèÿ íå ïîçâîëèò
óâåëè÷èòü ñðîê îõëàæäåíèÿ ÒÂÝË, òåì áîëåå, ÷òî íàëè÷èå
è íå ëèìèòèðóåò ýòîò ñðîê, ò.ê* èçãîòîâëåíèå ÒÂÝË

áóäåò îðãàíèçîâàíî äèñòàíöèîííî.
Âîçìîæíûå ïóòè ðåøåíèÿ çàäà÷è ïåðåðàáîòêè ýòèõ ÒÂÝÄ

ìîãóò áíòü ñëåäóþùèå:
I* Ñíèæåíèå âðåìåíè ïðåáûâàíèÿ îðãàíè÷åñêîé ôàçû â çîíå

êîíòàêòà ñ àêòèâíûì ðàñòâîðîì* Êàðäèíàëüíîå ðåøåíèå ýòîãî
âîïðîñà ñâîäèòñÿ ê ñîçäàíèþ ýêñòðàêòîðîâ ñ ìàëûì âðåìåíåì
êîíòàêòèðîâàíèÿ ôàç. Â ÑÑÑÐ, òàêæå êàê è â äðóãèõ ñòðàíàõ,
âåäóòñÿ èñïûòàíèÿ öåíòðîáåæíûõ ýêñòðàêòîðîâ» Ðåçóëüòàòû
ðàáîò îáíàäåæèâàþùèå, îäíàêî ïðèäåòñÿ ïðèëîæèòü ìíîãî óñè-
ëèé ïî ñîçäàíèþ íà îñíîâå ýòèõ öåíòðèôóã íàä¸æíîé ñõåìû
ýêñòðàêöèîííîãî ïðîöåññà.

2. Áîëåå ïðîñòîé è ïðàêòè÷åñêè îñóùåñòâèìûé áåç áîäüåøõ
çàòðàò ïóòü - îáúåäèíåíèå ïðè ïåðåðàáîòêå ãîðþ÷åãî àêòèâíîé
çîíû è ýêðàíà, êîòîðûå ïîñòóïàþò íà ïåðåðàáîòêó ïðè ñîîòíî-
øåíèè àêòèâíàÿ çîíà :-ýêðàí =1:3.

Ðàçáàâëåíèå ðàñòâîðà äî êîíöåíòðàöèè óðàíà
80 - 100 ã/ë ïîíèçèò àêòèâíîñòü â 4 ðàçà, ÷òî ïîçâîëèò
ðàáîòàòü â ðåæèìàõ ïåðåðàáîòêè ãîðþ÷åãî ðåàêòîðîâ âà
òåïëîâûõ íåéòðîíàõ.

3. Ñòðåìëåíèå ðåçêîãî ñíèæåíèÿ àêòèâíîñòè ðàñòâîðîâ
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TBSttt ÐÅÇ â ãîëîâå ïðîöåññà ñ ïîìîùüþ íåîðãàíè÷åñêèõ ñîðáåê~
òîâ, îáëàäàþùèõ âûñîêîé ¸ìêîñòüþ Å ðàáîòàþùèõ â êèñëûõ
ñðåäàõ, ïîêà íå ïîêàçàëà óäîâëåòâîðèòåëüíûõ ðåçóëüòàòîâ»

4. Ïðèìåíåíèå áîëåå óñòîé÷èâûõ 2 òåõíîëîãè÷åñêè
ïðèåìëåìûõ ôîñôîðîðãàâè÷åñêèõ âêñòðàãåíòîâ, ñîäåðæàùèõ
ôåíÿëüíóþ ãðóïïó, íàïðèìåð, äèãåêñèëîâîãî ýôèðà ôåíèëôîñôî-
íîâîé êèñëîòû - ËÃÔÔ.

