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FOREWORD 

This repor t is one of a s e r i e s of r epor t s on the low-power (up to 
1 Mwt) and high-power (up to 200 Mwt) nuclear tes t ing of the Enr ico F e r m i 
fast b reede r r e ac to r . The Nuclear Test P r o g r a m is planned, d i rected, and 
evaluated by Atomic Pow^er Development Assoc ia tes , Inc. (APDA). The 
tes t s a r e conducted by Power Reactor Development Company (PRDC). The 
reac to r proper is owned and operated by PRDC. The s team generator and 
e lec t r ica l generat ion facil i t ies a r e owned by The Detroi t 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 a r e the names of those people, exclusive 
of the au tho r s , who made a significant contribution to some phase of the w^ork 
descr ibed in this repor t . 

APDA PRDC 

C. E. Branyan E. L. Alexanderson 
J . B. Nims W. R. Hill 

W. R. Olson 
R. G. Rateick 
G. C. Tyson 
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SUMMARY 

During the period Feb rua ry 18 through Apri l 1, 1964, measu remen t s 
were made of the react ivi ty worths of U-235 and U-238 in the core , and of 
fuel and blanket subassembl ies in the radial blanket of the Enr ico F e r m i r e ­
ac to r . The columnar react ivi ty worths of U-23 5 and U-238 were de termined 
at var ious core posit ions by means of react ivi ty m e a s u r e m e n t s made using 
specially constructed subassembl ies . The react ivi ty worth difference be ­
t-ween a core subassembly and a blanket subassembly was deterinined as a 
function of position within the inner radia l blanket a r r a y by substitution 
m e a s u r e m e n t s . The react ivi ty worth difference between a blanket subassembly 
and a sodium-filled dummy subassembly was determined at both inner and 
outer radia l blanket posi t ions, a lso by substitution m e a s u r e m e n t s . 

The react ivi ty determinat ions were made by means of both cr i t ica l 
rod position and positive period m e a s u r e m e n t s . All measu red worth values 
were predicted p r io r to the tes t using data from the Core A cr i t ica l assembly 
mockup on ZPR-III and /or two-dimensional , f i r s t - o r d e r per turbat ion theory 
ana lys i s . With the exception of the outer radia l blanket, where agreement 
is uniformly poor, both sets of predicted values typically agree with the 
m e a s u r e d values within about 10 per cent; t he re a r e a few d iscrepanc ies in 
the o rder of 20 per cent. 
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I. PURPOSE OF TEST 

Fuel m a t e r i a l w^orths were m e a s u r e d in the reac tor core to obtain 
data from which the react ivi ty coefficients of U-23 5 and U-238 could be de­
te rmined as a function of radia l position in the core . Fuel subassembly 
worths w^ere measu red in the inner radia l blanket to de termine the net r e ­
activity effect of expanding the core loading into the blanket. Blanket 
subassembly substitution worths were m e a s u r e d to obtain the react ivi ty 
worths of the depleted uranium pins within each subassembly in the inner 
radia l blanket and in the f i rs t severa l rows of the outer radial blanket. 

These data w^ill provide a bas is for making reactivi ty adjustments 
for normal reac tor operation, and will provide checks on the techniques for 
calculating react ivi ty w^orth coefficients. 
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I I . D E S C R I P T I O N O F T H E ENRICO F E R M I R E A C T O R 

The F e r m i r e a c t o r c o r e 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 i s con ta ined 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 a t the top by a r o t a t i n g sh ie ld plug which 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 s u b a s s e m b l y h o l d - d o w n m e c h a n i s m , and the s u b ­
a s s e m b l y hand l ing m e c h a n i s m . The r e a c t o r i s of the fas t b r e e d e r type , 
coo led by s o d i u m , and i s o p e r a t e d a t 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 ( C o r e A) i s 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 , c o n s i s t of 
2 . 6 4 6 - i n c h - s q u a r e s u b a s s e m b l i e s con ta in ing t h e fuel p ins and b l anke t r o d s . 
T h e c o r e and b l anke t s u b a s s e m b l i e s a r e a r r a n g e d to a p p r o x i m a t e a r igh t c y l ­
i n d e r abou t 8 0 i n c h e s in d i a m e t e r and 70 i n c h e s h i g h . The c o r e , wh ich i s 
con ta ined 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 m b l i e s , a p p r o x i m a t e s a 
r i g h t c y l i n d e r 31 i n c h e s 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 i s in the f o r m of 
z i r c o n i u m - c l a d p i n s , 0. 158 inch in d i a m e t e r , con ta in ing U - 1 0 w / o m o l y b ­
d e n u m a l loy in which the u r a n i u m is e n r i c h e d to 25. 6 p e r cent U - 2 3 5 . E a c h 
fuel s u b a s s e m b l y 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 . 75 kg of U-235 p e r s u b a s s e m b l y . The inne r and o u t e r r a d i a l b l anke t s u b ­
a s s e m b l i e s e a c h con ta in 25 b l anke t r o d s , 0 . 4 4 3 inch in d i a m e t e r , t ha t a r e 
c o m p o s e d of d e p l e t e d U-3 w / o m o l y b d e n u m a l loy . 

The r e a c t o r c r o s s s ec t i on , show^n 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 . 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 is occup ied by c o r e and i nne r r a d i a l b l anke t 
s u b a s s e m b l i e s , the 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 , and the 10 
o p e r a t i n g c o n t r o l and safe ty rod c h a n n e l s . Al l t h e s e p o s i t i o n s a r e supp l ied 
with sod ium coo lan t flo^wing u p w a r d f r o m a high p r e s s u r e p l e n u m -which i s 
connec t ed to the d i s c h a r g e l i n e s 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 flo-ws u p w a r d t h r o u g h the ind iv idua l c o r e and i nne r r a d i a l b l anke 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 . F r o m t h e r e it f lows 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 h e a t e x c h a n g e r s and then to the suc t i on s ide of the 
p r i m a r y p u m p s . Sod ium a l s o i s u s e d in the s e c o n d a r y cool ing s y s t e m . 

The l a t t i c e p o s i t i o n s 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 anke t con ta in the 
ou t e r r a d i a l b l anke t s u b a s s e m b l i e s . 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 - f i l l e d , t h e r m a l sh ie ld s u b a s ­
s e m b l i e s . T h e s e s u b a s s e m b l i e s p r o v i d e t h e r m a l and n e u t r o n sh i e ld ing for 
the r e a c t o r v e s s e l . The o u t e r r a d i a l b l anke t and sh i e ld ing l a t t i c e p o s i t i o n s 
a r e both supp l i ed with s o d i u m coo lan t f r o m a low p r e s s u r e p l e n u m . 
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T h e 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 
i n s t a l l e d sa fe ty r o d s . P r o v i s i o n s a l s o a r e m a d e for i n s t a l l a t i o n of an e igh th 
sa fe ty r o d . The r o d s a r e of the p o i s o n type , con ta in ing b o r o n c a r b i d e (B C) 
in -which the b o r o n i s e n r i c h e d in b o r o n - 1 0 ( B - 1 0 ) . One o p e r a t i n g c o n t r o l 
r o d i s fo r r e g u l a t i n g p u r p o s e s and the o t h e r for s h i m m i n g ; t h e a v e r a g e r e ­
a c t i v i t y i n s e r t i o n r a t e s of t h e s e r o d s a r e a p p r o x i m a t e l y one cen t p e r s e c o n d 
and one cent p e r m i n u t e , r e s p e c t i v e l y . The sa fe ty r o d s p r o v i d e shutdown 
r e a c t i v i t y . D u r i n g o p e r a t i o n of the r e a c t o r , t he safe ty r o d s a r e he ld j u s t 
a b o v e the a x i a l b l anke t s e c t i o n of the c o r e so tha t they can be r a p i d l y i n s e r t e d 
in to the c o r e if n e c e s s a r y . D u r i n g a n o r m a l shu tdown, the r o d s - - d r i v e n and 
a c t u a t e d f r o m the t o p - - a r e s lowly l o w e r e d by m o t o r into the c o r e , w h e r e they 
r e m a i n d u r i n g r e fue l i ng to p r o v i d e the n e c e s s a r y shutdown r e a c t i v i t y . 

The n e u t r o n d e t e c t o r s ( f i s s ion c h a m b e r s and ion c h a m b e r s ) , for r e ­
a c t o r o p e r a t i o n a t p o w e r , a r e l o c a t e d in s ix n e u t r o n - c o u n t e r t u b e s 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 sh i e ld 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 . The 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 a r e d i s t r i b u t e d t h r o u g h o u t the s ix n e u t r o n -
c o u n t e r t u b e s in a m a n n e r tha t wi l l c o v e r the full flux l e v e l o r p o w e r r a n g e 
d u r i n g r e a c t o r 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 i s n o r m a l l y l o c a t e d in 
t h e r e a c t o r a t t he 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 
a t t h e n e u t r o n d e t e c t o r s d u r i n g 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 m e a s u r ­
a b l e flux when the r e a c t o r i s shut down. T h e 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 a s 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 i s in the 
f o r m of a rod a p p r o x i m a t e l y 0. 5 inch in d i a m e t e r . The r a d i o a n t i m o n y r o d 
f i ts i n s ide a b e r y l l i u m a s s e m b l y -which i s in the f o r m of a hol low c y l i n d e r i n ­
s ide a can hav ing 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 c a n . 
In m a n y p r e l i m i n a r y low-power t e s t s , w h e r e it w a s n e c e s s a r y to r e t r a c t the 
s o u r c e f r equen t ly d u r i n g o p e r a t i o n , t he n e u t r o n s o u r c e a s s e m b l y was i n s t a l l e d 
in one of the safe ty r o d c h a n n e l s w h e r e the safe ty rod e x t e n s i o n d r i v e could be 
u s e d to r e t r a c t t h e r a d i o a c t i v e a n t i m o n y rod f r o m the s t a t i o n a r y b e r y l l i u m 
c y l i n d e r . 

A m o r e d e t a i l e d d e s c r i p t i o n of the r e a c t o r m a y be found in the H a z a r d s 
S u m m a r y R e p o r t . 
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I I I . E X P E R I M E N T A L P R O C E D U R E 

A . E X P E R I M E N T A L A P P A R A T U S AND E Q U I P M E N T 

D u r i n g the t e s t , s p e c i a l l y c o n s t r u c t e d t e s t s u b a s s e m b l i e s w e r e s u b ­
s t i t u t ed s e q u e n t i a l l y for n o r m a l c o r e and b l a n k e t s u b a s s e m b l i e s and the 
r e s u l t a n t r e a c t i v i t y c h a n g e s w e r e d e t e r m i n e d by m e a s u r i n g the c r i t i c a l rod 
p o s i t i o n and by p o s i t i v e p e r i o d m e a s u r e m e n t s . The d e s i r e d r e a c t i v i t y w o r t h s 
w e r e t hen c a l c u l a t e d f r o m the m e a s u r e d r e a c t i v i t y c h a n g e s and the p h y s i c a l 
c o m p o s i t i o n of t h e s u b a s s e m b l i e s . A d e s c r i p t i o n of the s u b a s s e m b l i e s a n d 
the i n s t r u m e n t a t i o n u s e d for the r e a c t i v i t y m e a s u r e m e n t s fo l lows: 

1. D e s c r i p t i o n of T e s t S u b a s s e m b l i e s 

The d i m e n s i o n s and c o m p o s i t i o n s of the s u b a s s e m b l i e s , n o r m a l 
and s p e c i a l p u r p o s e , u s e d in the t e s t s a r e s u m m a r i z e d in T a b l e I and a r e 
d e s c r i b e d b r i e f ly be low. 

