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ABSTRACT 

A filling alloy concept for the conditioning of fast breeder fuel elements 
has been studied. 

The filling alloy is cast into the fuel element right at the reactor discharge, 
so that fuel pins are surrounded by a solid leak tight metal matrice, which 
improves the mechanical properties of the fuel element and prevents the fission 
gases to escape. 

The following three filling alloys have been investigated : Al-Mn (10 wt. %) 
MPt 700 °C, Cu-Mg (9,7 wt. %) MPt 722 °C and Al-V (2 wt. %) MPt 735 °C. 
Laboratory results have shown that stainless steel corrosion rates are very 
low provided the casting temperature does not exceed 800 °C. Also Na could 
be dissolved to same extend. 

I t is shown that with the filling alloy concept most of the unit operations 
along the Head-end flow-sheet will be less complicated and expensif. 

Finally also transportation of the conditioned fuel elements should be much 
safer. 
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I . GENERAL.CON SI DERATIONS 

The h i g h l y i r r a d i a t e d f a s t b r e e d e r f u e l e lements must be 

hand led w i t h g r e a t care a f t e r t h e r e a c t o r d i s c h a r g e . Bes ide t h e b r i t t l e -

nes o f t h e s t r u c t u r a l m a t e r i a l and p a r t i c u l a r l y t h e f u e l can , t h e r e are 

o t h e r prob lems o f concern such , as t h e p resence o f sod ium, t h e gazeous 

f i s s i o n p r o d u c t s , and t h e hea t r e m o v a l . The Head-end t r e a t m e n t u n i t 

o p e r a t i o n s , as w e l l a j t h e h a n d l i n g and t r a n s f e r t o p e r a t i o n s f r o m the 

un loaded f u e l e lement down t o t h e HNCL d i s s o l u t i o n u n i t ( F i g . I . ] a r e 

c a r r i e d ou t i n t h e f o l l o w i n g o r d e r : 

s t o r a g e a t t h e r e a c t o r s i t e under Na 

t r a n s f e r t t o t h e t r a n s p o r t c o n t a i n e r under i n e r t gas 

t r a n s p o r t under Na 

r e c e p t i o n a t the r e p r o c e s s i n g p l a n t under i n e r t gas 

s o r t i n g o f the damaged f u e l e lements and c o n d i t i o n i n g 

s tor-age under N a o r i n e r t gas 

e l i m i n a t i o n o f Na 

p r e p a r a t i o n p r i o r t o decann ing 

decann ing c h o p p i n g , e l e c t r o c u t t i n g , e t c . 

c a n - f u e l s e p a r a t i o n by d i s a g g r e g a t i o n 

HNG d i s s o l u t i o n . 

I n p r i n c i p l e , the f a s t b r e e d e r f u e l e lements are h a n d l e d and 

t r a n s f e r r e d i n v e r t i c a l p o s i t i o n . H a n d l i n g those e lements i n h o r i z o n t a l 

p o s i t i o n i s a lways accompanied by a c e r t a i n r i s k o f p i n r u p t u r e and l a c k 

o f c o o l i n g , a consequence o f wh ich c o u l d be a t e m p e r a t u r e r i s e f o l l o w e d 

by a f i s s i o n gas p r e s s u r e i n c r e a s e and t h e i r escape. 
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In order to avoid this kind of accidents, leaktight and cooled 
casks are necessary. However such an infrastructure is relatively expensive, 
For the transport of fast breeder fuel elements, even sodium cooling is 
considered. /_ 1 / The safety regulations impose an absolutely leaktight 
double containment transport container, which increase the transportation 
costs. Moreover, only the undamaged elements are transported, while the 
damaged elements (estimated at 2 %) have to be submitted to a conditioning, 
a storage and a special treatment, which results in a useless Pu hold-up. 

In the case of mechanical cutting the sodium must be removed. 
This requires a relatively expensive and cumbrous equipment. For the 
mechanical chopping of an entire fuel element, the free space between 
individual pins do not allow sharp cutting. The pin fragments are more or 
less crushed and torn and even sometimes half closed at their ends, which 
involves a more difficult oxidization and dissolution procedure. 

All afore-mentioned disadvantages can be avoided by a special 
treatment of the element as soon as it leaves the reactor. For instance : 
in order to improve the mechanical resistivity of the irradiated fuel 
element, a metal or a special alloy is poured into its interior. Thanks to 
this solid and massive coating the risk of pin fracture is diminished' and 
all unit operations of the elements, from the storage zone of the reactor 
down to the HNO dissolution unit are simplified. The material which fills 
up the free space is called the " Filling Alloy ". 

