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FOREWORD 

This repor t is one of a s e r i e s of repor t s on the low-power 
(up to 1 Mwt) and high-power (up to 200 Mwt) nuclear testing of the Enr ico 
F e r m i fast b r eede r r eac to r . The Nuclear Test P r o g r a m is planned, di­
rected, and evaluated by Atomic Power Development Assoc ia tes , Inc. 
(APDA). The Tests a re conducted by Power Reactor Development Company 
(PRDC). The reac to r p roper is owned and operated by PRDC. The s team 
genera tors and e lec t r i ca l generat ion facili t ies a re owned by The Detroit 
Edison Company (DECo). 

Many people have contributed to the success of the nuclear 
test ing of the F e r m i r eac to r . Lis ted below are the names of those people, 
exclusive of the authors , who made a significant contribution to some phase 
of the work repor ted in this document. 

APDA PRDC DECo 

C. E. Branyan E. L. Alexanderson D. F . Gasvoda 
R. E. Mueller D, A. Erdman 
J. B. Nims 
H. A. Wilber 
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SUMMARY 

In th i s t e s t , p e r f o r m e d b e t w e e n N o v e m b e r 18 and D e c e m b e r 10, 
1963, the r e a c t i v i t y w o r t h of the s o d i u m in a c o r e s u b a s s e m b l y w a s m e a ­
s u r e d as a funct ion of the s u b a s s e m b l y r a d i a l pos i t i on in the c o r e l a t t i c e . 
A s p e c i a l l y d e s i g n e d type of c o r e s u b a s s e m b l y , in which the c o r e s e c t i o n 
w a s ab le to be e i t h e r c o m p l e t e l y v o i d e d of s o d i u m or f i l led n o r m a l l y , w a s 
u s e d in the t e s t . The a x i a l l y a v e r a g e d (or c o l u m n a r ) c o r e w o r t h of s o d i u m 
w a s ob t a ined at s e v e n c o r e r a d i i by m e a s u r i n g the r e a c t i v i t y of s e v e n p a i r s 
of c o r e l o a d i n g s , e a c h p a i r con ta in ing four of the s p e c i a l s u b a s s e m b l i e s 
in s e p a r a t e d l oca t i ons at equa l r a d i i f r o m the c o r e c e n t e r . The s p e c i a l 
s u b a s s e m b l i e s w e r e vo ided of s o d i u m in the f i r s t loading of e a c h p a i r and 
f i l l ed for the second ; four s u b a s s e m b l i e s w e r e u s e d t o g e t h e r to i n s u r e t ha t 
an a d e q u a t e r e a c t i v i t y d i f f e rence would be o b s e r v e d b e t w e e n the vo ided and 
f looded load ings at e a c h of the s e v e n c o r e r a d i i s t ud i ed . This r e a c t i v i t y 
d i f f e r ence ob t a ined at e a c h r a d i u s a l lowed the c o l u m n a r c o r e s o d i u m w o r t h 
to be e v a l u a t e d at tha t r a d i u s . The effect of " bunch i ng" the four s p e c i a l s u b ­
a s s e m b l i e s in to ad j acen t r a t h e r t h a n s e p a r a t e d l o c a t i o n s w a s i n v e s t i g a t e d 
a l s o . 

The o b s e r v e d c o l u m n a r c o r e w o r t h of s o d i u m was pos i t i ve 
t h r o u g h o u t the l a t t i c e , v a r y i n g f r o m a m i n i m u m va lue of 1.82 cen t s p e r 
k i l o g r a m ( c e n t s / k g ) for a c o l u m n n e a r the c e n t e r , t o a m a x i m u m of 2. 19 
c e n t s / k g n e a r the edge , wi th a va lue of 2 . 0 1 c e n t s / k g for an a v e r a g e c o l u m n . 
T h e s e r e s u l t s have p r o b a b l e e r r o r s of l e s s t han +_ 5 p e r cen t . The e x i s t e n c e 
of n e g a t i v e sodium, t e m p e r a t u r e and void coeff ic ient of r e a c t i v i t y is thus c o n ­
f i r m e d . 

The m e a s u r e d v a l u e s a g r e e qui te we l l wi th t h o s e p r e d i c t e d by 
m u l t i g r o u p diffusion t h e o r y . The a v e r a g e c o l u m n v a l u e of 2 . 0 1 c e n t s / k g 
is a l s o in good a g r e e m e n t wi th the va lue for t o t a l c o r e s o d i u m w o r t h of 

~ 1.9 c e n t s / k g e s t i m a t e d f r o m the Z P R - I I I F e r m i C r i t i c a l E x p e r i m e n t , 
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I. PURPOSE OF TEST 

The worth of the sodium in the Enr ico F e r m i reac tor was 
m e a s u r e d to obtain more exact values than were possible in the ZPR-III 
c r i t i ca l exper iment and, in par t i cu la r , to study the spat ial distr ibution 
of the worth in more detail. Knowledge of the dis tr ibuted sodiuna worth 
is important for improving the predicted values of the sodium tempera tu re 
and power coefficients of react ivi ty . Both of these coefficients, together 
with the sodium void coefficient, preferably should be negative in a fast 
r eac to r , because they a r e a s se t s to the r eac to r stabil i ty and safety. Nega 
tive values were predic ted for these coefficients for the Enr ico F e r m i 
reac tor design; the ZPR-III exper iment and the present tes t provide con­
firmation of this aspect of the design. An approximate check of the actual 
value of the average sodium worth of the core , obtained from the ZPR-III 
experiment , was obtained from this tes t ; this value had been open to doubt 
due to the need for substituting aluminum for much of the sodium in the 
cr i t ica l exper iment . 

Measurements of the dis tr ibuted sodium worth a re also very 
valuable because they provide detailed checks on worth calculat ions. In 
the Enr ico F e r m i core they a re of par t i cu la r importance because in a core 
of this size (about 400 l i te rs volume), the dominant mechanism by which 
sodium losses affect react iv i ty is by increased neutron leakage from the 
core . In a l a rge r core (approaching 1000 l i ters and above) such isolated 
study of this "leakage component" would be impossible, although the com­
ponent remains a major contributor to the total sodium worth. 
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II. D E S C R I P T I O N O F THE E N R I C O F E R M I R E A C T O R 

A. G E N E R A L D E S C R I P T I O N 

The E n r i c o F e r m i r e a c t o r and i t s a s s o c i a t e d s t r u c t u r e s a r e 
shown in p e r s p e c t i v e in F i g u r e 1. The r e a c t o r is c o n t a i n e d in a s t a i n l e s s 
s t e e l r e a c t o r v e s s e l s e a l e d at the top by a r o t a t i n g s h i e l d plug wh ich 
s u p p o r t s the c o n t r o l m e c h a n i s m s , the holddown m e c h a n i s m , and the fuel 
hand l ing m e c h a n i s m . The r e a c t o r v e s s e l is s u r r o u n d e d by b o r a t e d and 
p la in g r a p h i t e n e u t r o n sh i e ld ing m a t e r i a l wh ich is c o n t a i n e d i n s ide the 
p r i m a r y s h i e l d t ank . The r e a c t o r is of the fas t b r e e d e r t y p e , coo led by 
s o d i u m , and o p e r a t e d at e s s e n t i a l l y a t m o s p h e r i c p r e s s u r e . The m a x i m u m 
r e a c t o r p o w e r wi th the f i r s t c o r e loading (Core A) is 200 Mwt. 

The c o r e and b l anke t , l o c a t e d in the l o w e r r e a c t o r v e s s e l , con ­
s i s t of s q u a r e s u b a s s e m b l i e s con ta in ing the fuel p ins and b l anke t r o d s 
a r r a n g e d to a p p r o x i m a t e a c y l i n d e r about 80 inches in d i a m e t e r and 70 
i n c h e s h igh . The c o r e , c o n t a i n e d in the c e n t r a l p o r t i o n of the c o r e s u b -
a s s e n a b l i e s , a p p r o x i m a t e s a r i gh t c y l i n d e r 31 inches in d i a m e t e r and 31 
i n c h e s h igh; it is a x i a l l y and r a d i a l l y s u r r o u n d e d by b r e e d e r b l a n k e t s . The 
fuel in C o r e A c o n s i s t s of z i r c o n i u m - c l a d pins con ta in ing U-10 w / o m o l y b d e n u m 
a l loy wi th the u r a n i u m e n r i c h e d to 25. 6 w / o U - 2 3 5 . E a c h fuel s u b a s s e m b l y 
in the c o r e con t a in s 140 fuel p ins for a t o t a l m a s s of a p p r o x i m a t e l y 4 . 7 5 k i l o ­
g r a m s of U-235 p e r s u b a s s e m b l y . The b l anke t is d e p l e t e d U-3 w / o molybd-=!num 
a l loy . 

The r e a c t o r c r o s s s e c t i o n , shown in F i g u r e 2, i n d i c a t e s the p l a c e ­
m e n t of ind iv idua l c o m p o n e n t s wi th in the l ower r e a c t o r v e s s e l . T h e r e is a 
t o t a l of 149 c e n t r a l l a t t i c e p o s i t i o n s occup ied by c o r e and inne^ r a d i a l b l a n k e t 
s u b a s s e m b l i e s , the n e u t r o n s o u r c e , and the 10 o p e r a t i n g c o n t r o l and sa fe ty 
r o d c h a n n e l s . All t h e s e p o s i t i o n s a r e supp l i ed wi th s o d i u m coo lan t flowing 
u p w a r d f r o m a h i g h - p r e s s u r e p l e n u m which is c o n n e c t e d to the d i s c h a r g e l ines 
of the t h r e e p r i m a r y s o d i u m p u m p s . The coolan t flows u p w a r d t h r o u g h the 
ind iv idua l c o r e and i n n e r r a d i a l b l a n k e t s u b a s s e m b l i e s into a l a r g e u p p e r 
p l e n u m and f r o m t h e r e by g r a v i t y to the t h r e e i n t e r m e d i a t e hea t e x c h a n g e r s 
and t h e n to the s u c t i o n s ide of the p r i m a r y p u m p s . Sod ium a l s o is u s e d in 
the s e c o n d a r y cool ing s y s t e m . 