A n o r m a l fuel s u b a s s e m b l y r e f e r s to any one of the fuel s u b a s ­
s e m b l i e s c o m p r i s i n g the n o r m a l fuel load ing of the F e r m i C o r e A ( F i g u r e 2) . 
A n o r m a l fuel s u b a s s e m b l y c o n t a i n s a s q u a r e a r r a y of 140 e n r i c h e d fuel 
p ins and 4 s t a i n l e s s s t e e l p i n s , each 32 . 78 i n c h e s in l eng th , a s w e l l a s 32 
d e p l e t e d u r a n i u m r o d s , 16 each in 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 
of the s u b a s s e m b l y ( F i g u r e 3) . 

A s h i m s u b a s s e m b l y d i f fe r s f r o m a n o r m a l fuel s u b a s s e m b l y ; 7 2 
of the 140 e n r i c h e d u r a n i u m p ins a r e r e p l a c e d by dep l e t ed u r a n i u m p i n s , 
l e av ing a p p r o x i m a t e l y half the U - 2 3 5 con ten t of a n o r m a l fuel s u b a s s e m b l y . 

A p r o o f - t e s t s u b a s s e m b l y con ta in s 140 d e p l e t e d u r a n i u m p ins 
i n s t e a d of the n o r m a l e n r i c h e d u r a n i u m p i n s . The a x i a l b l anke t s e c t i o n s , 
h o w e v e r , a r e i d e n t i c a l to t hose of a n o r m a l fuel s u b a s s e m b l y . 

A c o r e d u m m y s u b a s s e m b l y c o n s i s t s of the s t a i n l e s s s t e e l w r a p p e r 
can of a n o r m a l fuel s u b a s s e m b l y which b e c o m e s c o m p l e t e l y fi l led wi th s o d i u m 
when in p l a c e in the r e a c t o r . 

A n o r m a l b l anke t s u b a s s e m b l y r e f e r s to any of the s u b a s s e m b l i e s 
i nc luded in the r a d i a l b l anke t load ing of the r e a c t o r ( F i g u r e 2) . Each b l a n k e t 
s u b a s s e m b l y c o n t a i n s 25 r o d s of d e p l e t e d u r a n i u m - 3 w / o m o l y b d e n u m a l loy , 
6 1 . 7 5 i n c h e s in length ( F i g u r e 4) . 
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TABLE I - SUBASSEMBLY DIMENSIONS AND COMPOSITIONS 

Subassembly Type 

OJ 

Dimension or Quantity 

Enriched Fuel P ins , no. 
25. 6 w/o U-235 

Depleted Fuel P ins , no. 
25. 6 w/o U-235 

Stainless Steel P ins , no. 

Axial Blanket Pins 

Active Pin Length, in. 

Pin Diameter , in. 

Cladding Thickness, mi ls 

Sodium Bond Thickness, mi l s 

U-235, kg, nominal 

U-235, kg, nominal 

Molybdenum, kg, nominal 

Zirconium, kg. nominal 

Stainless Steel, kg, 
nominal (excluding can) 

Sodium, kg, nominal 
(within pin length) 

Normal 
Fuel 

140 

Shim 

68 

Proof 
Test 

0 

4 

Yes 

30.5 

0. 158 

5 

4.75 

13.77 

2.06 

1.08 

0.99 

1.42 

72 

4 

Yes 

30.5 

0.158 

5 

2.317 

16.22 

2.06 

1.08 

0.99 

1.42 

140 

4 

Y e s 

30. 5 

0. 158 

5 

0.065 

18. 51 

2.06 

1.08 

0.99 

1.42 

Core 
Dummy 

0 

0 

No 

0 

0 

0 

0 

2.673 

Normal 
Blanket 

0 

25 

0 

61.75 

0.443 

10 

14 

0. 194 

55.08 

1.71 

0 

3.07 

2.468 

Blanket 
Dummy 

0 

0 

0 

0 

0 

0 

5 .745 
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An i n n e r r a d i a l b l a n k e t (IRB) s u b a s s e m b l y i s a n o r m a l b l anke t 
s u b a s s e m b l y wi th s p e c i a l hand l ing a t t a c h m e n t s and coolan t o r i f i c e s which 
a l low it to be p l a c e d in the o u t e r ro-w of the 149 c e n t r a l l a t t i c e p o s i t i o n s d e ­
s igned to a c c o m m o d a t e c o r e s u b a s s e m b l i e s ( F i g u r e 2). 

A b l a n k e t d u m m y s u b a s s e m b l y c o n s i s t s only of the w r a p p e r can 
of a n o r m a l b l anke t s u b a s s e m b l y tha t c o m p l e t e l y f i l l s wi th sod ium -when in 
p l a c e in the r e a c t o r . 

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

The r e a c t o r p o w e r l e v e l d u r i n g the t e s t w a s n o m i n a l l y 1500 -watts. 
The po-wer w a s m e a s u r e d by an u n c o m p e n s a t e d ion c h a m b e r connec t ed to the 
r e c o r d e r of a Ke i th ley m i c r o m i c r o a m m e t e r . In add i t ion , p o w e r da ta w e r e 
ob ta ined f r o m t h r e e c o m p e n s a t e d ion c h a m b e r s connec t ed to the t h r e e i n t e r ­
m e d i a t e r a n g e c h a n n e l s of the sa fe ty s y s t e m . 

The c r i t i c a 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 G i l m o r e p o s i ­
t ion i n d i c a t o r s 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 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 e a c h c o n t r o l r o d d r i v e . As s m a l l e r r o r s w e r e found to 
e x i s t in the G i l m o r e r e a d i n g s d u r i n g the t e s t , only the s c a l e r e a d i n g s - -
e s t i m a t e d to be a c c u r a t e to + 0. 01 i nch - - -were u s e d for m o s t of the a n a l y s e s . 
The r e a c t o r p e r i o d s -were ob ta ined us ing a s c a l e r r e a d o u t f r o m the tw^o s o u r c e 
r a n g e c h a n n e l s of the safe ty s y s t e m and a d i r e c t r e a d o u t f r o m the Ke i th l ey 
m i c r o m i c r o a m m e t e r . The two s c a l e r s w e r e s topped a n d s t a r t e d by a F l e x -
o - p u l s e t i m e r se t to count 12 s e c o n d s . The count v e r s u s t i m e da ta w e r e 
p lo t t ed a s s e m i - l o g r i t h m i c g r a p h s to ob ta in the p e r i o d i n f o r m a t i o n . An in ­
t e g r a l c l o c k - t i m e r w a s u s e d in conjunct ion wi th t h e Ke i th l ey m i c r o m i c r o a m ­
m e t e r r e c o r d e r to p e r m i t d i r e c t r e a d o u t of the p e r i o d in s e c o n d s . Ho-wever, 
t h i s w a s a b a n d o n e d in l a t e r m e a s u r e m e n t s -when it b e c a m e obvious tha t i t 
w a s i n c o n s i s t e n t wi th both the Ke i th l ey r e c o r d e r c h a r t and the p e r i o d da ta o b ­
t a i n e d u s ing t h e s c a l e r s . 

The dr i f t in po-wer l e v e l d u r i n g c r i t i c a l rod pos i t ion m e a s u r e m e n t s 
w a s d e t e r m i n e d us ing the Ke i th l ey m i c r o m i c r o a m m e t e r . With the r e a c t o r 
a p p r o x i m a t e l y c r i t i c a l at the d e s i r e d p o w e r l e v e l , a bucking c u r r e n t -was s u p ­
p l i ed to s u p p r e s s m o s t of the ion c h a m b e r c u r r e n t . The net c u r r e n t r e a d 
on the m e t e r and c h a r t w a s then v e r y s e n s i t i v e to power dr i f t ; i . e . , a dr i f t 
of 0. 25 p e r cen t in five m i n u t e s w a s e a s i l y and a c c u r a t e l y m e a s u r e d . The 
dr i f t da ta w e r e u s e d to c o r r e c t the c r i t i c a l rod d a t a . 

The r e a c t o r t e m p e r a t u r e d u r i n g the m e a s u r e m e n t s was m a i n ­
t a i n e d a s n e a r l y a s p o s s i b l e a t 517 F , the n o r m a l s t a r t - u p t e m p e r a t u r e . A l l 
r e a c t i v i t y m e a s u r e m e n t s w e r e c o r r e c t e d to 517 F b a s e d on the da ta ob ta ined 
f r o m s ix t e m p e r a t u r e s e n s o r s of the p l a t i n u m r e s i s t a n c e type ; l o c a t e d in the 
p r i m a r y p ip ing to m e a s u r e both the c o r e and r e a c t o r i n l e t and o u t l e t t e m p e r a ­
t u r e s . The t e m p e r a t u r e s e n s o r s w^ere connec ted to a r e s i s t a n c e b r i d g e -which 
a l lowed t e m p e r a t u r e r e a d o u t to wi th in a n e s t i m a t e d a c c u r a c y of + 0. 5 F . 
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B . R E A C T O R P L A N T CONDITIONS 

The n o m i n a l r e a c t o r fuel l oad ing d u r i n g t h e t e s t c o n s i s t e d of 99 c o r e 
fuel s u b a s s e m b l i e s in the c o r e and inne r r a d i a l b l anke t l a t t i c e p o s i t i o n s . The 
e x c e s s r e a c t i v i t y of any fuel l oad ing w a s l i m i t e d to l e s s t han 92 cen t s a t any 
t e s t t e m p e r a t u r e wi th the safe ty and c o n t r o l r o d s fully w i t h d r a w n and the 
a n t i m o n y s e c t i o n of the r e t r a c t a b l e n e u t r o n s o u r c e withdra-wn to 30 i n c h e s . 

The 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 n e u t r o n s o u r c e w a s l o c a t e d in 
the r e a c t o r d u r i n g the t e s t in the n o r m a l pos i t i on of safe ty r o d No. 5 in c o r e 
pos i t i on P 0 3 - P 0 0 . * The a n t i m o n y s e c t i o n of the s o u r c e w^as i n s e r t e d and 
r e t r a c t e d wi th the sa fe ty r o d d r i v e e x t e n s i o n . 

The r e t r a c t a b l e s o u r c e -was u s e d du r ing the t e s t b e c a u s e it 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 a t 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 . The r e a c t o r could be s t a r t e d sa fe ly wi th 
the a n t i m o n y s o u r c e r o d fully i n s e r t e d and, a f t e r a t t a in ing l o w - p o w e r c r i t i -
c a l i t y , the s o u r c e could be w i t h d r a w n to e l i m i n a t e s o u r c e r e a c t i v i t y d u r i n g 
r e a c t i v i t y m e a s u r e m e n t s . ( C a l i b r a t i o n m e a s u r e m e n t s m a d e when the r e t r a c ­
t a b l e s o u r c e w a s i n s t a l l e d had d e m o n s t r a t e d tha t 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 wi th the a n t i m o n y rod r e t r a c t e d 3 0 i n c h e s . ) 

W h e n e v e r p o s s i b l e , 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 a t a n i s o ­
t h e r m a l t e m p e r a t u r e of 517 F and the t e m p e r a t u r e dr i f t b e t w e e n react i-vi ty 
m e a s u r e m e n t s -was k e p t to a m i n i m u m . The r e a c t o r t e m p e r a t u r e w a s con­
t r o l l e d 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 hea t input , r e s u l t i n g 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 h e a t r e m o v a l , r e s u l t i n g f r o m the o p e r a t i o n 
of the b e l o w - f l o o r 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 ­
ing of the over f low p u m p s and t h e p r i m a r y s y s t e m cold t r a p , w a s o p e r a t 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 when r e q u i r e d . 