II. CRITERIA FOR THE CHOICE OF THE FILLING ALLOY 

An optimized filling alloy should meet following criteria 

1) Melting point above 700 °C 
The melting point of an ideal "Filling Alloy" should be located 
between 700 °C and 600 °C. 
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2) B o i l i n g po in t of the f i l l i n g a l l o y above 1000 °C. 

An a l l o y w i t h a very low vapour pressure below 1000 °C must be chosen 

i n order t o avoid d i f f i c u l t i e s dur ing the f i l l i n g o p e r a t i o n . 

3) Very high f l u i d i t y o f the f i l l i n g a l l o y . 

The a l l o y must be very f l u i d at the moment o f pour ing i n order 

to avoid format ion o f c a v i t i e s . In p r i n c i p l e , the e u t e c t i c a l l oys 

are the most appropr ia ted ones. 

4) Very good thermal c o n d u c t i b i l i t y . 

The f i l l i n g a l l oy must ensure a g rea t r a d i a l heat removal i n order 

to avoid l i q u i d metal pockets i n the inner par t of the element. 

Only the outs ide wrapper w a l l w i l l be cooled. 

5) The f i l l i n g a l l oy should have low i n t e r a c t i o n s on the s t r u c t u r a l 

mate r ia l s (no d i f f u s i o n and d i s s o l u t i o n dur ing f i l l i n g ) . 

6) The f i l l i n g a l l oy must r e s i s t reasonably w e l l t o the o x i d i z i n g 

medium requi red f o r d i saggrega t ion , as e .g . molten n i t r a t e 

s a l t s at 600 °C. 

7} The f i l l i n g a l l o y should not in t roduce p e n a l i t i e s f o r the 

Head-end opera t ions . 

8) The f i l l i n g a l l oy must be compatible w i t h the long- term storage 

of the s o l i d waste. 

9) The f i l l i n g operat ion costs and the p r i ce of the a l l o y should not 

penal ize the f u e l cyc le cost . 



III. PROPOSED " FILLING ALLOYS " 

Taking i n t o account t h e afDre-ment ioned c r i t e r i a and more 

p a r t i c u l a r l y the f a c t o r p r i ce /vo lume u n i t , f o l l o w i n g metals can be 

considered : A l , Cu, Mg. Since no i n d i v i d u a l metals s a t i s f y e n t i r e l y 

the c r i t e r i a , there are only b ina ry a l l o y s o f these metals which might 

be s u i t a b l e . 

Al-Mn a l l o y 

According to the phase diagram of F i g . I I , a l l o y Al-Mn(10 %), 

me l t i ng p o i n t 700 °C, meets a l l c o n d i t i o n s . I t i s cha rac te r i zed by a 

very good f l u i d i t y dur ing cas t i ng and by a good c o n d u c t i b i l i t y . 

Cu-Mg a l l o y 

A l loy Cu-Mg shows an e u t e c t i c w i t h 9.7 wt.% Hg, the me l t i ng 

po in t of which i s 722 °C. The only r e s t r i c t i o n t o t h i s a l l o y i s r e l a t e d 

to the reducing power of Mg i n regard to UO and PuO i n case of f u e l 

contact w i t h Cu-Mg. ( F i g . I l l ] 

A l -V a l l o y 

In the Al-V phase diagramme there exists a peritectic point 
at 735 °C with only 1,6 wt % of V should be very favorable as for as its 
properties are concerned. Furthermore it could be produced in a very 
inexpensif way. The adequate quantity of V„0 in added to the molten Al 

Z b 
which produces the A l -V , 2 wt.% a l l o y i n s i t u by Aluminothermie. ( F i g . I I ] 

Cu-Sn a l l oy 

At 30 w t . % Sn,an e u t e c t i c i s found, the me l t i ng po in t of 

which i s 755 °C, more known as γ bronze. This a l l o y i s r e l a t i v e l y expensive 

and would not p resent an advantage over Cu-Mg. ( F i g . I l l ) 
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Cu-Zn a l l oy 

This a l l o y i s mentioned pro memorie. The d i s s o l u t i o n k i n e t i c 

of the z i n c at the cast ing temperature i s not to h i g h . However Zn 

penetrates between the g ra in boundaries of the a u s t e n i t i c s t r u c t u r e and 

makes i t b r i t t l e . Another negat ive po in t o f Zn w i l l be i t s already high 

vapour pressure a 600 °C. ( F i g . I l l ) 

In s h o r t , the f i r s t th ree f i l l i n g a l l oys Al-Mn, Cu-Mg, A l - V , 

are considered as the most s u i t a b l e ones, and t h e i r f e a s i b i l i t y w i l l be 

tes ted i n the l abo ra to ry . The l a s t t h r e e , a l l copper a l l oys Cu-Mg, Cu-Sn, 

Cu-Zn, w i l l be kept i n reserve unless the f i r s t se r ies proves inadequate. 