L a t t i c e pos i t i ons s u r r o u n d i n g the i n n e r r a d i a l b l a n k e t c o m p r i s e 
the o u t e r b l a n k e t a r e a and, when f i l l ed wi th o u t e r r a d i a l b l a n k e t s u b ­
a s s e m b l i e s , f o r m an a n n u l a r r e g i o n w h o s e top and b o t t o m a r e at the s a m e 
e l e v a t i o n as the top and b o t t o m of the i n n e r r a d i a l b l anke t . S u r r o u n d i n g the 
o u t e r r a d i a l b l a n k e t a r e l a t t i c e p o s i t i o n s u s e d for s t a i n l e s s s t e e l s u b a s s e m b l i e s 
tha t p r o v i d e t h e r m a l and n e u t r o n s h i e l d i n g . The ou t e r r a d i a l b l anke t and 
sh ie ld ing l a t t i c e p o s i t i o n s a r e s u p p l i e d wi th s o d i u m coo lan t f r o m the l ow-
p r e s s u r e p l e n u m . The s o d i u m f r o m the l o w - p r e s s u r e p l e n u m , a f t e r cool ing 
the b l a n k e t and t h e r m a l sh i e l d s u b a s s e m b l i e s , is m i x e d in the u p p e r p l e n u m 
wi th the s o d i u m f r o m the c o r e b e f o r e flowing to the i n t e r m e d i a t e hea t e x ­
c h a n g e r s . 
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The r e a c t o r is c o n t r o l l e d by two o p e r a t i n g c o n t r o l r o d s and 
s e v e n s a f e ty r o d s ; p r o v i s i o n s have b e e n inc luded in the d e s i g n for an e igh th 
s a f e ty rod . The r o d s a r e of the po i son type , con ta in ing b o r o n c a r b i d e 
(B4C) in wh ich the b o r o n is e n r i c h e d in b o r o n - 1 0 (B-10) . One o p e r a t i n g 
c o n t r o l r o d is for r e g u l a t i n g p u r p o s e s and the o the r for s h i m m i n g . Both 
r o d s have a p p r o x i m a t e r e a c t i v i t y w o r t h s of 46 c e n t s . The s e v e n sa fe ty 
r o d s , wh ich a r e s p a c e d a r o u n d the c e n t e r of the c o r e , p r o v i d e shutdown 
r e a c t i v i t y . Dur ing o p e r a t i o n of the r e a c t o r , t he sa fe ty r o d s a r e he ld j u s t 
above the a x i a l b l a n k e t s e c t i o n of the c o r e so tha t t hey can be r a p i d l y in ­
s e r t e d into the c o r e if a s c r a m b e c o m e s n e c e s s a r y . E a c h of the sa fe ty 
r o d s has a r e a c t i v i t y w o r t h in e x c e s s of $ 1 . 00. The m o v e m e n t s of the 
c o n t r o l and sa fe ty r o d s a r e a c t u a t e d f r o m t h e top . Dur ing fuel r e l o a d i n g , 
t h e y a r e d e l a t c h e d f r o m t h e i r d r i v e e x t e n s i o n s to al low t h e m to r e m a i n in 
the c o r e . 

The n e u t r o n d e t e c t o r s ( f i ss ion and ion c h a m b e r s ) for n o r m a l 
r e a c t o r o p e r a t i o n at p o w e r a r e l o c a t e d in 6 n e u t r o n - c o u n t e r t ubes (NCT) 
e m b e d d e d in the g r a p h i t e n e u t r o n s h i e l d s u r r o u n d i n g the r e a c t o r v e s s e l . 
T h e r e a r e 11 c h a n n e l s of n u c l e a r i n s t r u m e n t a t i o n d i s t r i b u t e d t h roughou t 
the 6 n e u t r o n - c o u n t e r t ubes in a m a n n e r tha t wi l l c o v e r the full power r a n g e 
dur ing o p e r a t i o n . 

An a n t i m o n y - b e r y l l i u m (Sb-Be) n e u t r o n s o u r c e is l oca t ed in the 
r e a c t o r at the c o r e - b l a n k e t i n t e r f a c e ( F i g u r e 2) to p r o v i d e a n e u t r o n flux 
at the n e u t r o n d e t e c t o r s dur ing r e a c t o r s t a r t u p and to m a i n t a i n a flux when 
the r e a c t o r is shut down. The r a d i o a c t i v e a n t i m o n y p o r t i o n of the s o u r c e 
is m a d e as a s e p a r a t e p i e c e for e a s y r e p l a c e m e n t and is in the f o r m of a 
r o d a p p r o x i m a t e l y 0. 7 inch in d i a m e t e r and 25 inches long. The r a d i o -
a n t i m o n y rod fits i n s ide a b e r y l l i u m a s s e m b l y which is in the f o r m of a 
hol low c y l i n d e r i n s ide a s t a i n l e s s s t e e l can having the e x t e r n a l d i m e n s i o n s 
of a n o r m a l c o r e s u b a s s e m b l y fuel can . 

Add i t iona l i n f o r m a t i o n c o n c e r n i n g the r e a c t o r des ign m a y be 
found in the E n r i c o F e r m i H a z a r d s S u m m a r y R e p o r t . 

B . DESCRIPTION OF THE S P E C I A L CORE SUBASSEMBLIES 

F o u r i d e n t i c a l s p e c i a l c o r e s u b a s s e m b l i e s w e r e d e s i g n e d and 
m a n u f a c t u r e d for the p u r p o s e of m e a s u r i n g s o d i u m w o r t h in the E n r i c o 
F e r m i r e a c t o r ; t he c o m p a r i s o n w i th a n o r m a l l y d e s i g n e d C o r e A s u b a s s e m b l y 
is g iven in the fol lowing p a r a g r a p h s . 

1. N o r m a l C o r e A S u b a s s e m b l y 

A n o r m a l C o r e A fuel s u b a s s e m b l y is c o m p o s e d of the uppe r 
ax i a l b l anke t , the fuel , and the l o w e r a x i a l b l anke t . B e t w e e n the u p p e r and 
l ower ax i a l b l anke t s e c t i o n s and the c o r e s e c t i o n t h e r e a r e gaps of 3 inches 
and 1. 5 i n c h e s , r e s p e c t i v e l y . 
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2. S p e c i a l Sod ium W o r t h S u b a s s e m b l y 

The four s p e c i a l s u b a s s e m b l i e s , i l l u s t r a t e d in F i g u r e 3, d i f fe red 
in two r e s p e c t s f r o m a n o r m a l C o r e A s u b a s s e m b l y ; f i r s t , the ax ia l b l anke t 
p ins w e r e o m i t t e d f r o m bo th the u p p e r and l o w e r a x i a l b l a n k e t s e c t i o n s . Th i s 
was a m a n u f a c t u r i n g e c o n o m y , judged to have a neg l ig ib l e inf luence on the 
a c c u r a c y of the s o d i u m w o r t h m e a s u r e m e n t s . Secondly , to al low the c o r e 
s e c t i o n to be e i t h e r vo ided or f i l l ed n o r m a l l y wi th s o d i u m , s t a i n l e s s s t e e l 
b u l k h e a d s w e r e p l a c e d i m m e d i a t e l y above and below the c o r e r eg ion . The 
b u l k h e a d s w e r e c o n s t r u c t e d so tha t t h e y could be m e c h a n i c a l l y p e n e t r a t e d 
a f te r r e m o v a l of the s u b a s s e m b l y f r o m the r e a c t o r . Be fo re p e n e t r a t i o n , 
the c o r e s e c t i o n would be vo ided of s o d i u m ; a f t e r p e n e t r a t i o n and following 
r e i n s e r t i o n of the s u b a s s e m b l y in to the r e a c t o r , t he c o r e s e c t i o n would fill 
n o r m a l l y . F i g u r e 3 shows the m o d i f i c a t i o n s r e q u i r e d to c o n v e r t a n o r m a l 
into a s p e c i a l s u b a s s e m b l y . 

The f r e e v o l u m e in the c o r e r e g i o n of the s o d i u m w o r t h s u b -
3 a s s e m b l i e s w a s d e t e r m i n e d us ing a d i s p l a c e m e n t gas p r e s s u r e m e t h o d in 

wh ich the void r e g i o n of the s u b a s s e m b l y was c o n n e c t e d to a s y s t e m of known 
v o l u m e . A gas in th i s v o l u m e , at a known p r e s s u r e , was expanded into the 
e v a c u a t e d f r ee v o l u m e of the s o d i u m w o r t h s u b a s s e m b l y . The r e s u l t i n g 
p r e s s u r e w a s m e a s u r e d and the gas laws u s e d to c o m p u t e the unknown v o l u m e 
in the s u b a s s e m b l y . R e p e a t e d m e a s u r e m e n t s on the s a m e s u b a s s e m b l y i n d i ­
c a t e d a Z(T u n c e r t a i n t y (95 p e r cen t conf idence level ) of + 0 . 8 6 cc on the 
m e a s u r e d v o l u m e . The v a l u e s ob ta ined for the vo id v o l u m e of the four s u b ­
a s s e m b l i e s w e r e 1902 .31 , 1 9 0 1 . 8 7 , 1 9 0 2 . 4 5 and 1901 .34 cubic c e n t i m e t e r s , 
r e s p e c t i v e l y . The t o t a l void v o l u m e of the four s p e c i a l s u b a s s e m b l i e s is 
t h e r e f o r e 7607 .97 + 2 . 9 6 cubic c e n t i m e t e r s , c o r r e s p o n d i n g to a t o t a l s o d i u m 
conten t of 6. 7 56 k i l o g r a m s , wi th an u n c e r t a i n t y due to the v o l u m e m e a s u r e ­
m e n t s of l e s s t han j ^ 0 . 0 4 p e r cen t . Th i s does not accoun t for p o s s i b l e e r r o r 
in the va lue of 0 .888 g r a m s p e r cubic c e n t i m e t e r a s s u m e d for the d e n s i t y 
of s o d i u m at 517 F . 
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Modifications for Special Sodiui 
Subassembly, Enlarged Scale 

Normal Core Subassembly 

FIG. 3 CORE SUBASSEMBLY SHOWING MODIFICATIONS FOR A SODUIM WORTH SUBASSEMBLY 
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m . E X P E R I M E N T A L P R O C E D U R E 

A. D E S C R I P T I O N OF T E S T 

The t e s t p r o c e d u r e w a s c a r r i e d out in a c c o r d a n c e wi th a w r i t t e n , 
p r e p l a n n e d p r o g r a m and c o n s i s t e d of m e a s u r i n g the r e a c t i v i t y of a s e r i e s of 
r e a c t o r l o a d i n g s ; e a c h c o m p l e t e loading is r e f e r r e d to as a " s t e p " in the p r o ­
c e d u r e . T h e r e w e r e t h r e e t y p e s of s t e p s as def ined be low. 

1. S tep Defini t ion 

R e f e r e n c e Steps - Load ings w h e r e a l l the c o r e s u b a s s e m b l i e s 
w e r e n o r m a l . 

Voided S teps - Load ings w h e r e the four s p e c i a l s u b a s s e m b l i e s 
in the vo ided s t a t e had b e e n s u b s t i t u t e d for four n o r m a l c o r e 
s u b a s s e m b l i e s . 

F l o o d e d Steps - Load ings w h e r e the four s p e c i a l s u b a s s e m b l i e s 
in the f looded s t a t e had b e e n s u b s t i t u t e d for four n o r m a l c o r e 
s u b a s s e m b l i e s . 

2. S teps P e r f o r m e d 

S ix teen s t e p s , n u m b e r e d c h r o n o l o g i c a l l y 1 t h r o u g h 16, w e r e 
p e r f o r m e d dur ing the t e s t . T h e s e s t e p s w e r e : 

R e f e r e n c e Steps - F i v e (5) r e f e r e n c e s t e p s , c h r o n o l o g i c a l l y 
S teps 1, 6, 11 , 12 and 16, w e r e r e n u m b e r e d R l t h r o u g h R 5 , 
r e s p e c t i v e l y , for the p u r p o s e of a n a l y s i s . The p u r p o s e of 
r e t u r n i n g so f r e q u e n t l y to the r e f e r e n c e con f igu ra t i on w a s 
twofold: (1) t o c h e c k for any p o s s i b l e l o n g - t e r m r e a c t i v i t y 
dr i f t due to a p h a s e change in the u r a n i u m a l loy fuel or s o m e 
o t h e r unknown effect , and (2) to s t a t i s t i c a l l y s tudy the s m a l l 
r a n d o m r e a c t i v i t y u n c e r t a i n t i e s a s s o c i a t e d wi th holddown 
m o v e m e n t s and s u b a s s e m b l y a n g u l a r r e o r i e n t a t i o n following 
r e l o a d i n g . 