Ðîçåí À.Ì» è Íèêîäîòîâà 3»Í /12/, Ðåâÿêæí B-Be è
äð. /10/ ïðîâåëè èññëåäîâàíèå ýêñòðàêöèîííûõ ñâîéñòâ ý^îãî
àêñòðàãåíòà è ïîêàçàëè, ÷òî:

à) ÄÃÔÔ ýêñòðàãèðóåò óðàí íåñêîëüêî ýôôåêòèâíåå,
÷åì T&i ( êîíñòàíòà ýêñòðàêöèè âûøå â 3 ðàçà ) ,à àçîòíóþ
êèñëîòó ïðèìåðíî òàêæå, êàê è ÒÁÔ,

á) êîýôôèöèåíò ðàñïðåäåëåíèÿ äëÿ Ðè Øã) ñðàâíèì ñ
êîýôôèöèåíòîì ðàñïðåäåëåíèÿ Pu (U) äëÿ ÒÅÔ»à äëÿ FJ (Ø) -
âûøå, ÷åì â ñëó÷àå ñ ÒÁÔ,

â) çíà÷åíèÿ êîýôôèöèåíòîâ ðàñïðåäåëåíèÿ Zr è Çã?
íåñêîëüêî âíøå, ÷åì äëÿ ÒÁÔ, îäíàêî, ó÷èòûâàÿ áîëåå
ýôôåêòèâíóþ ýêñòðàêöèþ óðàíà ÄÒÔÔ, ÷åì ÒØ„ î÷àñòåà of
öèðêîíèÿ äîëæíà áûòü íå òîì Åå óðîâíå, ÷òî è ïðè ýêñòðàê-
öèè ÒÁÔ„

Àâòîðàìè ñäåëàí âûâîä î âîçìîæíîñòè óñïåøíîãî
èñïîëüçîâàíèÿ ÄÃÔÔ äëÿ ýêñòðàêöèîííîãî îòäåëåíèÿ óðàíà à
ïëóòîíèÿ îò ïðîäóêòîâ äåëåíèÿ.

Ðàäèàöèîííàÿ óñòîé÷èâîñòü ÄÒÔÔ â 8 ðààà âûøå,
"ÒÁÔ.
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Ïîäîñøàÿ ðàáîòà îí äà âûïîëíåíà â ÑØÀ ñ ýêñòðàãåíòîì
ñõîäíîé ñòðóêòóðû - äâ-í-áóòèëôåíèëôîîôîíàòîì - Ä-í- ÁÔÔ /9/.

5. Áîëåå ðàäèàöèîííî óñòîé÷èâûìè ÿâëÿþòñÿ àçîòîñîäåðæå-
ùèå îðãàíè÷åñêèå ýêîòðàãåíòê, íàïðèìåð, òðåòè÷íûå àìèíû» Èõ
ðàäèàöèîííàÿ ÓÑÒÎÉ×ÈÂÎÑÒÜ âêàçå ÓÑÒÎÉ×ÈÂÎÑÒÈ ôîñôîðîðãàíè-
÷åñêàõ ýêñòðàãåíòîâ êà ïîðÿäîç.» èñïîëüçîâàíèå òðåòè÷íø:
àìèíîâ äëÿ ïåðåðàáîòêè ÒÂÝË àêòèâíîé çîíû ðåàêòîðîâ - ðàçìíî-
æèòåëåé ñî ñìåøàííûì òîïëèâîì ( óðàí à ïëóòîíèé ) âûçûâàåò
áîëüøîé èíòåðåñ.

Óðàí, ïðèìåíÿåìûé ç ðåàêòîðàõ - ðàçìíîæèòåëÿõ, êàê
â àêòèâíîé çîíå, òàê z â ý-îàíå, áóäåò îáåäíåííûì ïîñëå
äèôôóçèîííîãî ïðîöåññà, Úàïàñû åãî äîñòàòî÷íû è íåò íóâäü
Á åãî áûñòðîé ðåïèðêó ëÿ:2!è â òîëëõçêîì öèêëå /II/,

Íàøè èçàñêàíèë ~? KCiij,'ecc - ñõî.ëå üûäåëüãï^ "^. :•:--
êèÿ çîêàçèâàþò ðåàëû^! âî&ìîàíîñòü ñòäåäåíêÿ ïëóòèí^. ã"
óðàíà ë ïðîäóêòîâ ë^ëåêêÿ çâ CJJ»K öèêë ýêñòðàêöèè òðåòè÷ü?-
ìè àìèíàìè < ñìåñü C-^-Gj-^ ) â ðàçáàâèòåëå òèïà ïîäèàëêèë -
áåíçîëà ( ÏÀÁÕ-' ) , îáëàäàþùèìè ïðò,: êîíöåíòðàöèè. ÒÀÀ ÇÑ,.
åìêîñòüþ ïî ïëóòîíèè =13 ã/ë. î÷èñòêå iu çà åäèí