IV. RESULTS 

Theore t i ca l and p r a c t i c a l i n v e s t i g a t i o n s o f the f i l l i n g a l l o y 

concept have been d i r e c t e d i n th ree d i f f e r e n t d i r e c t i o n s : 

-*■ t h e o r e t i c a l eva lua t ion of the heat t r a n s f e r t c a r a c t e r i s t i c s o f a 

shor t cooled f u e l element w i t h and w i thou t a f i l l i n g a l l oy j 

-*- l abora to ry i n v e s t i g a t i o n s of the c ladding co r ros i on , the Na 

behaviour and the phys i ca l c a r a c t e r i s t i c s o f the f i l l i n g a l l oys ¡ 

**■ conceptual study and lay -ou t of a hot c e l l f a c i l i t y . 

Heat t r a n s f e r c a r a c t e r i s t i c s 

The purpose was t o ca l cu l a te the heat t r a n s f e r t c a r a c t e r i s t i c s 

of a high burn-up (100.000 Mwd/T) short cooled core f u e l element loaded 

w i t h e i t h e r A l or Cu as a reference f i l l i n g a l l o y . 

De ta i l s are given i n a " Technical Annexe " w r i t t e n by W. Detavern ier , 

Technology Department, C. E.N./S. C.K.., Mol. 
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The main f ea tu re s are follows 
I t i s wel l known t h a t the heat t r a n s f e r t c h a r a c t e r i s t i c s of such a fuel 
element are r e l a t i v e l y poor and without i n s i d e forced cool ing the tem
p e r a t u r e would r i s e quickly up to the mel t ing po in t of the s t a i n l e s s s t e e l . 
Ca lcu la t ions have shown t h a t such a fuel element f i l l e d with Al f i l l i n g 
m a t e r i a l , in v e r t i c a l p o s i t i o n in s t agnan t a i r , would reach the mel t ing 
po in t of Al (B6D °C) even a f t e r 200 days coo l ing . This means t h a t a 
f i l l i n g a l loy with a somewhat h igher mel t ing poin t (around 750 °C) should 
be more s a t i s f a c t o r y . But in any case the fuel element could not remain 
without cool ing of the ou te r wrapper w a l l . The s imples t cool ing procedure 
would be forced a i r convect ion. 

In theory Cu has a b e t t e r thermal conduc t iv i ty than Al, and 
i t s behaviour as a f i l l i n g a l loy should be improved, which i s a l so shown 
from the r a d i a l tempera ture d i s t r i b u t i o n curves . However i t s mel t ing po in t 
i s to high fo r p r a c t i c a l purposes . Therefore only copper a l l oys with melt inj 
temperatures around 750 °C would be s u i t a b l e , (exemple Cu-Mg 10 wt .%). 
Also in such a case forced a i r convection cooling would be necessa ry . 

Laboratory r e s u l t s obta ined at Euratom, I s p r a 

S t a i n l e s s s t e e l (304) tubes of 10 mm 0 closed a t one end with 
a 2mm hole have been f i l l e d with the f i l l i n g a l loy at an overpressure of 
500 Torr. The s t a i n l e s s s t e e l d i s s o l u t i o n k i n e t i c in the Al-Mn 10 wt.% at 
d i f f e r e n t tempera tures has given fol lowing r e s u l t s : 

Temperat i 

°C 

700 ° 

600 ° 

9D0 ° 

j re Time 

min . 

480 

156 

5 

D i s s o l u t i o n speed 

mm/h 

0 ,005 

0 ,080 

0 ,45 
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Corrosion r a t e s up t o 600 °C are wel l a ccep t ab l e . There i s 
however a sharp inc rease i f temperature reaches 900 °C. The photomicrograph 
N° 1 shows the cut view of t he cast tube . A needle l i k e s t r u c t u r e i s observed 
a t the lower p a r t . The photomicrograph N° 2 shows an i n t e r m e t a l l i c l ayer 
at the inox-a l loy i n t e r f a c e . The pene t r a t i on of t h i s i n t e r m e t a l l i c l ayer 
depends more on the temperature than contact t ime. The p r a c t i c a l conclu
sion would be t h a t the cas t ing temperature of the Al-Mn f i l l i n g al loy 
should not exceed 800 °C. Since the cas t ing opera t ion takes only a few 
minutes , such a shor t contac t time between the l i qu id f i l l i n g al loy and 
the s t a i n l e s s s t e e l would not damage the cans. However a forced cooling 
of the wrapper ou ts ide wal l would be necessary . 