Voided Steps - E igh t (8) vo ided s t e p s , c h r o n o l o g i c a l l y Steps 2 
t h r o u g h 5 and 7 t h r o u g h 10, r e s p e c t i v e l y , w e r e n u m b e r e d 
VI t h r o u g h V8 for a n a l y s i s . F o r a l l t h e s e s t e p s excep t V8, 
the four s p e c i a l s u b a s s e m b l i e s in the vo ided s t a t e w e r e s u b ­
s t i t u t e d for n o r m a l s u b a s s e m b l i e s , one in e a c h c o r e q u a d r a n t 
at a f ixed c o r e r a d i u s for e a c h s t e p . F o r Step V8, the four 
vo ided s u b a s s e m b l i e s w e r e loaded in a " b u n c h " of four ad j a ­
cen t l o c a t i o n s , a l l in a s ing le c o r e q u a d r a n t . S e p a r a t e 
vo ided m e a s u r e m e n t s at t h e s e " b u n c h e d " l oca t i ons had b e e n 
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m a d e p r e v i o u s l y in Steps V2, V5, and V7; thus an e s t i m a t e 
could be m a d e of any r e a c t i v i t y effect of bunch ing vo ided 
s u b a s s e m b l i e s . 

F l o o d e d Steps - T h r e e (3) f looded s t e p s , c h r o n o l o g i c a l l y Steps 
13 t h r o u g h 15, r e s p e c t i v e l y , w e r e n u m b e r e d F l , F 4 , and F6 for 
a n a l y s i s . T h e s e s t e p s w e r e p e r f o r m e d a f t e r a l l the vo ided 
s t e p s w e r e c o m p l e t e d . The s p e c i a l s u b a s s e m b l i e s w e r e r e ­
m o v e d f r o m the r e a c t o r , c l e a n e d , and t h e i r uppe r and l ower 
s t e e l b u l k h e a d s p e n e t r a t e d , a l lowing the c o r e r e g i o n to 
f i l l n o r m a l l y wi th s o d i u m a f t e r the s u b a s s e m b l i e s w e r e r e ­
loaded into the r e a c t o r . The four s p e c i a l s u b a s s e m b l i e s in 
the f looded s t a t e w e r e s u b s t i t u t e d for four n o r m a l s u b -
a s s e n i b l i e s , as w a s done for the vo ided s t e p s ; the s u b s t i t u t i o n s 
m a d e in f looded Steps F l , F 4 , and F6 w e r e at the s a m e loca t ions 
a s v o i d e d Steps V I , V4, and V6, r e s p e c t i v e l y . To e c o n o m i z e 
on r e a c t o r t i m e , f looded m e a s u r e m e n t s w e r e not m a d e on 
e v e r y m e a s u r e d void con f igu ra t i on . In s t ead , r e s u l t s for the 
four o m i t t e d f looded s t e p s ( c o r r e s p o n d i n g to the vo ided Steps 
V2, V3, V5, and V7) w e r e e s t i m a t e d by i n t e r p o l a t i o n dur ing 
the ana lys i s . 

The c o r e l o c a t i o n s invo lved in the s u b s t i t u t i o n s du r ing the 
vo ided and f looded s t e p s a r e i l l u s t r a t e d in F i g u r e 4. The a v e r a g e c o r e 
r a d i u s at wh ich the s u b s t i t u t i o n s o c c u r r e d in e a c h s t e p is g iven in Tab le I. 

T A B L E I 

AVERAGE CORE RADIUS OF S T E P SUBSTITUTIONS 

Step N u m b e r A v e r a g e C o r e R a d i u s , c m 

V I , F l 3 9 . 9 
V2 34. 2 
V3 15 .3 
V4, F 4 9 . 7 
V5 29. 1 
V 6 , F 6 2 1 . 6 
V7 3 8 . 7 
V8 3 3 . 9 (bunch) 

3 . R e a c t i v i t y M e a s u r e m e n t s 

Dur ing e a c h s u b s t i t u t i o n s t e p , the r e a c t i v i t y s t a t e of the r e a c t o r 
w a s m e a s u r e d s e v e r a l t i m e s by r e a d i n g the c r i t i c a l r e g u l a t i n g r o d p o s i t i o n 
(CRRP) and the p o s i t i v e p e r i o d ( P P ) at a n u m b e r of n o n c r i t i c a l r e g u l a t i n g 
r o d p o s i t i o n s . Whi le m a k i n g t h e s e m e a s u r e m e n t s , t he s h i m c o n t r o l rod 
w a s fully i n s e r t e d . 
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0 
BUNCHED 
STEP (V8) 

o — o o a. a. o P a. a. 
- ^ LO 5 o o p 
0 . 0 . 0 -_ Z Z Z 

Description Quantity 

•••-%:\ 

^ yjSi Operating Control Rods 2 

> SR Safety Rods 7 

99 
Core Subassemblies (25.6% Enriched U-10 W/O 

' Mo Alloy;'^>4.74 kg U-235/Subassembly) . . 

CS Core Shim Subassembly (Approx. One-Half 
' Depleted, One-Half Enriched Uranium-2.37 kg 

U-235/Subassembly) 

NSDl Dummy Neutron Source 
^ - J 

RS I Retractable Neutron Source Subassembly (Sb-Be) 1 
\ j 

Inner Radial Blanket Subassemblies Depleted 
U-3 W/O Mo Alloy 38 

Total Subassemblies . . . . 148 

FIG. 4 CORE LOCATION INVOLVED IN SUBSTITUTIONS 
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R e a c t o r p o w e r l e v e l s w e r e r e a d f r o m two s o u r c e r a n g e c o u n t e r 
c h a n n e l s equ ipped wi th RIDL 4 9 - 5 1 s c a l e r s , and f r o m an ion c h a m b e r 
c o n n e c t e d to a Ke i th ly m i c r o m i c r o a m m e t e r l i n e a r r e c o r d e r c h a n n e l . 
C o n t r o l r o d p o s i t i o n s w e r e r e a d f r o m a G i l m o r e h i g h - a c c u r a c y pos i t i on 
r e a d o u t a s w e l l a s d i r e c t l y f r o m the s c a l e a t t a c h e d t o e a c h r o d d r i v e . 
S y s t e m t e n a p e r a t u r e s w e r e m a i n t a i n e d c l o s e to 517 F i s o t h e r m a l and 
m o n i t o r e d at f r equen t t i m e i n t e r v a l s wi th h i g h - p r e c i s i o n , b r i d g e - t y p e 
r e a d o u t s . F u r t h e r d e t a i l s of the p lan t cond i t ions and e x p e r i m e n t a l e q u i p ­
m e n t a r e g iven in Sec t ion III. C. be low. 

The s e v e r a l r e a c t i v i t y r e a d i n g s w e r e m a d e at e a c h r o d s e t t i ng to 
r e d u c e the o v e r - a l l e r r o r s . A f u r t h e r i m p o r t a n t r e d u c t i o n in e r r o r w a s 
a c h i e v e d by u s e of the o n e - p e r i o d m e t h o d . P o s i t i v e - p e r i o d (PP) m e a s u r e ­
m e n t s on c e r t a i n s t e p s , p a r t i c u l a r l y the r e f e r e n c e s t e p s , w e r e m a d e wi th 
the r e g u l a t i n g r o d s e t c l o s e to the p o s i t i o n s p r e v i o u s l y u s e d dur ing the P P 
and C R R P m e a s u r e m e n t s on e a r l i e r s t e p s . Th i s w a s done in s u c h a way 
t h a t t he l a t e r c a l c u l a t i o n of r e a c t i v i t y d i f f e r e n c e s b e t w e e n the s t e p s wou ld 
not r e q u i r e a b s o l u t e r e a d i n g s of the r e g u l a t i n g r o d c a l i b r a t i o n c u r v e of 
r e a c t i v i t y v e r s u s r o d p o s i t i o n . E a c h s u c h r e a d i n g would i n t r o d u c e an 
e r r o r of a p p r o x i m a t e l y jf 0, 5 i n h o u r s * , a m o u n t i n g to an e r r o r of a p p r o x i ­
m a t e l y jf 0. 7 i nhour for e a c h c a l c u l a t e d s t e p r e a c t i v i t y d i f f e r ence . Using 
the o n e - p e r i o d m e t h o d , only a s m a l l d i f f e rence in the r e g u l a t i n g r o d pos i t i on 
(0. 5 inch at m o s t ) a p p e a r s in e a c h c a l c u l a t i o n , and the c o r r e s p o n d i n g r e ­
a c t i v i t y c o r r e c t i o n can be m a d e wi th an e r r o r of l e s s t h a n +̂  0. 25 ih, knowing 
the s lope of the r e g u l a t i n g r o d c a l i b r a t i o n c u r v e to about +_ 5 p e r cent ; the 
s lope of the c u r v e is ^x, 10 ih p e r inch . T h e s e f i g u r e s a r e an i nd i ca t ion of 
the advan t age of the t e c h n i q u e u s e d and a r e not , of c o u r s e , suff ic ient for 
a full e r r o r a n a l y s i s , wh ich wi l l be g iven l a t e r in t h i s r e p o r t . 

B . R E A C T O R P L A N T CONDITIONS 

The r e f e r e n c e r e a c t o r fuel loading ( F i g u r e 4) for the t e s t c o n s i s t e d 
of 99 f u l l - c o r e s u b a s s e m b l i e s and one c o r e - s h i m s u b a s s e m b l y . With th i s 
loading , t he e x c e s s r e a c t i v i t y w a s a p p r o x i m a t e l y 70 cen t s at t he t e s t t e m p e r a ­
t u r e of 517 F . The e x c e s s r e a c t i v i t y du r ing the f looded load ings w a s e s s e n ­
t i a l l y t h e s a m e as t h a t of t h e r e f e r e n c e . In the c a s e of the vo ided l o a d i n g s , 
is w a s l ower by 12 to 16 c e n t s , depending on the p o s i t i o n s at wh ich the vo ided 
s u b a s s e m b l i e s w e r e loaded . The r e f e r e n c e e x c e s s r e a c t i v i t y va lue was c h o s e n 
so tha t dur ing the m e a s u r e m e n t s t h e r e a c t o r could be m a d e c r i t i c a l wi th the 
s low moving s h i m r o d fully i n s e r t e d and the r e g u l a t i n g r o d l o c a t e d in the 
m i d d l e t h i r d or l i n e a r p o r t i o n of i ts t r a v e l . Thus the t i m e r e q u i r e d for 
m a k i n g the m e a s u r e m e n t s w a s kep t t o a m i n i m u m , and a c c u r a t e r e a c t i v i t y 
a n a l y s e s could be m a d e us ing only the s lope of the r e g u l a t i n g r o d c a l i b r a t i o n 
c u r v e . 

