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THE M A N U F A C T U R E OF S U P P L E M E N T A L D E P L E T E D 
F U E L RODS F O R F C F S T A R T U P 

by 

N. J . C a r s o n , J r . , H. F . J e l i n e k , 
and A. B . Shuck 

A B S T R A C T 

A p p r o x i m a t e l y 2000 s u p p l e m e n t a l r o d s w e r e m a d e 
for u s e in E B R - I I F u e l Cyc l e F a c i l i t y s t a r t u p t e s t s . They 
w e r e m a d e in the s a m e m a n n e r a s C o r e - I fuel r o d s but u s i n g 
p a r t i a l l y d e p l e t e d p ins i n s t e a d of fuel p i n s . F o r p r o d u c t i o n 
d e t a i l s the r e a d e r is r e f e r r e d to the p u b l i c a t i o n s c o v e r i n g 
C o r e - I p r o d u c t i o n . ( 1 j^) 

A " d u p l e x " or double m e l t i n g o p e r a t i o n w a s u s e d for 
C o r e - I p r o d u c t i o n . The a l l o y s w e r e f i r s t m e l t e d t o g e t h e r 
and c a s t in a n ingot m o l d . The ingot w a s t hen r e m e l t e d a n d 
in jec t ion c a s t to p r o d u c e fuel p i n s . In o r d e r to s impl i fy the 
o p e r a t i o n , a s i ng l e m e l t , o r " s i m p l e x " o p e r a t i o n , a l loy ing 
and in jec t ion c a s t i n g in one s t e p w a s t r i e d . T h i s o p e r a t i o n 
w a s u n s a t i s f a c t o r y b e c a u s e of u n c o n t r o l l a b l e gas evolu t ion 
f r o m the i n g r e d i e n t s of the c h a r g e . The i n t e r i o r p a r t s of 
the f u r n a c e b e c a m e c o a t e d wi th c o n d e n s e d m e t a l to an e x 
t e n t tha t t h r e a t e n e d m e c h a n i c a l and e l e c t r i c a l f a i l u r e of the 
f u r n a c e . 

A t h e r m o c o u p l e h e a d w a s deve loped for u s e in the 
in j ec t ion c a s t i n g f u r n a c e . It had i n c r e a s e d a c c u r a c y and r e 
l i ab i l i t y , and w a s m o r e e a s i l y r e m o t e l y r e p l a c e d . The i m -
p r o v e m e m t s w e r e due to un i t c o n s t r u c t i o n and i m p r o v e d 
c o l d - j u n c t i o n c o n t a c t s . 

A s t a t i s t i c a l a n a l y s i s w a s m a d e of a s a m p l e of 
412 r o d s . The a n a l y s i s p r o d u c e d (1) an equa t ion for p r e 
d ic t ing s o d i u m l e v e l s t h r o u g h the s e l e c t i o n of s o d i u m l o a d s , 
and (2) e v i d e n c e tha t j a c k e t - p r e a s s e m b l y c l a s s i f i c a t i o n is 
n e c e s s a r y u n d e r ex i s t i ng s p e c i f i c a t i o n s for s o d i u m l e v e l . 

INTRODUCTION 

The p u r p o s e s of t h i s w o r k w e r e : ( l ) to m a n u f a c t u r e s u p p l e m e n t a l 
r o d s for E B R - I I F u e l C y c l e F a c i l i t y s t a r t u p t e s t s , (2) to d e t e r m i n e the 
f e a s i b i l i t y of a l loy ing and in jec t ion c a s t i n g m a s i m p l e x o p e r a t i o n , (3) to 
i m p r o v e c r u c i b l e t e m p e r a t u r e m e a s u r e m e n t s , and (4) to s tudy s t a t i s t i c a l l y 



the effect of p in and j a c k e t d i m e n s i o n s on s o d i u m - l e v e l he igh t . A to t a l 
of 2007 r o d s , 449 p i n s , and 430 g r a v i d m o l d s ^ w e r e p r o d u c e d . The p r o 
duc t ion t e c h n i q u e s -were t h o s e u s e d d u r i n g C o r e - I m a n u f a c t u r e and a r e 
r e p o r t e d in ANL-6274(1 ) and ANL-6276 . (2 ) Qual i ty c o n t r o l w a s l e s s 
r i g i d s i n c e the s u p p l e m e n t a l m a t e r i a l w a s not in t ended for r e a c t o r u s e . 

The typ ica l E B R - I I fuel r od , shown in F i g u r e 1, d i f fe red f r o m a 
s u p p l e m e n t a l rod only in the c o m p o s i t i o n of i ts fuel p in . E a c h fuel r o d 
c o n t a i n e d an e n r i c h e d u r a n i u m - 5 w / o f i s s i u m a l loy pin w h e r e a s e a c h 
s u p p l e m e n t a l rod c o n t a i n e d a p a r t i a l l y d e p l e t e d u r a n i u m - 5 w / o f i s s i u m 
a l loy p in . In m o s t c a s e s the pin a l loy w a s p r e p a r e d in a s e p a r a t e fu r 
n a c e ; h o w e v e r , s o m e a l loy ing w a s done in the in jec t ion c a s t i n g f u r n a c e . 

R e p r e s e n t a t i v e p r o c e s s da ta c o v e r i n g C o r e - I p r o d u c t i o n w a s g iven 
in the p u b l i c a t i o n s and wi l l not be r e p e a t e d h e r e . C o m p l e m e n t a r y da ta i s 
p r e s e n t e d in the d i s c u s s i o n s e c t i o n . 

PIN M A N U F A C T U R E 

The s e q u e n c e of o p e r a t i o n s c o m p r i s i n g p in m a n u f a c t u r i n g a r e 
i l l u s t r a t e d in F i g u r e 2. The m a j o r o p e r a t i o n s w e r e c a s t i n g , s h e a r i n g , 
and i n s p e c t i o n . M a n u f a c t u r i n g took p l a c e in a s p e c i a l f ac i l i t y d e s c r i b e d 
in ANL-6092 . (3 ) 

In jec t ion C a s t i n g 

The f u e l - f a b r i c a t i o n p r o c e s s is b a s e d on the in jec t ion c a s t i n g 
o p e r a t i o n . T u b u l a r Vycor m o l d s , c l o s e d a t one end, w e r e hung open end 
down o v e r the c r u c i b l e . The c h a r g e w a s m e l t e d by induc t ion h e a t i n g in a 
coa t ed g r a p h i t e c r u c i b l e . In jec t ion c a s t i n g c o n s i s t e d of r a i s i n g the c r u 
c ib le to s u b m e r g e t h e open m o l d ends and changing the f u r n a c e a t m o s p h e r e 
f r o m a v a c u u m to a p o s i t i v e p r e s s u r e . The fu rnace is shown in F i g u r e 3. 

B e s i d e s the g r a p h i t e c r u c i b l e , which was r e u s a b l e , t he m a i n s u p 
p l i e s for the c a s t i n g o p e r a t i o n w e r e : ( l ) the s i m u l a t e d fuel a l loy , and 
(2) the p r e c i s i o n - b o r e Vycor m o l d s . The c r u c i b l e w a s c o a t e d by hand 
with a m i x t u r e of t h o r i a and z i r c o n i a p o w d e r s s u s p e n d e d in a l c o h o l , oven 
d r i e d at 150°C5 and p l a c e d m the c a s t i n g f u r n a c e . The b i l l e t o r a l loy 
m e t a l s w e r e we ighed and c h a r g e d wi th suff ic ient r e m e l t m a t e r i a l ( r e m e l t 
c r u c i b l e h e e l s ) to fi l l a p p r o x i m a t e l y 120 m o l d s and l e a v e a ^ - to g^-in.-
t h i ck h e e l . The Vycor m o l d s of 0 . 1 4 7 5 - i n . , ID and 17- in . l e n g t h , w e r e i n 
s p e c t e d and coa ted wi th a s u s p e n s i o n of 5- to lO-fi t h o r i a p o w d e r in a l c o h o l . 

3-A g r a v i d mold i s one which c o n t a i n s a c a s t i n g . 
Vycor is a t r a d e n a m e for h i g h - s i l i c a g l a s s f r o m C o r n i n g G l a s s 
W o r k s . 
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Molds w e r e d r i e d a t 600°C for 6 h r and p l a c e d in a s u p p o r t i n g j ig known 
a s "the f u r n a c e p a l l e t . " The e x a c t n u m b e r of m o l d s l o a d e d w a s a d j u s t e d 
to the c h a r g e we igh t . The p a l l e t w a s hung in the m o l d s u p p o r t s t and and 
the f u r n a c e b e l l put in p l a c e . 