The p r i m a r y s o d i u m flow r a t e w a s he ld a t re fue l ing flow, wh ich i s 
abou t 6 x 1 0 I b / h r for t h r e e - l o o p o p e r a t i o n , o r 68 p e r cen t of t h e n o m i n a l 
200-Mwt o p e r a t i o n flow r a t e . To a l low the t e s t s to be m a d e u n d e r t h e s e c o n ­
d i t i o n s , the low sod ium flow t r i p s e t t i ng of the r e a c t o r safe ty s y s t e m w a s 
r e d u c e d f r o m i t s n o r m a l s e t t i ng of 75 p e r cen t to 40 p e r cent of the n o m i n a l 
200-Mwt flo-w v a l u e . The i n t e r m e d i a t e and power r a n g e l e v e l s c r a m s w e r e 
s e t a t flux l e v e l s c o r r e s p o n d i n g to p o w e r s l e s s than 1 Mwt . 

C. D E S C R I P T I O N O F TEST 

E a c h type of t e s t c o n s i s t e d of a s e r i e s of ind iv idua l w o r t h d e t e r m i ­
n a t i o n s , e a c h s e r i e s be ing s t r u c t u r e d a c c o r d i n g to a w r i t t e n , p r e p l a n n e d 

-"The c o o r d i n a t e s y s t e m u s e d to l o c a t e s u b a s s e m b l i e s in the c o r e l a t t i c e is 
sho-wn in F i g u r e 7. The f i r s t p o s i t i o n n u m b e r g iven is t he X - c o o r d i n a t e 
and the s econd i s the Y - c o o r d i n a t e . ' P " r e p r e s e n t s p o s i t i v e v a l u e s and ' N " 
n e g a t i v e v a l u e s . T h e c o r e c e n t e r i s P O O - P O O . 
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p r o g r a m . ' ' ' E a c h ind iv idua l w o r t h d e t e r m i n a t i o n w a s m a d e by a s c e r ­
t a in ing the d i f f e r e n c e b e t w e e n the r e a c t i v i t y s t a t e of a n o m i n a l r e f e r e n c e 
load ing c o r e and tha t of a r e v i s e d c o r e o r b l a n k e t l oad ing . To m a i n t a i n e x ­
p e r i m e n t a l u n c e r t a i n t i e s a t a p r a c t i c a l m i n i m u m , e a c h r e a c t i v i t y s t a t e d e ­
t e r m i n a t i o n c o n s i s t e d of two or m o r e i ndependen t m e a s u r e m e n t s e a c h of the 
c r i t i c a l r e g u l a t i n g rod pos i t i on and of the p o s i t i v e r e a c t o r p e r i o d r e s u l t i n g 
f r o m a kno-wn, s l igh t ly s u p e r c r i t i c a l rod p o s i t i o n . The n o m i n a l r e f e r e n c e 
load ing t h r o u g h o u t a l l s e r i e s of m e a s u r e m e n t s w a s c o m p o s e d of 99 c o r e s u b ­
a s s e m b l i e s and the n o r m a l s u r r o u n d i n g a r r a y of b l anke t s u b a s s e m b l i e s . 

The c r i t i c a l r e g u l a t i n g rod p o s i t i o n s w e r e d e t e r m i n e d u s i n g the d i r e c t -
r e a d i n g s c a l e on e a c h c o n t r o l r o d d r i v e . Rod p o s i t i o n s w e r e c o n v e r t e d to 
r e a c t i v i t y e q u i v a l e n t s u s i n g the r o d c a l i b r a t i o n c u r v e s . (The r e g u l a t i n g rod 
c a l i b r a t i o n c u r v e i s shown in F i g u r e 5.) The p o w e r l eve l d r i f t r a t e a t the 
t i m e of each c r i t i c a l r o d m e a s u r e m e n t w a s found o v e r a 5 - m i n u t e p e r i o d us ing 
the Ke i th l ey m i c r o m i c r o a m m e t e r r e c o r d e r . R e a c 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 w e r e then a p p l i e d to the r o d p o s i t i o n to ob t a in a l l da ta a t t he t r u e c r i t i c a l 
cond i t ions of z e r o d r i f t . The t e m p e r a t u r e , m a i n t a i n e d a s c l o s e l y a s p o s s i b l e 
d u r i n g the m e a s u r e m e n t s a t 517 F , w a s d e t e r m i n e d f r o m the m e a n -value of the 
r e a d i n g s f r o m s ix t e m p e r a t u r e s e n s o r s in the p r i m a r y s o d i u m l o o p s . It -was 
r e q u i r e d tha t a l l t e m p e r a t u r e s e n s o r r e a d i n g s be wi th in a r a n g e of 2 F to i n ­
s u r e an i s o t h e r m a l condi t ion . T e m p e r a t u r e - r e a c t i v i t y - f e e d b a c k c o r r e c t i o n s 
-were app l i ed to c o m p e n s a t e for any m e a n t e m p e r a t u r e dev i a t i ons f r o m 517 F . 

E a c h p o s i t i v e p e r i o d d e t e r m i n a t i o n w a s b a s e d on t h r e e s e p a r a t e 
m e a s u r e m e n t s . One -was ob ta ined f r o m the c l o c k - t i m e r or p o w e r t r a c e of the 
Ke i th l ey r e c o r d i n g m i c r o m i c r o a m m e t e r . T-wo add i t i ona l r e a d i n g s of p e r i o d 
w e r e d e r i v e d g r a p h i c a l l y f r o m the counts r e c o r d e d by two RIDL 4 9 - 5 1 s c a l e r s 
c o n n e c t e d to the two r e a c t o r safe ty s y s t e m s o u r c e r a n g e c h a n n e l s . E a c h 
p e r i o d va lue ob ta ined w a s c o n v e r t e d to a r e a c t i v i t y va lue us ing the inhour 
r e l a t i o n s h i p of the r e a c t o r . R e a c t i v i t y c o r r e c t i o n s w e r e app l i ed to c o m p e n s a t e 
for any m e a n t e m p e r a t u r e d e v i a t i o n s f r o m 517 F . 

1. U - 2 3 5 W o r t h in the C o r e 

To ob ta in m e a s u r e m e n t s of the c o l u m n a r r e a c t i v i t y -worth of 
U - 2 3 5 v e r s u s U-238 a s a funct ion of r a d i a l pos i t ion in the c o r e , a s h i m s u b ­
a s s e m b l y w a s t a k e n f r o m a s t o r a g e p o s i t i o n in the o u t e r b l anke t r e g i o n and 
s u b s t i t u t e d s e q u e n t i a l l y for a n o r m a l c o r e s u b a s s e m b l y in the n ine s e p a r a t e 
c o r e p o s i t i o n s i l l u s t r a t e d in F i g u r e 6. C r i t i c a l rod and p o s i t i v e p e r i o d m e a s ­
u r e m e n t s -were m a d e to d e t e r m i n e 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 a f t e r e a c h 
s u b s t i t u t i o n , and a l s o for the r e f e r e n c e c o r e l o a d i n g . The d i f f e r ence bet-ween 
the r e a c t i v i t y s t a t e of the r e f e r e n c e load ing and of e a c h load ing p e r t u r b e d by 
a s h i m s u b a s s e m b l y s u b s t i t u t i o n in a given c o r e pos i t i on c o n s t i t u t e d a d i r e c t 
d e t e r m i n a t i o n of the c o l u m n a r r e a c t i v i t y w o r t h of a p p r o x i m a t e l y 2 . 4 3 kg of 
U-23 5 v e r s u s an equa l m a s s of U-238 in tha t c o r e p o s i t i o n . 
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LEGEND 

H REGULATING ROD 
H SHIM ROD 
0 SAFETY RODS 
n CORE SUBASSEMBLIES 
IS] NEUTRON SOURCE SUBASSEMBLY 
^ INNER RADIAL BLANKET SUBASSEMBLIES 

THE NUMBERED BLOCKS REPRESENT SEQUENTIAL LOCATIONS OF THE SHIM 
SUBASSEMBLY. SEQUENCE NUMBERS l,4,7AND 13 ARE MEASUREMENTS OF 
THE REFERENCE REACTIVITY. 

FIG.6 LOCATION OF U - 2 3 5 WORTH MEASUREMENTS IN THE CORE 
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The r e f e r e n c e r e a c t i v i t y cond i t ions of the r e a c t o r w a s found to 
i n c r e a s e slo-wly with t i m e d u r i n g t h e p e r i o d of the t e s t . * To avoid ob ta in ing 
a s e p a r a t e r e f e r e n c e r e a c t i v i t y m e a s u r e m e n t for c o m p a r i s o n with e a c h s h i m 
s u b s t i t u t i o n m e a s u r e m e n t , t he t i m e v a r i a t i o n of the r e f e r e n c e r e a c t i v i t y 
s t a t e w a s i n f e r r e d f r o m four s e t s of m e a s u r e m e n t s - - o n e a t both the b e g i n ­
ning and end of the s u b s t i t u t i o n s e q u e n c e - - a n d two s p a c e d i n t e r m e d i a t e l y 
betw^een t h e s e . To obta in the r e f e r e n c e r e a c t i v i t y condi t ion at any given 
t i m e d u r i n g the s u b s t i t u t i o n s e q u e n c e , the m e a s u r e d r e f e r e n c e r e a c t i v i t y 
v a l u e s w e r e i n t e r c o n n e c t e d l i n e a r l y , -with t h e excep t ion of the fou r th o n e . 
Af te r the t h i r d r e f e r e n c e m e a s u r e m e n t , the r e f e r e n c e r e a c t i v i t y s t a t e w a s 
p e r t u r b e d by the i n s e r t i o n of a new t a n t a l u m - c l a d , r e t r a c t a b l e a n t i m o n y 
s o u r c e r o d , %vhich had a p p r e c i a b l y m o r e n e g a t i v e r e a c t i v i t y w o r t h in i t s fully 
r e t r a c t e d pos i t i on than the s t a i n l e s s - s t e e l - c l a d s o u r c e r o d u s e d p r e v i o u s l y . 
S ince the spec i f i c change in the s o u r c e r e a c t i v i t y w o r t h w a s not kno-wn, and 
s i n c e only one r e f e r e n c e m e a s u r e m e n t had b e e n m a d e a f t e r t h e s o u r c e r o d 
change ; the r e f e r e n c e r e a c t i v i t y s t a t e of the r e a c t o r for a l l s u b s e q u e n t m e a s ­
u r e m e n t s w a s a s s u m e d to be u n v a r y i n g and equal to the s i n g l e , m e a s u r e d va lue 
ob ta ined a t t he end of the subs t i t u t i on s e q u e n c e . 

2. F u e l S u b a s s e m b l y R e p l a c e m e n t Wor th in the I n n e r R a d i a l B l a n k e t 

The n o r m a l r e f e r e n c e load ing w a s c o n s i d e r e d a s the p r i m a r y ref­
e r e n c e for t h i s se t of m e a s u r e m e n t s . A r e v i s e d s e c o n d a r y r e f e r e n c e load ing 
-was n e c e s s i t a t e d for one m e a s u r e m e n t , a s wi l l be exp la ined in t h i s s e c t i o n . 
To find the r e a c t i v i t y -worth of a n o r m a l c o r e s u b a s s e m b l y r e l a t i v e to t ha t of 
a b l a n k e t s u b a s s e m b l y in a l l p o s i t i o n s in the i n n e r r a d i a l b l anke t , a n o r m a l fuel 
s u b a s s e m b l y ( t aken f r o m s t o r a g e in the o u t e r r a d i a l b lanket ) w a s s u b s t i t u t e d 
for an IRB s u b a s s e m b l y in each of the s e v e n p o s i t i o n s in F i g u r e 7. The o c ­
t a g o n a l s y m m e t r y of the IRB s u b a s s e m b l y l a t t i c e p e r m i t t e d the w o r t h s of the 
e n t i r e a r r a y to be d e t e r m i n e d f r o m m e a s u r e m e n t s a t only s e v e n p o s i t i o n s . 