õ) 99^ äè~è òðè-ïðîïéëáåíçîëà è 1% ìîíîïçñ-
ïðîïèëáåêçîëà.
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ýêñòðàêöèè è îñàæäåíèÿ îêñàÿîòà ïëóòîíèÿ äîñòèãàåò 10 , ÷òî
âïîëíå äîñòàòî÷íî ïðè äèñòàíöèîííîì èçãîòîâëåíèè ÒÂÝß. Â
ñëó÷àå íåîáõîäèìîñòè ïîëíîé î÷èñòêè ïëóòîíèÿ îò ïðîäóêòîâ
äåëåíèÿ äîñòàòî÷íî ïðîâåäåíèÿ âòîðîãî öèêëà ýêñòðàêöèé
àìàíàìè /3/,

Ðàôèíàò, ñîäåðæàùèé îáåäíåííûé óðàí è ïðîäóêòû äåëå-
íèÿ, ìîæíî õðàíèòü äëÿ ñíèæåíèÿ àêòèâíîñòè äî ïðèåìëåìîãî
óðîâíÿ, ïîñëå ÷åãî óðàí ìîæíî èçâëåêàòü èçâåñòíûìè ýêñòðàêöè*
îêíûìè ìåòîäàìè.

Áàõ ß .À . , Ìåäâåäîâñêèé Â.È. è äð. èññëåäîâàëè
ðàäèàöèîííûå è ýêñòðàêöèîííûå ñâîéñòâà òðåòè÷íûõ àìèíîâ
( òðèîêòèëàìèí - ÒÎÀ ), ñìåñü òðèàëêèëàìèíîâ - ÒÀÀ (CjQ-Cjg-
â àðîìàòè÷åñêîì ðàçáàâèòåëå ( í~áóòèëáåíçîë ).

Óñòàíîâëåíî, ÷òî ïðè ìîùíîñòè äîçû äî 50 ~—3.
êîýôôèöèåíòà ðàñïðåäåëåíèÿ ïëóòîíèÿ îñòàþòñÿ äîñòàòî÷íî
âûñîêèìè, à ðåýêñòðàêöèÿ åãî èç îðãàíè÷åñêîé ôàçû ðàñòâîðà-
ìè óêñóñíîé êèñëîòû ïðîòåêàåò óäîâëåòâîðèòåëüíî, êàê ïðè
îäíîêðàòíîì, òàê è ìíîãîêðàòíîì ( öèêëè÷åñêîì ) èñïîëüçîâà-
ëè ýêñòðàãåíòà. Ïðè äàëüíåéøåì óâåëè÷åíèè äîçû îáëó÷åíèÿ â
ñèñòåìå íàáëþäàåòñÿ óìåíüøåíèå êîýôôèöèåíòà ðàñïðåäåëåíèÿ
ïëóòîíèÿ è óõóäøåíèå åãî ðåýêñòðàêöèè.

Êîýôôèöèåíò ðàñïðåäåëåíèÿ ïðîäóêòîâ äåëåíèÿ
{ Zr èêè ) âîçðàñòàåò ñ óâåëè÷åíèåì äîçû îáëó÷åíèÿ, îäíî^
âðåìåííî óõóäøàåòñÿ èõ ðåýêñòðàêöèÿ ñ ïëóòîíèåì» Êîýôôèöè-
åíò ðàñïðåäåëåíèÿ öèðêîíèÿ è ðóòåíèÿ íå çàâèñèò îò èõ
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êîíöåíòðàöèè â èñõîäíîì ðàñòâîðå, à îïðåäåëÿåòñÿ òîëüêî
î _«

ïîãëîùåííîé ýêåòðàãåíòîì ýíåðãèåé è íå ïðåâûøàåò 10""°-10 .
Íàêàïëèâàþùèåñÿ â ýêñòðàãåíòå âòîðè÷íûå è ïåðâè÷íûå

àøøû ïðàêòè÷åñêè íå îêàçûâàþò âëèÿíèÿ íà ýêñòðàêöèþ ïëó?î~
íàÿ à î÷èñòêó åãî îò óðàíà.