The c h a r g e was h e a t e d to 1300°C in an a t m o s p h e r e of a r g o n gas at 
a s l igh t ly p o s i t i v e p r e s s u r e . The f u r n a c e w a s t h e n e v a c u a t e d to l e s s t han 
70/i and the t e m p e r a t u r e i n c r e a s e d to 1340°C. The c r u c i b l e w a s next 
r a i s e d to i n n m e r s e the ends of the Vycor m o l d s in the m e l t , and the f u r 
n a c e p r e s s u r e w a s i n c r e a s e d to 27 p s i a in o r d e r to c a s t . After a 1 4 - s e c 
de lay , the c r u c i b l e w a s l o w e r e d . A r g o n was c i r c u l a t e d t h r o u g h the m o l d 
pa l l e t a f t e r c a s t i n g to ch i l l t he g r a v i d m o l d s . 

The p r o d u c t s of the c a s t i n g f u r n a c e w e r e g r a v i d m o l d s and a c r u 
c ib le con t a in ing the h e e l . The g r a v i d m o l d s w e r e t a k e n f r o m the pa l l e t in 
a v e n t i l a t e d hood . C a s t i n g s w e r e hand s t r i p p e d and wiped to r e m o v e the 
e x c e s s t h o r i a . The c a s t i n g s , l o n g e r t h a n I 4 4 in . , w e r e p r o c e s s e d to m a k e 
p i n s . The c r u c i b l e w a s e m p t i e d , b r u s h c l e a n e d , and r e c o a t e d . The c r u 
c ib le h e e l and s h o r t p ins w e r e b r o k e n , we ighed , and se t a s i d e for add i t ion 
to s u b s e q u e n t c h a r g e s o r r e m e l t i n g into b i l l e t s . 

P i n P r o c e s s i n g 

P i n s w e r e s h e a r e d f r o m c a s t i n g s by a mod i f i ed D i - A c r o Rod 
P a r t e r . Modi f i ca t ion i n c l u d e d the add i t ion of a s e t of 0 . 1 4 8 - i n . - d i a m e t e r 
d i e s , a c a n for c o l l e c t i n g s h e a r e d e n d s , and a p o s i t i o n i n g f i x t u r e . The 
top of the c a s t i n g w a s s h e a r e d f i r s t to r e m o v e t h e s h r i n k a g e c a v i t y . The 
t r i m m e d c a s t i n g w a s t u r n e d end for end and s h e a r e d to l eng th . A c c e p t 
ab le p ins w e r e f r o m 14.190 to 14.250 in. long . 

E a c h p in w a s i n s p e c t e d for a v e r a g e d i a m e t e r , we igh t , l eng th , and 
i n t e r n a l qua l i ty . The a v e r a g e d i a m e t e r was e s t i m a t e d f r o m a con t inuous 
t r a c e p r o d u c e d by a t h r e e - j e t , r i n g - t y p e a i r gauge . P i n weigh t w a s m e a s 
u r e d on a M e t t l e r , Type K7, b a l a n c e . L e n g t h m e a s u r e m e n t s w e r e m a d e 
with a d ia l i n d i c a t o r c o m p a r a t o r . I n t e r n a l qua l i t y w a s a s c e r t a i n e d by 
g a m m a r a d i o g r a p h y . A n o m i n a l p in had an a v e r a g e d i a m e t e r of 0.1440 in. 
and a l eng th of 14.22 in . , and we ighed b e t w e e n 66 and 69 g. 

A c c e p t a b l e p ins w e r e b a t c h e d in g r o u p s of 50 for a s s e m b l y into 
r o d s . R e j e c t e d p ins w e r e b r o k e n into l ^ - i n . l e n g t h s and s t o r e d for c o n 
so l i da t i on into b i l l e t s . 

ROD ASSEMBLY AND I N S P E C T I O N 

The o p e r a t i o n s which c o m p r i s e rod a s s e m b l y a r e shown in 
Figure 4 . The r a w m a t e r i a l s to the p r o c e s s w e r e j a c k e t p r e a s s e m b l i e s , 
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s o d i u m e x t r u s i o n b i l l e t s , p i n s , and r e s t r a i n e r p l u g s . The end p r o d u c t w a s 
a l e a k - t i g h t , s o d i u m - b o n d e d r o d s i m i l a r to tha t shown in F i g u r e 1. 

A j a c k e t p r e a s s e m b l y w a s a l eng th of s t a i n l e s s s t e e l tub ing hav ing 
an a t t a c h m e n t t ip w e l d e d in to the b o t t o m and a s p a c e r w i r e s p i r a l e d a r o u n d 
the o u t s i d e . The a v e r a g e b o r e d i a m e t e r of e a c h w a s m e a s u r e d by a w a n d -
type a i r gauge . T h o s e a c c e p t e d w e r e g r o u p e d into c l a s s e s a c c o r d i n g to 
t h e i r a v e r a g e d i a m e t e r wi th the r a n g e of e a c h c l a s s b e i n g 0.0001 in. 

Sod ium was r e c e i v e d in the fo r in of c a s t b i l l e t s . The b i l l e t s w e r e 
e x t r u d e d to p r o d u c e - g - i n . - d i a m e t e r w i r e s , which w e r e cut r ough ly to 
l eng th . The w i r e s w e r e w e i g h e d , t r i m m e d , and s t r a i g h t e n e d , and w e r e 
p l a c e d in the j a c k e t s by m e a n s of a s p e c i a l t w e e z e r s tha t p r e v e n t e d the 
s o d i u m f r o m rubb ing on t h e top of the t u b e . 

The j a c k e t p r e a s s e m b l i e s con t a in ing s o d i u m w e r e h e a t e d to 150°C 
in an e v a c u a t e d f u r n a c e . F u r n a c e p r e s s u r e was i n c r e a s e d to a t m o s p h e r i c 
and the t e m p e r a t u r e i n c r e a s e d to 450°C. The sod ium m e l t e d and w e t t e d 
the b o t t o m of the j a c k e t w a l l . 

E a c h s o d i u m - c o n t a i n i n g j a c k e t r e c e i v e d a p in . As l oaded , the p ins 
ex t ended above t h e i r j a c k e t s . T h e y w e r e " s e t t l e d " into p o s i t i o n by r e -
m e l t i n g the s o d i u m in a v i b r a t o r y f u r n a c e . When the p ins w e r e p o s i t i o n e d , 
r e s t r a i n e r p lugs w e r e a d d e d and s e t t l e d . A s s e m b l y w a s c o m p l e t e d by 
we ld ing the r e s t r a i n e r p lugs to the j a c k e t tube by m e a n s of a s t o r e d -
e n e r g y - a r c w e l d e r . 

To c o m p a r e t e c h n i q u e s , the c l o s u r e w e l d s w e r e t e s t e d by two 
d i f fe ren t l e a k t e s t s . In the f i r s t t e s t , p r o p o s e d by Grunwald ,^ '' the u p p e r 
end of the fuel r o d w a s i n s e r t e d t h r o u g h an e l a s t o m e r g a s k e t into a c l o s e -
f i t t ing t e s t c h a m b e r . A m e a s u r e d quan t i ty of h i g h - p r e s s u r e gas was a d 
m i t t e d to the t e s t c h a m b e r by m o m e n t a r i l y opening a v a l v e to a m e t e r e d 
a n t e c h a m b e r . The p r e s s u r e d e c a y w a s then r e c o r d e d for about 4 m i n . 
If the we ld did not l e a k , t h e p r e s s u r e r e m a i n e d c o n s t a n t . If t he weld 
l e a k e d , a f r a c t i o n of the gas p a s s e d into the void s p a c e of the fuel e l e m e n t , 
r e s u l t i n g in a p r e s s u r e d e c a y to a r e d u c e d but p r e d i c t a b l e l e v e l . The s i z e 
of the l e a k could be e s t i m a t e d f r o m the r a t e of p r e s s u r e d e c a y . If the 
s y s t e m l e a k e d , the r e s u l t i n g p r e s s u r e d r o p p e d be low tha t d e t e r m i n e d by 
the c h a m b e r v o l u m e p lus the void v o l u m e of the fuel e l e m e n t . 

In the s e c o n d t e s t , the fuel r o d w a s p l a c e d in a c h a m b e r which 
w a s p r e s s u r i z e d with h e l i u m . Af ter h e l i u m i m p r e g n a t i o n , the fuel r o d 
w a s t r a n s f e r r e d to a v a c u u m s a m p l i n g c h a m b e r a t t a c h e d to a h e l i u m l e a k 
d e t e c t o r . If t he l e a k s w e r e s m a l l enough, the h e l i u m in the void was r e 
t a ined ; if not , l e a k s w e r e d e t e c t e d by the m a s s s p e c t r o m e t e r l e a k d e t e c t o r . 