T h e r e a c t i v i t y s t a t e of the r e a c t o r a f te r each s u b s t i t u t i o n w a s 
m e a s u r e d by c r i t i c a l rod and p o s i t i v e p e r i o d m e t h o d s and c o m p a r e d to t h e 
r e a c t i v i t y s t a t e of the p r i m a r y r e f e r e n c e load ing . The l a t t e r had been d e ­
t e r m i n e d by t h r e e l i n e a r l y c o n n e c t e d s e t s of r e f e r e n c e r e a c t i v i t y m e a s u r e ­
m e n t s t ha t w e r e m a d e d u r i n g the m e a s u r e m e n t s e q u e n c e and s p a c e d to d e s c r i b e 
any d r i f t s wi th t i m e . (Howeve r , s i nce the r e f e r e n c e load ing i t se l f inc luded a 
n o r m a l fuel s u b a s s e m b l y in the t e s t oc tan t of the I R B , the r e f e r e n c e r e a c t i v i t y 
h a d to be c o r r e c t e d for the w o r t h of t h a t s u b a s s e m b l y to p e r m i t a d i r e c t d e ­
t e r m i n a t i o n of each r e p l a c e m e n t w o r t h by c o m p a r i s o n wi th the r e f e r e n c e . 

T o p r o v i d e a d d i t i o n a l da t a , two o the r s u b s t i t u t i o n s w e r e m a d e . A 
s e c o n d n o r m a l fuel s u b a s s e m b l y w a s i n s e r t e d in one of the IRB p o s i t i o n s 

=i= The r e f e r e n c e r e a c t i v i t y s t a t e of the r e a c t o r i n c r e a s e d a t t he r a t e of 
a p p r o x i m a t e l y 2 i n h o u r s p e r m o n t h . Th i s i n c r e a s e h a s b e e n a t t r i b u t e d to 
p h a s e t r a n s f o r m a t i o n s h r i n k a g e of the U - M o a l loy a n d / o r h y d r o g e n p i c k u p 
by the z i r c o n i u m c l add ing . 
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p r e v i o u s l y occup ied by the f i r s t fuel s u b a s s e m b l y to d e t e r m i n e w h e t h e r any 
r e a c t i v i t y w o r t h d i f f e r ence e x i s t e d b e t w e e n the two . T h e n , to d e t e r m i n e the 
coupl ing effect b e t w e e n t h e m , they w e r e s u b s t i t u t e d in a d j a c e n t IRB p o s i t i o n s . 
The r e s u l t a n t r e a c t i v i t y i n c r e a s e -was m e a s u r e d and c o m p a r e d to the s u m of 
the i n c r e a s e s r e s u l t i n g f r o m ind iv idua l s u b s t i t u t i o n s in t h e s e two i d e n t i c a l 
p o s i t i o n s . T h e s e t-wo a d d i t i o n a l m e a s u r e m e n t s a r e i nd i ca t ed in F i g u r e 7 a s 
s t e p s 9 and 11 , r e s p e c t i v e l y . 

Due to the r e l a t i v e l y l a r g e ne t r e a c t i v i t y i n c r e a s e r e s u l t i n g f r o m 
the double IRB subs t i t u t i on , it -was n e c e s s a r y to m a k e a s e c o n d a r y r e f e r e n c e 
load ing of l o w e r r e a c t i v i t y than the p r i m a r y r e f e r e n c e load ing p r i o r to the 
double s u b s t i t u t i o n . C o r e d u m m y s u b a s s e m b l i e s -were s u b s t i t u t e d for n o r m a l 
fuel s u b a s s e m b l i e s at the c o r e edge for th i s p u r p o s e . To m i n i m i z e any r e ­
su l t i ng -worth p e r t u r b a t i o n s , the s u b s t i t u t i o n s -were m a d e a t t he edge of the 
c o r e oppos i t e to tha t of the IRB s u b s t i t u t i o n s . The r e a c t i v i t y s t a t e of th i s 
s e c o n d a r y r e f e r e n c e load ing w a s r e l a t e d to t ha t of the p r i m a r y r e f e r e n c e l o a d ­
ing by m e a n s of an a d d i t i o n a l m e a s u r e m e n t . F i n a l l y , the p r i m a r y r e f e r e n c e 
r e a c t i v i t y which had b e e n u sed a s an a r b i t r a r y c o m p a r a t i v e r e a c t i v i t y b a s e 
for a l l w o r t h m e a s u r e m e n t s , w a s t r a n s l a t e d into an a b s o l u t e r e a c t i v i t y w o r t h 
p e r m i t t i n g each s u b s e q u e n t l y m e a s u r e d 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 , 
to be c o n v e r t e d into an a b s o l u t e r e a c t i v i t y w o r t h . Th i s w a s a c c o m p l i s h e d by 
m e a s u r i n g the w o r t h of the fuel s u b a s s e m b l y in IRB pos i t i on N 0 3 - P 0 5 , r e l a ­
t i ve to a b l anke t s u b a s s e m b l y . T h u s , any change in 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 , r e l a t i v e to the p r i m a r y r e f e r e n c e r e a c t i v i t y s t a t e , r e p r e s e n t e d 
the d i f f e r ence in fuel s u b a s s e m b l y w o r t h a t any g iven pos i t i on and the kno-wn 
w o r t h va lue a t p o s i t i o n N 0 3 - P 0 5 , 

3 . B l a n k e t S u b a s s e m b l y R e p l a c e m e n t Wor th 

To d e t e r m i n e the r e a c t i v i t y w o r t h s of b l anke t s u b a s s e m b l i e s r e l ­
a t i ve to s o d i u m - f i l l e d d u m m y s u b a s s e m b l i e s in the i n n e r r a d i a l b l anke t and 
in the f i r s t t h r e e r o w s of the ou t e r r a d i a l b l anke t , g r o u p s of b l a n k e t d u m m y 
s u b a s s e m b l i e s w e r e s u b s t i t u t e d for n o r m a l b l anke t s u b a s s e m b l i e s a t four 
s u c c e s s i v e r a d i i . The d u m m y s u b a s s e m b l y l o c a t i o n s for each of t h e four 
b l a n k e t m e a s u r e m e n t s a r e shown in F i g u r e 8 . T h e n u m b e r of s u b a s s e m b l i e s 
s u b s t i t u t e d for e a c h m e a s u r e m e n t w a s d e t e r m i n e d by the m a g n i t u d e of the 
r e a c t i v i t y change n e e d e d to m i n i m i z e the e x p e r i m e n t a l e r r o r and ye t k e e p 
the fuel hand l ing wi th in p r a c t i c a l l i m i t s . The react i-vi ty s t a t e of the r e f e r e n c e 
load ing w a s m e a s u r e d twice d u r i n g the b l anke t w o r t h t e s t s , and w a s found to 
be a p p r o x i m a t e l y the s a m e e a c h t i m e . 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 
r e s u l t i n g f r o m e a c h g r o u p of s u b s t i t u t i o n s w a s d e t e r m i n e d by c r i t i c a l rod and 
p o s i t i v e p e r i o d m e a s u r e m e n t s . T h e s e v a l u e s w^ere then c o m p a r e d to the ref­
e r e n c e r e a c t i v i t y s t a t e to find the ne t r e a c t i v i t y change a t t r i b u t a b l e to each 
s u b s t i t u t i o n and each s u b a s s e m b l y . 
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4 . U-238 W o r t h in the C o r e 

T h e t e s t p r o c e d u r e for d e t e r m i n i n g the c o l u m n a r w o r t h of U-238 
v e r s u s s o d i u m in the c o r e 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 s t a t e of the 
r e a c t o r wi th a p r o o f - t e s t s u b a s s e m b l y and then a c o r e d u m m y s u b a s s e m b l y 
l o c a t e d in e a c h of the four c o r e p o s i t i o n s shown in F i g u r e 9. The d i f f e r e n c e 
betw^een the r e a c t i v i t i e s a t e ach pos i t i on w a s a m e a s u r e of the w o r t h , r e l a t i v e 
to an equa l v o l u m e of s o d i u m , of 140 d e p l e t e d u r a n i u m p ins con ta ined in the 
p r o o f - t e s t s u b a s s e m b l y . A l s o c o n t r i b u t i n g to the pin w o r t h s ob ta ined , w e r e 
the z i r c o n i u m c ladd ing , the m o l y b d e n u m a l loy cons t i t uen t , the four s t a i n l e s s 
s t e e l c o r n e r p ins and the pin s u p p o r t g r i d s . 

T h e r e a c t i v i t y d e t e r m i n a t i o n s w^ere m a d e both by c r i t i c a l rod 
pos i t i on and p o s i t i v e p e r i o d m e a s u r e m e n t s , e x c e p t in the c a s e -when the d u m m y 
s u b a s s e m b l y w a s l o c a t e d in p o s i t i o n N 0 1 - P 0 3 . T h i s r e a c t i v i t y m e a s u r e m e n t 
w a s m a d e only by s u b c r i t i c a l count r a t e a n a l y s i s b e c a u s e the count r a t e s , a s 
the sa fe ty r o d s -were be ing -withdra-wn on the a p p r o a c h to c r i t i c a l i t y a f t e r the 
s u b s t i t u t i o n , i n d i c a t e d tha t the e x c e s s r e a c t i v i t y of the r e a c t o r c l o s e l y a p ­
p r o a c h e d the 9 2 - c e n t l i m i t a t i o n s t a t e d in the p lan t t e c h n i c a l s p e c i f i c a t i o n s . 
It -was d e c i d e d not to r e l o a d the r e a c t o r to gain a m o r e a c c u r a t e m e a s u r e m e n t 
in t h i s p o s i t i o n . 