S imi lar experiments have been performed with the Cu-Mg 10 wt.% 
a l loy . Since i t i s a pure eutect icum i t has a t rue melt ing po in t , exe l l en t 
flow c h a r a c t e r i s t i c s , and wets the s t a i n l e s s s t e e l . Furthermore i t d i s 
solves about 1,5 wt.% of Na which gives the al loy a red orange color a l so 
i t s wet t ing p r o p e r t i e s seem to be inc reased . The a l loy s t i c k s well to the 
s t a i n l e s s s t e e l , which provides a very leak t i g h t containment for the 
f i s s i o n gases . 

Graphite behaves badly as a c ruc ib l e ma te r i a l and should be 
d iscarded. A r e f r ac to ry s t e e l or ha s t a l l oy or an Al 0 c ruc ib le would be 
more s u i t a b l e . No no t i ceab le corrosion of s t a i n l e s s s t e e l in a molten 
Cu-Mg 10 wt.% al loy at 900 °C for a contact time of 2 hours could be 
observed. However the s t a i n l e s s s t e e l tube surface come out with a black 
colored very t h i n oxyde sur face l a y e r , but without any v i s i b l e i n t e r -
granula r pene t r a t ing a t t a c k . In shor t the Cu-Mg 10 wt.% presen t s optimum 
condi t ions as a f i l l i n g a l l o y , i t s major drawback w i l l be however the 
genera l ly high and sometimes o s c i l l a t u r y p r i ce of copper. 

The i n v e s t i g a t i o n of the Al-V 2 wt.% f i l l i n g a l loy i s not yet 
completed. I t s genera l c h a r a c t e r i s t i c s should be very c lose to pure 
Aluminum except for the sharp melting point i n c r e a s e . I t ' might be more 
s u i t a b l e and less expensif than the Al-Mn 10 wt.% a l l o y . 



12 -

V. FILLING AND CASTING EQUIPMENT 

Casting of t he f i l l i n g a l l o y must be performed r i g h t a t t h e 

r e a c t o r d i scharge of the fuel element . The s p e c i a l equipment (Fig . IV] 

which must be designed w i l l be composed of the fol lowing elements : 

-*■ a g r a p h i t e , cast i ron or r e f r a c t o r y metal c r u c i b l e for ca s t ing 

the foot of t he element . This c r u c i b l e i s provided with a cool ing 

system in o rde r to favor " de - ca s t i ng " of t h e f i l l i n g a l loy j 

-»· a mel t ing and c a s t i n g apparatus fo r the f i l l i n g a l l oy composed of 

a low-frequency or a r e s i s t a n c e furnace . In o rde r t o prevent 

contamination of t h i s m a t e r i a l , i t i s s t o r e d o u t s i d e t h e hot c e l l , 

while the l i q u i d f i l l i n g a l loy streams through the wal l by means 

of a l i q u i d metal s iphon. 

The sequences of t h e cas t ing procedure are follows : 

·*· t r a n s f e r and f i x a t i o n of t he fue l element t o the f i l l i n g ramp ; 

·*> f i l l i n g of the c r u c i b l e with f i l l i n g a l loy j 

-*■ i n t r o d u c t i o n of t h e foot of the element in t h e f i l l i n g a l loy 

and s o l i d i f i c a t i o n ¡ 

·*■ the f i l l i n g a l l o y i s cas t i n t o the fue l element through a funnel j 

-*■ a f t e r complete s o l i d i f i c a t i o n of t h e f i l l i n g a l l o y , t he element 

i s withdrawn and s t o r e d . 

Advantages of t he f i l l i n g a l loy concept 

This fue l element condi t ion ing induces a s e r i e s of advantages 

f o r most of t he un i t ope ra t ions which are performed between the r e a c t o r 

d i scha rge and t h e HNO d i s s o l u t i o n . 
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This advantages are the following : 

-*- strenghthening of the mechanical resistance of the fuel element 

by the filling alloy which eliminates the risk of pin damage ; 

-*■ the solidified alloy provides a total containment of the pins, which 

are completely drown in a metallic matrix, so that the fission gases 

remain captured until decanning. Therefore a costly gaz purification 

system becomes useless* 

·+· owing to the total containment, it is no longer necessary to make 

a distinction between the damaged and the normal fuel assemblies. 

All elements, including the damaged ones are submitted to the same 

treatment, so that the monitoring and special handling equipment 

become useless; 

·+■ the problem of fuel element cooling is thoroughly modified. In fact, 

the heat transfert coefficient of the filling alloy is much higher 

than the one of air, the fuel element is cooled at the wrapper 

outside wall; 

·*■ Na elimination. 