The l e a k - t i g h t r o d s w e r e t h e r m a l l y bonded in a v i b r a t o r y f u r n a c e . 
T h e y w e r e h e a t e d to 525°C, v i b r a t e d for 2 h r , and coo led by b lowing r o o m 



a i r u p w a r d t h r o u g h the r o d m a g a z i n e . The qua l i ty of the bond w a s v e r i 
fied by m e a n s of an e d d y - c u r r e n t , f l a w - d e t e c t i o n p r o b e c o n n e c t e d to a 
DuMont C y c l o g r a p h . The he igh t of the s o d i u m l e v e l was m e a s u r e d by 
X- r a d i o g r a p h y . 

DISCUSSION 

S i m p l e x O p e r a t i o n 

S i m p l e x f u r n a c e o p e r a t i o n w a s t e s t e d du r ing p r o d u c t i o n of the 
s u p p l e m e n t a l c a s t i n g s . A s i m p l e x o p e r a t i o n is one in which both the a l 
loy and the p in c a s t i n g s a r e p r o d u c e d in a s ing le h e a t . Dur ing C o r e - I 
m a n u f a c t u r e , the r a w m a t e r i a l s w e r e a l l o y e d in a s e p a r a t e v a c u u m i n d u c 
t ion m e l t i n g and c a s t i n g o p e r a t i o n . The a l loy ingots p r o d u c e d , p lus s o m e 
a l loyed r e m e l t s t ock , m a d e up the c h a r g e to the in jec t ion c a s t i n g f u r n a c e . 
Al though t h i s duplex m e l t i n g t e c h n i q u e gave e x c e l l e n t r e s u l t s , the obv ious 
a d v a n t a g e s of s i m p l e x o p e r a t i o n d e m a n d e d tha t it be t r i e d . 

E i g h t s i m p l e x m e l t s w e r e m a d e . The m a t e r i a l s c h a r g e d w e r e 
u r a n i u m b i s c u i t s e g m e n t s , z i r c o n i u m w i r e , and p r e s s e d m o l y b d e n u m , 
r u t h e n i u m , r h o d i u m , p a l l a d i u m , and n i o b i u m p o w d e r s . The c h a r g e was 
h e a t e d s lowly to a p p r o x i m a t e l y 1360°C, h e l d for 30 m i n , and p o u r e d . The 
r e s u l t s of the s i m p l e x m e l t s w e r e s a t i s f a c t o r y f r o m the s t andpo in t of 
c a s t i n g y i e l d s . 

When the f u r n a c e w a s opened , e v i d e n c e w a s found of u n c o n t r o l l e d 
gas evo lu t ion . Much of the i n t e r i o r of t h e f u r n a c e , inc lud ing the m o v a b l e 
p a r t s b e n e a t h the f u r n a c e pan and the t h e r m o c o u p l e c o n n e c t o r s, w a s c o a t e d 
with c o n d e n s e d v a p o r s . M e t a l had s p l a s h e d onto the i n t e r n a l p a r t s of the 
h e a t e r a s s e m b l y and h a d d r i p p e d down onto the f u r n a c e pan . The f u r n a c e 
had to be c l e a n e d a f t e r e a c h m e l t to p r e v e n t i m p u r i t y bu i ldups which 
m i g h t i n t e r f e r e wi th the o p e r a t i o n o r c o n t r o l of the f u r n a c e . B e c a u s e 
t h i s c l e a n u p could not be m a d e r e m o t e l y , s i m p l e x o p e r a t i o n w a s abandoned . 

M e a s u r e m e n t of C r u c i b l e T e m p e r a t u r e 

The t e m p e r a t u r e of the in jec t ion c a s t i n g f u r n a c e c r u c i b l e w a s 
m e a s u r e d by m e a n s of a p l a t i n u m - p l a t i n u m 10 w / o r h o d i u m t h e r m o c o u p l e . 
P r e v i o u s l y , the hot j unc t ion had b e e n h o u s e d in a m o l y b d e n u m p r o t e c t i o n 
tube which s c r e w e d into t h e top of the f u r n a c e p e d e s t a l . The w i r e s r a n 
t h r o u g h the p e d e s t a l to c o p p e r c o n t a c t s a t t a c h e d to the u n d e r s i d e . The 
r e m a i n d e r of the t h e r m o c o u p l e c i r c u i t w a s c o p p e r ; t h e r e f o r e , the t h e r m o 
couple co ld j unc t ion w a s on the u n d e r s i d e of the f u r n a c e p e d e s t a l w h e r e 
the t e m p e r a t u r e at c a s t i n g w a s b e t w e e n 500 and 600°C. 

The new t h e r m o c o u p l e f i t t ing, shown in F i g u r e s 5 and 6, i n c o r p o 
r a t e s a s i m i l a r t h e r m o c o u p l e and p r o t e c t i o n t u b e . The p r o t e c t i o n tube i s 
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F i g u r e 5. Unit T h e r m o c o u p l e H e a d F i g u r e 6. Unit T h e r m o c o u p l e H e a d 
on F u r n a c e P e d e s t a l 

t h r e a d e d into the top of a s l o t t ed c r o s s a r m , which h a s two 7-2--in.-long t u 
b u l a r l e g s ex tending out the b o t t o m . The t h e r m o c o u p l e w i r e s run f r o m the 
p r o t e c t i o n tube out the c r o s s a r m and down the l e g s to a se t of s p r i n g -
loaded , coppe r c o n t a c t s . The a s s e m b l y fi ts into the top of the f u r n a c e 
p e d e s t a l and i s r e p l a c e a b l e by m a n i p u l a t o r . The l eng th of the l eg s is s u c h 
tha t the c o p p e r c o n t a c t s a r e be low the fu rnace pan w h e r e the t e m p e r a t u r e 
is a p p r o x i m a t e l y 200°C. 

The l o w e r and m o r e c o n s t a n t cold junc t ion t e m p e r a t u r e r e s u l t e d in 
m o r e a c c u r a t e t e m p e r a t u r e m e a s u r e m e n t s . A c c u r a c y and r e l i a b i l i t y w e r e 
c h e c k e d by c o m p a r i n g t h e r m o c o u p l e r e a d i n g s with op t i ca l r e a d i n g s . R e 
p r o d u c i b i l i t y is i l l u s t r a t e d by the c h a r t in F i g u r e 7 which shows the t h e r 
m o c o u p l e i nd i ca t i ons for five s u c c e s s i v e p r o g r a m m e d m e l t s . 

Study of Sod ium L e v e l 

The he igh t of the s o d i u m l e v e l was s tud ied b e c a u s e of the di f f icul
t i e s e x p e r i e n c e d in m e e t i n g the s p e c i f i c a t i o n for s o d i u m l e v e l in C o r e - I 
r o d s . Dur ing C o r e - I m a n u f a c t u r e , 3881 r o d s w e r e r e j e c t e d . Of t h e s e , 
1750, o r a l m o s t half, w e r e r e j e c t e d for i m p r o p e r he igh t of the s o d i u m l e v e l . 
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F i g u r e 7. T h e r m o c o u p l e Ind ica t ions for F i v e 
S u c c e s s i v e P r o g r a m m e d Mel t s 

The he igh t of the s o d i u m l eve l is d e t e r m i n e d by the weight of s o 
d ium loaded into the j a c k e t p r e a s s e m b l y . It was thought tha t l oads could 
be a c c u r a t e l y c a l c u l a t e d . The m e a s u r e d d i a m e t e r and length of both the 
fuel pin and the j a c k e t cav i ty w e r e u s e d a long with 0.968 g / c m ^ for the 
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dens i t y of s o d i u m . Al though the load c a l c u l a t i o n s w e r e s t r a i g h t f o r w a r d , 
the r e s u l t i n g h e i g h t s of the s o d i u m l e v e l s w e r e found to be in e r r o r by a s 
m u c h a s -5- in. It w a s obv ious tha t t h e o r e t i c a l c a l c u l a t i o n s w e r e i n a d e q u a t e 
and an e m p i r i c a l e s t i m a t e w a s n e e d e d . 

A s t a t i s t i c a l s tudy w a s p e r f o r m e d in which 11 b a t c h e s of 50 r o d s 
each w e r e p r e p a r e d by C o r e - I p r o d u c t i o n t e c h n i q u e s . The j a c k e t p r e 
a s s e m b l i e s u s e d c o v e r e d the e n t i r e r a n g e of p e r m i s s i b l e s i z e s . P i n s 
w e r e u s e d in the o r d e r in which they w e r e p r o d u c e d and should be r e p r e 
s e n t a t i v e of the p r o c e s s . Sod ium l o a d s w e r e v a r i e d to p r o d u c e l e v e l s 
f r o m the top of the r e s t r a i n e r knob to m o r e than one-half inch above it . 
F r o m t h e s e 11 b a t c h e s , 412 d e f e c t - f r e e r o d s w e r e ob t a ined . The p e r t i n e n t 
da ta t a k e n d u r i n g t h e i r p r o d u c t i o n a p p e a r s in Append ix A to t h i s r e p o r t . 