To i n s u r e t ha t no r e a c t i v i t y d r i f t c o r r e c t i o n s w e r e r e q u i r e d for 
t h e da t a , the r e a c t i v i t y s t a t e of the r e f e r e n c e load ing w a s checked r e p e a t e d l y 
d u r i n g the t e s t t o d e t e c t any v a r i a t i o n wi th t i m e in t h e r e f e r e n c e s t a t e ; no 
v a r i a t i o n w a s found. 
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IV. E X P E R I M E N T A L R E S U L T S AND ANALYSIS 

A . WORTH M E A S U R E M E N T S IN T H E CORE 

The c o l u m n a r r e a c t i v i t y w o r t h of U-235 v e r s u s U-238 w a s d e t e r m i n e d , 
a s a funct ion of r a d i a l c o r e pos i t i on , f r o m the r e a c t i v i t y c h a n g e s m e a s u r e d 
follow^ing s e q u e n t i a l s u b s t i t u t i o n s of a s h i m s u b a s s e m b l y for a n o r m a l fuel 
s u b a s s e m b l y . The c o l u m n a r r e a c t i v i t y w^orth of U-238 v e r s u s sod ium w a s d e ­
t e r m i n e d , a s a funct ion of r a d i a l c o r e p o s i t i o n , by m e a s u r i n g the r e a c t i v i t y dif­
f e r e n c e b e t w e e n a p r o o f - t e s t s u b a s s e m b l y and a c o r e d u m m y s u b a s s e m b l y in i d e n ­
t i c a l c o r e p o s i t i o n s , and u s ing c a l c u l a t e d c o r r e c t i o n s for the w o r t h c o n t r i b u ­
t i o n s of the n o n u r a n i u m m e t a l l i c c o n s t i t u e n t s of the d e p l e t e d u r a n i u m p ins and 
t h e p in s u p p o r t g r i d s con ta ined in the p r o o f - t e s t s u b a s s e m b l y . By combin ing 
t h e s e r e s u l t s \vith the p r e v i o u s l y m e a s u r e d r e s u l t s for the r e a c t i v i t y w o r t h 
of s o d i u m v e r s u s void, ' i t w a s p o s s i b l e to d e r i v e r e a c t i v i t y w o r t h s for U-235 
v e r s u s void and U-238 v e r s u s void , 

1. U - 2 3 5 "Worth M e a s u r e m e n t s 

The c r i t i c a l r o d and p o s i t i v e p e r i o d m e a s u r e m e n t s of the r e a c t o r 
r e a c t i v i t y s t a t e fol lowing e a c h s h i m s u b a s s e m b l y s u b s t i t u t i o n i nd i ca t ed in 
F i g u r e 6 a r e l i s t e d in Tab le II, t o g e t h e r w^ith the m e a s u r e d r e f e r e n c e r e a c ­
t iv i ty v a l u e s and the m e a n r e a c t i v i t y d i f f e r ence a t t r i b u t a b l e to each s u b a s s e m ­
bly s u b s t i t u t i o n . A l s o inc luded a r e the ne t r e a c t i v i t y w o r t h s of U-23 5 v e r s u s 
U-238 ob ta ined f r o m t h e s e da t a , and the p r o b a b l e e r r o r s a s s o c i a t e d with each 
d e t e r m i n a t i o n . The p r e c i s e m a s s of U - 2 3 5 s u b s t i t u t e d for U-238 w a s d e t e r ­
m i n e d e a r l i e r f r o m d i r e c t m e a s u r e m e n t s on ind iv idua l s u b a s s e m b l i e s d u r i n g 
f a b r i c a t i o n ; t h e n o m i n a l v a l u e i s 2 . 4 3 kg ( s e e T a b l e I ) . The p r o b a b l e e r r o r s 
l i s t e d in Tab le II w e r e ob ta ined , e s s e n t i a l l y , f r o m a s t a t i s t i c a l a n a l y s i s of 
the da ta s c a t t e r . 

P r i o r to m e a s u r i n g the U - 2 3 5 v e r s u s U-238 w o r t h in the c o r e , 
w^orth p r e d i c t i o n s w e r e m a d e to a s s i s t in the m e a s u r e m e n t s u s ing C o r e A 

8 c lean , c r i t i c a l a s s e m b l y m o c k u p da ta ob ta ined on Z P R - I I I . H o w e v e r , the 
c o r e s i z e and c r i t i c a l m a s s of the F e r m i r e a c t o r a r e l a r g e r than t h o s e of t h e 
c r i t i c a l a s s e m b l y m o c k u p b e c a u s e d e s i g n c h a n g e s w e r e m a d e in the fuel s u b ­
a s s e m b l i e s s u b s e q u e n t to the Z P R - I I I m e a s u r e m e n t s . A s a r e s u l t of the s i z e 
d i f f e r ence a l o n e , the Z P R - I I I w o r t h p r e d i c t i o n s w e r e e s t i m a t e d to be 10 
p e r cent too h igh . A l s o , the a v e r a g e s lope of the p r e d i c t e d w o r t h c u r v e f r o m 
the c o r e edge to the c o r e c e n t e r w^as e s t i m a t e d to be too s t e e p b e c a u s e t h e 
c l e a n c r i t i c a l m o c k u p did not t a k e into a c c o u n t the c o n t r o l o r safe ty r o d c h a n ­
n e l s . F i g u r e 10 c o m p a r e s the Z P R - I I I p r e d i c t i o n s and the m e a s u r e d w o r t h s . 
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COLUMNAR MEASUREMENTS OF U-235 FOR U-238 REPLACEMENT WORTHS IN THE CORE 

Measured Reactivity State, Inhours 

Measurement No. 
and Core Position 

1 
Reference 

2 
POO-POO 

3 
NO2-PO0 

4 
Reference 

5 
POO-POl 

6 
PO0-PO3 

7 
Reference 

8 
PO0-PO5 

9 
N02-P05 

10 
N04-P04 

11 
PO0-PO4 

12 
N03-P05 

13 
Reference 

Average 
Radius 

cm 

0 

13.69 

6.84 

20.52 

34.19 

36.83 

38.66 

27.36 

39.88 

Date-
Time 

Feb 19 
1530 

Feb 20 
0900 

Feb 21 
0050 

Feb 24 
1230 

Feb 24 
2345 

Feb 25 
lOOO 

Feb 25 
1900 

Feb 26 
0910 

Feb 26 
1830 

Feb 27 
0905 

Mar 2 
1915 

Mar 3 
0825 

Mar 3 
1715 

Positive Period Measurements 

Keithley 

- 40. 33 ± 0.16 

-233. 04 + 0. 07 
( -40.19 ± 0.16)° 

-203. 80 ± 0.19 
(-40.09 10.16) 

-39. 62 + 0.16 

-226.92 1 0 . 1 3 
( -39.67 ± 0. 32) 

-189.41 10 .07 
( -39.72 1 0 . 32) 

-39.76 10 .20 

-119.9610.57 
(-42.96 10.34) 

-108.78 1 0 . 03 
( -42.96 1 0. 34) 

-100.71 10 .08 
( -42. 96 1 0. 34) 

-157.53 10 .20 
(-42.96 10.34) 

- 95.32 1 0 . 0 6 
( -42.96 1 0. 34) 

- 42. 96 1 0.20 

Scaler 1 

- 40.74 10 .31 

-233. 40 + 0.06 
(-40. 59 1 0.17) 

-204. 58 1 0.25 
(-40.45 10.19) 

-39.73 1 0 . 1 3 

-227. 45 1 0.20 
( -39. 58 1 0.13) 

-189.37 10 .09 
( -39. 45 1 0.13) 

-39.33 10 .18 

-119.71 10 .76 
(-42. 59 1 0. 28) 

-108.42 10 .01 
( -42. 59 1 0. 28) 

-100. 63 1 0.11 
( -42. 59 1 0. 28) 

-157. 78 1 0 . 06 
( -42. 59 1 0. 28) 

- 95.12 +0.07 
( -42.59 10.28) 

- 42.59 1 0.08 

Scaler 2 

- 40. 5 0 1 0 . IB 

-233. 46 + 0.11 
( -40. 38 10.12) 

-204. 52 1 0. 23 
(-40.28 10.12) 

-39 .7210 .13 

-227.39 10 .15 
(-39. 49 1 0.22) 

-189.4410.05 
(-39. 29 1 0.22) 

-39.11 10 .03 

-119.73 10.77 
( -42.80 1 0. 28) 

-108.29 10.09 
(-42.8010.28) 

-100.73 1 0.11 
( -42.80 1 0. 28) 

-158.0410.00 
(-42.80 1 0. 28) 

- 95.11 +0.01 
( -42. 80 1 0.28) 

- 42.80 10 .08 

Critical Rod 
Position 

Measurements 

- 40.37 1 0. 03 

-232.81 +0.03 
( -40.2310.07) 

-202.94 1 0.01 
(-40.09 10.07) 

-39. 40 1 0.03 

-226.68 1 0.01 
(-39.28 10.03) 

-188.20 10 .05 
(-39.18 10.03) 

-39.07 10 .03 

-119.24 10 .91 
(-42. 64 1 0. 28) 

-107.71 lO.Ol 
( -42. 64 1 0. 28) 

- 99. 86 10 .03 
( -42.64 1 0 . 28) 

-157.19 10 .08 
( 42.64 10.28) 

- 94.72 +0.01 
( -42. 64 1 0.28) 

- 42. 64 1 0.01 

Reactivity Worth of Shim Versus Core Subassembly, Inhours 

Positive Period Measurements 

Keithley Scaler 1 

Critical Rod Mean of Period Net Worth of 
Position and Critical Rod U-235 versus U-238, 

Measurements Measurements ih/kg 

-192.85 10 .17 -192.8110.20 -193.08 10 .16 -192.9110.19 -192.58 10 .08 -192.7410.25 

-163.7110.25 -164.1310.31 -164 .24 lo .26 -164.03lO.32 -162.85lO.07 - I 6 3 . 4 4 l o . 5 1 

-187.25 1 0 . 35 -187.87 10 .24 -187.90 ±0.27 -187.67 1 0 . 35 -187.40 1 0 . 0 3 -187. 54 1 0. 37 

-149.69 1 0 . 3 3 -149.92 10 .16 -150.12 10 .23 -149.92 10 .28 -149.02 1 0 . 0 6 -149.47 1 0 . 5 1 

-77.00 1 0 . 66 -77.12 10 .81 - 7 6 . 93 10.82 - 7 7 . 02 10 .77 - 76. 60 1 0. 95 - 7 6 . 81 1 1 . 24 

-65.82 10 . 34 -65. 82 10.28 - 6 5 . 3 5 10.29 - 6 5 . 66 10 .34 -65 .07 1 0 . 28 - 65. 36 1 0. 52 

-57.75 10 .35 -58 .0410.30 - 5 7 . 9 3 10 .30 - 5 7 . 9 1 1 0 . 3 4 -57 .22 10 .28 - 5 7 . 5 6 1 0 . 5 5 

-114. 57 1 0 . 39 -115.19 10.29 -115. 24 1 0.28 -115.00 10 .38 -114.55 10 .29 -114.78 1 0.52 

- 5 2 . 3 6 1 0 . 3 5 - 5 2 . 5 3 10 .29 - 52. 31 1 0. 28 - 52. 40 1 0. 31 -52 .08 1 0 . 28 - 52. 24 1 0. 44 

+78. 0 + 0. 2 

+66. 4 1 0.2 

+60. 5 1 0. 2 

+30. 9 1 0. 5 

+26. 7 1 0. 3 

+23. 6 1 0. 3 

+46. 7 1 0. 3 

+21.2 1 0 . 3 

a. The values shown are the measured excess reactivity state of the reactor, adjusted to the condibon of full insertion of the regulating and shim control rods. The uncertamty mdicated for each reactivity state or worth prior to averaging worths 
from different period data instruments and reactivity determination methods does not represent probable error , but it does represent the non systematic or random component of the probable error . The averaging process incorporates 
the random and systematic instrument response errors into the net probable error. 

b. Quantities m parentheses represent values of the interpolated reference reactivity state of the reactor. 

http://-164.24lo.26
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Since completion of the worth m e a s u r e m e n t s in F e r m i , an at tempt 
has been made to calculate the columnar U-23 5 versus U-238 worths as a 
function of core posit ion. "Pseudo- th ree -d imens iona l , " f i r s t - o r d e r , mul t i -
group per turbat ion theory calculations were made using the CRAM diffusion 
theory code. This was done p r imar i l y to indicate the accuracy of this tech­
nique in calculating react ivi ty w^orths. The c ro s s sections used in these ca l ­
culations were based upon a 24-group set, ^^ collapsed to 8-energy groups 
weighted by reg ion-averaged flux spec t ra . The "pseudo- th ree-d imens iona l" 
calculations were der ived by synthesizing the r e su l t s of a 2-dimensional core 
midplane (X, Y) w^orth ana lys is , w îth the axial w^orth profiles obtained in a 
separa te 2-dimensional , cyl indrical (R, Z) ana lys i s . F igure 10 shows these 
calculated wor ths . 