* F o r the F e r m i C o r e A, the fol lowing r e g u l a t i o n s apply to the t h r e e 
c o m m o n l y u s e d r e a c t i v i t y u n i t s , a s s u m i n g an effect ive de l ay f r a c t i o n 
of 0 , 0 0 6 6 2 : 

1 cent = 3 , 19 i n h o u r s (ih); 1 ih = 2. 08 x l O ' A k / k 
1 ih = 2 ,08 X 10"^ A k / k 
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The r e a c t o r p o w e r l e v e l was not a l l owed to e x c e e d 10 kw dur ing 
the c o u r s e of the t e s t , and the t o t a l i n t e g r a t e d p o w e r for any one r u n was 
kep t be low 1 k w h r . T h e s e r e s t r i c t i o n s w e r e app l i ed to p r e v e n t an e x c e s ­
s ive t e m p e r a t u r e r i s e in the vo ided s u b a s s e m b l i e s when t h e y w e r e in the 
r e a c t o r and, a l s o , to p r e v e n t e x c e s s i v e a c t i v a t i o n of the s p e c i a l s u b ­
a s s e m b l i e s so tha t t h e y could be h a n d l e d sa fe ly a f t e r r e m o v a l f r o m the 
r e a c t o r . Dur ing the t e s t , t h e s e w e r e the only r e s t r i c t i o n s on r e a c t o r 
p o w e r . It w a s not n e c e s s a r y to u s e the s a m e p o w e r l e v e l for a l l r e a c t i ­
v i ty m e a s u r e m e n t s b e c a u s e a r e t r a c t a b l e n e u t r o n s o u r c e w a s a v a i l a b l e 
(Sect ion III. C) and s o u r c e r e a c t i v i t y effects w e r e neg l ig ib l e at a l l power 
l e v e l s . 

The t e m p e r a t u r e of the p r i m a r y s y s t e m w a s m a i n t a i n e d as 
c l o s e l y as p o s s i b l e at 517 F i s o t h e r m a l , t he n o r m a l r e a c t o r r e fue l ing 
t e m p e r a t u r e . The r e a c t o r t e m p e r a t u r e w a s he ld s t e a d y at t h i s va lue by 
m a i n t a i n i n g a b a l a n c e b e t w e e n the h e a t input , wh ich r e s u l t e d f r o m p r i m a r y 
s o d i u m p u m p o p e r a t i o n , and the hea t r e m o v a l f r o m o p e r a t i o n of the b e l o w -
f loor v e n t i l a t i o n s y s t e m . The a u x i l i a r y cool ing s y s t e m , c o n s i s t i n g of t h e 
overf low p u m p s and the p r i m a r y s y s t e m cold t r a p , was a l s o o p e r a t e d when 
r e q u i r e d to r e d u c e the u p w a r d dr i f t in t e m p e r a t u r e . 

The n o m i n a l t h r e e - l o o p p r i m a r y s o d i u m flow r a t e m a i n t a i n e d 
w a s the re fue l ing v a l u e , 6. 0 x 10 I b / h r . To al low the t e s t to be m a d e at 
re fue l ing flow, wh ich is 68 p e r c e n t of the C o r e A, 200-Mwt des ign flow, 
the low s o d i u m flow s c r a m se t t i ng of the r e a c t o r s a fe ty s y s t e m w a s r e ­
duced f r o m i ts n o r m a l s e t t i ng of 7 5 p e r c e n t to 40 p e r c e n t of the C o r e A 
v a l u e . The i n t e r m e d i a t e r a n g e l e v e l s c r a m s w e r e s e t to s c r a m the r e ­
a c t o r at the flux l e v e l c o r r e s p o n d i n g to 10 kw and the p o w e r r a n g e l eve l 
s c r a m s w e r e s e t at t h e i r m i n i m u m leve l wh ich is a p p r o x i m a t e l y 1 Mw. 

C. N E U T R O N SOURCE AND INSTRUMENTATION 

In p l ace of sa fe ty r o d No. 5, a t e m p o r a r y r e t r a c t a b l e n e u t r o n 
s o u r c e was l o c a t e d in the r e a c t o r dur ing the t e s t . A p r e c i s i o n t e m p e r a ­
t u r e r e a d o u t s t a t i on w a s a l s o l o c a t e d in the r e a c t o r c o n t r o l r o o m to main- , 
t a in an a c c u r a t e r e c o r d of r e a c t o r t e m p e r a t u r e . The pos i t i ve p e r i o d and 
p o w e r dr i f t r a t e i n f o r m a t i o n w e r e a c q u i r e d u s ing the da ta ob ta ined f r o m 
t e m p o r a r y n e u t r o n d e t e c t o r s i n s t a l l e d for the l o w - p o w e r t e s t p r o g r a m . 
The c o n t r o l r o d p o s i t i o n s w e r e ob ta ined f r o m both the p e r m a n e n t p lant 
i n s t r u m e n t a t i o n and f r o m d i r e c t r e a d i n g s c a l e s a t t a c h e d to the r o d d r i v e s . 
The r e m a i n i n g t e s t da ta , i, e, , the p r i m a r y s o d i u m flow r a t e s , sa fe ty r o d 
p o s i t i o n s , e t c . , w e r e ob ta ined f r o m the p e r m a n e n t p lant i n s t r u m e n t a t i o n . 

1. N e u t r o n S o u r c e 

T h r o u g h o u t the s o d i u m w o r t h t e s t , a t e m p o r a r y r e t r a c t a b l e 
a n t i m o n y - b e r y l l i u m (Sb-Be) n e u t r o n s o u r c e was l o c a t e d in the r e a c t o r in 
p l a c e of sa fe ty r o d No. 5 in c o r e p o s i t i o n P O 3 - P 0 0 ( F i g u r e 4) . It took the 
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p l a c e of the n o r m a l s o u r c e l o c a t e d at the c o r e - b l a n k e t i n t e r f a c e ( F i g u r e 2). 
The t e m p o r a r y r e t r a c t a b l e s o u r c e and i t s o p e r a t i o n is d e s c r i b e d in R e f e r ­
e n c e 2. The u s e of a r e t r a c t a b l e s o u r c e p e r m i t t e d a c c u r a t e r e a c t i v i t y 
m e a s u r e m e n t s to be m a d e at low p o w e r , thus m i n i m i z i n g the a c t i v a t i o n of 
c o r e c o m p o n e n t s and e l i m i n a t i n g the n e e d for apply ing s o u r c e n e u t r o n 
r e a c t i v i t y c o r r e c t i o n s to be the m e a s u r e d d a t a . 

2. I n s t r u m e n t a t i o n 

N u c l e a r - The t e m p o r a r y n e u t r o n flux m o n i t o r i n g i n s t r u m e n t a ­
t ion u s e d du r ing the t e s t w a s e s s e n t i a l l y the s a r a e as tha t d e s c r i b e d in 
de t a i l in A P D A - N T S - 1 . Howeve r , in th i s t e s t no i r - c o r e i n s t r u m e n t a t i o n 
w a s u s e d b e c a u s e the t e m p o r a r y i n s t r u m e n t t h i m b l e , which w a s n o r m a l l y 
i n s t a l l e d for the l o w - p o w e r t e s t s in p l a c e of s a fe ty r o d No. 5, had b e e n 
r e p l a c e d by the r e t r a c t a b l e s o u r c e ; c o n s e q u e n t l y , a l l t he n e u t r o n d e t e c ­
t o r s w e r e l o c a t e d ou t s ide of the c o r e in s ide the d e t e c t o r guide t u b e s wh ich 
p e n e t r a t e the g r a p h i t e s h i e l d tha t s u r r o u n d s the r e a c t o r v e s s e l ( F i g u r e 1). 

Two h i g h - s e n s i t i v i t y B F 3 p r o p o r t i o n a l d e t e c t o r s , c o n n e c t e d to the 
s o u r c e r a n g e i n s t r u m e n t a t i o n of the r e a c t o r sa fe ty s y s t e m , w e r e u s e d to 
d e t e r m i n e r e a c t o r p e r i o d s . The count r a t e s i g n a l s f r o m the two B F 3 
d e t e c t o r s w e r e r e l a y e d to two RIDL m e c h a n i c a l s c a l e r s l o c a t e d in the m a i n 
c o n t r o l r o o m tha t w e r e s w i t c h e d wi th an E a g l e T i m e r to count for 12 s e ­
conds e v e r y 15 s e c o n d s . The count r a t e da ta ob ta ined f r o m the s c a l e r s 
w e r e t h e n p lo t t ed on s e m i l o g a r i t h m i c g r a p h p a p e r to obta in the r e a c t o r 
p e r i o d s . P e r i o d i n f o r m a t i o n was a l s o ob ta ined f r o m the Ksponse of a B-10 
l ined ion c h a m b e r . The ion c h a m b e r p r o v i d e d a l i n e a r c u r r e n t s i g n a l to 
a Ke i th ley m i c r o m i c r o a m m e t e r l o c a t e d in the r e a c t o r c o n t r o l r o o m . The 
output of the m i c r o m i c r o a m m e t e r w a s c o n n e c t e d to a r e c o r d e r tha t had b a c k 
se t s w i t c h e s at 30 p e r cent and 81. 5 p e r cen t of full s c a l e (an e - fo ld power 
i n c r e a s e ) . The s w i t c h e s o p e r a t e d a t i m e r tha t gave a d i r e c t r e a d o u t of the 
r e a c t o r p e r i o d . The t h r e e p e r i o d s ob ta ined w e r e a v e r a g e d for u s e in the 
a n a l y s i s . The m i c r o m i c r o a m m e t e r was a l s o u s e d to d e t e r m i n e the n e u t r o n 
flux dr i f t (power drif t) du r ing c r i t i c a l rod pos i t i on r e a c t i v i t y m e a s u r e m e n t s . 
F r o m th i s da ta , r eac t i v i t y c o r r e c t i o n s for p o w e r dr i f t could be m a d e . The 
da ta f r o m the n o r m a l s o u r c e r a n g e and i n t e r m e d i a t e r a n g e d e t e c t o r s in the 
p lan t w e r e a l s o r e c o r d e d to p r o v i d e a r e f e r e n c e in the event tha t a f a i l u r e 
o c c u r r e d in the t e s t i n s t r u m e n t a t i o n . 

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 p r i m a r y s y s t e m was 
m o n i t o r e d du r ing the t e s t by u s e of the n o r m a l p lan t t e m p e r a t u r e s e n s i n g 
e l e m e n t s ; t h e s e s e n s i n g e l e m e n t s c o n s i s t of i r o n - c o n s t a n t a n t h e r m o c o u p l e s 
and p l a t i n u m r e s i s t a n c e t e m p e r a t u r e d e t e c t o r s . The t h e r m o c o u p l e s a r e 
i n s t a l l e d on the fuel s u p p o r t p l a t e s l o c a t e d below the c o r e and on the h o l d -
down p l a t e l o c a t e d above the c o r e . They m e a s u r e the t e m p e r a t u r e of the 
c o r e in le t and out le t s o d i u m , r e s p e c t i v e l y . The r e s i s t a n c e t e m p e r a t u r e 
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detectors a r e located m the p r i m a r y sodium piping leading to and from the 
r eac to r and m e a s u r e the t empe ra tu r e of the r eac to r inlet and outlet sodium. 
During the tes t , the signals from the t empera tu re sensors were re layed 
via special c i rcui ts to the t e m p o r a r y prec is ion t empera tu re readout 
station located in the control room. The thermocouples were connected 
to a high-sensi t ivi ty potent iometer , and the res i s t ance detectors were con­
nected to a r e s i s t ance br idge . With the equipment used, t empera tu re s could 
be read to an accuracy of well below +; 1 F . 