Ïðè ìíîãîêðàòíîé îáîðà÷èâàåìîñòè ýêñòðàãåíòà íå áíëî
çàìå÷åíî îáðàçîâàíèÿ êàêèõ-ëèáî ýìóëüñèé íäè îñàäêîâ, à
âðåìÿ ðàññëàèâàíèÿ ôàç ïðàêòè÷åñêè íå èçìåíÿëîñü.

Îäíàêî ïðè èñïîëüçîâàíèé â êà÷åñòâå ðàçáàâèòåëÿ äëÿ
òðåòè÷íûõ àìèíîâ ñìåñè ñóëüôèðîâàííîãî ñèíòííà è îêòèëåâîãî
ñïèðòà â ñèñòåìå óæå ïðè äîçå îáëó÷åíèÿ 5-Þ ^jp* îáðàçóþò-
ñÿ ïðîäóêòû ðàçëîæåíèÿ, ðåçêî ñíèæàþùèå ýêñòðàêöèþ ïëóòîíèÿ,
ïî -âèäèìîìó, ïåðåâîäÿ åãî â 3-õ âàëåíòíîå ñîñòîÿíèåë

ÏÎÂÙÂÍÈÅ ÍÅÊÎÒÎÐÛÕ ÙÙÓÊÒÑØ
ÙÅÍØ Â ØÐÎÄÂÑÑÅ ÝÊÑÒÐÀÊÖÈÈ

Ãëóáîêîå âûãîðàíèå ãîðþ÷åãî ñâÿçàíî ñ íàêîïëåíèåì
â í¸ì çíà÷èòåëüíûõ êîëè÷åñòâ ñòàáèëüíûõ è ðàäàîàêòéâêêõ
èçîòîïîâ, èõ êîëè÷åñòâåííûé ðîñò ñâÿçàí òàêæå î èçìåüåêèå?.
ñïåêòðà»

Íàëè÷èå â îáëó÷¸ííûõ ÒÂÝË ëåòó÷èõ ïðîäóêòîâ äåëåêã^
Ê ã° s j d è òðèòâÿ óñëîæíÿåò àïïàðàòóðíîå îôîðìëåíèå
îïåðàöèé âñêðûòèÿ è ðàñòâîðåíèÿ ñåðäå÷íèêîâ» Î÷èåòàü
îòõîäÿùèõ ãàçîâ äî ñàíèòàðííõ íîðì ïîòðåáóåò çíà÷èòåëüíûõ -
óîèàèé»

Áåñïîêîéñòâî âûçûâàåò ïîâåäåíèå J , êîòîðûé
ïðèìåðíî íà 70$ ýêñòðàãèðóåòñÿ ÒØ à àìèíàø, ïðè÷¸ì
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ïðàêòè÷åñêè êå ðåýêñòðàãèðóåòñÿ ñ óðàíîì è ïëóòîíèåì, íå
âûìûâàåòñÿ èç îðãàíè÷åñêîé ôàçû ïðè ïðîìûâêå å¸ êàðáîíàòîì
íàòðèÿ è äèñòèëëÿöèè. Ïðîìûâêà îðãàíè÷åñêîé ôàçû ùåëî÷üþ
íåñêîëüêî óâåëè÷èâàåò óäàëåíèå éîäà. Âîçìîæíî, ïðèä¸òñÿ
íàâîäèòü èç ïðîöåññà ðàñòâîðèòåëü íà ñðîê, îïðåäåëÿåìûé

Ò »ý Òâðåìåíåì ðàñïàäà J . Îäíàêî» ýòà îïåðàöèÿ ïîòðåáóåò
äîïîëíèòåëüíûõ ¸ìêîñòåé äëÿ õðàíåíèÿ ðàñòâîðîâ, ÷òî íåñêîëü-
êî óäîðîæàåò òîïëèâíûé öèêë.