Table III summar i zes the experimental ly determined U-23 5 ve r sus 
U-238 columnar worths and the m e a s u r e d U-238 ve r sus void worth values 
(Section IV, A. 2) that were used to co r r ec t the U-235 versus U-238 values 
to U-235 ve r sus void values . The data in this table a r e i l lus t ra ted graphi ­
cally in F igures 10 and 11. Note that the l a rges t d i sc repanc ies between 
m e a s u r e d and calculated worths occur in the vicinity of the regulating and 
shim control rod channels, where the effect of rod inser t ion was not accounted 
for in the calculation. However, the calculated U-23 5 worths a r e consistently 
high, suggesting the need for revis ion of the group c ro s s sect ions . 

2. U-238 Worth Measurements 

Table IV contains a s u m m a r y of the resu l t s of the react ivi ty 
m e a s u r e m e n t s that were made to de te rmine the worth of a proof- tes t subas ­
sembly ve r sus a core dummy subassembly in each of the four core positions 
shown in F igure 9. Two measu remen t s of the react ivi ty state of the nominal 
re ference loading made during the tes t period indicated no t ime variat ion in 
the reference react ivi ty s tate; consequently, no cor rec t ions for reference 
loading reactivi ty drift were required for the bas ic react ivi ty m e a s u r e m e n t s . 
The e r r o r s show^n in Table IV a r e the probable e r r o r s obtained from s t a t i s ­
t ical analysis of the data sca t t e r . 

To der ive a columnar U-238 versus void worth value for each core 
position from the m e a s u r e d reactivi ty dec rea se result ing from the exchange 
of a proof- tes t subassembly for a core dummy subassembly, it was neces sa ry 
to co r rec t the data for the columnar worths of all other ma te r i a l s involved. 

•7 

Measured values existed for the worths of U-235 and sodium, but it was nec­
e s s a r y to use calculated worths of s ta in less steel (SS), molybdenum (Mo), and 
zi rconium (Zr ) . The m a s s e s involved in the exchange a r e l isted in Table I. 
The worth calculations for SS, Mo, and Zr were made with the CRAM diffu­
sion theory code, employing "pseudo- three-d imens ional , " f i r s t - o r d e r , mul t i -
group per turbat ion theory. The c r o s s sections used were taken from a 24-
group set, collapsed to 8-energy groups weighted by region-averaged flux 
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TABLE n i - REACTIVITY WORTH OF U-235 RELATIVE TO VOID 

Measurement Posi t ion Measured and Adjusted Reactivity Worths, Inhours /kg 
Subassembly 
Coordinate 

POO-POO 

N 0 2 - P 0 0 

POO-POl 

P 0 0 - P 0 3 

P 0 0 - P 0 4 

P 0 0 - P 0 5 

N 0 2 - P 0 5 

N 0 3 - P 0 5 

N 0 4 - P 0 4 

Core 
Radius , cm 

0 

13. 69 

6.84 

20. 52 

27.36 

34. 19 

36.83 

39.88 

38.66 

Measured U-235 for 
U-238 Replacement Worth 

78.0 + 0.2 

66.4 + 0 . 2 

75.8 + 0 . 2 

60.5 + 0 . 2 

46.7 + 0.3 

30.9 + 0.5 

26.7 + 0.3 

21.2 + 0.3 

23.6 + 0.3 

Measured* U-
vs Void Wor 

- 2 . 6 + 0. 1 

- 2 . 1 + 0. 1 

- 2 . 5 + 0.1 

- 1 . 5 + 0.2 

-0 .7 + 0. 1 

40. 1 + 0.1 

40.4 + 0. 1 

40.5 + 0. 1 

40.5 + 0. 1 

238 
th 

Adjusted U-235 
vs Void Worth 

75 .4 + 0 .4 

64.3 + 0 .4 

73.3 + 0. 5 

59.0 + 0. 5 

46 .0 + 0. 5 

31 .0 + 0 .6 

27.1 + 0 .4 

21.7 + 0 .4 

24. 1 + 0 .4 

Measured U-238 w^orth value depended upon minor components calculated by means of 
per turbat ion theory (Section IV, A. 2). 
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TABLE IV - REACTIVITY MEASUREMENTS WITH PROOF-TEST AND DUMMY SUBASSEMBLIES IN THE CORE 

Measure­
ment No. 

lA 

IB 

2A 

Subassembly 
Type 

Inserted 

Proof-Test 

Dummy 

Proof-Test 

Core 
Position 

NOl-POl 

Average 
Core 

Radius, 
cm 

9.68 

Keithley 

-113.78 ± 0 . 0 2 

- 58. 00 ±0.06* ' 

- 44. 35 ± 0. 05 

Measured Reactivity State, ^ Inhours 

2B 

3A 

SB 

4A 

4B 

Dummy 

Proof-Test 

Dummy 

Proof-Test 

Dummy 

N01-P03 

P 0 3 - P 0 5 

P01-P04 

21.63 

39.88 

28.20 

46.18 - 0. 03 

56.11 ± 0 . 0 8 

86.08 ± 0 . 0 4 

71 . 55 ± 0 . 0 3 

Positive Period Measurements 

Scaler 1 Scaler 2 

Critical Rod 
Position 

Measurements 

- U 3 . 81 ± 0 . 0 5 -113. 82 ± 0 . 0 5 -113. 80 ± 0 . 0 4 -113. 46 ± 0 . 0 8 

- 57. 93 ± 0.10*' - 58.11 ± 0 . 0 6 " - 5 8 . 1 1 ± 0 . 0 7 - 56. 06 ± 0. 02 

- 4 4 . 25 ± 0 . 0 3 - 44. 34 ± 0 . 0 3 - 44. 31 ± 0. 05 - 4 4 . 1 5 ± 0 . 0 2 

- 9.1 ±2.7'= 

- 46.16 ± 0 . 1 3 - 46. 24 ± 0 . 0 1 - 46.19 ± 0. 08 - 46. 34 ± 0. 06 

- 5 6 . 52 ± 0 . 0 3 - 56. 28 ± 0 . 0 6 - 5 6 . 30 ± 0 . 1 3 - 55. 90 ± 0. 05 

- 8 5 . 76 ± 0 . 0 2 - 8 6 . 01 ± 0 . 0 2 - 8 5 . 95 ± 0 . 1 0 - 85. 42 ± 0. 01 

- 71 . 56 ± 0.13 - 71. 44 ± 0.06 - 71 , 52 ± 0. 09 - 70. 78 ^ 0. 01 

Mean of Period 

Measurements 

-113. 63 ± 0 . 1 3 

- 57. 04 ±0 .07 

- 44. 23 ± 0. 07 

- 9.1 ± 2 . 7 

- 46. 27 ± 0. 09 

- 56.10 ± 0 . 1 7 

- 85. 68 ± 0.19 

-71.15 ± 0 . 2 6 

Mean Reactivity 
Difference Between 

and Critical Rod Measurements A and B, 
Inhours 

-56. 59 ± 0 . 1 5 

-35.1 ± 2 . 7 

+ 9. 84 ± 0 . 1 9 

-14. 53 ± 0. 32 

a. The values shown a re the measured excess reactivity s tates of the reactor, adjusted to the condition of full insertion of tae regulating and shim control rods. 
The uncertainty indicated for each reactivity state prior to obtaining a mean valve represents only the nonsystematic o r random component 
of the probable e r ror . The averaging process incorporates the random e r r o r s and the systematic instrimiental e r ro rs into the net probable e r ror . 

b. Values based on only one measurement; uncertainty based on mean uncertainty of all s imilar measurements. 

c. Reactivity state determined by subcritical count rate analysis only. The uncertainty assigned was based on a statistical comparison of subcritical 
count ra te predictions and final measured reactivity values for all other measurements in this test. 



spec t ra . Similar calculations of U-238 worth were performed for comparison 
with the exper imental va lues . Table V summar i ze s the s t ep -by-s t ep de r iva ­
tion of the U-238 versus void worths from the exper imental and calculated 
worth values and includes a comparison of these values . 

B. WORTH MEASUREMENTS IN THE BLANKET 

The worth of a nornnal fuel subassembly ve r sus a normal blanket sub­
assembly was m e a s u r e d as a function of position in the inner radia l blanket. 
In addition, the react ivi ty effect due to bunching of two adjacent fuel subas­
sembl ies in the IRB w^as m e a s u r e d . The difference in react ivi ty worths be ­
tween two a rb i t r a r i l y selected fuel subassembl ies a l ternated in the same IRB 
lat t ice position was a lso m e a s u r e d . 

The react ivi ty worths of normal blanket subassembl ies ve r sus dummy 
blanket subassembl ies were determined in the IRB and in each of the f i rs t 
severa l rows of the outer radial blanket. This procedure effectively yielded 
the react ivi ty worth of the depleted uranium pins in a blanket subassembly as 
a fiHiction of the position. 

1. Fuel Subassembly Worth Measurements in the Inner Radial 
Blanket 

Table VI is a summary of the measu red react ivi ty s ta tes from 
which fuel subassembly worths were derived in the IRB. This table includes 
the measu red values of the react ivi ty state of the reac tor for each isolated 
fuel subassembly substitution, or pair of substi tutions, for blanket subassem­
blies in the IRB positions sho-wn in F igure 7. Also included a r e the m e a s u r e d 
and l inear ly interpolated values (with time) of the react ivi ty state of the ref­
erence loading. 

In this case , the fuel for blanket subassembly substitutions -were 
not simple loading per turbat ions on the nominal reference loading and, t h e r e ­
fore, the fuel worths could not be found direct ly by comparing the m e a s u r e ­
ments with the reference react ivi ty . This was t rue because these react ivi ty 
m e a s u r e m e n t s w^ere made to provide loading guidelines and, in general , it 
w^as des i red that they be isolated from fuel bunching effects within the IRB. 
However, the reference loading contained one core subassembly in the tes t 
octant of the IRB (position N 0 3 - P 0 5 ) . It was , therefore , necessa ry to replace 
this fuel subassembly with a blanket subassembly during al l nonreference 
loading m e a s u r e m e n t s . For this reason the substitutions mere ly served to 
es tabl ish the re la t ive w^orths of fuel subassembl ies in various IRB positions 
and the reference react ivi ty measu remen t s only provided an a rb i t r a ry r e a c ­
tivity comparison at any given t ime for the react ivi ty state resul t ing from 
each substitution. 
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T A B L E V DERIVATION OF WORTHS O F U-238 VERSUS VOID 

Quan t i ty C o r e P o s i t i o n 

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

M e a s u r e d R e a c t i v i t y Wor th of 
P r o o f - T e s t vs D u m m y S u b a s s e m b l y , 
i n h o u r s 

N O l - P O l 

9 .68 

- 5 6 . 6 + 0. 2 

N 0 1 - P 0 3 

2 1 . 6 3 

- 3 5 . 1 + 2 .7 

P 0 3 - P 0 5 

39 .88 

+ 9,8 + 0, 2 

P 0 1 - P 0 4 

2 8 . 2 0 

•14. 5 + 0 . 3 

R e a c t i v i t y W o r t h s of Con ten t s of 
P r o o f - T e s t S u b a s s e m b l y O t h e r Than 
U - 2 3 8 , i n h o u r s 

M e a s u r e d W o r t h s 
U-235 vs Void 
Sodium vs Void 

Sum 

C a l c u l a t e d W o r t h s 
SS vs Void 
Mo vs Void 
Z r vs Void 
Sum 

To ta l 

D e r i v e d W o r t h 
U-238 vs Void, i n h o u r s p e r SA 
I n h o u r s , kg 