Rod Posi t ion - The posit ions of the two operating control rods 
were determined from Gilmore digital position indicators and specially in­
s ta l led di rect reading sca l e s . The Gilmore indica tors , located in the main 
control room, were connected to five-posit ion potent iometers on the rod 
d r ives . The direct reading scales were located at the rod dr ives . The 
data from the direct reading sca les were more accura te , and the sca le" 
were used a lmost exclusively in the analysis of the tes t . The scales showed 
the elevation of the drive extensions to within jf 0-03 inch (standard deviation). 

Miscellaneous - The remaining instrumentat ion used to de te r ­
mine p r i m a r y sodium flows, graphite shield t e m p e r a t u r e s , safety rod pos i ­
t ions, gas p r e s s u r e s , and sodium levels was the no rma l plant equipment 
descr ibed in Reference 2. 

19 



IV, EXPERIMENTAL RESULTS AND ANALYSIS 

A, REACTIVITIES MEASURED 

The resu l t s of the react ivi ty measu remen t s made during the tes t 
with the shim rod fully inser ted a re presented in Table II. 

1, Measured Results 

The resu l t s in Table II were obtained in th ree s tages , r e fe r red 
to as a step, measuremen t , or reading as defined below: 

Step - A loading as defined previously in Section III. A. In 
Table II, steps a re numbered in chronological order and by 
type, e . g . . Reference (Rl), Voided (VI), and Flooded (F l ) . 

Measurement - The average of a set of react ivi ty readings , 
ei ther a set of P P or CRRP readings , determined for a 
given step and corresponding to a single regulating rod 
position for the step. Cr i t ica l regulating rod position 
measu remen t s a re labeled a in Table II; posi t ive-per iod 
measu remen t s a re labeled b, c, d, etc . 

Reading - An individual P P or CRRP determinat ion of ex­
cess react ivi ty . Several , usually 3 or 4, were made and 
averaged to form a single measu remen t . Stat is t ical in­
dependence of the readings was insured by disturbing the 
regulating rod after each reading and reset t ing it, n e c e s ­
sa r i ly an imperfect set t ing, to the cur ren t measu remen t 
position for the next reading. The set of readings for 
each measu remen t was co r rec t ed to a single regulating 
rod position, a single reac to r t empera tu re of 518 F 
(assuming an i so thermal t empera tu re coefficient of 0. 9 
ih /F ) , and a ze ro power drift (CRRP resu l t s only). These 
resu l t s were averaged to give the single P P or CRRP 
measu remen t resul t . 

2. Probable E r r o r s in Measurement 

The t e r m probable e r r o r (PE) as used in this analysis refers 
to a condition of 50 per cent uncertainty, or approximately 0,7 t imes 
the s tandard deviation. The probable e r r o r s in Table II apply to the 
m e a s u r e m e n t s , which a re the average of seve ra l individual readings . 
The net probable e r r o r s that can be expected in single P P or CRRP 
readings a r e calculated f rom the following es t imated e r r o r s . 
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TABLE II - BASIC REACTIVITIES MEASURED 

Step No. , 
for 

Analysis 

R l 

VI 

V2 

V3 

V4 

R2 

R2 

R2 

R2 

V5 

V6 

V7 

V8 

R3 

R3 

R3 

R3 

R3 

R4 

R4 

F l 

F l 

F4 

F4 

F6 

F6 

R5 

R5 

Measure­
ment 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

Critical Rod Position, 
Regulat­
ing Rod 

Position, 
Inches 

5.48 

9.79 

10.42 

9.57 

9.19 

5.30 

10.02 

9.75 

10.18 

10.30 

5.44 

5.26 

5.29 

5.26 

5.56 

5.20 

Averaged 
Excess 

Reactivity, 
Inhours 

0.5 

-0.3 

0 .6 

-2.0 

1.0 

-0 .1 

0 .0 

-1.0 

-1.1 

-1.3 

1.2 

-0.8 

-0.6 

-0. 1 

-0.6 

-0.4 

CRRP 

Probable 
Error 

± Inhours 

0.2 

0.2 

0 .2 

0 .2 

0 .2 

0.2 

0 .2 

0 .2 

0 .2 

0.2 

0.2 

0.3 

0.2 

0.2 

0.2 

0.2 

Number 
of 

Readings 
Averaged 

4 

4 

4 

4 

4 

3 

4 

4 

4 

4 

3 

2 

4 

4 

4 

3 

Measure­
ment 

b 

b 

b 

b 

b 

b 

c 

d 

e 

b 

b 

b 

b 

b 

c 

d 

e 

f 

b 

c 

b 

c 

b 

c 

b 

c 

b 

c 

Positive Period, 
Regulat­
ing Rod 

Position, 
Inches 

7.64 

13.14 

13.16 

13.21 

13.20 

7.69 

9.61 

10.16 

10.49 

13.27 

13.23 

13.20 

13.20 

7.63 

10.00 

9.50 

9.10 

10.33 

7.64 

9.50 

9.78 

7.64 

9.11 

7.64 

9.78 

7.64 

7.64 

9.50 

Averaged 
Excess 

Reactivity, 
Inhours 

22.7 

24.1 

20.1 

24.5 

30.4 

24.7 

42.7 

47.5 

49.6 

23.3 

23.9 

20.7 

19.4 

24.1 

46.0 

41.8 

38.3 

49.0 

23.5 

41.5 

43.7 

23.7 

39.1 

24.7 

40.8 

20.5 

24.7 

42.2 

P P 

Probable 
Error , 

±Inhours 

0.2 

0.2 

0 .2 

0 .2 

0.2 

0 .2 

0 .4 

0 .4 

0 . 4 

0 .2 

0 .2 

0.2 

0 .2 

0 .2 

0 .2 

0 .2 

0 .3 

0 .3 

0 .3 

0 .3 

0 .2 

0 .3 

0 .2 

0 .2 

0 .2 

0 .2 

0 .2 

0 .2 

Number 
of 

Readings 
Averaged 

4 

4 

4 

4 

4 

3 

1 

1 

1 

4 

4 

4 

4 

3 

3 

3 

2 

2 

2 

2 

4 

2 

4 

3 

4 

3 

3 
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E s t i m a t e d P E , 
S o u r c e i n h o u r s 

(a) R e g u l a t i n g Rod P o s i t i o n , f r o m + 0 . 0 2 in, =+0.Z 

Sca le r e a d i n g s on r o d d r i v e 

(b) R e a c t o r T e m p e r a t u r e + 0 . 2 F = + 0 . 2 

(c) P e r i o d C a l c u l a t e d f r o m P o w e r P lo t , 

P P r e a d i n g s only 4̂  0. 3 
(d) C o r r e c t i o n to Z e r o P o w e r Drif t , 

C R R P r e a d i n g s only + 0. 1 

N e t for a s i ng l e P P R e a d i n g + 0 . 4 
Net for a s i ng l e C R R P Read ing + 0.3 

The ne t p r o b a b l e e r r o r s w e r e ob ta ined by t ak ing the s q u a r e roo t of 
the s u m of t h e s q u a r e s of i t e m s (a), (b), and (c) for a P P r e a d i n g and of 
i t e m s (a), (b), and (d) for a C R R P r e a d i n g . T h e y a r e g iven to the n e a r e s t 
0. 1 i n h o u r . 

The ne t P E in a m e a s u r e m e n t a v e r a g e d f r o m (n) independen t r e a d i n g s 
is a p p r o x i m a t e l y (n" ! / ) t i m e s the P E in a s ing le r e a d i n g ; th i s r e s u l t , to 
the n e a r e s t 0. 1 i nhou r , a p p e a r s in Tab le II. 

B . M E T H O D OF ANALYSIS 

The m e t h o d of a n a l y s i s c a r e f u l l y a t t e m p t e d to p r e s e r v e the r e ­
l a t i v e l y s m a l l d i f f e r e n c e s in c o l u m n a r s o d i u m w o r t h o b s e r v e d a c r o s s the 
c o r e r a d i u s . It a l s o a l lowed an e s t i m a t e to be m a d e of the o v e r - a l l 
a c c u r a c y of the e x p e r i m e n t , a ccoun t ing for the r e a c t i v i t y d i s t u r b a n c e s 
p r o d u c e d by r e a c t o r r e l o a d i n g in add i t ion to the m e a s u r e m e n t i n a c c u r a c i e s . 
The a p p r o a c h is d i s c u s s e d in the fol lowing p a r a g r a p h s ; f u r t h e r de t a i l s 
a p p e a r in Sec t ion IV. C, 

1. P r e s e r v a t i o n of S m a l l R e a c t i v i t y Di f fe rences 

As d i s c u s s e d in Sec t ion III. A. 3 , the o n e - p e r i o d m e t h o d w a s u s e d 
to p r e s e r v e s m a l l r e a c t i v i t y d i f f e r e n c e s t h r o u g h o u t the a n a l y s i s . This 
m e t h o d only p e r m i t s i n t e r c o m p a r i s o n to be m a d e a m o n g t h o s e r e a c t i v i t i e s 
m e a s u r e d wi th c l o s e l y s i m i l a r r e g u l a t i n g r o d p o s i t i o n s ; h o w e v e r , sub jec t 
t o t h i s condi t ion , m e a s u r e m e n t s of e i t h e r P P - or C R R P - t y p e m a y be m i x e d . 
( C R R P m e a s u r e m e n t s can be r e g a r d e d as P P d e t e r m i n a t i o n s of inf ini te 
p e r i o d , ) Th i s a p p r o a c h l e ads t o an in i t i a l c o m p a r i s o n of vo ided s t e p s to 
r e f e r e n c e s t e p s and f looded s t e p s to r e f e r e n c e s t e p s , r a t h e r t h a n a d i r e c t 
c o m p a r i s o n of vo ided s t e p s to f looded s t e p s wh ich m a y a p p e a r m o r e n a t u r a l 
for an e v a l u a t i o n of the s o d i u m w o r t h . 
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2. Interpolation for Missing Flooded Steps 

The lack of th ree of the seven basic flooded s teps , explained in 
Section III. A. 2, is c i rcumvented by estinaating the four unknown compar i ­
sons of flooded steps ve r sus the reference step. This requi res an in te r ­
polation among the resu l t s of the three known compar isons , together with 
available data for calculating the react ivi ty effects due to U-235 mass 
differences when the flooded special subassembl ies replace the normal 
core subassembl ies , 

3, Es t imate of Uncertainty in Reactivity after Reloading 

The five reference resu l t s were examined for evidence of any 
sys temat ic react ivi ty drift with t ime; no significant amount was found. The 
spread of the five reference react iv i t ies was thus at t r ibuted to the three 
random uncer ta int ies known to affect such repeated r e su l t s* , namely: 

(a) Measurement e r r o r s , d iscussed in Section IV, A, 2. 

(b) Variat ions in core t ightness between operations of 
the holddown mechanism. 

(c) Variable reor ienta t ion of any subassembly between its 
loading and reloading. 

The la t ter i tems (b) and c), which need not be separa ted for p r e ­
sent purposes , a re of genera l significance apart from their appearance 
in this par t icu la r tes t . Together they r ep re sen t a bas ic "reloading 
uncer ta inty" that cannot be el iminated from any tes t involving reac tor 
reloadings between react ivi ty m e a s u r e m e n t s . Theoret ica l e s t ima te s " . 7, 8 
of the size of this uncertainty indicate a resul t of approximately 1 ih. 
The exper imenta l evaluation shown in the data., reduction of the reference 
steps is thus of considerable in te res t (a value of jf 0 .4 ih was obtained). 