The e x p e r i m e n t a l da t a w e r e f i t ted to a q u a d r a t i c e x p r e s s i o n to 
give the equa t i on 

H = 2.6040 - 40 .599D + 123.29V - 0.53654W - 234.38D^ 

- 1000.2DV + 117.32DW + 451.96V^ - 158.24VW + 13.218W^ .(1) 

H e r e the s o d i u m he igh t in i n c h e s above the p in (H) is e x p r e s s e d a s 
a funct ion of the j a c k e t p r e a s s e m b l y a v e r a g e d i a m e t e r in i n c h e s (D), the 
p in v o l u m e in cubic i n c h e s (V), and the s o d i u m weigh t in g r a m s (W). P i n 
v o l u m e w a s c a l c u l a t e d by the equa t ion 

w h e r e d is t he m e a s u r e d a v e r a g e d i a m e t e r and L i s the m e a s u r e d l eng th . 
Volume was u s e d i n s t e a d of d i a m e t e r b e c a u s e (1) an e x t r a t e r m , pin 
l eng th , w a s inc luded in the a n a l y s i s , and (2) the v o l u m e wi l l be ob ta ined by 
m e c h a n i c a l i n t e g r a t i o n m fu tu re o p e r a t i o n s . The equa t i on should s e r v e a s 
a guide in s e l e c t i n g s o d i u m l o a d s for fu tu re fuel r o d s . 

E q u a t i o n (1) can a l s o be u s e d to e s t i m a t e the n u m b e r of l e v e l r e 
j e c t s to be e x p e c t e d . The d i f f e r e n c e s b e t w e e n the o b s e r v e d and c a l c u l a t e d 
v a l u e s of H have a s t a n d a r d d e v i a t i o n of 0.0505 in. T h i s c o r r e s p o n d s to a 
p r o b a b i l i t y of r e j e c t i o n of 4.8% for a l e v e l t o l e r a n c e of ±0.1 in . An a c c e p t 
ance p r o b a b i l i t y of only 95.2% can be e x p e c t e d when the s o d i u m load is 
t a i l o r e d for e a c h r o d . 

T a i l o r i n g the s o d i u m load to e a c h r o d - j a c k e t c o m b i n a t i o n i s t i m e -
c o n s u m i n g . A s s e m b l i n g a g r o u p of 50 fuel r o d s by th i s t e c h n i q u e r e q u i r e s 
50 un ique s o d i u m e x t r u s i o n s . A l e s s l a b o r i o u s s i t u a t i o n would be tha t in 
which 50 s i m i l a r e x t r u s i o n s could be u s e d . F o r t h i s to be the c a s e , the 
50 fuel p ins m u s t be r e p r e s e n t e d by a b a t c h - a v e r a g e v o l u m e and the 
50 j a c k e t p r e a s s e m b l i e s by a b a t c h - a v e r a g e cav i ty v o l u m e . 



F u e l p ins m u s t be u s e d in the o r d e r in wh ich they a r e p r o d u c e d . 
The v o l u m e of e a c h m a y be m e a s u r e d and the m e a s u r e m e n t s a v e r a g e d to 
obta in a b a t c h - a v e r a g e p in v o l u m e . The j a c k e t p r e a s s e m b l i e s need not be 
u s e d in any p r e d e t e r m i n e d o r d e r . Dur ing C o r e - I m a n u f a c t u r e e a c h b a t c h 
of j a c k e t s w a s s e l e c t e d so a s to have cav i ty d i a m e t e r s wi th in a r a n g e of 
0.0001 in. The j a c k e t s w e r e c o n s i d e r e d to have the s a m e v o l u m e , and 
sod ium l o a d s w e r e c a l c u l a t e d f r o m a b a t c h - a v e r a g e pin v o l u m e . ^ 

The d a t a in Appendix A w e r e r e f i t t e d in o r d e r to ob ta in an e q u a 
t ion a p p l i c a b l e to C o r e - I m a n u f a c t u r i n g cond i t i ons . When an a v e r a g e V 
for a l l 412 r o d s (V) w a s u s e d , the equa t ion 

H = 8.4154 - 56 .760D + 96.371V - 11.591W - 830.79D2 + 284.67DV 

+ 15.944DW + 95.248V^ - 138.31VW + 25.857W^ (2) 

w a s ob ta ined . The d i f f e r e n c e s b e t w e e n the o b s e r v e d v a l u e s of H and t hose 
c a l c u l a t e d f r o m e q u a t i o n (2) have a s t a n d a r d dev ia t ion of 0.0576 in. T h i s 
c o r r e s p o n d s to a p r o b a b i l i t y of r e j e c t i o n of 8.3% w h e n the t o l e r a n c e is 
±0.1 in. The u s e of a b a t c h - a v e r a g e v o l u m e for the p ins r e d u c e s the l a b o r 
b u r d e n but a l m o s t doub l e s the n u m b e r of p r o b a b l e r e j e c t s . 

E q u a t i o n ( l ) can be u s e d to e s t i m a t e the s o d i u m load for an i n d i 
v idua l r o d f r o m the p in v o l u m e and the j a c k e t p r e a s s e m b l y cav i ty d i a m e t e r . 
E q u a t i o n (2) c a n be u s e d to e s t i m a t e a c o m m o n sod ium load for a b a t c h of 
r o d s . The u s e of th i s equa t i on r e q u i r e s tha t a b a t c h - a v e r a g e pin v o l u m e be 
u s e d and the j a c k e t p r e a s s e m b l i e s have n e a r l y equa l cav i ty d i a m e t e r s . The 
use of both e q u a t i o n s r e q u i r e t ha t the j a c k e t p r e a s s e m b l y cav i ty d i a m e t e r s 
be known. The e q u a t i o n s can be a p p l i e d only w h e n 100% i n s p e c t i o n of the 
j a c k e t p r e a s s e m b l i e s is m a d e . C o m p l e t e i n s p e c t i o n i s not n e e d e d for a c 
c e p t a n c e , but for c l a s s i f y i n g or s i z i ng the j a c k e t s . Without c l a s s i f i c a t i o n 
a s a m p l i n g t e c h n i q u e cou ld be u s e d for a c c e p t a n c e and an a p p r e c i a b l e 
a m o u n t of l a b o r s a v e d . A p p r o x i m a t e l y one m a n - d a y is r e q u i r e d to c l a s s i f y 
100 j a c k e t p r e a s s e m b l i e s . J a c k e t cav i ty d i a m e t e r s a r e known to a p p r o x i 
m a t e a n o r m a l popu l a t i on w h o s e m e a n could be u s e d to r e p r e s e n t a r a n d o m 
s a m p l e of 50 w i th neg l i g ib l e e r r o r . 

The da ta in Appendix A w e r e a g a i n f i t ted to ob ta in an e x p r e s s i o n 
for the s o d i u m - l e v e l he igh t a s a func t ion of the b a t c h - a v e r a g e pin v o l 
u m e (V) and the b a t c h - a v e r a g e j a c k e t cav i ty d i a m e t e r ( D ) : 

H = -1 .4944 - 4 7 . 8 6 4 D + 145.58V - 4 1 . 8 6 4 W + 468.62D^ - 33 0.25DV 

- 1 0 6 . 3 6 D W + 67.647V^ - 31.503VW + 39.936W^ . (3) 

^Al l j a c k e t p r e a s s e m b l i e s w e r e a s s u m e d to have n o m i n a l cav i ty dep th . 
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The differences between the observed levels and those predicted by equa
tion (3) have a standard deviation of 0.0736 in. This corresponds to a
probability of rejection of 17.40/0 for a level tolerance of ±O.l in.

It is obvious that the suggested steps save labor but increase the
probability of producing a reject. Since a reject represents wasted labor,
some operational compromise must be made to achieve maximum effi
ciency under the existing level specification of 0.65 ±O.l in. If, however,
the specification for sodium level could be changed to 0.65 ±0.15 in., the
rejection probability predicted from equation (3) would be only 4.20/0.

LEAK-DETECTION RESULTS

The somewhat crude and elementary pressure leak-detection equip
ment was found to be more reliable than the helium leak-detection method
for large leaks. The sensitivities to small leaks of pressure appeared
about equal when a short sensing line was used to the mass spectrometer.
When a long sensing line was required to the mass spectrometer leak
detector, pres sure leak detection appeared clearly superior. From these
tests, the decision was made to develop more refined pres sure leak de
tecting equipment. (4)
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APPENDIX A 

Control Group Production Data 

Rod 
D e s i g n a t i o n 

B a t c h 

2 1 3 

N o . 