Solubility of Na in Al is relatively low (0.15 wt.%). Nevertheless, 

in most cases the quantity of available Na is greater than its 

solubility which leads us to the consideration of two possibilities 

for Na elimination. 

First : during casting of the filling alloy, only a part of the Na 

is dissolved, while the other part is captured. This technique is 

valid in the case of electrochemical machining with molten salt 

electrolytes. 

Second : Na is eliminated before casting of the filling alloy, by 

immersion in a molten salt bath (nitrate-nitrite mixture). Sodium is 

oxidized and dissolves in the salt. 
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In termediary s t o r a g e before t r a n s p o r t . 
The fue l element loaded with t h e f i l l i n g a l loy i s not any more 
s to red in a sodium s t o r a g e poo l . I t can be t r a n s f e r e d and s to red 
temporar i ly in a s t o r age pool of s impler design using a cheap 
cool ing medium such as a i r , N„, or even a molten s a l t ( n i t r a t e -
n i t r i t e ) . A f i s s i o n gas e x t r a c t i o n un i t would not be necessary or 
a t l e a s t could be very much s i m p l i f i e d . 

Transpor t . 
S imi la r ly to the s t o r a g e , t r a n s p o r t a t i o n of these same fuel 
elements i s much less complicated. Since Na i s replaced by a more 
common heat c a r r i e r ( n i t r a t e - n i t r i t e ) a l l loading and unloading 
opera t ions can be c a r r i e d out in a i r i n s t e a d of argon. Therefore 
the r i s k of f i s s i o n gas r e l e a s e i s diminished and the danger of a 
Na + H„0 r eac t ion i s e l imina ted . 

Handling at the r ep rocess ing p l a n t . 
Reception, t r a n s f e r t and in te rmedia ry s to rage are a l so l e s s 
c r i t i c a l a t t he reprocess ing p l a n t . The s t o r a g e f a c i l i t y could be 
the same as descr ibed in / 2 / / 3 _ / 

Fuel element dec ladding . 
The t h r e e p o t e n t i a l decladding processes which might be app l ied to 
f a s t b reeder fuels a re fol lowing : 

the mechanical chopping 

the l i q u i d metal decladding 

the e lec t rochemica l machining with molten s a l t s . 

In each case the f i l l i n g a l loy would have a d i f f e r e n t r o l e , however 
i t might be a l so d e s i r a b l e to melt i t out before decladding i s s t a r t e d 
p a r t i c u l a r l y in the case of l i q u i d metal Sb-Cu dec ladding . 
Since the decladding procedure i s not yet c l e a r l y defined i t i s 
s t i l l t o ea r ly to examine the s i m p l i f i c a t i o n s and r e a l advantages 
which w i l l be induced by the f i l l i n g a l l o y . 
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Filling alloy recycling. 
I f the more expensi f Cu~Mg a l l oy i s used, r e c y c l i n g might be considered. 

I n t h i s case the mol ten-out a l l o y w i l l be shipped back to the reac tor 

s i t e i n the empty f u e l t r a n s p o r t a t i o n cask f o r reuse. I f the less 

expensi f A l -V a l l o y i s used, r e c y c l i n g might not be necessary. In 

t h i s case the a l l o y could be used as a s o l i d wrapper m a t e r i a l f o r 

the cond i t i on ing of h i gh l y r ad ioac t i ve s o l i d e waste e i t h e r from 

the Head-end or the Purex p l a n t . 

CONCLUSIONS 

A genera l survey of the f i l l i n g a l l o y concept f o r the 

cond i t i on ing of f a s t breeder f u e l elements dur ing the Head-end operat ions 

has been g iven . The f i l l i n g a l l o y i s poured i ns i de the f u e l element r i g h t 

at the reac to r s i t e , so t h a t the f u e l pins are surrounded by a leak t i g h t 

metal ma t r i ce , which improves the mechanical p rope r t i es of the f u e l 

element, and f i r t h e r m o r e prevents the f i s s i o n gases t o escape. Conse

quent ly the f u e l element can be moved, t r a n s f e r e d and shiped w i t h much 

less care, a lso the Head-end gas p u r i f i c a t i o n system could be considerably 

s i m p l i f i e d . Therefore at every u n i t operat ion along the Head-end l i n e , 

many t e c h n i c a l improvements can be m a t e r i a l i z e d , and the t r a n s p o r t a t i o n 

sa fe ty considerably increased. The t o t a l sum of the savings should 

l a r g e l y exceed the equipment and opera t ing expenses of the f i l l i n g a l l o y 

dev ice. 