C, DATA REDUCTION 

To apply the one-period method of react ivi ty comparison used 
throughout, the slope of the regulating rod react ivi ty cal ibrat ion curve 
was tablulated against rod position in Table III. 

'•' Using data from la ter nuclear t e s t s , collected over much longer t ime 
per iods , definite evidence of a sys temat ic drift was found (+ 1 to 2 ih 
per month); hence, the present es t imate of reloading uncertainty is 
conservat ively la rge . 
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TABLE III - SLOPE OF REGULATING ROD CALIBRATION CURVE 

Regulating Rod Position, 
inches withdrawn 13.2 10.5 10.0 9,5 9.0 8.5 8.0 to 4.0 

Reactivity Change Slope, 
ih per inch withdrawn 6.5 8,0 8.5 9.0 9.5 10.0 10.5 

Particular results for intermediate regulating rod positions at 0. 1 inch 
intervals were obtained from Table III by linear interpolation. 

1. Reference Steps and Reloading Uncertainty 

The measurements for reference steps Rl through R5, Table II, 
were corrected to the nearest one of five regulating rod positions selected 
as suitable standards using Table III. Measurements lettered(a)were CRRP 
type; the remainder were PP type. The results appear in Table IV. In 
Table IV-A an intercomparison was made among the five reference steps by 
taking reactivity differences at each rod position relative to the extensively 
measured Step R2 and averaging these differences for each step. In Table 
IV-B, the same process is repeated independently relative to Step R3. 
The two average distributions have essentially the same standard devia­
tion, cr = 0. 44, and about the same mean reactivity (midway between R2 
and R3). The measurement PE on each average result is j+ 0. 2 ih. 

As discussed in Section IV-B. 3 above, this observed standard 
deviation is attributed to the combined random effect of the measurement 
PE and the unknown "reloading uncertainty". The latter can then be 
evaluated as follows: 

Let 

Then 

0" = standard deviation due to measurement errors 

( T ^ = standard deviation due to reloading uncertainty 

P^^ = probable error due to measurement errors 

P = probable error due to reloading uncertainty 

0-2 = 0-2 + 0-2 
m r 

and P ^ 7 0-7 ômJ 

P- = 0 . 7 0-̂  r , r 

Therefore 

Pr = ̂ J{o^-)^ - pj (1) 
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TABLE IV - REFERENCE REACTIVITIES RELATIVE TO FIVE 

Standard 
Regulating 
Rod P o s i ­

tion, in. 

5.48 
7.64 
9.50 

10.16 
10.49 

a. 
b . 

STANDARD REGULATING ROD 

Step Rl 

0.5 + .2 
22.7 + .2 

— 

-
-

Step R2 

a. 1.8 + .2 
b . 24.2 + .2 
c. 41.7 + .4 

d. 47.5 + .4 
e. 49.6 + .4 

Inhours 

Step R3 

a. 1.6 + 
b. 24.2 + 

d, e 

c. 47.4 + 
f. 50.3 + 

POSITIONS 

.2 

.2 

.2 

.2 

.3 

Step R4 

a. 1.5 + 
b . 23.5 + 
c. 41.5 + 

-
_ 

.3 

.3 

.3 

Step R5 

a. 2.5 + .2 
b . 24.7 + .2 
c. 42.2 + .3 

-
_ 

Measuremen t s l e t t e red (a) a r e CRRP; the o thers a r e P P . 
E r r o r s a re measu remen t P E . 

TABLE IV-A - REFERENCE INTERCOMPARISON RELATIVE TO STEP R2 

Standard 
Regulating 
Rod P o s i ­

tion, in. 

5.48 
7.64 
9.50 

10.16 
10.49 

Average 
for Step 

Rl vs R2 

-1.3 + .3 
-1.5 + . 3 

-
-

-1.40 + .2 

R2 vs R2 

0 + .3 
0 + .3 
0 + .6 
0 + .6 
0 + .6 

0 + .2 

Inhoi a r s 

R3 vs R2 

-0.2 
0 

0.2 
-0.1 

0.7 

0.12 

+ .3 
± -3 
+ .4 
+ .4 
+ .5 

+ .2 

R4 vs R2 

-0.3 + .4 
-0.7 + .4 
-0.2 + .5 

-
-

-0.40 + .2 

R5 vs R2 

0.7 + .3 
0.5 + .3 
0.5 + .5 

-
-

0.57 + .2 

TABLE IV-B - REFERENCE INTERCOMPARISON RELATIVE TO STEP R3 

Standard 
Regulating 
Rod P o s i ­

tion, in. 

5.48 
7.64 
9.50 

10.16 
10.49 

Average 
for Step 

Rl vs R3 

-1.1 + .3 
-1.5 + . 3 

-
-

-1.35 + .2 

R2 vs R3 

0.2 
0 

-0.2 
0.1 

-0.7 

-0.12 

+ .3 
+ .3 
+ .4 
+ .4 
+ .5 

+ .2 

Inhours 

R3 vs R3 

0 + .3 
0 + .3 
0 + .3 
0 + .3 
0 + .4 

0 + .2 

R4 vs R3 

-0.1 + .4 
-0.7 + .4 
-0.4 + .4 

-
-

-0.40 + .2 

R5 vs R3 

0.9 + .3 
0.5 + .3 
0.3 + .4 

-
-

0.57 + .2 
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2 2 
Using Equation (1) and the values cr = 0. 44 ih and P = + 0. 2 ih 

from Tables IV-A and IV-B, the probable e r r o r in react iv i ty due to " re loadin | 
uncer ta inty" becomes 

P = + 0 .4 ih r — 

This e r r o r , Pj., should be applied to all analyses of F e r m i reac to r t es t s 
that involve reloading between react ivi ty m e a s u r e m e n t s . It expresses the 
bas ic uncer ta inty in determining any react ivi ty state of the reac tor over and 
above the effects of any measu remen t e r r o r s . In other words , the accuracy 
of any determinat ion of the react ivi ty difference between two reac tor condi­
tions separa ted by a reloading operation is l imited to a value of + 0. 6 ih, 
r ega rd les s of the accuracy of the measu remen t . (The react ivi ty of each 
reac to r step is uncer ta in to + 0 . 4 ih; therefore , the react ivi ty difference 
is uncer ta in to +_ -JZ x 0 . 4 i h =" + 0.6 ih. ) 

2. "Voided Steps 

In Table V, the CRRP and P P react ivi ty measu remen t s on voided 
Steps VI to V8 are independently compared to the corresponding m e a s u r e ­
ments on reference Step R3; the two independent compar isons are then 
averaged. The probable e r r o r , 4^0.6 ih, due to the "reloading uncer ta inty" 
between the voided steps and reference step R3 is introduced into the 
averaged compar i sons ; e r r o r s appearing before this stage a re measuremen t 
PE only. 

The procedure used to obtain the data l is ted in Table V is d i s ­
cussed below. Note that cer ta in columns in the table a re designated A 
through E and are thus r e f e r r e d to in the text, 

(a) The CRRP voided measu remen t s a re compared direct ly with 
the reference step measu remen t and the react ivi ty differ­
ences l is ted in Column (A), 

(b) Before a s imi la r comparison is possible with the P P 
voided m e a s u r e m e n t s , the conversion process which 
follows is nece s sa ry 

Each P P measu remen t is co r rec ted to a uniform regu­
lating rod position of 13. 20 inches, the values shown in 
Column (B). 

Each resul t is then subtracted from the corresponding 
conaparison in Column(A)to yield a value of the regulating 
rod worth between 13. 20 inches and the c r i t i ca l position 
for reference step R3. These values a re l is ted in Column (C). 
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TABLE V - VOIDED STEPS COMPARED TO REFERENCE STEP R3 

to 
- J 

step and 
Measurement 

Number 

VI a 
V2 a 
V3 a 
V4a 
V5 a 
V6a 
V7 a 
V8a 

Step and 
Measurement 

Number 

VI b 
V2 b 
V3 b 
V4b 
V5b 
V6b 
V7 b 
V8b 

* Including re 

Voided CRRP 
Regulating 

Rod Position, 
Inches 

9.79 
10.42 

9.57 
9.19 

10.02 
9.75 

10.18 
10.30 

Regulating 
Rod Position, 

Inches 

13.14 
13.16 
13.21 
13.20 
13.27 
13.23 
13.20 
13.20 

loading uncertainty 

Excess 
Reactivity, 

Inhours 

-0 .3+0 .2 
0. 6+0. 2 

-2 .0+0.2 
1.0+0.2 
0.0±0. 2 

- i .oio. 2 
- 1 . 1±0, 2 
- I . 3 I 0 . 2 

Excess 
Reactivity, 

Inhours 

24. l iO . 2 
20. 1±0. 2 
24. 5±0.2 
30. 4±0. 2 
23. 3iO. 2 
23. 9±0. 2 
20. 7 i 0 . 2 
19. 4 i 0 . 2 

Reference Step R3 

Step and Regulating Excess 
Measurement Rod Position, Reactivity, 

Number 

R3 d 
R3 f 
R3 d 
R3 e 
R3 c 
R3 d 
R3 c 
R3 f 

Voided PP 
Excess Reactivity 

Correcd. to Uniform 
13. 20-in. Regulating 
Rod Position, Inhours 

Column (B) 
24. 5±0. 2 
20. 4 l0 . 2 
24. 4+0. 2 
30. 4 l0 . 2 
22.8+0.2 
23. 6±0. 2 
20.710.2 
19.410.2 

in e r r o r s (see text). 

Inches Inhours 

9. 50 41. 8 i0 . 2 
10.33 49.0+0.3 

9. 50 41. 8+0. 2 
9.10 38.310.3 

10.00 46.010.2 
9. 50 41. 8 l0 . 2 

10.00 46. 0±0. 2 
10.33 49. 010.3 

Reg. Rod Worth 
Between 13. 20 in. 

Excess Reactivity 
Corres . to CRRP 

Regulating Rod 
Position, Inhours 

44.3±0. 2 
49. 7tO. 3 
42. 4+0. 2 
39.1+0.3 
46. 210. 2 
43. 9+0. 2 
47. 5+0. 2 
48. BlO. 3 

PPtoRef . R3 
and CRRP of Ref Conversion Factor for 
Step R3, Inhours 

Column ( C ) = ( A ) - ( B ) 
-69. i tO. 4 
-69.5+0.4 
-68.8+0.4 
-68.510.4 
-69.010.4 
-68. 5 i 0 . 4 
-69.310.4 
-69. 5iO. 4 

Reactivity, Inhours 
Column (D)=Avg (C) 

- 69. 0+0. 1 

Comparison 
(CRRP - R3) 

Reactivity Inhours 
Difference, 
Column (A) 
-44. 6+0. 3 
-49.1+0. 4 
-44. 4+0. 3 
-38 .110 .4 
-46. 2+0. 3 
-44. 9+0. 3 
-48 .610 .3 
-50 .110 .4 

Comparison 

(PP - R3) 
Reactivity 

Difference^ Inhours 
Column (E)=(B)&(D) 

-44. 510. 3 
-48. 6+0. 3 
-44. 610. 3 
-38 .6+0 .3 
-46 .2+0.3 
-45. 4 l 0 . 3 
-48 .310 .3 
-49. 610. 3 

Average of Voided CRRP and Voided PP Comparison * 
VI 
V2 
V3 
V4 
V5 
V6 
V7 
V8 

-44. 610. 6 
-48. 9lO. 7 
-44. 510. 6 
-38 .310 .7 
-46. 2 I 0 . 6 
-45.2IO. 6 
-48 .510 .6 
-49 .910 .7 



Column (B) - Column (A) = Column (C) * 

The quantity in Column C is physically a constant; t h e r e ­
fore, the average (Column D) of the individual s tep values 
(Column C) is t r ea t ed as a conversion factor which, when 
added to the P P resu l t s in Column B, yields the r e a c t i ­
vity differences, Column (E), between the P P voided m e a s ­
u rements and re ference Step R3. 