Õîòÿ â òîïëèâå ðåàêòîðîâ íà áûñòðûõ íåéòðîíàõ ìîæåò
íàêàïëèâàòüñÿ Zr äî 6,5 êã/ò óðàíà, äåòî»ðàäèîàêòèâíîãî
öèðêîíèÿ â îáùåì ñïåêòðå ïðîäóêòîâ äåëåíèÿ ñíèçèòñÿ0 Ïîýòîìó
î÷èñòêà óðàíà è ïëóòîíèÿ îò ðàäèîàêòèâíîãî öèðêîíèÿ íå
ïðåäñòàâèò áîëüøèõ, ÷åì â íàñòîÿùåå âðåìÿ òðóäíîñòåé»
Íàðÿäó ñ ðàäèîàêòèâíûì öèðêîíèåì â ðàñòâîðå áóäåò íàõîäèòüñÿ
çíà÷èòåëüíîå êîëè÷åñòâî ñòàáèëüíîãî èçîòîïà. Îñíîâíîå
Îåñèîêî::Ñ7üî êàê î ñòàáèëüíåé, òàê è î ðàäèîàêòèâíîì öèðêîíèè
áóäåò âûçûâàòüñÿ òåì, ÷òî îí áóäåò äàâàòü ñ ïðîäóêòàìè
ðýäèîëèçà ñîåäèíåíèÿ, îáðàçóþùèå ìåæôàçíûå îñàäêèñ

Äîëÿ ðóòåíèÿ â îáùåì ñïåêòðå ïðîäóêòîâ äåëåíèÿ,
íàîáîðîò, ðåçêî âîçðàñòàåò. Åñëè ó÷åñòü, ÷òî â ïðîöåññå
ýêñòðàêöèîííîé ïåðåðàáîòêè ãîðþ÷åãî â íàñòîÿùåå âðåìÿ
íàèáîëüøóþ òðóäíîñòü ïðåäñòàâëÿåò î÷èñòêà óðàíà è ïëóòîíèÿ
îò ðóòåíèÿ, òî ïðè ïåðåðàáîòêå ãîðþ÷åãî ñ ãëóáîêèì âûãîðà-
íèåì ýòè òðóäíîñòè óâåëè÷àòñÿ*

Ïðè ïåðåðàáîòêå ãîðþ÷åãî ñ âûñîêèì âûãîðàíèåì
'âîçìîæíû îñëîæíåíèÿ ïðîöåññà ýêñòðàêöèè, ñâÿçàííûå è ñ
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ïðèñóòñòâèåì â ðàñòâîðàõ ïàëëàäèÿ, êîòîðûé íàêàïëèâàåòñÿ
â ÒÂÝß ÐØ äî 5 êã/òí.

Ðàáîòîé, âûïîëíåííîé Ëóíè÷êèíîé Ê.Ï., Ðåíàðäîì Ý.Â»
è äð. ïîêàçàíî, ÷òî ïàëëàäèé óäîâëåòâîðèòåëüíî ýêñòðàãèðóåò-
ñÿ èç íèòðàòíîé ñðåäû ( HK03,NaH03) ðàñòâîðàìè ÒØ9 ÄÀÌÔÊ
( äèèçîàìèëîâûé ýôèð ìåòèëôîñôîíîâîé êèñëîòà), ÒÎÀ, Ä2ÝØÑ
( äè-(2- ýòèëãåêñèÿ ) ôîñôîðíàÿ êèñëîòà ).
Êîýôôèöèåíòû ðàñïðåäåëåíèÿ ïàëëàäèÿ â ñèñòåìàõ: 25% ÒÁ& -
- í.äåêàí - 0,5 Ì ØÎä ; IQ% ÒÎÀ - äèýòéëáåíçîë - 2 Ì Ø03;
40$ Ä2ÝØÑ - äèýòèëáåíçîë - 0,05 Ì HROQ - 0,5 Ì ßàßÑÖî î
ñîñòàâëÿþò ñîîòâåòñòâåííî ~0,3; ^-1,3 è -^-4,5.