Quan t i t a t i ve data 

The expenses f o r the f i l l i n g m a t e r i a l might be i l l u s t r a t e d 

on hand of the f o l l o w i n g examples 

Mean dens i ty 

Free volume 

Weight kg/element 

Pr i ce FB/element 

Al-Mn 
0 wt.% 

3,17 
31 
98 kg 

2.600 

Al-V 
2 wt.% 

2,77 
31 
66 kg 

2.166 

Cu-Mg 
10 wt.% 

8 
31 
250 kg 

9.750 
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Problems s t i l l to be solved 

This document g ives a r a t h e r genera l idea of what can 
be done with the f i l l i n g a l loy concept . However t he re are s t i l l 
l o t s of problems t o be solved such as fol lows : 

fundamental i n v e s t i g a t i o n of t h e s t a i n l e s s s t e e l (and o the r 
canning material!) d i s s o l u t i o n k i n e t i c s with t he chosen 
f i l l i n g a l loy ; 

conceptual study of t h e fuel element c a s t i n g technique a t 
the r e a c t o r s i t e , p a r t i c u l a r l y in the case of high burn-up . 
i r r a d i a t e d fue l s with high r e s i d u a l heat ; 

study of the cooling problems during t r a n s f e r and t ranspor 
t a t i o n of t h e as cas t fue l elements ; 

conceptual study of t h e decas t ing opera t ion of t h e f i l l i n g 
a l l oy , a t the reprocess ing p l a n t , equipment design and 
op t imi sa t ion ; 

i n v e s t i g a t i o n of the p e n a l t i e s of s o l i d waste problems and 
f i l l i n g a l loy t r a c e s i n t e r f e r e n c e s with the flow sheet of 
the Head-end and the Purex process ; 

economical assesment of t h e f i l l i n g a l loy concept in regard 
to the over a l l fue l cyc le c o s t s . 
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Abstract 

A f i l l i n g a l loy concept for the condi t ioning of f a s t 
breeder fue l elements has been s t u d i e d . 

The f i l l i n g a l loy i s cast i n t o the fuel element r i g h t at 
the r e a c t o r d ischarge , so t h a t fue l p ins are surrounded by a s o l i d leak 
t i g h t metal ma t r i ce , which improves t he mechanical p r o p e r t i e s of the 
fuel element and prevents the f i s s i o n gases to escape. 

The following t h r e e f i l l i n g a l loys have been i n v e s t i g a t e d : 

Al-Mn (10 wt.%) MPt 700 °C, Cu-Mg (9,7 wt.%) MPt 722 °C and 
Al-V C2 wt.%) MPt 735 °C. Laboratory r e s u l t s have shown tha t s t a i n l e s s 
s t e e l corrosion r a t e s are very low provided the cas t ing temperature does 
not exceed 800 °C. Also Na could be d i sso lved to same extend. 
I t i s shown t h a t with the f i l l i n g a l loy concept most of t h e uni t opera
t ions along the Head-end f low-sheet w i l l be l ess complicated and expensif, 
F ina l ly a l so t r a n s p o r t a t i o n of the condi t ioned fuel elements should be 
much s a f e r . 
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FIG. IV FILLING DEVICE 

\W \ \ \ \ \ \ w 
1. Filling ramp 
2. Casting furnace 
3. Melting furnace 
4. Liquid metal siphon 
5. Cell wall 
6. Funnel 
7. Fuel assembly 
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Micrograph 1. 

Upper par t : f i l l i n g experiment and S.S. corrosion a t 900 °C 

Lower pa r t : S.S. corrosion a t 600 °C 

¿* Í ·* 

Micrograph 2. 

Corrosion t e s t of Al-Mn 10 wt.% on S.S. tube 304 

at 700 °C d u r i n g 480 m in . 

100 χ 

Upper layer 

Black layer 

Lower pa r t 

Al-Mn 10 wt .% 

i n t e r m e t a l l i c corrosion l ayer 

unchanged S.S. 
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ANNEXE 

Calculation of the radia l temperatures d is t r ibut ion in the 
hot plane of the fuel assembly, type Na1, zone 1-3, a f te r 
i r r a d i a t i o n . 

This document gives a summary of the r e su l t s of the calculat ion 
of the radia l temperature d is t r ibu t ion in the hot plane of the fuel assem
bly type Na1 as a function of tha cooling time af ter the i r r ad ia t ion for 
the following conditions : 

pr incipal dimentions of the assembly : 
see Fig. 1 and Fig. 2 

the space between the fuel pins in the hexagonal tube i s 
completely f i l l e d with copper or aluminium af ter the i r rad ia t ion* 

the assembly i s cooled in ve r t i ca l posit ion by natural convection 
in stagnant a i r or argon at atmospheric pressure and 20 ° C, and 
by radiant-heat transmission; 

is the ratio maximum axial linear power 
mean axial linear power 

1,22 for the core zone 1 
1,22 for the blanket zone 3 

the mean heat production in W/kg U0 -Pu0_ 
over the length of the zones 1 and 3 as a function 
of the cooling time in days after the irradiation is given below 