3. Flooded Steps and Missing Flooded Steps 

In Table VI, the CRRP and P P react ivi ty measu remen t s on the 
flooded Steps F l , F4 , and F6 a r e compared with the corresponding CRRP 
and P P measu remen t s on reference Step R3; all the comparisons for each 
flooded step a re then averaged. The probable e r r o r , jf 0. 6 ih, due to the 
"reloading uncer ta inty" between the flooded steps and reference Step R3 is 
introduced into the averaged compar isons; e r r o r s appearing before this 
stage a re measu remen t PE only. 

The react iv i t ies of the five miss ing flooded s teps , numbered F2 ' 
F 3 ' , F 5 ' , F 7 ' , and F8 ' to follow the correspondingly numbered voided step, 
a re es t imated relat ive to the reference Step R3. 

The react ivi ty difference 6 R£ observed between each measu red 
flooded step (reactivity R£) and the reference step (reactivity R ) is the sum 
of the two connponents: 

6R. = (R. - R ) = 6R + 6R^ (2) 
f f r r n b 

The f i rs t component, 5R , is due to mass differences of U-235 between 
the four special sodium siobassemblies and the four normal core sub­
assembl ies which they replace for each flooded loading. The second com­
ponent, 5R, , is due to the differences in axial blanket design between 
special and normal subassembl ies (lack of axial blanket pins and presence 
of upper - and lower - s t ee l bulkheads in each special subassembly) . 

•**• Let V(p), R(p) r ep resen t the excess react iv i t ies of the voided P P and 
reference R3 loadings, respect ively, with regulating rod position p. Let 
V, r r ep resen t the voided P P and reference R3 cr i t i ca l regulating rod 
posit ions, respect ively . 

Then Column (A) 5 -R(v) a V(r) 
Column (B) = V(13. 2) 

; . C £ B - A = [v(13 .2) - V( r ) ] 

This quantity is the regulating rod worth between 13. 20 inches and reference 
R3 cr i t ica l position, as stated in the text. 
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TABLE VI - FLOODED STEPS Fl , F4, F6 COMPARED WITH REFERENCE STEP R3 

Flooded Steps Reference Step R3 Comparison 
Excess Reactivity (Flooded-RS) 

Step Regulating Excess Step and Regulating Excess Corrected to Flooded Reactivity 
Measurement Rod Position, Reactivity, Measurement Rod Position, Reactivity, Regulating Rod Difference, Average, * 

Number Inches Inhours Number Inches Inhours Position, Inhours Inhours Inhours 

Fl a 5.29 -0. 6 l0 .2 R3 a 5.44 1.2l0.2 -0.410.2 -0.2+0.3 

F i b 9.78 43.7l0 .2 R3 c 10.00 46.010.2 44.110.2 -0 .410.3 -0 .410.6 

Fl c 7.64 23.7I0.3 R3 b 7.63 24. l lO. 2 24.2l0.2 -0. SlO. 4 

F4 a 5. 26 -0. l l o . 2 R3 a 5.44 1.2lO. 2 -0.710.2 0 .6 l0 .3 

F 4 b 9.11 39.1+0.2 R3 e 9.10 SB.SlO. 3 38.410.3 0.710.4 0 . 6 l 0 . 6 

F4 c 7.64 24.710.2 R3 b 7.63 24.110.2 24.2l0.2 0.510.3 

F6 a 5.56 -0.610.2 R3 a 5.44 1.210.2 2.510.2 - 3 . l l o . 3 

F6 b 9.78 40.810.2 R3 c 10.00 46. OlO. 2 44. l l o . 2 -3 .310.3 -3.4±0. 6 

F6 c 7.64 20. SlO. 2 R3 b 7.63 24.110.2 24.2lO. 2 -3.7lO. 3 

* Including "reloading uncertainty" in er rors (See text). 



The r e a c t i v i t y d i f f e r ence 6R b e t w e e n e a c h vo ided s t e p and the 
r e f e r e n c e s t e p is the s u m of t h r e e c o m p o n e n t s : 

6R = (R - R ) = 6R + 6R, - 5R (3) 
V V r m b s 

The f i r s t two c o m p o n e n t s a r e the s a m e as in Equa t i on (2) (neglec t ing any 
p o s s i b l e v a r i a t i o n s due to the d i f fe ren t s o d i u m con ten t s ) and the t h i r d 
c o m p o n e n t , 6R , is the d e s i r e d w o r t h of s o d i u m r e m o v e d f r o m the four 
vo ided s p e c i a l s u b a s s e m b l i e s . E q u a t i o n s (2) and (3) show tha t , as e x ­
p e c t e d , a s i m p l e s u b t r a c t i o n of 5R f r o m 5R suff ices for the s o d i u m w o r t h 
eva lua t i on ; h o w e v e r , b e f o r e th i s can be m a d e in the c a s e of m i s s i n g f looded 
s t e p s , the m i s s i n g v a l u e s of 5R- m u s t be e s t i m a t e d . This is done as i l l u s ­
t r a t e d in T a b l e VII: 5R i s c a l c u l a t e d for a l l s t e p s u s ing the s u b a s s e m b l y 

m 6 J. o J 

m a n u f a c t u r e r ' s U-235 a s s a y da ta and F e r m i C o r e A m e a s u r e m e n t of U-235 
w o r t h . 10 Then 6R is c a l c u l a t e d for the m e a s u r e d f looded s t e p s as 
6R - 6R , and 5R is e s t i m a t e d for the m i s s i n g f looded s t e p s F 2 ' , e t c . , 
u s ing a l i n e a r i n t e r p o l a t i o n by r a d i u s . Adding b a c k 6R for the m i s s i n g 
s t e p s , one ob ta ins the m i s s i n g v a l u e s of 6R . The u n c e r t a i n t i e s invo lved 
in th i s p r o c e d u r e , p a r t i c u l a r l y when i n t e r p o l a t i n g for the m i s s i n g 5R , a r e 
the l a r g e s t s o u r c e s of e r r o r in the t e s t and can only be e s t i m a t e d roughly. ' ' ' 
The f a i r l y l a r g e d i f f e r ences a m o n g the t h r e e m e a s u r e d v a l u e s of 6R , wh ich 
c a u s e the l a r g e u n c e r t a i n t i e s in the i n t e r p o l a t i o n , a r e thought to be due to 
p e r t u r b i n g effects of the c o n t r o l r o d s and sa fe ty r o d s n e a r the n a e a s u r e d s u b ­
a s s e m b l y l o c a t i o n s . 

4 , D e t e r m i n a t i o n of Sod ium W o r t h 

In Tab le VIII the vo ided r e a c t i v i t y r e l a t i v e to the r e f e r e n c e 6R is 
y s u b t r a c t e d f r o m the f looded r e a c t i v i t y r e l a t i v e to the r e f e r e n c e 6R to y i e ld 

the w o r t h of s o d i u m p r e s e n t in e a c h s e t of four c o r e s u b a s s e m b l i e s . 

5. Effect of Bunching Voided S u b a s s e m b l i e s 

To i n v e s t i g a t e p o s s i b l e r e a c t i v i t y ef fects f r o m bunch ing , the 
vo ided s u b a s s e m b l i e s , the b u n c h e d r e s u l t (Step 8) is c o m p a r e d wi th the 
c o r r e s p o n d i n g u n b u n c h e d a v e r a g e r e s u l t , e . g . , 1/2 S tep 2 + 1/4 S tep 5 + 
1/4 Step 7, The two v a l u e s a r e 2. 11 4^0.06 cen t s p e r k i l o g r a m , r e s p e c ­
t i ve ly . It is conc luded tha t no s ign i f i can t bunch ing effect h a s b e e n o b s e r v e d 
wi th in the e x p e r i m e n t a l e r r o r s . 

* I n t e r p o l a t i o n e r r o r s a r e e s t i m a t e d as j ^ 1. 5 ih for s t e p s F 3 ' , F 5 ' ; 
+ 1.0 ih for s t e p s F 2 ' , F 8 ' ; and + 0. 5 ih for Step F 7 ' . The + 0 . 6 ih 
m e a s u r e m e n t e r r o r s a r e t hen c o m b i n e d wi th t h e s e e r r o r s to give the 
t o t a l e r r o r s . All e r r o r s a r e p r o b a b l e e r r o r s . 
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TABLE VII - ESTIMATED MISSING FLOODED STEPS COMPARED WITH REFERENCE STEP R3 

Axial Core Ave 

Step No 

F l 

F 2 ' 

F 3 ' 

F 4 

F 5 ' 

F 6 

F 7 ' 

F 8 ' 

Radius , 
c m 

39 .9 

34 .2 

15.3 

9 . 7 

29.1 

21 .6 

38 .7 

33 .9 

U-235 Loading 
Difference of 
Step Compared 
to Reference , kg 

-0 .012 

-0 .001 

+ 0.003 

+0.004 

-0 .059 

+0,013 

-0 .059 

-0 .097 

U-235 Wor 
at Step 

Posi t ion, 
ih/kg 

20 

30 

65 

70 

40 

55 

25 

30 

th 

6 R , 
m 

i h 

- 0 . 2 

- 0 . 03 

+ 0.2 

+ 0.3 

- 2 . 4 

+ 0. 7 

- 1 . 5 

- 2 . 9 

Measured , 
i h 

- 0 . 4 + 0. 6 

0 .6 + 0. 6 

- 3 . 4 + 0 . 6 

= (5 R - 6 R ), 
^ f m 

i h 

- 0 . 2 + 0.6 

0.3 + 0 .6 

- 4 . 1 + 0 .6 

In terpola ted , 
i h 

- 1 . 4 + 1. 2 

- 1 . 7 + 1 . 6 

- 2 . 4 + 1 . 6 

- 0 . 4 + 0.8 

- 1 . 4 + 1 . 2 

Miss ing 6 R 

= (6 R + 6 R ), 
b m 

i h 

- 1 . 4 + 1 . 2 

- 1 . 5 + 1. 6 

- 4 . 8 + 1.6 

- 1 . 9 + 0 . 8 

- 4 . 3 + 1 . 2 

See footnote on Page 30 concerning the e r r o r s m this column 



T A B L E VIII - DETERMINATION O F SODIUM WORTH 

R a d i u s , 
cm 

3 9 . 9 

34 . 2 

1 5 . 3 

9 . 7 

2 9 . 1 

2 1 . 6 

3 8 . 7 

3 3 . 9 

S tep No 

F l 

F 2 ' 

F 3 ' 

F 4 

F 5 ' 

F 6 

F7« 

F 8 ' 

R e a c t i v i t y D i f f e r e n c e s Comp 
to R e f e r e n c e 

6R^, ih 

- 0 . 4 + 0 . 6 

- 1 . 4 + 1.2 

- 1 . 5 + 1.6 

0 . 6 + 0 . 6 

- 4 . 8 + 1.6 

- 3 . 4 + 0 . 6 

- 1 . 9 + 0 .8 

- 4 . 3 + 1.2 

Step R3 

Step No. 