1 
2 
3 
5 

6 
7 

10 

11 
12 

13 
14 

15 

16 
17 

18 

19 
20 

21 

22 
23 
24 

26 
27 

28 

29 
30 

31 
32 
33 
34 

36 

38 
40 

41 
42 

4 3 
4 5 

4 6 

Height of 
Sodium L e v e l 

above P i n 
(in.) 

H 

1.03 
0.94 
0.99 
0.99 
0.84 
0.81 
0.91 
0.79 
0.95 
0.90 
0.89 
0.96 
0.96 
0.84 
0.86 
0.88 
0.94 
0.81 
0.84 
0.78 
0.89 
0.75 
0.75 
0.89 
0.89 
0.79 
0.88 
0.79 
0.81 
0.83 
0.80 
0.81 
0.92 
0.85 
0.78 
0.88 
0.81 
0.87 

A v e r a g e 
J a c k e t 

D i a m e t e r 
(in.) 

D 

0 .15555 
0.15565 
0.15565 
0.15575 
0.15575 
0.15575 
0.15585 
0.15585 
0.15585 
0.15585 
0.15595 
0.15595 
0.15595 
0.15595 
0.15595 
0.15595 
0.15595 
0.15605 
0.15605 
0.15605 
0.15605 
0.15605 
0.15605 
0.15605 
0.15605 
0.15605 
0.15615 
0.15615 
0.15615 
0.15615 
0.15615 
0.15625 
0.15625 
0.15625 
0.15625 
0.15625 
0.15635 
0.15635 

A v e r a g e 
F u e l P in 
D i a m e t e r 

(in.) 
d 

0.1432 
0.1434 
0.1427 
0.1430 
0.1428 
0.1432 
0.1435 
0.1434 
0.1430 
0.1434 
0.1432 
0.1433 
0.1431 
0.1432 
0.1433 
0.1433 
0.1429 
0.1433 
0.1430 
0.1433 
0.1433 
0.1426 
0.1431 
0.1434 
0.1428 
0.1433 
0.1433 
0.1433 
0.1430 
0.1433 
0.1433 
0.1433 
0.1437 
0.1433 
0.1431 
0.1433 
0.1433 
0.1433 

Weight of 
Sod ium 
Added 

(g) 
W 

0.900 
0.900 
0.900 
0.898 
0.900 
0.901 
0.901 
0.901 
0.900 
0.901 
0.901 
0.900 
0.901 
0.901 
0.900 
0.900 
0.902 
0.900 
0.900 
0.901 
0.901 
0.900 
0.900 
0.901 
0.901 
0.899 
0.899 
0.900 
0.900 
0.901 
0.900 
0.899 
0.901 
0.901 
0.900 
0.900 
0.901 
0.899 

F u e l - p i n 
Length 

(in.) 
L 

14.229 
14.227 
14.234 
14.227 
14.232 
14.230 
14.231 
14.232 
14.244 
14.232 
14.234 
14.228 
14.230 
14.228 
14.247 
14.228 
14.239 
14.228 
14.230 
14.226 
14.230 
14.234 
14.228 
14.226 
14.232 
14.229 
14.230 
14.232 
14.230 
14.228 
14.227 
14.233 
14.229 
14.227 
14.228 
14.228 
14.227 
14.227 



Rod 
D e s i g n a t i o n 

B a t c h 

2 1 3 

2 1 4 

2 1 5 

N o . 

47 

4 8 

4 9 
50 

19 
20 
21 

22 

2 3 
2 4 

25 

26 
27 

2 8 

29 
30 
31 

32 

33 
35 

36 
37 

38 

39 
40 

41 
42 

4 3 
4 4 

4 6 

4 9 
50 

1 

2 
3 
4 

5 
6 

7 
8 

9 
10 

11 
12 
13 

Height of 
Sodium L e v e l 

above P in 
(in.) 

H 

0.72 
0.79 
0.77 
0.76 

0.78 
0.71 
0.66 
0.69 
0.77 
0.72 
0.67 
0.68 
0.69 
0.72 
0.77 
0.67 
0.64 
0.68 
0.65 
0.76 
0.67 
0.70 
0.65 
0.69 
0.72 
0.70 
0.66 
0.73 
0.70 
0.61 
0.68 
0.63 

1.11 
1.00 
1.04 
1.05 
1.06 
1.10 
1.09 
1.11 
1.11 
1.08 
0.93 
1.01 
1.01 

A v e r a g e 
J a c k e t 

D i a m e t e r 
(in.) 

D 

0.15635 
0.15635 
0.15635 
0.15645 

0.15595 
0.15595 
0.15605 
0.15605 
0.15605 
0.15605 
0.15605 
0 .15605 
0.15605 
0.15605 
0.15605 
0.15605 
0.15615 
0.15615 
0.15615 
0.15615 
0.15615 
0.15615 
0.15625 
0 .15625 
0.15625 
0.15625 
0.15625 
0.15625 
0.15625 
0.15635 
0.15635 
0.15645 

0.15555 
0.15565 
0.15565 
0.15575 
0.15575 
0.15575 
0.15575 
0 .15585 
0 .15585 
0.15585 
0.15585 
0.15585 
0.15585 

A v e r a g e 
F u e l P in 
D i a m e t e r 

(in.) 
d 

0.1431 
0.1434 
0.1432 
0.1433 

0.1435 
0.1431 
0.1430 
0.1433 
0.1435 
0.1434 
0.1430 
0.1431 
0.1433 
0,1432 
0.1433 
0.1432 
0.1432 
0.1433 
0.1432 
0.1435 
0.1435 
0.1433 
0.1430 
0.1435 
0.1433 
0.1432 
0.1432 
0.1435 
0.1435 
0.1433 
0.1433 
0.1432 

0.1432 
0.1433 
0.1435 
0.1433 
0.1432 
0.1432 
0.1432 
0.1433 
0.1435 
0.1434 
0.1432 
0.1431 
0.1435 

Weight of 
Sodium 
Added 

(g) 
W 

0.899 
0.901 
0.900 
0.899 

0.875 
0.875 
0.876 
0.875 
0.875 
0.876 
0.875 
0.876 
0.876 
0.874 
0.874 
0.876 
0.875 
0.875 
0.875 
0.873 
0.874 
0.875 
0.876 
0.876 
0.876 
0.876 
0.875 
0.875 
0.875 
0.874 
0.876 
0.876 

0.924 
0.925 
0.925 
0.926 
0.926 
0.926 
0.925 
0.926 
0.926 
0.925 
0.925 
0.924 
0.925 

F u e l - p i n 
Length 

(in.) 
L 

14.229 
14.226 
14.231 
14.231 

14.229 
14.227 
14.232 
14.228 
14.225 
14.227 
14.227 
14.230 
14.235 
14.227 
14.225 
14.228 
14.229 
14.226 
14.237 
14.227 
14.231 
14.228 
14.232 
14.228 
14.229 
14.227 
14.228 
14.227 
14.229 
14.235 
14.228 
14.227 

14.227 
14.227 
14.229 
14.230 
14.230 
14.227 
14.226 
14.225 
14.229 
14.232 
14.239 
14.233 
14.229 



Rod 

D e s i g n a t i o n 

B a t c h 

215 

218 

No. 

14 
15 
17 
18 
19 
20 
21 
22 
25 
26 
27 
28 
29 
30 
32 
33 
34 
35 
36 
40 
42 
44 
46 
47 
48 
49 
50 

1 
2 
3 
4 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 

Heigh t of 
Sodium L e v e l 

above P i n 
(in.) 
\ • / 

H 

1.04 
1.05 
1.06 
1.03 
0.91 
1.06 
1.07 
1.04 
1.02 
1.00 
0.88 
1.06 
1.10 
1.00 
0.98 
1.04 
1.05 
1,08 
1.12 
0.87 
0.94 
1.00 
0.88 
0.89 
1.06 
0.90 
0.99 

0.81 
0.73 
0.73 
0.82 
0.79 
0.71 

- 0.67 
0.69 
0.68 
0.68 
0.63 
0.72 
0.63 
0.72 
0.66 
0.59 
0.62 

A v e r a g e 

J a c k e t 
D i a m e t e r 

(in.) 