C a l c u l a t e d W o r t h 
U-238 vs Void, i n h o u r s / k g 

+ 4 . 6 + 0 . 0 
- 7 . 2 + 0 . 2 

- 2 . 6 + 0 .2 

- 0 . 1 
- 1 0 . 0 

+ 0 . 2 

- 9 . 9 + 2 . 0 

•12 .5 + 2 .0 

•44 .1 + 2 . 0 
- 2 . 3 8 + 0. 11 

+3 ,8 + 0 , 0 
- 7 . 8 + 0 . 2 

- 4 . 0 + 0 . 2 

+ 0 .2 
- 6 . 8 
+ 0 . 5 

- 6 . 1 + 1.5 

- 1 0 . 1 + 1.5 

- 2 5 . 0 + 3 . 1 
- 1 . 3 5 + 0. 17 

+ 1.4 + 0 . 0 
- 8 . 8 + 0, 2 

- 7 . 4 + 0 . 2 

+ 2 , 1 
+ 2 , 4 
+ 3 , 0 

+ 7 . 5 + 0. 5 

+ 0. 1 + 1 . 5 

+ 9 ,7 + 1. 5 
+ 0 . 5 2 + 0 . 0 8 

+ 2 . 9 + 0 . 0 
- 7 . 8 J ; 0 . 2 

- 4 . 9 + 0 . 2 

+ 1.6 
- 2 . 9 
+ 2 . 2 

+ 0 . 9 + 1 . 5 

- 4 . 0 + 1, 5 

- 1 0 . 5 + 1. 5 
- 0 . 57 + 0. 08 

-2.58 1.68 + 0 .46 - 0 . 6 8 



TABLE VI - FUEL SUBASSEMBLY REPLACEMENT WORTH MEASUREMENTS IN THE INNER RADIAL BLANKET 

Measurement Average 
No. and Radius, 

IRB Position cm 

1 (Reference) 
N03-P05 

NO5-P05 
48.37 

Date-
Time 

Mar 11 
2130 

Mar 12 
0840 

Measured Reactivity State, Inhours 

Positive Period M'^asurements 
Keithley 

41. 81 ± 0. 33 

Scaler . 

41. 32 ±0 .42 

Scaler 2 

41.19 ± 0. 27 

Critical Rod 
Position 

Measurements 

- 41.47 10 .15 

- 9 7 . 1 7 10 .01 - 9 7 . 35 10 .10 - 9 7 . 2 5 10 .02 - 9 6 . 8 7 10 .05 
(-41.7410.30) ' ' (-41. 27 ± 0. 37) (-41.19 10 .27 (-41. 41 1 0.13) 

Reactivity State Relative to Reference, Inhours^ 

Keithley 

55.43 1 0. 30 

Positive Period Measurements 
Scaler 1 Scaler 2 

56.08 1 0.38 - 56.06 1 0. 27 55 .8610 .44 

Critical Rod 
Position 

Measurements 

55.46 1 0 . 1 4 

Mean of 
Period and 

Critical Rod 
Measurements 

55. 66 1 0. 38 

N03-P06 

N04-P05 

NO1-P06 

6 (Reference) 
N03-P05 

N02-P06 

PO0-PO6 

N01-P06 

10<= 
Secondary 
Reference 

11<: 
No. l,PO0-PO6 
No. 2,N01-P06 

12C 
N03-P05 

13 (Reference) 
N03-P05 

45.88 

43.80 

41.61 

43.26 

41.04 

41.61 

41.04 
41.61 

39.88 

Mar 12 
1810 

Mar 13 
0900 

Mar 13 
1740 

Mar 16 
0900 

Mar 16 
1645 

Mar 17 
0830 

Mar 17 
1530 

Mar 18 
0845 

Mar 18 
1830 

Mar 19 
0915 

Mar 19 
2030 

- 8 5 . 8 6 1 0 . 1 5 - 8 5 . 6 4 1 0 . 1 0 - 85. 64 1 0. 29 - 8 6 . 6 5 1 0 . 0 5 
(-41.69 ±0.28) (-41.24 10.35) ( -44.2010.21) (-41.37 10.12) 

- 70.79 1 0. 07 - 70.75 1 0.15 - 70.86 1 0.16 - 70.13 1 0.02 
(-41.60 10.26) (-41.17 10.29) (-41.20 10.21) (-41.30 10.10) 

- 56. 61 1 0.05 - 56. 53 1 0.02 - 56. 37 1 0. 02 - 55. 86 1 0.08 
(-41.54 + 0.26) (-41.12 10.25) (-41. 20 ± 0. 21) (-41.2610.09) 

- 41 .1610 .41 

- 68.14 10.02 
(-41.11 10.38) 

40.87 1 0 . 2 3 - 41.22 1 0 . 2 9 40. 98 ± 0. 02 

67. 87 ±0 .02 - 68. 00 ±0 .07 - 6 7 . 36 ±0 .03 
-40. 83 ±0.22) (-41.13 ±0.26) (-40.9110.02) 

- 5 0 . 5 4 10 .14 - 5 0 . 5 4 1 0 . 0 2 - 5 0 . 4 3 1 0 . 0 5 - 4 9 . 8 0 10 .03 
(-41.00 10.31) (-40.76 10.21) (-40.95 10 .22) (-40.77 10.02) 

- 5 7 . 37 10 .07 - 5 7 . 3 0 10 .11 - 5 7 . 2 4 1 0 . 04 - 5 6 . 7 0 10 .05 
(-40.95 10.28) (-40.73 ±0.22) (-40. 87 ± 0. 21) (-40.7110.03) 

-263.43 1 0 . 1 0 -263.23 10 .22 -263. 30 ± 0. 08 -263. 50 ±0 .05 
(-40. 82 ±0.24) (-40. 65 ±0.27) (-40. 67 ± 0. 20) (-40. 56 ± 0.04) 

44.17 1 0 . 32 

29.19 i 0. 27 

15.07 10 .27 

44. 40 1 0.38 

29. 58 1 0.33 

15.41 ±0.21 

- 27.03 10 .38 - 27 .0410 .22 

- 9.54 1 0 . 3 4 - 9.78 10 .21 

- 16. 42 ±0.29 - 16.57 10 .25 

-222. 61 ± 0. 26 -222. 58 ± 0. 35 

- 44. 44 ± 0. 36 - 44. 34 ± 0. 37 - 45. 28 ± 0.13 

- 29. 66 ±0 .26 - 29. 48 ± 0 . 3 5 - 2 8 . 8 3 1 0 . 1 0 

- 15.17 10 .21 - 15 .2210.28 - 14.60 10 .12 

- 26.87 1 0. 27 - 26.98 1 0. 31 - 26. 45 1 0. 04 

- 9. 48 1 0. 23 - 9.60 1 0. 30 - 9. 03 1 0.04 

- 1 6 . 3 7 10 .21 - 16.45 10 .27 - 1 5 . 9 9 1 0 . 0 6 

-222.63 10 .22 -222. 61 ± 0. 28 -222. 94 ±0 .06 

- 44.81 ± 0 . 5 5 

- 29.16 ±0 .41 

- 14.91 1 0 . 3 8 

- 26.72 1 0 . 3 5 

- 9.32 1 0 . 3 6 

- 16.22 1 0 . 3 0 

-222.77 1 0 . 2 6 

- 7 7 . 63 1 0 . 0 6 - 7 7 . 40 1 0 . 05 - 77. 36 1 0. 07 - 77. 00 1 0.02 - 3 6 . 8 8 1 0 . 2 4 - 3 6 . 8 0 1 0 . 3 2 - 3 6 . 8 0 1 0 . 2 2 - 3 6 . 8 3 1 0 . 3 9 - 3 6 . 5 2 1 0 . 0 5 - 3 6 . 6 8 1 0 . 3 2 
(-40.75 10.23) (-40.60 10.32) ( -40.5610.21) (-40.48 10.05) 

-161.7310.20 -161.7410.01 - 1 6 1 . 7 4 l 0 . 0 1 -160.4210.03 -121.0810.32 -121.21 ± 0.40 -121.3410.23 -121.2110.34 -120 .0810 07 -120 65 1 0 62 
(-40.65 10.25) (-40.53 10.39) (-40.40 10.23) (-40.3410.06) 

40. 57 1 0. 28 40. 48 1 0. 45 - 40. 27 1 0. 27 40. 25 1 0.07 

The values shown are the measured excess reactivity states of the reactor adjusted to the fully inserted condition 
of the regulating and shim control rods. 
The uncertainty indicated for each reactivity state prior to obtaining a mean value represents only the random 
component of the probable error . The averaging process incorporates the probable random error and systematic 
instrumental er rors into the net probable error. 

b. Quantities in parentheses represent values of the interpolated reference reactivity state of the reactor. 

c. These measurements were made at a less reactive core loading than the others. 



To obtain the des i red fuel ve r sus IRB subassembly w^orths, it 
was neces sa ry to establ ish the worth of the IRB fuel subassembly relat ing 
to the reference loading. This was done in measu remen t steps 10 and 12 
which, as a ma t t e r of convenience, w^ere made at a l e s s react ive core load­
ing than the other m e a s u r e m e n t s . The l e s s reac t ive core loading w^as nec­
e s s a r y to allow^ a l a rge , safe, single step react ivi ty inser t ion in measu remen t 
No, 11, where two subassembl ies were substituted simultaneously for adja­
cent subassembl ies in the IRB, The react ivi ty s ta te , m e a s u r e d in step 10 
w^as defined as the secondary re fe rence , and through it the l ess react ive core 
loading was re la ted to the p r imary nominal reference react iv i ty . 

Table VI siommarizes the react ivi ty values of all loadings, r e l a ­
tive to the p r i m a r y reference react ivi ty , along with the probable e r r o r 
associa ted with each value based upon a s ta t is t ical analysis of data sca t t e r . 
These re la t ive wor ths , therefore , give the difference in worth between a fuel 
subassembly located in the var ious t e s t IRB posit ions compared with the 
w^orth of a fuel subassembly in the reference react ivi ty IRB position, N 0 3 -
P 0 5 . To obtain the absolute worths of the fuel-for-blanket subassembly sub­
stitutions in the IRB, the worth of the fuel subassembly in position N 0 3 - P 0 5 
(obtained by taking the difference between the react iv i t ies of s teps 10 and 12) 
was added to these values . These absolute worths a r e summar ized in 
Table VII; a comparison betw^een the worths resul t ing from the substitution 
of tw ô different a rb i t r a r i l y selected fuel subassembl ies (Numbers 1 and 2) 
in IRB position N 0 1 - P 0 6 is also given. The worth difference of 1, 3 inhours , 
or 1, 5 per cent, is most ly at t r ibutable to a U-23 5 m a s s deficit of 1. 14 per 
cent in subassembly No. 2 ( relat ive to subassembly No. 1). The react ivi ty 
increment beyond that a t t r ibutable to U-235 content cannot be considered to 
be significant when compared to the experimental e r r o r s . In measu remen t 
No. 11, the bunched reactivity worth of two fuel subassembl ies inser ted in 
adjacent IRB positions is shown to exceed the sum of the tw ô isolated worths 
in these positions by 6. 1 inhours, or 3 .4 per cent. 

As an aid to tes t planning, predict ions had f i rs t been made of 
the worth of fuel and IRB subassembl ies by the fairly approximate means 
of radial ly extrapolating U-235 ve r sus U-238 reactivi ty worth data obtained 
from the ZPR-III cr i t ica l assembly mockup of the F e r m i Core A. The 
worths of other subassembly ma te r i a l s such as s ta inless steel , zirconium, 
and molybdenum had been calculated, and when found to be relat ively smal l 
were ignored. The resul t ing predict ions appear in Table VII for comparison 
with the measu red values, A graphical comparison is made in Figure 12, 
where it will be noted that the slope of the predicted worth curve closely 
a g r e e s with that of the measu red curve although the magnitudes differ by 
about 10 per cent. This difference is p r imar i ly due to the g rea te r core r a ­
dius of Core A rela t ive to its mockup on ZPR-III (see Section IV, A, 1) and 
the accompanying radia l displacement of the worth curve in the inner radial 
blanket. 
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TABLE Vn - MEASURED AND CALCULATED REACTIVITY CHANGES DUE TO 
FUEL-FOR-INNER RADIAL BLANKET SUBASSEMBLY SUBSTITUTIONS 

Measu remen t 
No. 