VI 

V2 

V3 

V4 

V5 

V6 

V7 

V8 

a r e d 

6R , ] 
V 

- 4 4 . 6 + 

- 4 8 . 9 + 

- 4 4 . 5 + 

- 3 8 . 3 + 

- 4 6 . 2 + 

- 4 5 . 2 + 

- 4 8 . 5 + 

- 4 9 . 9 + 

ih 

0 . 6 

0 .7 

0 . 6 

0 .7 

0 . 6 

0 . 6 

0 . 6 

0 .7 

F l o o d e d Minus Voided 
= Sodium W o r t h 

Sodium Wor th in 
F o u r S u b a s s e m b l i e s 

5 R , - 6R , ih 
f V 

4 4 . 2 + 0 . 8 

4 7 . 5 + 1.4 

4 3 . 0 + 1.7 

3 8 . 9 + 0 . 9 

4 1 . 4 + 1 . 7 

4 1 . 8 + 0 .8 

4 6 . 6 + 1 . 0 

4 5 . 6 + 1.4 

Sod ium "W 
c e n t s pel 

2 . 0 5 + 

2 . 2 0 + 

1.99 + 

1.80 + 

1.92 + 

1.94 + 

2 . 1 6 + 

2 . 11 + 

/"orth, 
r kg* 

0 . 0 4 

0 . 0 6 

0 .08 

0 . 0 4 

0 .08 

0 . 0 4 

0 . 0 5 

0 . 0 6 

* T o ob ta in the s o d i u m w^orth in c e n t s p e r k i l o g r a m , the f i g u r e s of 6 . 7 6 k i l o g r a m s 
of sod ium in four s u b a s s e m b l i e s and 3 . 19 inhour s p e r cen t h a v e b e e n u s e d . 



V. SODIUM WORTH PREDICTIONS 

Two separa te predict ions were made from the resu l t s of this 
tes t : one was based on ZPR-III c r i t ica l experiment m e a s u r e m e n t s , and the 
other on mult igroup diffusion calculat ions. 

A. Z P R - m PREDICTION 

Data from the ZPR-III mockup of F e r m i Core A were used to 
4 11 make the sodi\am worth predict ions ' l is ted in Table IX. However, four 

aspects of the cr i t ica l experiment made it difficult to accurate ly predict the 
sodium worth as d iscussed in the following pa rag raphs . 

1. The worth of sodium could be measu red in the cr i t ica l exper i ­
ment only for sodium inser t ions from zero to one-half of the full core sodium 
density due to insufficient sodium. Therefore , an extrapolation of the r e ­
sults w^as requi red to obtain the incrementa l sodium w^orth at full sodium 
density, believed to correspond to the F e r m i exper imental situation, which 

1 2 
w^as an uncer ta in procedure . In the light of more recent work , it appears 
that the assiimed reduction of sodiiun worth with increased core sodium den­
sity was too s trong, leading to predicted incrementa l worths lower than those 
observed. 

2. The coolant in the exper iment , not represen ted by sodium, was 
made up by reduced-densi ty aluminum. This could have affected the observed 
t rend of the react ivi ty measu remen t s betw^een zero and one-half of the full core 
sodium density, upon which the extrapolation to full core sodium density was 
based . F u r t h e r m o r e , the extrapolation required a correc t ion for the worth of 
aluminum which was also an uncer ta in p rocedure . 

3 . Only the spatially averaged core sodium worth was measu red in 
the c r i t i ca l exper iment and not the worth distr ibution over the core , also 
needed for the predict ion. The m e a s u r e d aluminum spatial worth distr ibution 
had to be assumed to apply to sodiiim, which could have led to an e r r o r in the 
predict ion. 

4. The core of the ZPR-III assembly was smal le r then the final 
F e r m i Core A design which would a lso lead to an e r r o r in the predict ion. 

The combined effect of these uncer ta int ies led to an underes t i ­
mat ion of the observed sodium worth distr ibution by about 20 per cent near 
the core edge and by over 100 per cent near the center . F r o m a safety view­
point, this was an e r r o r in a conservat ive direct ion. It should be added that 
the core average sodium w^orth observed in the ZPR-III experiment , over 
the density range m e a s u r e d (from zero to one-half the full core sodium 
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TABLE IX - Z P R - m SODIUM WORTH PREDICTION 

00 
4^ 

Flooded or Core Radiiis, 
Voided Step 

1 

2 

3 

4 

5 

6 

7 

8 

No. c m 

39.9 

34 .2 

15.3 

9 . 7 

29.1 

21.6 

38 .7 

(buncl 

in . 

15.7 

13. 5 

6 .0 

3 .8 

11.4 

8. 5 

15.3 

i ) 

Measured Reactivity 
Effect of Sodium Loss 

F rom 4 SA, 
Neares t Inhour 

-44 

-48 

-43 

-39 

-41 

-42 

-47 

Sodium Worth 
Predict ion Using 
Correc ted ZPR-II I 

Res 
4 SA 

Neares t 
Inhours 

-33 

-39 

-18 

-13 

-35 

-25 

-36 

ults 

Inhours 
per kg 

- 4 . 9 

-5 .8 

- 2 . 7 

- 2 . 0 

- 5 . 1 

- 3 . 6 

- 5 . 3 



density) pr ior to cor rec t ions to obtain the incrementa l worth, was 2.07 cents 
per k i l o g r a m - - v e r y close to the F e r m i resu l t . However, this "agreement" 
r equ i r e s qualification: the ZPR-III figure r e p r e s e n t s a worth of 18 0 cents 
for 8 6.8 k i lograms of sodium loaded with aluminum presen t a l s o . * The 
F e r m i resu l t of 2.01 cents per k i logram rep re sen t s a worth of 13. 6 cents for 
a local sodium increment of 6. 75 k i lograms added in an "averaged core pos i ­
tion" to an otherwise sodiiim-filled co re . 

B. MULTIGROUP DIFFUSION THEORY PREDICTION 

13 
To make the mult igroup calculations , a one- and two-dimen­

sional diffusion theory code, CRAM , a fixed microscopic c ro s s - s ec t i on 
l ib ra ry 1^, and f i rs t o rder per turbat ion theory were the b a s i s . The l ib ra ry 
had 24 energy groups and had been developed for general sodium and Doppler 
coefficient calculations and not for the F e r m i reac to r in pa r t i cu la r . The 
spec t ra from pre l iminary 24-group, one-dimensional calculations w^ere used 
to generate 8-group c ross sections for corresponding two-dimensional calcu­
la t ions . Two two-dimensional calculations w^ere made: the f i rs t descr ibed a 
finite cyl indrical (RZ) model of the whole r eac to r , approximating the sodiiom-
filled cent ra l and safety channels by tw ô concentric annuli, and the core and 
blankets as perfect cy l inders . The second calculation was in rec tangular 
(XY) geometry represent ing the reac tor midplane accurate ly as a lat t ice of 
square core , control,and blanket subassembl ies . Axial buckling factors w^ere 
calculated from the (RZ) r e su l t s for each energy group at all important radi i 
in the core midplane and incorporated into the (XY) calculation. This a s su red 
co r r ec t matching (XY) and (RZ) midplane f luxes- -an important procedure in 
any calculation of a spec t rum-sens i t ive quantity such as sodium worth by a 
naethod involving spatial synthes is . 

Real and adjoint 8-group fluxes were computed for both models 
and mult igroup per turbat ion calculations yielded the sodium w^orth as a func­
tion of position. The re su l t s a r e show^n plotted in F igure 5. The (RZ) values 
a r e direct ly calculated axial core averages at typical radi i from the (RZ) 
cyl indrical calculation; each (XY) value is the product of the midplane worth 
from the (XY) calculation integrated over each subassembly position of ex­
per imenta l in te res t t imes the rat io of axia l - to-midplane worth at the c o r r e ­
sponding radius from the (RZ) calculation. The (XY) worths were normal ized 
so that the leakage, absorption, and modera t ion components were each con­
sis tent with the corresponding component of the (RZ) midplane wor ths . 

* An average sodium worth for a full 166 k i lograms sodium core loading 
displacing all the aliominum was es t imated as about 1.9 cents per ki logram 
by extrapolation of the par t ia l -dens i ty measu remen t s to full sodium density. 
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C o n s i d e r i n g the s t r a igh t fo rw^a rdnes s of the m e t h o d s u s e d , 
a g r e e m e n t of the p r e d i c t e d v a l u e s wi th the e x p e r i m e n t a l r e s u l t s w a s good: 
for s u b a s s e m b l i e s n e a r the c e n t e r of the c o r e the d i s c r e p a n c y w a s v e r y s m a l l 
and c l o s e r to the c o r e edge the p r e d i c t i o n w a s about 25 p e r cen t h i g h e r t han 
the e x p e r i m e n t a l r e s u l t s . L a t e r work-*^ » '•" h a s a t t e m p t e d to exp la in th i s d i s ­
c r e p a n c y w^hich a t t he t i m e of t h i s w r i t i n g a p p e a r s to be p r i n c i p a l l y due to the 
u n c e r t a i n t y in the c r o s s - s e c t i o n da t a of s o d i u m and to u n c e r t a i n t y in the va lue 
a s s i i m e d for the effect ive d e l a y e d - n e u t r o n f r a c t i o n . * The l a t t e r a f fec ts the 
inhour r e l a t i o n s h i p betw^een the r e s p e c t i v e r e a c t i v i t y s c a l e s u s e d for c a l c u l a ­
t i ons and m e a s u r e m e n t : a va lue 10 p e r cen t l o w e r than tha t u s e d in the p r e s e n t 
a n a l y s i s i s thought to be m o r e r e l i a b l e ^ ' w^hich a lone would l o w e r a l l c a l c u ­
l a t e d v a l u e s in F i g u r e 5 by 10 p e r cen t , i m p r o v i n g the a g r e e m e n t c o n s i d e r a b l y 
n e a r the c o r e e d g e . 

= 6 ,^ w a s a s s u m e d to be 0. 00667 for the p r e s e n t c a l c u l a t i o n s , 
•^eff ^ 
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VI. CONCLUSIONS 

A summary of the m e a s u r e d r e su l t s , represent ing the worth of an axial 
column of sodium inser ted into isolated, unfilled core subassembl ies in an 
otherw^ise sodium-fil led core is 

Minimum, near core center = + 1.8 2 cents per ki logram 

Maximum, near core edge = + 2. 19 cents per ki logram 

Average , averaged over core = + 2. 01 cents per ki logram 

The existence of negative sodium t empera tu re and void coefficients of r e a c ­
tivity is thus confirined. All r e su l t s have probable e r r o r s of less than + 5 
per cent. The bunching effect, i. e. , the react ivi ty change due to bunching 
together the four voided special subassembl ies , was found to insignificant 
(within the exper imenta l accuracy) re la t ive to the resul t for the four separate ly 
located voided subassembl i e s . 

The predicted exper imental r e su l t s w^ere of more than adequate accuracy 
from a safety view^point and the m e a s u r e d resu l t s will provide a valuable t a r ­
get for p resen t and future calculat ions. 
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