D 

0 .15595 
0 .15595 
0 .15595 
0.15595 
0.15595 
0 .15595 
0 .15605 
0.15605 
0 .15605 
0 .15605 
0 .15605 
0 .15605 
0 .15605 
0 .15605 
0 .15615 
0 .15615 
0.15615 
0 .15615 
0 ,15615 
0 .15625 
0 .15625 
0 .15625 
0 .15635 
0 .15635 
0 .15635 
0 .15635 
0.15645 

0 .15555 
0.15565 
0,15565 
0 ,15575 
0 ,15575 
0 .15575 
0.15585 
0 .15585 
0 .15585 
0.15585 
0 .15585 
0.15585 
0 .15595 
0 .15595 
0 .15595 
0 .15595 
0 .15595 

A v e r a g e 

F u e l P in 
D i a m e t e r 

(in.) 

d 

0,1435 
0,1432 
0.1432 
0.1432 
0.1430 
0.1435 
0,1435 
0.1432 
0.1434 
0.1435 
0.1435 
0.1436 
0.1439 
0,1433 
0.1437 
0.1435 
0.1437 
0.1436 
0.1438 
0,1432 
0,1435 
0.1437 
0.1436 
0,1432 
0.,1433 
0.1435 
0.1436 

0.1435 
0.1434 
0.1435 
0.1436 
0.1436 
0.1433 
0.1435 
0.1434 
0.1434 
0.1434 
0.1436 
0.1433 
0.1436 
0.1439 
0.1435 
0.1436 
0.1430 

Weight of 

Sod ium 
Added 

(g) 

W 

0.926 
0.926 
0.926 
0.926 
0.925 
0.925 
0.926 
0.926 
0.926 
0.926 
0.924 
0.925 
0.925 
0.926 
0.924 
0.926 
0.925 
0,926 
0.926 
0.926 
0.926 
0.925 
0.925 
0.925 
0.926 
0.925 
0.925 

0.851 
0.850 
0.851 
0.851 
0.850 
0.850 
0.851 
0.851 
0.850 
0.850 
0.850 
0.850 
0.851 
0,851 
0.851 
0.851 
0.851 

F u e l - p i n 

Leng th 
/ i n ^ 
i m . ; 

L 

14.227 
14.229 
14.227 
14.226 
14.228 
14.226 
14.229 
14.231 
14.229 
14.227 
14.231 
14.226 
14.227 
14.230 
14.229 
14.226 
14.229 
14.229 
14.227 
14.226 
14.229 
14.228 
14.230 
14.227 
14.227 
14.227 
14.226 

14.227 
14.228 
14.227 
14.228 
14.226 
14.229 
14.227 
14.228 
14.228 
14.228 
14.225 
13.227 
14.229 
14.227 
14.230 
14.228 
14.226 



Rod 
D e s i g n a t i o n 

B a t c h 

218 

219 

No. 

19 
20 
21 
22 
23 
24 
25 
26 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
40 
41 
42 
44 
45 
46 
48 
49 
50 

1 
2 
3 
4 
5 
6 
7 
9 

10 
11 
13 
16 
17 
18 
20 
21 

He igh t of 
Sod ium L e v e l 

above P i n 
(in.) 

H 

0.64 
0.73 
0.66 
0.62 
0.62 
0.61 
0.58 
0.68 
0.80 
0.72 
0.66 
0.57 
0.62 
0.65 
0.67 
0.62 
0.61 
0.61 
0.55 
0.60 
0.63 
0.62 
0.56 
0.61 
0.57 
0.59 
0.60 
0.63 

0.57 
0.73 
0.67 
0,65 
0.69 
0.68 
0.68 
0.61 
0.58 
0.61 
0.58 
0.62 
0.61 
0.59 
0.59 
0.59 

A v e r a g e 
J a c k e t 

D i a m e t e r 
(in.) 

D 

0.15595 
0.15595 
0.15605 
0.15605 
0,15605 
0 .15605 
0.15605 
0 .15605 
0 .15605 
0.15605 
0 .15605 
0.15615 
0 .15615 
0.15615 
0.15615 
0.15615 
0.15615 
0.15615 
0 .15625 
0.15625 
0.15625 
0.15625 
0.15625 
0 .15635 
0.15635 
0,15635 
0.15635 
0.15645 

0.15555 
0.15565 
0.15565 
0.15575 
0.15575 
0.15575 
0.15575 
0.15585 
0.15585 
0.15585 
0.15585 
0 .15595 
0.15595 
0.15595 
0.15595 
0.15605 

A v e r a g e 
F u e l P in 

D i a m e t e r 
(in.) 

d 

0.1432 
0.1437 
0.1436 
0.1435 
0,1435 
0,1436 
0.1435 
0.1436 
0.1435 
0.1437 
0.1435 
0.1433 
0.1435 
0.1435 
0.1436 
0.1432 
0.1435 
0.1433 
0.1432 
0.1433 
0.1437 
0.1436 
0.1432 
0.1433 
0.1434 
0.1433 
0.1436 
0.1437 

0.1435 
0.1436 
0.1434 
0.1432 
0.1437 
0.1437 
0.1429 
0.1435 
0.1434 
0.1434 
0.1434 
0.1430 
0.1433 
0.1434 
0.1435 
0.1436 

Weight of 
Sodium 
Added 

(g) 
W 

0.851 
0.850 
0.851 
0.850 
0.851 
0.851 
0.850 
0.850 
0.849 
0.850 
0.850 
0.850 
0.851 
0.851 
0.850 
0.850 
0.851 
0.851 
0.851 
0.851 
0.851 
0.851 
0.851 
0.850 
0.850 
0.851 
0.851 
0.850 

0.825 
0.825 
0.825 
0.826 
0.826 
0.825 
0.825 
0.826 
0.826 
0.825 
0.825 
0.826 
0.825 
0.826 
0.826 
0.825 

F u e l - p i n 
Length 

(in.) 
L 

14.230 
14.229 
14.227 
14.226 
14.229 
14.229 
14.220 
14.227 
14.229 
14.227 
14,226 
14.228 
14.229 
14.222 
14.229 
14.227 
14.227 
14.228 
14.225 
14.229 
14.228 
14.229 
14.230 
14.228 
14.228 
14.228 
14.229 
14.229 

14.228 
14.230 
14.224 
14.226 
14.228 
14.232 
14.228 
14.227 
14.226 
14.225 
14.225 
14.229 
14.229 
14.229 
14.232 
14.228 



Rod 
D e s i g n a t i o n 

B a t c h 

2 1 9 

2 2 0 

N o , 

22 
2 3 
24 

25 
26 

27 
2 8 
30 

32 
34 

35 
36 
37 
41 
4 3 

44 

2 

3 
4 

6 
7 

8 

9 
10 

12 

13 
14 

16 
17 

18 

19 
20 

22 
23 
24 

25 
26 

27 

29 
30 
32 
33 
34 

35 

Height of 
Sodiumi L e v e l 

above P i n 
(in.) 

H 

0.58 
0.58 
0.59 
0.55 
0.61 
0.58 
0.64 
0.61 
0.61 
0.57 
0.53 
0.57 
0.53 
0,52 
0.54 
0.53 

0.82 
0.83 
0.70 
0.75 
0,76 
0.72 
0,68 
0.66 
0.68 
0.73 
0.67 
0.74 
0.72 
0.66 
0.73 
0.66 
0.72 
0.70 
0.67 
0.70 
0.57 
0.58 
0,68 
0,71 
0.57 
0.63 
0.66 
0.68 

A v e r a g e 
J a c k e t 

D i a m e t e r 
(in.) 

D 

0.15605 
0 .15605 
0 .15605 
0.15605 
0.15605 
0.15605 
0.15605 
0.15605 
0.15615 
0.15615 
0.15615 
0.15615 
0.15615 
0.15625 
0.15625 
0.15625 

0.15565 
0.15565 
0.15575 
0.15575 
0.15575 
0.15585 
0.15585 
0.15585 
0.15585 
0 .15585 
0.15595 
0.15595 
0.15595 
0.15595 
0.15595 
0.15595 
0.15605 
0.15605 
0.15605 
0.15605 
0.15605 
0.15605 
0.15605 
0.15605 
0.15615 
0.15615 
0.15615 
0.15615 

A v e r a g e 
F u e l P i n 

D i a m e t e r 
(in.) 

d 

0 .1435 
0 .1435 
0.1435 
0.1434 
0 .1434 
0 .1433 
0.1434 
0 .1433 
0,1435 
0,1434 
0.1435 
0.1435 
0.1436 
0.1436 
0.1434 
0.1435 

0.1435 
0.1434 
0.1434 
0.1437 
0.1436 
0.1434 
0 .1434 
0.1436 
0.1435 
0.1435 
0.1435 
0.1436 
0 .1435 
0.1432 
0.1436 
0.1434 
0.1437 
0.1437 
0.1435 
0 ,1433 
0 .1433 
0 ,1433 
0.1435 
0.1435 
0.1430 
0.1434 
0.1435 
0.1436 

Weight of 
Sodium 
Added 

(g) 
W 

0.825 
0.825 
0.825 
0.825 
0.825 
0.825 
0.825 
0.825 
0.825 
0.825 
0.825 
0.825 
0.826 
0.825 
0.826 
0.825 

0.860 
0.859 
0,861 
0,860 
0.861 
0.861 
0.860 
0.860 
0.861 
0.861 
0.860 
0.861 
0.861 
0.861 
0.860 
0.860 
0.860 
0.861 
0.860 
0.861 
0.861 
0.860 
0.861 
0.860 
0.861 
0.861 
0.861 
0.861 