Cooling time 
after irradiation 

(days) 

10 
20 
30 
60 
90 
180 

Mean heat production in W/kg U0 -PuO 

core zone 1 

320 
247 
197 
139 
104 
'60 

outer zones 3 

14,2 
10,9 
8,8 
6,2 
4,6 
2,7 
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- the weight of UO -PuO i n the 331 f u e l pins of the assembly i s : 

85,5 kg over a length of 955 mm f o r the core zone 1 

73,7 kg over a length of 2 χ 400 mm f o r the b lanke t zone 3. 

the thermal conduc t i v i t y o f the f i l l i n g m a t e r i a l i s about : 

1,8 W/cm
0
C f o r aluminium 

3,5 W/cm°C f o r Cu. 

the me l t i ng po in t of the f i l l i n g m a t e r i a l i s : 

660 °C f o r aluminium 

1083°C f o r copper. 

the vo lumet r i c expansion by me l t i ng o f the f i l l i n g m a t e r i a l i s 

about : 

+ 6,5 % f o r aluminium 

+ 4,2 % f o r copper 

the rad ian t hea t - t ransmiss ion from the s t a i n l e s s - s t e e l 

(AISI 304 L) hexagonal tube has been ca l cu la ted f o r an e m i s s i v i t y 

of 0, 35 t o 0,53. 

This value is supposed according to ref (3) which give : 

f°£-?.ISíQi®ss^steel^£e_3G4_£8_Çr,_18_Ni2 

ε = 0,36 f o r a l i g h t s i l v e r y , rough brown sur face a f t e r 

heat ing at 500 °C, t h i s value can increase to about 

0,73 a f t e r 42 hr heat ing at 530 °C. 

f9EJ2ti^ëE_stL5iuÎËSs__steel_^gej5 (types 301 , 3 1 6 . . . ) a f t e r 

repeated heat ing and coo l ing one has : 

ε ~ 0,3 t o 0,55 f o r temperatures up to 1000°C 
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the r a d i a n t hea t - t ransmiss ion e m i s s i v i t y c o e f f i c i e n t f o r the 

f i l l i n g m a t e r i a l i s about : 

ε - 0,13 t o 0.16 f o r molten copper (1075 up to 1275°C) 

ε - 0 ,1 to 0,2 f o r ox i d i zed aluminium (200 up t o 600 °C) 

the c o e f f i c i e n t o f therma l expansion i s about : 

2 5 . 1 0 - 6 °C~1 f o r aluminium (20 — 300°C) 

19,3.10~ 6 " c " 1 f o r copper (20 — 750°C) 

1 9 . 1 0 - 6 #C~1 f o r A ISI 304 (20 — 750°C) 

(see r e f . 4 } 

Results o f the c a l c u l a t i o n 

The r e s u l t s o f t he c a l c u l a t i o n s are presented on the 

diagrams 1, 2 , 3 f o r n a t u r a l c o o l i n g i n stagnant a i r and on diagram 4 

f o r n a t u r a l coo l ing i n stagnant argon. 

Diegram_1_ 

Diagram 1 g ives the maximum temperature at t h e ou ts ide 

sur face o f the hexagonal tube i n the hot plane o f the core zone 1 o f 

the f u e l assembly Na1 as a f u n c t i o n o f : 

the maximum heat power evacuat ion i n W/cm assembly o r 

W/kg U0 -PuO , produced i n the hot p lane o f the core zone 1 , 

t o the environment o f the assembly. 

the mean heat power p roduc t ion over the length o f t h e core zone 1 

i n W/kg UO2-Pu02 . 

t he coo l ing t ime i n days a f t e r t h e i r r a d i a t i o n , corresponding t o 

the mean heat power p roduc t i on over the length o f t h e core zone 1 

The assembly i s assumed t o be cooled by n a t u r a l convect ion 

and r a d i a n t hea t - t ransmiss ion i n stagnant a i r atmosphere. 
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The heat transfer by natural convection of air is calculated 
according to ref (1) and (2). 

The minimum heat transfer coefficient for natural convection 
is situated between the midplane level and the upper level of the core 
zone 1 and can be estimated at about : 

- 4 2 
7,3 10 W/cm °C i n the laminar convect ion 

zone according to r e f . (1) 

-4 2 

5,2 10 W/cm °C i n the laminar convect ion 

zone according to ref. (2) 
-4 2 

9,5 10 W/cm °C i n the t u r b u l e n t convection 

zone according to r e f . (1) 

f o r a sur face temperature of 700 °C. 