Ýêñòðàêöèÿ ïàëëàäèÿ âîçðàñòàåò ñ óìåíüøåíèåì êèñëîòíî-
ñòè âîäíîé ôàçí, óìåíüøåíèåì êîíöåíòðàöèè ýêñòðàãèðóåìûõ
àêòèíèäîâ è ïàëëàäèÿ â ñèñòåìå, óâåëè÷åíèåì êîíöåíòðàöèè

NOg - èîíîâ â âîäíîé ôàçå è â ðÿäó ýêñòðàãåíòîâ: ÒØ *̂
<Ä2ÝÃÔÊ <ÄØÔÊ <ÒÎÀ. Â óñëîâèÿõ îòíîñèòåëüíî âûñîêîé êèñëîòíî-

ñòè âîäíîé ôàçû è ïðè âûñîêîì íàñûùåíèè óðàíîì îðãàíè÷åñêîé
ôàçû, ò.ê. ïðè ýêñòðàêöèîííîé Ñ ÒÅ ) ïåðåðàáîòêå ðàñòâîðîâ
îáëó÷¸ííîãî ãîðþ÷åãî ýêñòðàêöèÿ ïàëëàäèÿ áóäåò ïðàêòè÷åñêè
ïîäàâëåíà.

3 ñëó÷àå ýêñòðàêöèè ïëóòîíèÿ àìèíàìè î÷èñòêà åãè
îò ïàëëàäèÿ áóäåò çàòðóäíåíà èç-çà âûñîêîé ýêñòðàãèðóåìîñòê
ïàëëàäèÿ. Ýêñòðàêöèþ ïàëëàäèÿ â ÒØ è ÒÎÀ ïîäàâëÿþò
êîìïëåêñîîáðàçîâàòåëè ( ùàâåëåâàÿ êèñëîòà, òðèëîí Á, ÄÒÏÀ )
ïðè ââåäåíèè èõ â âîäííé ðàñòâîð.
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Ïåðåøåäøèé â îðãàíè÷åñêóþ ôàçó ïàëëàäèé ëåãêî âîññòà-
íàâëèâàåòñÿ ñïèðòàìè ( áóòèëîâûé, èýîàìèëîâûé, îêòèëîçíé )
äî ìåòàëëà, ÿâëÿÿñü, âîçìîæíî, îäíîé èç ïðè÷èí îáðàçîâàíèÿ
ìåæôàçíûõ ïë¸íîê.

Ðåýêñòðàêöèþ ïàëëàäèÿ èç îðãàíè÷åñêèõ ðàñòâîðîâ ìîæíî
îñóùåñòâèòü ñëàáîêèñëûìè ðàñòâîðàìè êîìïëåêñîíîâ, ïåðåêèñüþ
âîäîðîäà ( ñîäîâûé èëè êèñëûé ðàñòâîð ).

Íàëè÷èå ïàëëàäèÿ íå âëèÿåò íà ïîëó÷åíèå ïëóòîíèÿ â
4-õ âàëåíòíîì ñîñòîÿíèè.

Â ðåàëìå ýêñòðàêöèè òðåõâàëåíòíûõ ðåäêèõ âåìåëú â
àêòèíèäîâ èç ñëàáîêèñëûõ âûñîêîñîëåâûõ ðàôèíàòîâ 1«ãî öèêëà
áóäåò èçâëåêàòüñÿ è ïàëëàäèé.
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THE CHEMICAL PROCESSING OF HIGHLY IRRADIATED FUELS

Maurizio Zifferero
Comitato Nazionale per 1'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
fuels is still very limited and appears to be concentrated in UK
and in France 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 PBR principal
irradiation parameters are compared in Table I to give order to
magnitude figures. These data indicate that core power density in
PBR 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 PBR 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
MWd/t is 45$ higher than the activity of a fuel discharged after
100,000 MWd/t at half as much power densityî
Furthermore 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 PBR fuels reprocessing
Usually advocates of non aqueous 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

LWR1^ PER

now target now target

Core power density 15 30-40 ~100 150-200
(kW/kg of fuel)

Burn-up (MWd/t) 15-20,000 ^40,000 35-50,000 100,000

Cooling time (days) >120 100-120 90 30(?)-60

1) Average PV7R-BWR
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Table II

Effect of specific power density, burnup
and cooling time on f.p. activity (Watts/kg of fuel)

50,000 MWd/t 100,000 MWd/t

days of cooling 60 90 160

at 100 kW/kg 89 68 42

at 200 kW/kg 149 (m) 66

60 90 160

99 (77) 51

177 136 87

1)Calculated by Phoebe ORNL code
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Table III