F u e l - p i n 
Length 

(in.) 
L 

14.Z26 
14.227 
14.226 
14.229 
14.228 
14.227 
14.226 
14.227 
14.231 
14.228 
14.230 
14.227 
14.227 
14,229 
14.229 
14.Z27 

14.227 
14.226 
14.227 
14.228 
14.226 
14.211 
14.231 
14.227 
14.228 
14.229 
14.227 
14.228 
14.227 
14.230 
14.Z28 
14.226 
14.227 
14.227 
14.227 
14.229 
14,230 
14.226 
14.226 
14.225 
14.227 
14.227 
14.228 
14.228 



Rod 
D e s i g n a t i o n 

B a t c h 

2 2 0 

2 2 1 

2 2 2 

N o , 

37 

38 
40 
4 1 

42 

4 3 
4 4 

4 6 
47 
4 8 

4 9 

1 
2 

4 

5 

6 
7 

8 

9 
10 

11 
13 

18 
22 

25 

2 6 

29 
30 

31 
32 

3 3 
34 

35 
37 

3 8 
41 
42 
4 4 
50 

1 

3 
4 

5 
6 

Height of 
Sod ium L e v e l 

above P i n 
(in,) 

H 

0.66 
0.56 
0.62 
0.56 
0.74 
0.61 
0.62 
0.56 
0.58 
0.59 
0.61 

0,69 
0.62 
0.71 
0.73 
0.57 
0.75 
0.79 
0.55 
0.59 
0.68 
0.59 
0.54 
0.56 
0.67 
0.71 
0.54 
0.63 
0.63 
0.57 
0.68 
0.55 
0.58 
0.57 
0.53 
0.53 
0.63 
0.61 
0.53 

1.09 
0.90 
0.89 
0.96 
0.94 

A v e r a g e 
J a c k e t 

D i a m e t e r 
(in.) 

D 

0.15615 
0.15625 
0.15625 
0 .15625 
0,15625 
0.15625 
0 .15625 
0.15635 
0.15635 
0.15635 
0.15635 

0.15555 
0.15565 
0.15575 
0.15575 
0.15575 
0.15575 
0.15585 
0.15585 
0.15585 
0.15585 
0.15585 
0.15595 
0.15605 
0.15605 
0.15605 
0.15605 
0.15605 
0,15615 
0.15615 
0.15615 
0.15615 
0.15615 
0.15615 
0 .15625 
0.15625 
0.15625 
0.15625 
0.15645 

0.15555 
0.15565 
0.15575 
0.15575 
0.15575 

A v e r a g e 
F u e l P i n 

D i a m e t e r 
(in.) 

d 

0.1433 
0.1430 
0.1434 
0,1433 
0,1431 
0.1433 
0.1434 
0.1433 
0.1434 
0.1435 
0.1435 

0.1435 
0.1430 
0.1437 
0.1435 
0.1432 
0.1435 
0.1435 
0.1431 
0.1432 
0.1435 
0.1437 
0.1432 
0.1434 
0.1437 
0.1437 
0.1436 
0.1435 
0.1434 
0.1432 
0.1438 
0.1437 
0.1433 
0.1434 
0.1434 
0.1432 
0.1437 
0.1437 
0.1436 

0.1437 
0.1433 
0.1436 
0.1437 
0.1434 

Weight of 
Sodium 
Added 

(g) 
W 

0.861 
0.861 
0.861 
0.859 
0.859 
0.861 
0.861 
0.860 
0.861 
0.861 
0.860 

0.839 
0.839 
0.838 
0.837 
0.838 
0.838 
0.838 
0.838 
0.838 
0.838 
0.838 
0.837 
0.839 
0.838 
0.839 
0.838 
0.838 
0.839 
0.839 
0.839 
0.839 
0.839 
0.839 
0.839 
0.839 
0.839 
0.839 
0.839 

0.889 
0.888 
0.888 
0.888 
0.887 

F u e l - p i n 
Leng th 

(in.) 
L 

14.227 
14.229 
14.229 
14.227 
14.228 
14.227 
14.229 
14.225 
14.228 
14.228 
14.231 

14.225 
14.227 
14.230 
14.229 
14.227 
14.229 
14.228 
14.234 
14.228 
14.228 
14.228 
14.228 
14.229 
14.231 
14.230 
14.228 
14.228 
14.227 
14,226 
14.227 
14.227 
14,231 
14.228 
14.228 
14.240 
14.227 
14.229 
14.228 

14.229 
14.227 
14.229 
14.227 
14.228 



Rod 
Designation 

Batch 

222 

223 

No . 

7 
9 

10 
11 
13 
14 
15 
16 
17 
18 
19 
20 
21 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
42 
43 
44 
45 
47 
48 
49 
50 

1 
2 
3 
4 

Height of 
Sodium Level 

above Pin 
(in.) 

H 

0.84 
0.87 
0.88 
0.96 
0.86 
0.98 
0.82 
0.90 
0.85 
0.94 
0.87 
0.88 
0.91 
0.80 
0.88 
0.60 
0.75 
0.92 
0.89 
0.87 
0,87 
0.83 
0.78 
0.80 
0.81 
0.76 
0,60 
0.87 
0.86 
0.64 
0.74 
0.74 
0.73 
0.75 
0.72 
0.68 
0.71 
0.64 
0.86 

0.57 
0.62 
0.68 
0.56 

Average 
Jacket 

Diameter 
(in.) 

D 

0.15575 
0.15585 
0.15585 
0.15585 
0.15585 
0.15595 
0.15595 
0.15595 
0.15595 
0.15595 
0.15595 
0.15595 
0.15605 
0.15605 
0.15605 
0.15605 
0.15605 
0.15605 
0,15605 
0.15605 
0.15605 
0.15615 
0.15615 
0.15615 
0.15615 
0,15615 
0,15615 
0.15615 
0,15625 
0,15625 
0.15625 
0.15625 
0.15625 
0.15625 
0.15635 
0.15635 
0.15635 
0.15635 
0.15645 

0.15555 
0.15565 
0.15565 
0.15575 

Average 
Fuel Pin 

Diameter 
(in.) 

d 

0.1430 
0.1432 
0.1433 
0,1435 
0.1435 
0.1436 
0.1433 
0.1436 
0.1433 
0.1436 
0.1433 
0.1435 
0.1436 
0.1432 
0.1433 
0.1435 
0.1432 
0.1432 
0.1437 
0.1437 
0.1436 
0.1436 
0.1435 
0.1435 
0.1436 
0.1434 
0,1432 
0.1436 
0,1435 
0.1433 
0.1441 
0.1436 
0,1433 
0,1434 
0.1434 
0.1439 
0.1433 
0.1433 
0.1433 

0.1434 
0.1435 
0.1438 
0.1433 

Weight of 
Sodium 
Added 

(g) 
W 

0.887 
0.889 
0.888 
0.888 
0.888 
0.887 
0.888 
0.889 
0.888 
0.889 
0.889 
0.889 
0.888 
0.888 
0.889 
0.887 
0.887 
0.888 
0.888 
0.887 
0.887 
0.887 
0.889 
0.888 
0.888 
0.888 
0.888 
0.889 
0.889 
0.887 
0.887 
0.888 
0.887 
0.889 
0.889 
0.888 
0.887 
0.887 
0.888 

0.811 
0.811 
0.812 
0.812 

Fuel-pin 
Length 

(in.) 
L 

14.228 
14.230 
14.224 
14,227 
14.235 
14.237 
14.229 
14,227 
14,227 
14.228 
14.244 
14.229 
14.227 
14.228 
14.227 
14.229 
14.228 
14.232 
14.229 
14.228 
14.229 
14.228 
14.227 
14.228 
14.225 
14,229 
14.228 
14.226 
14.229 
14.229 
14.225 
14.229 
14.229 
14.228 
14.227 
14.228 
14.230 
14.230 
14.227 

14.230 
14.227 
14.230 
14.228 



Rod 
D e s i g n a t i o n 

B a t c h 

223 

224 

No . 

6 
9 

11 
16 
19 
22 
24 

2 
3 
4 
5 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
34 
36 
37 
38 
39 
40 
42 
43 
44 
45 
47 
50 

He igh t of 
Sod ium L e v e l 

above P i n 
(in.) 

H 

0.54 
0.61 
0.61 
0.56 
0,70 
0.54 
0.57 

0.81 
0.82 
0.73 
0.69 
0,61 
0.78 
0.63 
0.69 
0.79 
0.82 
0.67 
0.76 
0.68 
0.66 
0.79 
0.75 
0.65 
0.67 
0.66 
0.72 
0.63 
0.66 
0.70 
0.69 
0,71 
0.68 
0.71 
0.77 
0.70 
0.64 
0.66 
0.71 
0.68 
0.68 
0.68 
0.67 
0.63 
0.55 
0.61 

A v e r a g e 
J a c k e t 

D i a m e t e r 
(in.) 