2 

3 

4 

5 

7 

8 

9 

10 & 12 

11 

IRB Pos i t ion 

N 0 5 - P 0 5 

N 0 3 - P 0 6 

N 0 4 - P 0 5 

N 0 1 - P 0 6 

N 0 2 - P 0 6 

P 0 0 - P 0 6 

N 0 1 - P 0 6 

N 0 3 - P 0 5 

P 0 0 - P 0 6 
N 0 1 - P 0 6 

Average 
Radius, 

cm 

48. 37 

45,88 

43 .80 

41 ,61 

43 .26 

41 .04 

41 .61 

39.88 

41 .04 
41 .61 

Fuel 
Subassembly 

No. 

1 

1 

1 

1 

1 

1 

2 

1 

1 
2 

Measured 
Reactivity 
Change, ih 

4 6 , 4 6 + 0.77 

57.31 + 0.87 

72.96 + 0.79 

87 .21 + 0.77 

75.40 + 0,76 

92,80 + 0.76 

85 ,90 + 0,74 

102.12 + 0.67 

186.09 + 0.41 

R e m a r k s 

P red ic t ed React ivi ty Change, inhours 
Z P R - m Cri t Pe r tu rba t ion 
Exper iment Theory 

Data^ Calculation^ 

Compare with 
Measurement No. 9 

Compare with 
Measurement No. 5 

Compare with the sum 
of Measuremen t s No. 5 
and 8 (180.01 + 1,08 ih) 

37 

52 

66 

81 

69 

86 

80 

93 

52 .1 

65 .3 

8 1 . 0 

9 5 . 5 

82 .8 

99 .9 

94 .4 

110.6 

a. P red ic t ions based upon radia l ly ext rapola ted U-235 ve rsus U-238 worth data from ZPR-II I c r i t i ca l a s sembly mockup. 

b . Cylindrical (R, Z) model r e su l t s synthesized with (X, Y) model resu l t s ; differences in axial blanket zone composi t ions 
were ignored. 
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Also shown in Table VII and Figure 12 a r e the resiolts of "pseudo-
th ree -d imens iona l " (combined 2-dimensional analyses) , f i r s t - o rde r pe r tu rba ­
tion theory calculat ions using the CRAM diffusion theory code. The 24-group 
c ro s s sections^ were collapsed to 8-energy groups weighted by region-
averaged flux spec t ra . All ma te r i a l s in the two subassembly types were in­
cluded in the calculat ions . However, the compositional differences in the 
axial blanket zones of the two subassembly types were ignored since their 
react ivi ty effects a r e both smal l and difficult to calculate . Predic t ions were 
not made of the two-subassembly bunching effect in the IRB. 

2. Blanket Subassembly "Worth Measurements 

The reactivi ty m e a s u r e m e n t s made with blanket dummy subas ­
sembl ies replacing normal blanket subassembl ies a r e summar ized in Table 
VIII (see Figure 8 for the subassembly port ions) . Also given is a comparison 
between the measu red reactivi ty state resul t ing from each set of substitutions 
and the measu red react ivi ty state of the reference loading. The reference 
react ivi ty , which changed slightly with t ime , was inferred at any given t ime 
by l inear interpolation between the measu red values obtained before and after 
the s e r i e s of substitution m e a s u r e m e n t s . Finally, the total react ivi ty change 
re la t ive to the reference react ivi ty was converted to the react ivi ty change per 
subassembly used in the subst i tut ions. The probable e r r o r s given in Table 
VIII were based on a s ta t is t ical analysis of the data sca t t e r . The probable 
e r r o r s for the interpolated values of the reference react ivi ty state do not in­
clude any component to account for deviations from l ineari ty with t ime . 

P r i o r to the m e a s u r e m e n t s , relat ively crude predict ions were 
made of the expected worths for each substitution. They were based on the 
Core A cr i t i ca l studies made on ZPR-I I I .^ Refined predict ions based on the 
cr i t ica l experiment data w^ere not possible due to the absence of sodium worth 
data in the blanket; aluminum worth data were used to simulate the worth of 
sodium. Aluminiom density extrapolations were required, as were columnar 
height extrapolat ions for the worths of both depleted uranium and aliuninum. 
Consequently, as can be seen in Table IX and Figure 12, the predict ions do 
not agree well with the measu red values . 

F o r purposes of compar ison. Table IX and Figure 12 include a 
second set of calculated wor ths , which were obtained with the CRAM diffusion 
code, employing two-dimensional (R, Z), f i r s t - o r d e r per turbat ion theory. 
These calculated worths include sodium and al l subassembly ma te r i a l s ; i , e . , 
U-235, U-238, s ta in less s teel , molybdenum, and zirconium. The calcula­
t ions--ut i l iz ing 8-group c ro s s sections collapsed from 24 groups weighted by 
means of reg ion-averaged flux s p e c t r a - - w e r e performed after the m e a s u r e ­
ments were made to tes t the ability of such codes to predict columnar worths 
in blanket reg ions . The lack of agreement with the m e a s u r e d worths is r a the r 
disappointing. It is at t r ibuted p r imar i ly to poor c ro s s - s ec t i on data, especially 
for sodium, ra ther than to inadequacy of the calculational method. 
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TABLE Vm - MEASUREMENT OF DUMMY-FOR-BLANKET SUBASSEMBLY REPLACEMENT WORTHS 

Measured Reactivity State, Inhours^ Reactivity State Relative to Reference, Inhours 

Measurement No. 
(Blanket Positions) 

1 
(Reference) 

2 

(PO2-PO6,NO2-P06 
N02-N06, P02-N06) 

3 

Radius, 
cm 

43.26 

48.37 

Date-
Time 

Mar 19 
2030 

Mar 20 
0840 

Mar 21 
1150 

Positive Period Measurements 

Keithley 

Critical 
Rod 

Position 

Positive Period Measurements 

Keithley Scaler 2 

Critical 
Rod 

Position 
Measurement 

Mean of 
Period and 
Control Rod 

Measurements 

Reactivity 
Change per 

Dummy 
Subassembly, 

Inhours 

- 40. 57 1 0. 28 -40. 48 1 0. 45 -40. 27 1 0. 27 -40. 25 1 0. 07 

-79.17 10.00 -79.12 10.13 -79.14 10.06 -78. 54 1 0. 04 -38. 61 1 0. 25 -38.67 10.42 -38.87 10.24 -38.72 1 0 . 33 -38.26 10.07 

(-40. 56 1 0. 25)'' (-40. 45 1 0. 40)'' (-40. 27 1 0. 23) (-40. 28 1 0. 06) 

-77.9410.02 -77.70 10.07 -77. 70 1 0 . 03 -77.1410.03 -37. 39 1 0. 21 -37.30 10.33 -37. 44 1 0.18 -37.38 10.26 -36. 79 1 0. 06 

-38. 49 1 0. 33 -9. 62 1 0. 

-37.09 10.35 -6.18 10.06 

(N01-N07, P01-N07 
N01-P07, P01-P07 
P05-P05,N05-N05) 

(P07-P04 and 7 
symmetrical positions) 

(PO9-PO0, PO0-PO9, 
NO9-PO0, P08-P04 
and 7 symmetrical 
positions) 

55.15 Mar 23 
0835 

61.28 Mar 24 
0830 

(-40.55 10.21) (-40.40 10.32) (-40.27 10.18) (-40. 35 t 0. 05) 

-70. 15 10.03 -70.08 10.13 -70.02 10.01 -69.25 10.04 -29.63 10.11 -29.79 10.10 -29.76 10.10 -29.72 + 0.16 -28.78 10.06 -29.25 10.49 -3.66 10.06 

(-40.52 10.11) (-40.3010.17) (-40.26 10.10) (-40.47 10.05) 

-56.46 10 .11 -56.46 10.05 -56.66 10.14 -55.23 10.02 -15.96 10.13 -16.2110.10 -16 .34 ; 0.15 -16.17 10.20 -14.70 10.05 

(-40.50 10.06) (-40. 25 10.09) (-40.2610.06) (-40. 53 1 0.05) 

-15.44 10.75 -1.40 1 0.07 

(Reference) Mar 25 -40. 49 1 0. 04 -40. 20 - 0. 06 -40. 26 1 0. 05 -40. 60 1 0. 05 
1035 

a. The values shown are the measured excess reactivity states of the reactor adjusted to the condition of full insertion of 
the regulating and shim control rods. 
The uncertainty indicated for each reactivity state prior to averaging represents only the random component of the 
probable error. The random errors and systematic instrumental errors are combined in the averaging process to 
obtain the net probable error. 

b. Quantities m parentheses represent interpolated values of the reference reactivity state of the reactor. 



TABLE IX - MEASURED AND PREDICTED REACTIVITY CHANGES DUE 
TO DUMMY-FOR-BLANKET SUBASSEMBLY SUBSTITUTIONS 

Reactivity Worth of a Dixmmy vs a Blanket Subassembly, inhours 
Average Radius 

Predicted 
Measurement 

No. 

2 

3 

4 

5 

Sub 
of Substitute 
assembl ies , 

43,26 

48.37 

55. 15 

61.28 

d 
c m Measured 

9.62 + 0.08 

6, 18 + 0.06 

3.66 + 0.06 

1.40 + 0.07 

ZPR-III Crit Assembly Per tu rba t ion Theory 

• 6,4 -6 ,04 

•3.9 -3 .62 

•1.9 -1 .46 

-1 .22 



V, CONCLUSIONS 

The objectives of this tes t w^ere achieved in a highly sat isfactory 
manner . All des i red reactivity worth data for core and blanket subassem­
blies and their constituent m a t e r i a l s were obtained with a high degree of 
accuracy . The data obtained in this tes t will pe rmi t the p rec i s e planning of 
future operat ional react ivi ty adjustments and will serve as a guide for any 
major revis ions in loading and /o r composition of ei ther the core or blanket 
reg ions . The prec is ion of these data a lso enhances their value in providing 
checks for refined calculational technqiues. 

The react ivi ty predict ions for the tes t , although based on the data 
from a clean cr i t ica l assembly mockup only marginal ly adequate to descr ibe 
the l a rge r F e r m i core , permi t ted sufficient accuracy to pe rmi t efficient 
planning of reac tor operat ions to be made for each se r i e s of m e a s u r e m e n t s . 
Single and combined sets of two-diinensional per turbat ion theory analyses 
made after the tes t provided close agreement w^ith the m e a s u r e m e n t s in all 
cases except for the outer radia l blanket subassembly w^orths. Calculated 
columnar U-23 5 and U-238 worths in the core were uniformly over -pred ic ted 
by about 10 per cent, which is regarded as represent ing adequate ag reement . 
However, this over -predic t ion indicates that the bas ic group c ross sections 
a r e in need of ref inement. Apparently, the worth of sodium in the blanket 
was over -pred ic ted also, leading to under-predic t ion of blanket ve r sus dummy 
subassembly wor ths . The close agreement betw^een the calculated and m e a s ­
ured react ivi ty worth gradients in the vicinity of compositional discontinuit ies 
has offered strong support of the validity and capability of the mul t i -d imen­
sional application of per turbat ion theory. 
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