P.P. activities (in Watts/kg of fuel) in LWR fuels

Today Future values

Core power density
(in kW/kg)

Ú.è. (MWd/t)

P.P. activity:
(in Watts/kg)

- after 90 days
— after 160 days

15

20,000

12

8,5

30-40

35-40,000

27-35
19-25
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Table IV

Relevant reprocessing data for a typical
FBR power plant '

Case a Case b

Average power density 70 32
(kW/kg of fuel)

Average b.u. (MWd/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

376



Table V

Chemical composition of PBR power
plant fuel following case a and b

Annual discharge: case a case b

Total U (in kg of U02) 14,120 36,346

Total Pu (in kg of Pu02) 1,885 2,090

P.P. (in kg) 734 754

w/o Pu in the fuel 11.2 5.35
(average)

case a: processing together core + axial blanket
case b: processing together core + axial + radial blanket
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Prom 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.

Technical aspects of FBR fuels reprocessing

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 advanced
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 EPS 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 quanta^
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 dig
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 is 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 UO to U On to favor the release of gaseous products prior to
dissolution 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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Table VI

Iodine -131 content (in Ci/t of fuel)
in different cases

PBR active core: Ci-I * /t
- 30 days of cooling 2.4 x 10
- 60 days of cooling 1.8 x 10
- 1 50 days of cooling 8

FBR core + blankets:
4- 30 days of cooling 9.8 x 10

- 60 days of cooling 7.5 x 10
- 1 50 days of cooling 3.4

LWR - 150 days of cooling 1.8

PBR reference fuel is the same assumed in case a and Ú 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 «pften 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.

GNEN 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.B.C.) supplied
with three separate closed loops suitable for irradiation
testing of fast reactor fuel assemblies. The anticipated
thermal power will be around 140 MW at an average loop flux
of 3 x 10 . The driver fuel is enriched ('••-•30$) uranium
oxide with an -axial blanket of natural uranium <-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 construction 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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Summary and Recommendations 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 HTGS fuels will Úå associated
with the head-end operation, whilst existing solvent extraction technology
is adequate 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 generally proved themselves very reliable, and that this will be one
important 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 modifications 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.

4o In processing fast reactor fuels, a number of problems become
significant, which are less important in existing thermal fuel reprocessing
plants. The following problems may arise with highly irradiated fuels
irrespective of its cooling period.

(i) . The possibility of sodium being present in the fuel;
(ii) The effect of high plutonium concentrations on the

. chemistry;
(iii) Criticality and accountability problems arising from

high plutonium concentrations} -
(iv) The behaviour of fission products at high (chemical)

concentrations;
(v) The formation of insoluble fission product inclusions

in the fuels, affecting feed clarification and the
recovery of fissile material};'
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(vi) The control of gaseous radioactive fission productsj
(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 following problems Úåñîòå severe at short cooling periods:

i) The control of short-lived volatile
fission products (I , 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
waste management,

iii) Increased solvent and diluent degradation.
5» As noted above, none of these problems are expected to introduce
any insuperable technical difficulties into aqueous reprocessing but the
consequent costs have yet to be assessed.

The use of amines to 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 attention 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 gaseous 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 problem 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 NWd/t.
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 (depend
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 POUT°, 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. POUT 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 ÑÆÊ 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 Úå assessed.

Becoamendatipna to the Agency
,*

1. The Panel recommend that a detailed analysis be carried out
on specific problems connected with very short—cooled fuel
transportation in relation to existing regulations»

2. The problem associated with the radioactive wastes produced
in plant operation should similarly be assessed. In particular
this refers to highly active liquid and solid wastes, low
active liquid effluents and gaseous wastes. In this assessment
particular emphasis should be placed on I , Xe , Kr and H .

4

3» In view of the present state of development, the Panel did not
consider it appropriate to make a quantitative statement on
the cost of fast breeder reactor fuel processing relative to
those of thermal fuels, nor on the economic consequences of
reducing the cooling time»
It is suggested, however, that on this aspect a fruitful meeting
could be held in the future,,

4* Some specific areas which deserve priority and could be the
subject of Agency sponsored research activities include:
— Basic 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
associated with the high concentration of plutonium in fast
reactor fuels;

— Chemistry of fission products in macro amounts in process
f

conditions.
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