D 

0.15575 
0.15585 
0.15585 
0.15595 
0 .15595 
0,15605 
0,15605 

0.15565 
0.15565 
0.15575 
0.15575 
0.15585 
0.15585 
0.15585 
0.15585 
0.15585 
0.15595 
0.15595 
0.15595 
0.15595 
0.15595 
0.15595 
0.15595 
0.15605 
0.15605 
0.15605 
0.15605 
0.15605 
0.15605 
0,15605 
0.15605 
0.15605 
0.15605 
0.15615 
0.15615 
0.15615 
0.15615 
0.15625 
0.15625 
0.15625 
0.15625 
0.15625 
0.15625 
0.15635 
0.15635 
0.15645 

A v e r a g e 
F u e l P i n 
D i a m e t e r 

(in.) 
d 

0.1436 
0,1434 
0.1437 
0.1436 
0.1443 
0.1437 
0.1435 

0.1433 
0.1435 
0.1433 
0.1432 
0.1428 
0.1435 
0.1430 
0.1431 
0.1435 
0.1436 
0.1434 
0.1435 
0.1432 
0.1430 
0.1436 
0.1433 
0.1431 
0.1432 
0.1430 
0.1436 
0.1430 
0.1434 
0.1434 
0,1434 
0.1436 
0.1433 
0.1434 
0,1433 
0.1436 
0.1436 
0.1435 
0.1437 
0.1436 
0.1435 
0.1437 
0.1437 
0.1435 
0.1434 
0.1437 

Weight of 
Sodium 
Added 

(g) 
W 

0.812 
0.811 
0.812 
0.812 
0.812 
0.812 
0.813 

0.861 
0.861 
0.860 
0.860 
0.860 
0.861 
0.861 
0.860 
0.860 
0.860 
0.860 
0.859 
0.860 
0.860 
0,861 
0.861 
0.859 
0,859 
0.860 
0.860 
0.861 
0.861 
0.861 
0.860 
0.860 
0.860 
0.861 
0.861 
0.861 
0.860 
0.859 
0.860 
0.860 
0.861 
0.861 
0.861 
0.859 
0.860 
0.861 

F u e l - p i n 
Length 

(in.) 
L 

14.228 
14.228 
14.230 
14,227 
14,238 
14.229 
14.228 

14.228 
14.228 
14,229 
14.229 
14.227 
14.233 
14.231 
14.227 
14.230 
14.230 
14.246 
14.231 
14.227 
14.227 
14.228 
14.228 
14.227 
14.230 
14.227 
14.229 
14.228 
14.226 
14.237 
14.231 
14.228 
14.227 
14,231 
14.228 
14.227 
14.228 
14.233 
14.230 
14.231 
14.229 
14.228 
14.227 
14.228 
14.234 
14.228 



Rod 
D e s i g n a t i o n 

B a t c h 

2 2 5 

2 2 6 

N o . 

2 

4 
5 

6 
7 
8 

9 
10 

11 
12 
13 
14 
15 

16 
17 
18 

19 
21 
2 3 
24 

26 
27 

29 
30 
31 
32 

33 
34 

35 
37 
38 

39 
40 

4 1 

4 3 
47 

49 
50 

1 
2 
3 

4 

5 
6 
7 

Height of 
Sod ium L e v e l 

above P in 
(in.) 

H 

0.73 
0.78 
0.80 
0.68 
0.72 
0,65 
0.73 
0.71 
0.81 
0.68 
0.73 
0.97 
0.71 
0.76 
0.66 
0.70 
0.71 
0.73 
0.66 
0.73 
0.58 
0.70 
0.68 
0.68 
0.60 
0.66 
0.68 
0.60 
0.65 
0.70 
0.58 
0.65 
0.65 
0,56 
0.59 
0.59 
0.54 
0,63 

0.72 
0.77 
0.62 
0.73 
0.73 
0.73 
0.69 

A v e r a g e 
J a c k e t 

D i a m e t e r 
(in.) 

D 

0 .15565 
0.15575 
0.15575 
0.15575 
0 .15575 
0 .15585 
0.15585 
0.15585 
0.15585 
0.15585 
0.15585 
0 .15595 
0.15595 
0.15595 
0 .15595 
0.15595 
0 .15595 
0.15605 
0.15605 
0.15605 
0.15605 
0.15605 
0.15605 
0 .15605 
0.15615 
0.15615 
0 .15615 
0.15615 
0.15615 
0.15615 
0,15625 
0,15625 
0.15625 
0.15625 
0.15625 
0.15635 
0 .15635 
0.15645 

0.15555 
0.15565 
0.15565 
0.15575 
0.15575 
0.15575 
0.15575 

A v e r a g e 
F u e l P in 

D i a m e t e r 
(in.) 

d 

0.1434 
0.1436 
0.1436 
0.1436 
0.1435 
0.1432 
0.1436 
0.1434 
0.1436 
0.1435 
0.1437 
0 .1453 
0.1437 
0.1437 
0.1434 
0.1435 
0.1437 
0.1436 
0.1435 
0.1437 
0.1435 
0.1436 
0.1436 
0.1435 
0.1433 
0.1434 
0.1437 
0.1432 
0.1434 
0.1436 
0,1430 
0.1437 
0,1436 
0.1430 
0.1437 
0.1436 
0.1433 
0.1436 

0.1436 
0.1437 
0.1430 
0.1436 
0.1437 
0.1432 
0.1435 

Weight of 
Sod ium 
Added 

(g) 
W 

0.860 
0,859 
0.859 
0.860 
0,860 
0.859 
0.859 
0.860 
0.860 
0.860 
0.861 
0.861 
0.861 
0.860 
0.860 
0.860 
0.860 
0.860 
0.860 
0.861 
0.860 
0.860 
0.861 
0,861 
0.861 
0.859 
0.860 
0.860 
0.860 
0.861 
0.861 
0.859 
0.859 
0.859 
0.859 
0.860 
0.860 
0,860 

0.839 
0.839 
0.841 
0.841 
0.840 
0.840 
0.840 

F u e l - p i n 
Leng th 

(in,) 
L 

14.229 
14.230 
14.232 
14,230 
14.228 
14,229 
14.227 
14.230 
14,229 
14.228 
14.229 
14.230 
14.230 
14,228 
14.238 
14.228 
14,230 
14.229 
14.225 
14.231 
14.233 
14.227 
14.227 
14.229 
14.224 
14.231 
14.229 
14.230 
14.225 
14.228 
14.226 
14.229 
14.228 
14.229 
14.231 
14.227 
14.229 
14.227 

14.227 
14,225 
14.227 
14.227 
14.239 
14.227 
14.227 



Rod 
D e s i g n a t i o n 

B a t c h 

226 

No. 

8 
9 

13 
14 
16 
17 
18 
19 
21 
22 
23 
25 
26 
28 
30 
32 
41 
42 
50 

Height of 
Sodium L e v e l 

above P i n 
(in.) 

H 

0.59 
0.64 
0.56 
0.67 
0.68 
0.62 
0.68 
0.64 
0.62 
0.63 
0.67 
0.59 
0.55 
0,57 
0.70 
0.63 
0.56 
0.57 
0.57 

A v e r a g e 
J a c k e t 

D i a m e t e r 
(in.) 

D 

0.15585 
0.15585 
0.15585 
0 .15595 
0 .15595 
0,15595 
0.15595 
0.15595 
0.15605 
0.15605 
0.15605 
0.15605 
0.15605 
0 .15605 
0.15605 
0.15615 
0.15625 
0.15625 
0.15645 

A v e r a g e 
F u e l P i n 
D i a m e t e r 

(in.) 
d 

0.1435 
0.1435 
0.1431 
0.1436 
0.1436 
0.1436 
0.1435 
0.1436 
0.1437 
0.1431 
0.1438 
0.1432 
0.1434 
0.1434 
0.1437 
0.1435 
0.1434 
0.1436 
0.1435 

Weight of 
Sodium 
Added 

(g) 
W 

0.839 
0.838 
0.840 
0.841 
0.840 
0.839 
0.840 
0.840 
0.840 
0.841 
0.839 
0.840 
0.840 
0.841 
0.841 
0.841 
0.840 
0.841 
0.840 

F u e l - p i n 
Length 

(in.) 
L 

14.226 
14.229 
14.225 
14.227 
14.228 
14,228 
14.229 
14.229 
14.226 
14.231 
14.229 
14.224 
14.231 
14.229 
14.230 
14.226 
14.232 
14.229 
14.232 