At 700 °C sur face temperature the heat t r a n s f e r by na tu ra l 

convection i s about 30 W/ cm assembly 

The rad iant - heat t ransmiss ion has been ca lcu la ted f o r two 

d i f f e r e n t e m i s s i v i t y c o e f f i c i e n t s : 0,35 and 0,525 which g ive respec t i ve l y 

108 and 162 W/ cm assembly f o r 700 °C sur face temperature. 

Diagram_2_ 

Diagram 2 gives the maximum temperature of the aluminium 
filling material at the center of the hot plane function of the same 
parameters as on diagram 1. 

The maximum temperature in the center of the hot plane is 
calculated for 3 cases taking into account the following heat transfer 
conditions : 
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case (a) - maximum e m i s s i v i t y o f the hexagonal tube = 0,525 

heat t r a n s f e r c o e f f i c i e n t f o r t u r b u l e n t f low mot ion accord ing 

to VDI ( r e f . 1 ] 

good contac t between the f i l l i n g m a t e r i a l and the i n n e r 

sur face o f the hexagonal t ube . 

case (b) - nominal e m i s s i v i t y o f t h e hexagpnal tube = 0,35 

heat t r a n s f e r c o e f f i c i e n t f o r u n d i s t o r t e d laminar 

mot ion accord ing to VDI ( r e f . 1) 

good con tac t between the f i l l i n g m a t e r i a l and the i nne r 

sur face o f the hexagonal tube. 

case (c) - nominal e m i s s i v i t y o f the hexagonal tube = 0,35 

heat t r a n s f e r c o e f f i c i e n t f o r u n d i s t o r t e d laminar 

motion accord ing to VDI ( r e f . 1) 

heat t r a n s f e r by conduct ion and r a d i a n t - h e a t t ransmiss ion 

through a formed a i r gas-gap o f about 1,6 mm th ickness 

between the i n n e r sur face of the hexagonal tube and the 

f i l l i n g m a t e r i a l , obta ined a f t e r s o l i d i f i c a t i o n o f the 

aluminium f i l l i n g m a t e r i a l 

( ε A l = 0 , 1 5 ) . 

The c ladd ing temperature of the f u e l pins can be adopted to 

be the same as the temperature of the f i l l i n g m a t e r i a l . 

Case (c) g ives the coo l ing t ime a f t e r the i r r a d i a t i o n which 

a l lows the f i l l i n g m a t e r i a l t o s o l i d i f y about 250 days f o r sa fe t y reasons 

i f the f i l l i n g m a t e r i a l i s a luminium. 

I t i s poss ib le t ha t t h i s t ime w i l l be much sma l l e r i n r e a l i t y i f the 

coo l ing cond i t ions turned out to the most favourab le ones. 

Diagram 3 

Diagram 3 g ives the maximum temperature of the copper f i l l i n g 

m a t e r i a l at the center o f the hot plane of the core zone 1 of the f u e l 

assembly Na1 (see f i g . 2) as a f u n c t i o n of the same parameters as on 

diagram 1 and 2. 
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The maximum temperature in t he c e n t e r of t he hot plane i s 
ca l cu la t ed f o r t h e same cases as on diagram 1 and 2 . 

The gas gap which can be formed here has a th ickness of 
about 1 mm a f t e r s o l i d i f i c a t i o n of the copper f i l l i n g m a t e r i a l 
(emiss iv i ty of Cu = 0 ,15 ) . 

The cladding temperature of t h e fue l pins can be adopted 
t o be the same as the temperature of the f i l l i n g m a t e r i a l . 

From cas (c) i t can be seen t ha t the cooling time a f t e r 
t he i r r a d i a t i o n may be choosen much smal le r fo r copper than for aluminium 
(melting point for copper = 1083 °C). 

Diagram 4 

Diagram 4 gives t he same c h a r a c t e r i s t i c s as t h e diagrams 
1 to 3 for argon i n s t ead of those for a i r . 

From t h i s diagram one can conclude t h a t argon gives a l i t t l e 
h igher temperatures than a i r , i f the emiss iv i ty c o e f f i c i e n t s of r ad i an t -
heat t ransmiss ion can be considered the same as in a i r . This i s probably 
not the case i f t h e sur faces cannot be oxidized. 

Therefore t h e use of argon atmosphere i s to be avoid. 

Enclosure : 2 f igures 
4 diagrams 
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ASSEMBLY Na 1 IN NATURAL COOLING POSITION 
AFTER IRRADIATION 

FIG. ' 7 
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hexagonal tube 3 mm 
in SS 304 L 

TOTAL NUMBER OF FUEL PINS : 331 

Fuel pin spacers 
length. 6mm. 
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